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1 INTRODUCTION 

1.1 Project target 

The statement: ‘blasting is the first crusher’, is 
well known and it is expected that resulting     
fragmentation has an effect upon downstream    
operations and, particularly, primary crushing. 

After the very encouraging results of the Blast-
Control ECC-funded project, Lafarge-Granulats, 
the largest aggregate producer in France, accepted 
to check this comprehensive approach on one of 
its largest quarries. 

Thus, the project aimed to compare blasting 
practice with issued fragmentation and primary 
crusher productivity. 

1.2 Selected quarry 

The quarry of La Madeleine, close to Montpellier 
(Hérault), produces 1.5 Mt of aggregates. The 
body, mainly consisting of limestone, is somewhat 
heterogeneous with clay inclusions and karsts. A 
substantial dolomite layer has to be mined in order 
to access further reserves. 

Production is performed as follows: 

− Drilling a one-row nominal pattern of 5.5_6.0 
on a 15 m bench; blasting 12,000 to 25,000 t; 
boulders are sorted for secondary breaking 
(BRH) or direct selling; 

− Loading with either shovel or loader assigned 
to a muck pile; hauling with five trucks        
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showed the great capacity of the blasting foreman to adapt the powder-factor, relevant because applied to 
the same explosives, to local variability in order to maintain fragmentation constant. Additional blasts,
either performed with EDD or with emulsion-vehicle, showed a clear difference with the standard      
practice, in fragmentation and performance, and suggest an optimization of the blasting pattern in order to 
enhance resulting productivity of the crusher installation and global throughput. 
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assigned to loading equipment; assignment is 
decided by the production foreman at any 
time; 

− Primary crushing with a jaw-crusher; dumped 
material is scalped at approximately 150 mm; 
separated material (scalped 0–150, crushed 0–
250) is transferred on belts T1 and T2; scalped 
material is screened at 10 mm or 30 mm, the 
passing on belt T6 is considered as fatal. 

2 MONITORING SYSTEM 

2.1 General layout 

The idea consists in tracking for a given blast the 
exact blasting pattern, the resulting fragmentation 
and the productivity (throughput on each belt and 
power consumption). 

Automatic and reliable data acquisition ensures 
success and has been applied when possible. 

Accumulating such data for the largest number 
of blasts was a prime target to enable analysis. The 
number itself was less important than the request 
for variability (rock mass, blasting practice). 

2.2 Primary crusher performance 

A PLC regulates the primary crusher, adjusting the 
feeding speed according to scalped/crushed       
material, providing overall sensor measurements. 
A PC was connected to this PLC to record the   
following measurements every second: 

− the belt-scale reading for all belts T1, T2 and 
T6 in t/h, as shown in Figure 1; 

Figure 1. Throughput reading (t/h) according to time (s). 

− the power-consumption in A, as shown in  
Figure 2; the crusher was considered to be   
active when above 350 A, providing an activ-
ity rate over any time interval (e.g. 33 %); 

− The height in cm, measured with an ultrasonic 
sensor, of material present in the hopper. 

Figure 2. Intensity (A) and activity according to time. 

As such, these functions were able to provide 
instantaneous crusher performance (downtime, 
production drops) and statistics over any period 
for post-control analysis. 

2.3 Truck identification 

Each truck coming to the crusher was identified by 
a specific tag (1–5) recorded through the PLC on 
the PC. 

This proximity sensor consists in a fix receiver 
terminal reading a signed emitter stuck on the 
truck when it comes into the terminal range. 
 

Figure 3. Truck occurrences and cycle times. 

As shown in Figure 3, individual truck          
occurrences could be derived from cycle-time 
tracking. 

Truck cycle times could be used as valuable  
information on their own, illustrating that the      
cycle of a same truck is reasonably constant (~15 
minutes). 

2.4 Individual data assignment 

The idea consisted in assigning gathered perform-
ance data to incoming trucks. The main reason for 
this action was due to the fact that, during a long 
period of time, trucks were hauling material from 
different blasts (e.g.: trucks 1 to 3 were hauling 
blast 75, 4 and 5 blast 76, from 10h00 to 11h00). 
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Figure 4. Truck occurrence and height in hopper. 

As shown of Figure 4, truck occurrences do 
correspond to increases in the height of material in 
the hopper, consequent on the dumping action. It 
was therefore assumed that the processed material 
did subsequently correspond to the truckload, so 
the performance could be assigned to the truck. 
 

Figure 5. Jigsaw model adjustment. 

A jigsaw model was adjusted to the hopper-
height sequence, a standard stockpile consumption 
model. Each single component (rise–fall) was to 
be assigned to a truck occurrence. A 90 s delay 
was used to maximize the number of correspon-
dences (97 %). 

For each generated hopper sequence, the time 
interval was used to extract the corresponding  
performance data, with the following shift: 

− 30 s for belts T1 and T2 and the crusher       
activity rate; 

− 90 s for belt T6 further down the line. 

The dumped material was not processed immedi-
ately, because of the presence of material from the 
previous sequence. Delays were selected by       
examination of the activity after an idle run. 

2.5 Fragmentation assessment 

This result was to be obtained with a digital image 
processing tool, as to sieve the blasted material 

could not be seriously considered. In this case, the 
FragScan system was chosen. 

Initially, it was suggested to take a substantial 
set of digital pictures (20 +) directly of the muck 
pile just after the blast, but also during the muck-
ing to reduce sampling errors. However, such an 
operation was thought difficult to organize while 
production was in process. 

The alternative method was therefore imple-
mented, consisting of taking images on top of the 
truck just before dumping. This led to a greater 
number of images (~100 per blast) and was      
generally considered to be more representative. 
 

Figure 6: Typical captured image of blasted rock-
fragments  on top of the truck. 

In standard operations, fragmentation extrac-
tion is performed automatically once optical and 
software parameters have been set. However, in 
this case, the following difficulties had to be dealt 
with: 

− image grabbing was triggered by the presence 
sensor (30 s delay): the image was taken too 
late; 

− the covered dumping area was exposed to   
significant natural lighting conditions creating 
light and shadow cuts on the surface. 

Images were therefore sorted and processed  
manually (2–3 µm per image). 

Raw measurements were corrected to account 
for the finer material and other processing errors, 
using the mass-correction-factor method already 
applied in similar cases within the Less-Fines 
ECC-funded project. 

This approach requires at least one sieving   
reference in order to calibrate the factors. Standard 
factors have been adjusted here, using the T1/T2 
ratio as an estimate for the 160 mm passing. 
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Fragmentation for a whole blast is obtained by 
cumulating all individual measurements pertaining 
to that blast and then correcting them. Addition-
ally, each single measurement is corrected so as to 
provide an estimate of the fragmentation of the 
content of the truck. 

It should be pointed out that current blasts  
generating boulders that are not directly seen at 
the crusher (secondary breaking or selling); thus, 
crusher performance has to be correlated to the 
‘apparent fragmentation’ going through, the one 
resulting from blasting itself. It is accepted,     
however, that blasting practice in the context of 
this exercise would generate a fairly constant 
amount of boulders (5–10 % in limestone, 30 % in 
dolomite). 

2.6 Blast assignment 

Finally, as fragmentation and performance data 
was known for each single truck, it was necessary 
to assign each truck to the muck pile it was     
hauling. The assignment is divided into two 
stages. At any moment in time, 

− a truck is assigned to a loading equipment 
(shovel or loader); 

− a loading equipment is assigned to a blast. 
 
No despatch facility was available to record 

such information. Consequently, assignments had 
to be captured manually on a spreadsheet. 

3 CRUSHING RESULTS 

3.1 Collected data 

As variability and sensitivity are essential for any 
analysis, this first exercise was aimed at the 
crusher performance in relation to any incoming 
fragmentation. 

