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1 INTRODUCTION 

On behalf of LTF, YSO Consultants has          
conducted a blast engineering optimization in the 
access tunnel at Modane. The investigation has 
been completed together with the contractor. 'The 
access tunnel are excavated with the use of         
explosives is essential for establishing the methods 
of construction to be used for the base tunnel' (see 
http://www.ltf-sas.com/eng/investigativework.htm). 

The proposed objective was to take into        
account the local conditions and provide a new 
blast design in order to progress with the minimum 
vibration impact 70 m under the village of Le 
Bourget-Villarodin. 

For several years, vibration constraints          
involved requirements that led contractors to work 
with sequential blasting machines. First, 233 m 
were blasted with a ten-line electric blasting       
exploder to initiate both electric MS and LP delay  

blasting caps in the same round (Fig. 1). 

2 INNOVATING DESIGN 

Neither sequential blasting technique nor          
empirical relation between peak particle velocity 
and scaled distance (Chapot 1981