The necessary data was collected from June to 
October 2003, totalling 65 production days, of 
which 49 were of image grabbing, giving 4000 
images. To cope with this enormous amount of 
data, first, a selection was made, as shown in     
Table 1.  
 

Table1. selected data for analysis. 

Date Points 
27/06/2003 30 
15/07/2003 90 
08/08/2003 28 
10/09/2003 38 
11/09/2003 75 
07/10/2003 33 

3.2 Data consistency 
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Figure 7. Crusher performance/crushed throughput T1. 

As illustrated in Figure 7, performance data seems 
consistent (crusher activity rate increasing with 
crushed material T1, scalped material independ-
ent).  

This is demonstrated in Figure 8 (activity rate 
decreasing with scalped material T2, fatal product 
T6 increasing with this material). 
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Figure 8. Crusher performance/scalped throughput T2. 

It may be possible to reduce the performance 
indicators being analysed to T1 and T2, but it was 
decided also to observe the activity rate. 

For fragmentation, classical indicators (d 80, d 
50 and n*) were derived from the fragmentation 
curve. Passing at 160 mm was important, because 
of cut-off for the scalper-grizzly, and kept as a 
analysis parameter. However, as may be seen in 
Figure 9, fragmentation was very consistent and 
d80 was retained for analysis, to account for the 
presence of coarse material. 

3.3 Data analysis 

It was expected that the throughput for crushed 
material T1 would decrease as fragmentation     
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became finer (p 160 increasing) and throughput 
for scalped material T2 would increase for the 
same reason. Figures 10 and 11 illustrate these   
results. 
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Figure 9. Fragmentation indicators. 
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Figure 10. Crushed throughput T1/p160. 
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Figure 11. Scalped throughput T2 / p160. 

However, T1 is clearly not decreasing, and if 
T2 significantly increases, this throughput finally 
reaches some limit at approximately 650 t/h. 

The explanation for such behaviour has to be 
found in the PLC regulation. As more fines fall in, 
the belt becomes saturated, thus influencing T1. 

Activity rate decreases according to finer     
material, as expected (Fig. 12). 

This same result may be seen when looking at 
the activity rate according to d 80 in Figure 13. In 
fact, the crusher works more as material coarsens. 
However, it seems that several trends were evident 

(two or three increasing trends). Further analysis 
to discriminate these points according to T2 satu-
ration did bring new results. 
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Figure 12. Crusher activity rate/p160. 
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Figure 13. Activity  rate/d80. 

3.4 Comments 

From a theoretical point of view, the reactivity of 
crusher performance to varying fragmentation was 
evident. It is unlikely that the fragmentation of 
whole blasts, cumulating widespread truckloads, 
could offer a variation of 10 to 70 % of the passing 
at 160 mm. It is. nevertheless. expected that      
performance would vary. 

From a practical point of view, performance is 
highly dependent on the saturation of the scalper. 
As a result of this time-only analysis, the quarry 
operator decided to modify the grizzly in order to 
reduce the T2 throughput. 

4 BLASTING RESULTS 

4.1 Blasting practice 

The quarry is performing as follows 

− in most limestone (level 35): one row of 140 
mm holes, 5.5_6 grid; ANFO and cartridges at 
bottom, ANFO in column, 80 to 90 g/t charge, 
lateral initiation with detonating cord; 

− in western area limestone (level 65 ): one row 
of 127 mm holes, 5_5 grid; ANFO and       
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cartridges at bottom, ANFO in column, 100 g/t 
charge, lateral initiation with detonating cord; 

− in the dolomite area (level 65): one row of 127 
mm holes, 4_4 grid, ANFO and cartridges at 
bottom, ANFO in column, varying charge,   
lateral initiation with detonating cord. 

 
In addition to the current practice, some non-

standard blasts were performed on the quarry   
during the exercise period: 

− two blasts operating the on-site manufacturing 
emulsion vehicle (UMF) on level 35, same 
drilling pattern, 93 and 99 g/t charge; 

− one very specific blast using EDD in an area 
requiring special attention; 115 mm holes, 3_3 
grid, 178 g/t charge, mainly ANFO. 

 
The quarry foreman took particular care to    

record as accurately as possible the blasting       
parameters as implemented on site. Though a face-
profiler has been acquired, it has not been used 
during the project so that the nominal volume was 
considered in the charge calculation. 

4.2 Collected data 

The project data for this second part was gatheres 
from July to September 2004. During this period, 
14 blasts were considered to be satisfactorily 
documented, as shown in Table 2. 
 
Table 2. Available blasting information. 

Blast 
ID 

Area Charge – 
practice 
g/t 

Fragmentation 
images 

69 Dolomite 65  68 
71 Level 65 98  49 
72 Level 35 86  251 
73 Dolomite 125  88 
74 Level 35 90  84 
75 Level 65 102  137 
76 Level 65 101  159 
77 Level 35 84  246 
78 Dolomite 115  96 
79 Level 35 85  126 
80 Level 35 78  119 
81 Level 35 EDD 61 
83 Level 35 UMF 208 
86 Level 35 UMF 73 

4.3 Data consistency 
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Figure 14. T1 and T2 throughputs/scalped ratio. 

As shown in Figure 14 above, performance data 
for whole blasts, as compared to individual truck-
loads, is very consistent as throughput T1          
decreases while T2 increases when the scalped   
ratio over total throughput is increasing. 
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Figure 15. Fragmentation p 160/d 80. 

In terms of fragmentation, the different curves 
obtained for the blasts show a clear consistency in 
passing at 160 mm (scalping) and d 80. 

However, these results only reflect the fact that 
compound data for whole blasts obtained by      
averaging that of individual trucks makes some 
sense. 

4.4 Data analysis 

The total throughput should drop according to 
coarser fragmentation. This can be seen in Figure 
16 below with blasting–type differentiation. 

It is less apparent when looking at details of T1 
and T2 as shown in Figures 17 and 18. 

In most cases, T2 reaches saturation so that the 
PLC regulates the crusher and the total throughput 
is mainly the result of T1, i.e. the crusher material. 
A pattern is evident in the central area (d 80 within 
320–380 mm). 

If the results are erratic for higher d 80 (400 
mm +) in dolomite, it appears that the special 
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blasts, having lower d 80 (320 mm) do not present 
a better throughput. 
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Figure 16. Total throughput / d 80. 
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Figure 17. T1 / d 80. 
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Figure 18. T2 / d 80. 
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Figure 19. Crusher activity ratio/d 80. 

Concerning the activity ratio representing the 
amount of energy spent to crush, it increases with 
the d 80, as expected, illustrated in Figure 19. 

Again, special blasts do not show a clear drop 
of the crusher activity, even with lower d 80. 

4.5 Comments 

Globally, the performance versus fragmentation 
results obtained over a set of 14 blasts make sense. 
Both geology and fragmentation seem to influence 
performance: 

− on level 35, classical blasting practice is    
controlled (powder factor is slightly adapted in 
the column charge to cope with local ground 
conditions as assessed by the blasting        
foreman); as a result, fragmentation (d 80) is 
kept to a tight range (320–380 mm) and the 
crusher reacts as expected (T2 close to      
saturation, T1 and thus total throughput slowly 
decreasing with d 80, crushing activity slowly 
increasing); 

− on level 65, it seems that T2 is saturating and 
the PLC regulates the crusher so that T1 and 
thus, total throughput is kept quite low; 

− in the dolomite area, even though boulders are 
not considered in this exercise, the relationship 
between throughput and fragmentation (d 80 
over 380 mm) is not clear, but dolomite 
ground definitely requires more crushing      
activity; 

− special blasts provide finer material without 
increasing or deteriorating crusher perform-
ance; it has to be added that UMF blasts have 
not been optimized in this case as they          
reproduce the same pattern as other 
explosives. 

5 CONCLUSION 

It is possible to track primary crusher perform-
ances and to distribute them to individual truck-
loads in industrial conditions. It is therefore     
possible and very useful to achieve a time analysis. 

To assign performance data to single blasts    
remains a delicate task unless some automatic 
cross-referencing device and facility becomes 
available. 

Fragmentation has definitely to be seen as an 
intermediate blasting result that can be discussed 
when designing the blast. However, the final    
performance has to be tracked to judge the       
relevance of satisfying blasting practice. 
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In the case of this study, time analysis has   
provided useful results because a large amount of 
data was available. Blast analysis was more       
dubious because of the shortage of points. 
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1 INTRODUCTION 

One of the fundamental problems in rock blasting 
is, that the actual rock volume broken by a blast is 
not known precisely. Investigations carried out by 
the Department of Mining & Tunnelling of the 
University of Leoben, Austria, in the last years in 
large and small quarries all over Europe (Austria, 
Belgium, France, Germany, Spain, Sweden,    
Switzerland) have shown that quite often a       
substantial deviation between the planned and    
actually realised geometrical parameters of a blast 
exists. These deviations comprise the burden, side 
spacing, bench height and inclination, sub drilling 
and hole position, and inclination (e.g. Reichholf 
1997). 

The big deviation between the planned and the 
actual blast layout and consequently also the big 
variation of the explosive energy input into the 
rock from hole to hole, results in a low uniformity 
for the fragmentation of the muck-pile and higher 
production costs. Many field projects in quarries 

have shown that, without a systematic control of 
the blast geometry, an optimisation of the drill and 
blast work is not possible. Another consequence 
from a lacking control of the blast geometry are 
fly-rock and excessive blast vibrations.  

Large international and also a number of small 
domestic research projects (Chavez et al. 2000, 
Moser & Siefert 1998) have shown that a typical 
small to medium quarry can save around 20% of 
the whole drilling and blasting costs only through 
systematically measuring all the geometrical      
parameters of a face to be blasted and designing  
the drilling-charging and initiation pattern on the 
basis of the actual face geometry. Without          
additional efforts, further benefits are achieved, 
such as reduced back-break, lower vibrations and a 
gain in safety. 

The savings come from the fact that, due to a 
large number of uncertainties in the blast geometry 
(varying face geometry, borehole deviation), blasts 
typically have to be over-designed, meaning too 
low burden and side spacing and too much         
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explosives for the rock to be broken. Only if one 
has a precise knowledge of the geometrical      
conditions of the face and the bore holes, can  the 
blast layout be done with respect to a desired 
fragmentation result at the limit of the fragmenta-
tion (breakage) capacity of the explosive.  

A second important motivation for measuring 
the geometry of a blasting operation is the control 
of the breakage energy input into the rock mass. 
The EU project “Less Fines” (Moser 2004) has 
shown that only the control of the energy input 
into the ground opens the possibility for driving a 
blast fragmentation into a desired direction—be it 
a more coarser or finer fragmentation.  

The Less Fines investigations have shown that 
the blast fragmentation is rather sensitive to the 
specific energy input into the ground (Moser & 
Grasedieck 2004). Thus only the energy input  
control allows a change in the fragmentation of a 
muck-pile in a systematic way. The Austrian hard 
rock producing quarry “Hengl Bitustein,” indus-
trial partner in the EU Less Fines project, has 
managed to reduce the amount of fines (< 80 mm) 
by 50% only through controlling the energy input 
into the ground on a borehole per borehole basis 
(Moser 2004). The prerequisite for that success 
was the systematic surveying of the rock face of 
every blast, the careful marking and drilling of the 
boreholes and finally the design of the charges 
hole per hole on the basis of the actual rock      
volume around every single borehole. Even with 
the extra work time necessary for the careful blast 
layout, the Hengl Bitustein quarry has reduced its 
drilling & blasting cost by 25 %, with the benefits 
of the 50% Less Fines coming in addition.  

1.1 Why not classical instrumentation? 

There is a lot of surveying equipment (theodolites, 
profilers, laser scanners) on the market which can 
be used for measuring the geometry of a blast. The 
drawbacks in applying them for bench face    
measurements are that just single isolated geomet-
rical parameters (e.g. profiles only) of a blast can 
be determined and that surveying skill is needed. 

In addition classical surveying equipment – 
simple or more advanced – deliver data which 
firstly have to undergo some treatment to extract 
the information that is useful for the blast design 
and secondly have to be back transferred into the 
actual quarry work by “correlating” the paper 
plans (profiles, geometrical grids, etc.) with the  
actual quarry face. This process might be difficult 
and it is time consuming anyway which prevents 
from delivering just in time information for the 

precise drilling and charging of the holes, which is 
a prerequisite for an economical and safe blasting 
result. 

1.2 Background 

In order to contribute to these problems, 3G Soft-
ware & Measurement, University of Leoben and 
Asphalt & Beton Company have formed a joint 
venture to develop a blast control tool based on 
the technology of 3D imaging. The result is called 
SMX Blast Controller and has been designed to 
meet the following requirements: 

− easy determination of the geometry of a rock 
face, including the top and floor level of a 
bench; 

− easy to use system without a need of surveying 
skills; 

− easy back transfer of the geometrical informa-
tion to the actual quarry for marking the bore 
holes;  

− ready to be used by a blast foreman; 

− cost in the range of ordinary classical survey-
ing equipment (theodolites, laser profilers). 

The basis of the SMX Blast Controller is the    
synergy between the interdisciplinary know-how 
mix of stereo photogrammetry, computer vision, 
and digital image analysis, with the theoretical and 
practical expertise in blasting. 3G Software & 
Measurement has already developed a control tool 
for rock face analysis with respect to the geometry 
and the jointing status that uses the same princi-
ples. The tool originally came from tunnelling 
(Schubert et al. 1999) and has been on the market 
since 2004 under the name JointMetriX3D (Gaich 
et al, 2003, Gaich et al. 2004). 

2 GETTING A 3D IMAGE 

Photogrammetry has been defined by the Ameri-
can Society for Photogrammetry and Remote 
Sensing “as the art, science, and technology of  
obtaining reliable information about physical     
objects and the environment through processes of 
recording, measuring, and interpreting photo-
graphic images” (Slama, 1980). As one might    
assume the principles are well known up to now 
and have been applied to various tasks from      
satellite imaging, and airborne analyses, to terres-
trial applications, or to measurements from        
microscopic images.  



More recent developments in digital camera 
technologies and increasing computer power have 
made this technology applicable for even more 
fields at reasonable costs. Also algorithms have 
been revisited, e.g. for allowing metric measure-
ment from conventional off-the-shelf cameras 
which lead to the field of computer vision (Fau-
geras, 1993). Due to this, the term 3D imaging has 
also become used for this kind of data acquisition.  
 

Figure 1. Principle of 3D reconstruction from a stereo-
scopic image pair. Corresponding image points P(u,v) 
and known camera orientations O(X,Y,Z) are composed 
to one reconstructed surface point P(X,Y,Z). Note that 
camera A and camera B can be the same. 

Taking a (digital) image means mapping the 
three-dimensional world onto a two-dimensional 
image plane, implying that this process has a   
principle loss of information. But it is possible to 
recover three-dimensional information if a second 
image taken from a different angle is used. Such 
an image pair is called a stereoscopic image.  

The basic principle to obtain three-dimensional 
information from stereoscopic images is to inter-
pret displacements associated with the two image 
angles.  

This so-called parallax can be used to identify 
depth, as differently distant objects to the camera 
angles lead to differences in parallax. One of the 
best known parallax interpreters is the human 
brain which gives us three-dimensional percep-
tion. 

If the determination of depth should not only 
interpret an object or scene (what’s in front and 
what’s in the back) but rather to take measure-
ments from it, additional information on the       
imaging system (the camera) and the imaging     
arrangement is required.  

Figure 1 shows the principle of 3D reconstruc-
tion from stereoscopic images. One object point is 
mapped to each of the images leading to two     
image points (corresponding points). When doing 
3D reconstruction the process is reversed and one 
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Figure 2. 3D imaging principle: from a stereoscopic image pair a large number of imaging rays (dashed lines) are 
reconstructed, leading to 3D points which are connected to a 3D surface model (middle). Draping one image over 
3D surface one gets a 3D image. 



- 404 -

tries to identify the object point from its two image 
points. Thus the identification of corresponding 
points (image matching) is a crucial step. In order 
to get a comprehensive reconstruction of an object 
a significant large amount of corresponding points 
must be identified.  

A second issue that leads to an automated      
reconstruction is the determination of the relative 
camera orientation which means a transformation 
from the camera co-ordinate system of the first  
image to the one of the second image.  

One camera co-ordinate system is defined by 
the pose (location and orientation) when an image 
is taken, which can be described by 6 parameters 
in the world or object co-ordinate system.  

Relative orientation can be determined by  
identifying a subset of corresponding points and 
using mathematical regression of the according 
imaging rays until a best fit similar to the well 
known bundle adjustment from photogrammetry 
(Slama, 1980). However, this process does not 
need any manual identification of corresponding 
points or reference points as it was usual in      
classical photogrammetry.  

If the image matching is performed to deliver a 
dense net of corresponding points and the relative 
camera orientation is known, a reasonable number 
of 3D surface points can be reconstructed and 
connected to each other forming a 3D surface 
model. The final step to a 3D image is then to 
drape one of the images from the stereoscopic pair 
over the 3D surface model which is a geometri-
cally simple task, as there is an already determined 
relationship between image points and object 

points from the reconstructed imaging rays (see 
Figure 2). 

3 3D IMAGING FOR BENCH FACE 
MEASUREMENT 

3.1 System components 

The SMX Blast Controller consists of an imaging 
hardware and evaluation software. The imaging 
hardware includes a calibrated digital camera, so-
called delimiters used to mark the borders of the 
blast in the images, and a portable computer. The 
software component encloses a component for 
generating a 3D image from a stereoscopic image 
pair and a planning tool that displays the location 
of the boreholes to be drilled and the volume      
associated with each borehole. 

3.2 Field procedure 

The actual measurement procedure on site       
comprises the following steps (see Figure 3):  

− Establishing the delimiters on the top of the 
bench face. On the left and right side of the 
blast one delimiter is established ensuring that 
it can be seen from the bottom level of the 
bench. The delimiters are used threefold: (i) 
marking footprints for the later borehole plan, 
(ii) bringing scale into the system, and (iii) 
representing a vertical reference. 

− Spanning of a rope between the foot-points of 
the delimiters. This is required only if the plan 

Figure 3. Geometric arrangement for taking images of a bench face. 
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of the position of the boreholes derived from 
the 3D face analysis is used to stake out the 
boreholes  

− Positioning the bottom level indicator panels. 
These panels are placed on the bottom level 
close to the face in order to ensure that the 
spatial position of the bottom level is identi-
fied correctly. 

− Taking of the first image of the stereoscopic 
image pair. This is like conventional photog-
raphy. The camera is freely targeted to the 
bench face. One has to ensure that all           
delimiters and thus the region of the blast is 
covered by the image. 

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

Once the imaging is done, the camera is connected 
to a transportable computer and the image       
processing is initiated. It requires only minor      
interaction from the operator. As a result a 3D    
image of the bench face is computed. An example 
of such a 3D image taken in a limestone quarry is 
shown in Figure 4.  

3.3 Accuracy 

Accuracy primarily depends on the carefulness of 
establishing the delimiters, the quality of the   
camera calibration, the quality of image matching, 
and the determination of the relative orientation 
between the cameras. A proper way to identify the 
system behaviour is to reconstruct objects of 
known geometry, so-called calibration targets. 
Previous investigations in the laboratory showed 
an absolute error of below 0.2 cm for an imaging 
distance of about 5 m which equals a relative error 
of about 1:2500.  

Assuming an absolute error of 5 cm for bench 
face reconstructions which is 20 fold the achieved 
accuracy from the lab a relative error in range of 
1:200 would be the consequence. Even this     
relatively poor accuracy would lead to a volumet-
ric error of 2% for one block associated with a 
borehole, thus absolutely sufficient for the         
application. 

4 BLAST PLANNING 

4.1 Geometric issues 

Once the 3D image is ready, the measured          
information can be used to establish a plan of the 
blast using application-oriented 3D software.  One 
general software concept is to use automatism 

Figure 4. Bench face of a limestone quarry (bench height is about 18 m). 
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where reasonable, but nevertheless keeping a 
backdoor for user interaction. 

A need for interaction relates to the position of 
the blast in the quarry and comprises the annota-
tion of the borders of the blast:  

− Working on the basis of 3D images makes   
references to the nature easy. The geometric 
information on the bench face is not            
represented by an abstract triangular mesh 
only but rather by an image with a 3D surface 
mesh in the background (with x, y and z       
coordinates in either absolute or relative      
co-ordinates). 

− By user interaction eventually visible muck 
piles from a previous blast can be precluded 
from geometrical analysis as it would lead to 
incorrect profiles and volume calculations. 
Such parts can be rebuilt by the software on 
the basis of the average inclination of remain-
ing bench face parts. 

− The operator may also – in case this is needed 
– interfere in the automatic delineation of the 
top and bottom level of the bench. 

With reference to the desired blast layout, the    
following information can be entered into the 
SMX Blast Controller software: 

− burden, 

− side spacing,  

− hole inclination, 

− amount of sub-drilling, 

− number of borehole rows, 

− distance between rows. 

4.2 Results 

Using all information so far, the following results 
can be obtained instantly from the SMX Blast 
Controller: 

− number of boreholes; 

− total length of holes to be drilled; 

− volume of the blast; 

− position of every borehole with respect to the 
line between the delimiters set out on the top 
level of the bench; 

− a 3D image of the part of the face to be blasted 
with delineation planes on the left and right 
side of the blast and planes marking the bot-
tom and the top level, including the position 
and direction of the planned boreholes in 3D; 

− identification of those parts of the bench face 
which have a deviation from the desired bur-
den of more than 20% +/- ; 

− a bottom view (map) of the upper bench edge 
with the reference line between the delimiters, 
the borehole positions relative to this line, and 
a numerical value of the rock volume associ-
ated with every borehole. In order to transfer 
the map into nature, the bore hole locations are 
specified in terms of relative measurements to 
the spanned rope between the delimiters. Thus 
a tape measure is sufficient to find the         
corresponding bore hole positions in reality. 

For every single borehole the following informa-
tion may be extracted form the SMX Blast      
Controller:  

− profile through the bench face (first row); 

− length of the borehole calculated from bench 
height an desired sub-drilling; 

− minimum, maximum and average burden 
along the borehole; 

− area of the profile [m²];  

− rock volume per borehole. 

5 SUMMARY 

The SMX Blast Controller is a tool for a better 
control of the geometry of a blast. It enables    
derivation of precise information about the geome-
try of the face of a bench in a quarry from a pair of 
stereoscopic images taken from the bottom level of 
a bench with a calibrated standard digital camera.  

Apart from staking out the blast position with 
delimiters that mark the area to blast and then   
taking two images (freely), no further actions are 
required, which allows performing the data        
acquisition without requiring any surveying skills.  

The 3D image generation and blast planning 
does not require a special computer. It is estimated 
that every blast foremen is able to work with the 
system after a one day’s training, as the system   
includes a high grade on automatism.  

The software package allows the blast foreman 
to design and stake out a blast, based on provided 
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geometric values, such as burden, side spacing, 
hole inclination, sub-drilling, row number and dis-
tance and drilling pattern. The software connects 
these values with the 3D information acquired by 
the digital images.  

All the drill and blast information can be used 
also for blast documentation.  

The SMX Blast Controller also overcomes the 
problem of doing the back transfer from maps de-
rived by surveying into nature, as the resulting 3D 
image and all the information associated to it (hole 
position, etc.) can be correlated with nature by 
visual comparison and the help of a single refer-
ence line, defined by two points. The system is de-
signed to be used also in small to medium quar-
ries. It helps that the control of the geometry of the 
bench face and the precise design of the charge of 
the blast on a borehole per borehole basis becomes 
an accepted daily routine. 
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1 INTRODUCTION 

'Sawing' and 'Splitting' are the main production 
methods in many industries, among them dimen-
sion stone. Sawing means to create a separation 
surface by reducing to dust a thin slice of the solid 
matter; splitting to obtain the same effect by apply-
ing a strong enough tensile stress on the intended 
separation surface. In the stone industry, sawing 
means to use machine-operated tools, splitting to 
use explosives. 

Nowadays, comparatively cheap diamond tools 
are available; hence, stones unsuited to sawing no 
longer exist; on the other hand, how to use explo-
sives in an extremely controlled way, even in 
sculpture work, is no longer a task too delicate for 
explosives users (Mancini et al. 2002). 

Operators can freely choose, on the basis 
uniquely of cost and productivity, between       
'mechanical' or 'non mechanical' (explosive)     
production method, or to use combined methods. 

The technical means that made possible such a 
high level of freedom in quarry exploitation design 
are essentially the diamond wire saw and the   
detonating cord. 

Clearly, a distinction still exists between hard 
and soft stones, as well as between resilient and 
brittle, but can no longer be considered a          
preclusion for either method. 

Combined methods are probably the optimal 
choice in the majority of cases. 

Here, the principles of both methods and of 
their combined use are briefly explained, the 
common problem of possible damage to stone 
blocks owing to the use of explosive in their      
extraction, and the support offered by combined 
methods to the underground exploitation of        
dimension stones are discussed. 

2 THE DIAMOND WIRE SAW 

The diamond wire saw is not merely the natural 
successor to the sand wire saw, whose range of 
profitable use was intrinsically limited by the      
resistance to wear of the steel wire. Not only can it 
cut any rock (of course, with different production 
rates), but it can be done with a mobile, or at least 
very easy to move, plant, and with a wider variety 
of geometrical arrangements (Mancini et al. 2003). 

Quarrying by explosive and diamond wire in hard dimension stones 
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The 'standard' application of the cutting wire 
requires the creation of a loop of wire running at 
high speed, always cooled by water. Stone is cut 
progressively by the creation of an increasingly 
deeper slit (Fig. 1). 
 

Figure 1. Different configuration of diamond wire      
cutting: A – horizontal cutting; B – vertical cutting 
through 'descending' loop; C – vertical cutting through 
'ascending' loop; D – blind cut through 'reversed       
catenary' arrangement. 

The realization of the loop requires the        
preliminary drilling of two intersecting holes,    
positioned along the edges of the rock portion to 
be extracted. The wire is inserted into this path 
and then it is closed as a ring and positioned 
around the external edge of the driving flywheel of 
the machine. During the cut the machine moves 
backwards, usually running on tracks, therefore 
maintaining the wire in continuous tension and in 
contact with the rock, thus producing a cut 
through progressive abrasion in the rocky mass 
(Fig. 2). 
 

Figure 2. Scheme of a typical diamond wire sawing in 
quarries (Marini QG). 

The cutter is able to operate according to various 
angles, simply by tilting the flywheel. 

The machine is an electromechanical unit 
automatically controlled, whose power is between 
18 and 56 kW, and up to 90 kW in case of diesel-
fuelled engine. The most advanced types have an 

electronic device ('inverter') able to vary the speed 
of the wire in the different phases of the cut,       
according to the wear degree of the beads: a real-
time electronic control of the tensioning applied to 
the wire is adopted, in order to maximize the    
productivity/wear ratio of the tool (Cardu et al. 
2004). The types of bead of the diamond wire are 
shown in Figure 3. 
 

Figure 3. On the left: electroplated bead; on the right: 
impregnated bead (the actual diameter is approximately 
1 cm). 

3 THE SPLITTING BY DETONATING CORD 
(DYNAMIC SPLITTING) 

This technique, usually called dynamic splitting, 
can be considered as an extreme application of 
controlled blasting concepts and precision drilling 
technique. Very thin linear charges, represented by 
strands of detonating cord (6–15 g/m of PETN), 
are placed in parallel, closely spaced drill holes 
(approximately 32–34 mm in diameter and 15–40 
cm distance between centres), filled with a suitable 
shock absorbing material, such as water, and si-
multaneously detonated by a master cord (Fig. 4).  

Fracture happens owing to tensile stresses in 
the rock inter-hole bridges and excess energy from 
the blast provides the required small displacement 
of the separated mass. In well conducted opera-
tions no extra cracking occurs that would damage 
the stone block. 

Figure 4. A schematic cross section of a hole charged 
with detonating cord and stemmed with water. 

The most critical part of the operation is the drill-
ing system, which must produce at high rates 
straight and perfectly parallel holes. Machinery 
evolved from the century-old 'quarry bar' devices 
to modern highly mechanized diesel-hydraulic 
units, such as that shown in Figure 5. 
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Figure 5. Scheme of a self-propelled drilling machine: thanks to such a versatile machine, the quarry designer enjoys 
complete freedom in selecting the optimal placement and orientation of the splitting surface (Perfora). 

4 COMBINED TECHNIQUES 

Splitting by explosives is faster than wire sawing 
(15–30 m2/h versus 2.5–10 m2/h), but requires the 
possibility of lateral and frontal displacement of 
the block to be separated; to create such a freedom 
at the beginning of the exploitation of a bench is 
called opening the bench. The diamond wire saw 
is commonly employed to cut the lateral free faces 
of the intended block, as shown in Figure 6. In 
principle, the opening of a bench in a surface 
quarry could also be made with explosives, by 

cautious removal of a wedge-shaped volume from 
the face, and this has sometimes been done, but at 
the cost of a significant loss of material. 

Where the combined use of wire and explosive 
is practically unavailable is in the underground 
exploitation of hard stones. To drive an opening 
tunnel by drilling and blasting, even cautiously, 
gives rise to an enormous wastage of useful rock, 
and mechanical precutting is necessary either to 
protect the sound rock from explosion damage, or 
directly to produce blocks in the opening stage; a 
noticeable example is described later. 
 

Figure 6. Cutting scheme in hard and abrasive rock through the creation of lateral cuts by diamond wire. 

 
5 STRESSES PRODUCED BY THE USE OF 

EXPLOSIVE IN THE STONE 

It must be remembered that only strong and sound 
rocks can be exploited for dimension stone       
production, and that blocks obtained must retain 
strength and soundness. 

Therefore, on the one hand, rock masses very 
tolerant of the stresses associated with the extrac-

tion process are dealt with; on the other hand, if a 
certain limit is excluded, the extracted material is 
at high risk of becoming worthless. 

Transient stresses not exceeding the limits may 
actually be beneficial, because they can make  
conspicuous hidden defects (latent fractures, for 
example), thus avoiding the extraction and the sale 
of defective blocks. The resistance of perfectly 
sound rocks to transient stresses greatly exceeds 
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the resistance to static stresses; for tensile stresses, 
and taking as reference the Brazilian test, dynamic 
strength (the resistance to impulsive loads)         
exceeds the static strength by a factor of 3 to 4. 

The highest level of the transient stress        
travelling in the rock, owing to an explosion     
taking place in the same rock, can be calculated as 

 
cv ⋅⋅= γσ (1) 

 

where σ = the stress in Pa, γ = the volumic mass in 
kg/m3, v = the peak particle velocity in m/s and c =
the p wave propagation velocity in m/s. 

Thus, for an average sound rock, with γ = 2600 
kg/m3 and c = 4000 m/s, even with an enormous 
peak particle velocity as, say, 10 m/s, a pressure of 
merely 104 MPa is attained, which is perfectly  
tolerable. What is feared, however, is what can 
happen when the compression pulse is 'reflected' 
as tensile pulse by a free face, or even by a discon-
tinuity. In this case, tensile strength of the rock  
being much lower than compressive strength, a 
failure is likely to occur even at lower peak        
velocity values. 

The most critical stage under this aspect, in the 
splitting of the rock by detonating cord, is     
probably the re-cutting and trimming of very large 
blocks to obtains blocks of commercial size,      
because in this case the same rock volume can be 
subjected several times to the stresses. Indeed, 
many operators in the marble field do not dare to 
split the blocks by detonating cord, fearing        
unwanted cracks and consequent production losses 
(moreover, marble is easy to cut by mechanical 
saws, hence it is not worth taking the risk). A split-
ting operation in a hard rock (gneiss) quarry was 
investigated, where, upon detachment of a large 
prism of rock from the mass (by detonating cord 
splitting or by a combined wire saw/detonating 
cord), the prism is sliced by detonating cord and 
the slices are further divided in commercial 
blocks, again by detonating cord, according to the 
scheme of Figure 7 (Mancini et al. 2002). 

The slices, to be divided in commercial blocks, 
were approximately 1.7 m thick, 6.8 m long and 
3.3 m wide and each slice gave rise on average to 
four blocks, through three splitting blasts fired in 
succession. The peak particle velocities in the 
slices due to the blasts were measured. 

Each blast consisted of 12 holes 1.7 m long, 
each of them charged with one strand of 12 g/m 
PETN detonating cord, water stemmed. The total 
charge per blast was 228 g of PETN. 

The arrangement of the blasts and of the sensor 
are shown in Figure 8.  
 

Figure 7. Scheme of the blocks' production process: (1) 
the primary block A (around 1000 m3) is separated by 
three splitting surfaces (one horizontal and two vertical); 
in this case, a latent crack (lc), only suspected before the 
blast, develops in a visible crack; (2) a vertical slice B is 
separated by a vertical split surface, and subsequently 
laid down on a bed of debris db; (3) the slice is divided 
into blocks of the desired size C: first the irregular part e 
is trimmed away (blocks of non-standard size will be   
recovered from it), then is split, by hammer and feather 
in this case, along the median plane f, and blocks are cut 
from the two parts and carried away; in the meantime a 
further slice D is prepared. 

Sensor

Figure 8. Re-cutting of a block, showing the position of 
the sensor. 

The distance of the sensor from the splitting planes 
varied from 3.5 to 0.5 m. Very high peak velocity 
values were expected, beyond the range of the 
available velocity sensors, and therefore acceler-
ometric sensors were used, and the velocity values 
were obtained through numerical integration of the 
acceleration values (this probably introduced some 
distortion; however, only the peak value, not the 
reconstructed vibrogram, was retained). 
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The sensors were firmly attached to the block 
by expansion bolts, and were well protected; the 
position of the sensors was dictated mainly by the 
necessity to avoid interference with the quarry 
work. 

The experimental set-up vaguely resembled an 
enormous Hopkinson bar experience, the bar being 
the slice and the impulse being provided by the 
blast on the splitting surface; however, the shock 
front was not exactly orthogonal to the axis of the 
bar, being the cord detonated from one side. 

Peak velocity values from 380 mm/s to 1820 
mm/s were determined, the highest value           
obviously pertaining to the closest blast (the     
dispersion, however, makes impossible the         
deduction of a workable distance/velocity correla-
tion). A total of seven similar re-cutting blasts has 
been recorded. The rock is characterized by      
specific gravity 2700 kg/m3, compression strength 
100–150 MPa, Young's modulus 40–50 GPa,   
tensile strength (Brazilian test) 12–8 MPa depend-
ing on the orientation (the lowest value pertaining 
to fracture under stresses orthogonal to the     
schistosity), velocity of the p wave 2000–3000 m/s 
(the lowest value being measured orthogonally to 
the schistosity). The dynamic tensile strength has 
not been measured, but can be estimated, as said, 
in the range 32 ÷ 48 MPa, being approximately 
four times higher than the static Brazilian strength. 
By assuming a dynamic tensile strength of 32 
MPa, and a seismic velocity of 3000 m/s, which is 
conservative, the particle velocity that could give 
rise to failure under dynamic tensile stress: 
 

32 ⋅ 106 = 3000 ⋅ 2700 ⋅ v

could be calculated, giving 
 

v = 3.95 m/s  

a value noticeably higher than the highest recorded 
(moreover, it is recalled that the stress level calcu-
lated with the formula is a theoretical upper limit). 
Conversely, no claims for defective blocks, with 
defects creditable to explosive use in their extrac-
tion, have been moved to the quarry. Clearly, the 
conclusion could be different in the case of soft 
rocks. 

6 COMBINED USE OF DIAMOND WIRE 
SAW AND DETONATING CORD 
SPLITTING IN AN UNDERGROUND 
QUARRY 

The opening of an underground dimension stone  

quarry by means of a tunnel driven by successively 
removing blocks from the face is quite common in 
the case of marbles and limestones: the machines 
employed to this end are specially mounted chain-
saws, and the operation is entirely mechanical: no 
explosive is employed. 

In the case of hard stones, the chain-saw simply 
does not work, and the diamond wire saw works, 
but at a very slow cutting rate. 

An interesting combined method (mechanical + 
explosive) has been developed in an experimental 
quartzite quarry, where production by surface    
exploitation is no longer possible (Fornaro et al. 
2004). The rock is a green quartzite, very hard and 
sound, and very appreciated (good blocks are sold 
at 1500 €/m3). The exploitation consists in the 
opening and widening of a parallelepipedal void in 
the rock, whose floor is subsequently lowered by 
benching, as in surface exploitations. To obtain 
the initial opening, four large-diameter (250 mm) 
horizontal parallel holes are drilled in the face, 
collared at the corners of the intended opening. 
The reason for so large a diameter is that the holes 
must contain the pulleys guiding the wire in a    
'reversed catenary' cut (Fig. 1). 

The four sides of the future room are cut, at a 
slow rate (less than 2.5 m2/h), according to the 
scheme of Figure 9. 

At this point, the sides of a parallelepipedal 
volume of rock are separated from the surrounding 
rock, and only the back is still in mechanical    
continuity with the mass. 

Then a splitting blast is prepared and fired,   
removing a wedge from the top of the intended 
void. The yield of blocks of the separated wedge is 
not large, owing to its shape, but an access is    
provided to the top of the main block (Fig. 10). 
Subsequent exploitation stages (somewhat ideal-
ized) are shown in Figure 11. 

7 CONCLUSIONS 

For a while, a kind of competition between       
mechanical cutting and explosive was observed in 
the dimension stone sector. As both methods 
evolved in the 'precision tool' direction, coopera-
tion, exploiting the favorable features of both, is 
currently the prevailing attitude. Probably, the 
type of technique whose progress more deeply    
affects the improvement of the production process 
is neither explosive nor diamond wire, but rock 
drilling, whose accuracy and efficiency is the key 
for the successful exploitation of both. 



Figure 9. Scheme of the cuts by the diamond wire to provide the separation of the first volume from the surrounding 
rock mass. 

 

Figure 10. Scheme of the ac-
cess provided to the top of the 
block. 

Figure 11. Scheme of the subsequent stages of the underground exploitation. 
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1 INTRODUCTION 

About two years ago, the R&D department of    
Eesti Põlevkivi came to the management with the 
idea of changing the mining system at the biggest 
oil shale underground mine in Estonia, one of the 
largest in the world. Estonia had joined the Euro-
pean Union and was focused on lowering the cost 
of production. It was doing this through productiv-
ity improvements, thereby increasing the oil shale 
tonnage produced per man-shift. 

The proposal consisted of two parts: transfer-
ring the transportation system from the rail trans-
port, now used, to wheel transport, and changing 
the drilling and blasting technique for liberating 
the oil shale. The second proposal consisted of  
going to 4 m rounds in production and implement-
ing reamer (burn) cut, rather than time-consuming 
undercut. It was understood from the very begin-
ning that an alternative to packaged explosives 
would be required. 

This paper describes the part Orica Eesti 
played in helping our customer achieve its goal 
with explosive products, explosive delivery      
systems and technical knowledge. 

2 ESTONIAN OIL SHALE PRODUCTION 

2.1 Location and significance 

The Baltic Basin contains two types of oil shale, 
the Middle Ordovician (Kukersite) shale and the 
lower Ordovician Dictyonema shale. The latter is 
greater in size but is low in heating value and oil 
liberation and high in sulphur, all of which makes 
it non-economic for mining. The Kukersite is the 
most important mineral resource for Estonia. It is 
present in the Estonia and Tapa deposits in Figure 
1 and extends for over 5000 km2 (Koel 1999). 

Oil shale is used for heat/power generation and 
oil production. Taking an energy rating of 35 
GJ/m2 (about 10 MW h/m2) as a critical value for a 
mineable bed in estimating existing resources,   
Estonian minefields have an energy rating of 36.5–
46.3 GJ/m2, with an average of 42.2 GJ/m2.
Considering that this is about 20% higher than the 
minimum limit, Estonian oil shale minefields have 
approximately 109 t of mineable reserves, and     
exploration fields have doubled these reserves 
(Reinsalu 1998). 

Orica helps Eesti Põlevkivi underground oil shale mine to succeed 

M.B. Lovitt 
Principal Blasting Specialist – Orica Mining Services Australia/Asia 

A. Shalashinski 
Project Manager UG Bulk – Orica Eesti, Estonia 

 

ABSTRACT: Eesti Põlevkivi is the principal oil shale mining company in Estonia, with large open cast 
and extensive room and pillar underground operations. The underground mines are going through a  
transformation to ensure their future in supplying oil shale for energy generation in Eastern Europe. The 
company presently mines at ~14 Mt/year, half of which is mined from underground through many work 
crews drilling stripping rounds fired with packaged explosives. Blasting is needed because the oil shale 
has many hard limestone bands through the seam. In a bid to improve efficiency, long round (burn cut) 
techniques have been adopted to increase the productivity of each crew. Orica Eesti has been assisting in 
this transformation by developing and supplying a bulk emulsion with a low velocity of detonation, and 
with knowledge of blasting application to reduce the powder factor. The powder factor is the amount of 
explosives needed for liberation of the oil shale, a critical factor in the cost of production. 
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Figure 1. Location of Estonian oil shale deposits. 

2.2 Company profile 

AS Eesti Põlevkivi is a state-owned company that 
mines more than 90% of the oil shale in Estonia. 
The company operates two open cast and two    
underground mines. These mines work the Estonia 
shale deposit and are found in north-east Estonia 
close to Kohtla-Jarve (see Fig. 1) and west of 
Narva, the border town to Russia. 

Annual production exceeds 14 Mt of oil shale. 
The company’s two underground operations are 
‘Estonia’ and ‘Viru’. It was at the Estonia mine 
that the research and development took place. AS 
Eesti Põlevkivi has an R&D team, headed by   
Project Manager Erik Väli, to drive the changes to 
improve long-term viability. 

2.3 Geology 

Oil shale reserves of the Baltic Basin are unique in 
the world in terms of composition and high     
quality. The Baltic oil shale is also relatively easy 
to mine. Owing to the absence of other fossil   
mineral resources available in the surroundings, 
oil shale has been used since the beginning of the 
20th century to produce energy. 

Oil shale is a yellowish-brown, light, relatively 
soft sedimentary rock that contains a great amount 
of carbonate fossils. The general thickness of the 
oil shale bed mined in the Estonia deposit is 2.8–
3.2 m. It contains six oil shale seams (0.1–0.9 m 
thick) alternating with limestone partings (see Fig. 
2) 

Oil shale is easy to break and bore mechani-
cally, which cannot be said of the  intermediate 
layers of limestone. The compressive strength of 
oil shale is 20–40 MPa, and that of limestone 40–
80 MPa. The density of oil shale is 1.5–1.8 t/m3,

and that of limestone 2.2–2.6 t/m3. The calorific 
value of the oil shale is 7.8–18.8 MJ/kg. A total of 
90% of currently mined oil shale is used in the   
energy production process, and about 10% for oil 
extrusion (Juergenfeld et al. 1944). 
 

Figure 2. Oil shale lithology. 

2.4 Present mining method 

The company’s underground operations at ‘Esto-
nia’ and ‘Viru’ are based on the room and pillar 
system. The production process uses drill and 
blasting, mucking out the blasted rock with front 
end loaders to the primary crasher, then transpor-
tation to the surface by conveyor belt with        
mechanical separation (see Fig. 3). 
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Figure 3. Estonia room and pillar mining. 

The traditional way of production requires 
drilling and blasting of development faces 3.8 m 
high and 5–6.8 m wide (see Fig. 4). Twenty-eight 
2 m, 35 mm diameter blastholes are drilled. The 
lower ‘A’ layer of the oil shale face (see the oil 
shale lithology in Figure 2 and the shaded area at 
the bottom of Fig. 3) is then mechanically cut with 
a ‘chainsaw’. Blasting is then carried out using 
packaged explosives with short-delay electric 
detonators. The blasting process is very efficient 
as the rounds are short and the action is to strip the 
rock down. The powder factor used for this    
process is approximately 0.6 kg of explosives per 
cubic metre of oil shale or 0.4 kg/t. 

Figure 4. Standard development face and hole numbers. 

3 JUSTIFICATION FOR CHANGE 

The costs of the operation are influenced heavily 
by labour and the explosives used in the blasting 
process. The cutting process is time consuming 
and limits the productivity of each area through 
time and depth of cut. Together they are the reason 
for changing to a longer development round. 

The R&D department of Eesti Põlevkivi came 
to the management with the proposal to transfer 
the transportation system from the rail to wheel 
transport, and to change the method of  drilling 
and blasting. The second proposal consisted of  
going to 4 m burn cut rounds in production, utilis-
ing reamers. It was understood from the very     
beginning that an alternative to packaged           
explosive product would be required, and Eesti 
Põlevkivi approached Orica Eesti with the       
problem. 

After considering several options, bulk emul-
sion technology was chosen. The main drivers for 
this change were: 

− Increased length of the boreholes – which     
allows for increasing the productivity of the oil 
shale transportation equipment. It is, however, 
very hard to charge such a length with a   
packaged product, as the rock inside the bore-
holes is not very smooth. 

− Automation of the process of delivery and 
charging. 

− Reduced exposure and manual handling of   
explosives transported to the face prior to 
charging. 

− The possibility of reducing the explosives 
magazine at the mine – according to the      
scenario, the matrix would be transported to 
the mine once a day in a 20” ISO container 
and loaded directly into the mobile charging 
unit (MCU). 

− The possibility of using a detonator-sensitive 
product – fewer boosters in the magazine. 

4 CHANGE PROCESS  

4.1 Developing a new explosive and system 

The first stage of testing included the development 
of a customised formulation for the cold            
conditions of the mine (constant temperature 
+8°C) and testing of the Maxi-Pump equipment. 
Also, the confinement of the shale in 35 mm holes 
made the  sensitivity of the product to initiation an 
issue. 

As oil shale mines have very special            
conditions, such as low backs (2.8–3.8 m) and 
possible small dimensions of the faces, there were 
some adjustments that the customer required to be 
made to the standard equipment. 

The first of the requirements concerned the   
dimensions of the unit. These should not have   
exceeded 2.4 m in height, 6 m in length and 2.5 m 
in width. At the same time the unit should have 
been able to carry 3 t of emulsion as well as other 
equipment, and be placed on a standard chassis 
that could drive on a public road. The joint effort 
of Orica Eesti and the engineering department of 
Orica Australia in finding a suitable carrier and 
designing an appropriate unit led to 100%         
fulfilment of this requirement. 
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The second and more complicated requirement 
from the customer was the possibility of using the 
truck without running the diesel engine while 
charging. Normally, the MCU process units are 
driven directly from the power take-off (PTO) of 
the truck. In the case of the MCU designed for  
Estonia, additional oil hydraulic accumulators 
were installed to provide the power for the         
delivery system. The accumulators are fully 
charged within 7 min from the PTO of the running 
truck. Thereafter, they provide the power to charge 
up to 200 kg of the product. They are recharged 
during movement between faces. The crane with 
the basket for access to the face is powered by lead 
acid batteries that are also recharged while the    
engine is running. The new units will provide 
charging crews with a much safer alternative and 
will deliver better results while working owing to 
less noise. The MCU can be seen in Figure 5. 

Figure 5. Eesti mobile charging unit. 

4.2 Drilling equipment 

Eesti’s R&D team had sourced some different 
equipment to drill the new type of reamer cut that 
was being trialled. This equipment incorporated a 
drilling unit that was computer controlled to      
enable parallel 35 mm (and larger) drill holes of 
up to 4.5 m depth. The reamer unit drilled 3 x 280 
mm x 4.6 m reamer holes in one pass and is      
pictured in Figure 6. 

The drill time for all these holes is very short, 
and a face could be drilled out in a little over 1 h, 
but these drills could operate independently and 
therefore follow each other around. 

4.3 Drilling patterns 

Eesti’s R&D team had been working on a Reamer 
or burn cut patterns for many months to reduce the 
powder factor to an acceptable level. Initially, this 
was deemed to be 0.9 kg/m3.

This is a 50% increase in powder factor on the 
present method of face stripping and is due to the 
initial breakage of rock being to void holes rather 
than to a 6 m free face below. In rock breakage, 

this reduction in free face availability reduces the 
utilisation of energy from the explosives. Higher 
amounts of energy are needed firstly to break to 
the smaller free face availability, and then the ex-
plosive gases are needed to transport the rock out 
of the void area to enable that void to be utilised 
by successively fired holes. 

Figure 6. SMAG reamer drill. 

Orica’s Australia/Asian technical services team 
were called in to provide some help to Eest’s R&D 
team to achieve this target, as the lowest powder 
factor achieved so far was 1.2 kg/m3. This was 
with a pattern that incorporates 31 charged holes. 

The only way to reduce the powder factor in 
development is to change the reamer design and 
reduce the diameter of the blastholes, the number 
of blastholes, the density of the explosives or the 
charge length in each hole. 

The diameter is already small at 35 mm, and, 
with the density of the rock being 1.5 t/m3, it was 
not considered possible to reduce it further. 

The configuration of the reamers is set as a 
horizontal pattern of three, but it was considered 
possible to reduce the powder factor if two sets of 
reamers were used. It would have been best to    
allow these two sets of reamers to be above each 
other, but this would have had the top set drilled 
on centres over 2 m from the floor. The drill could 
not do this, and the opportunity to reduce the 
height of the face to 2.8 m would be lost, so a    
design incorporating the two sets side by side was 
used. 

The density of the explosives was close to 1.0 
g/cm3, and this was thought to be an optimum 
density for sensitivity. This was not changed as a 
result. 

The major changes hereafter involved the 
number of holes and the charge lengths with the 
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holes drilled. The hole pattern can be seen in    
Figure 7. The charge design can be seen in Figure 
8. In this design it can be seen that the holes that 
open out a shape are charged to a fuller length 
compared with holes that break along a structure. 
For example, the holes on the side breaking with 
the structures have a 3.1 m charge in a 3.8 m hole, 
but holes in from the corners at the top of the face 
have 2.4 m of charge in a 3 m hole. 
 

Figure 7. Face pattern showing the face lithology. 

Some of the faces fired were narrower than 6.8 
m, and this increases the powder factor as the 
highest powder is used in the burn area and in  
getting the perimeter shape. 

Figure 8. Charge lengths and timing. 

The charge plan shown in Figure 8 achieved 
the 0.9 kg/m3 target, and, since this design, more 
data have been taken to confirm the results. 

Some other designs were also trialled to reduce 
the seam height to 2.8 m as the uppermost oil 
shale seam is of lower quality. These were        
successful in a blasting sense, but the stability of 
the roof was not maintained and the testing was 
stopped. 

From Figures 9 and 2 it can be seen that the 
roof that is established at 2.8 m is not as well 
bounded by any limestone seams that could be 

used for support, as opposed to the 3.8 m height 
which is used presently. Further trailing recom-
menced in more stable conditions and it actually 
worked well. The results of trials over a 2 month 
period were stable backs and a powder factor of 
about 0.85 kg/m3.

Figure 9. Face design of 2.8 m height. 

5 CONCLUSION  

The objectives that AS Eesti Põlevkivi established 
have been met through the combined resources of 
their own R&D and production departments and 
explosive products, explosive delivery systems and 
technical knowledge of Orica. Together we are en-
suring that Estonia is ready to provide oil shale at 
competitive rates for power generation into the fu-
ture. This is another example of how Orica can 
provide knowledge and systems to help our cus-
tomers achieve their goals and succeed. This is 
value beyond blasting. 

On another note, this work is testimony to the 
scope that exists for reducing the energy used in 
long round development tunnels. Operations are 
looking to reduce the number of holes in a         
development face to improve cycle times. This is 
generally being done by increasing the size of the 
hole from 45 to 48 mm or even 53 mm. This goal 
is valid, but there are other ways to achieve it. 

Another approach to achieving this goal is to 
reduce hole sizes and keep the same number of 
holes. In this way, a smaller hole is drilled, and 
smaller amounts of explosives can be used more 
effectively. Going from a 45 mm hole to a 40 mm 
hole, or even a 35 mm hole, constitutes a 21% (or 
40%) reduction in drilled volume. This reduced 
hole size should show quicker drilling times. On 
the negative side, not many drilling companies are 
looking at smaller drill diameters, and therefore 
hole straightness could be lacking. 

Bulk emulsion explosives can be used at a 
higher density, be metered to high accuracy,       
reduce high-cost packaged products, improve     
security and be loaded with greater efficiency. In 
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this way, drilling costs are reduced, the time 
needed to drill the face is shortened and explosive 
costs are reduced. Overall, the cost of develop-
ment is reduced. The damage radius around the 
holes is directly related to hole diameter, and so 
this is reduced to give less overbreak, smoother 
walls and a better-defined perimeter. Smaller-
diameter holes are the way of the future in         
development rounds. 
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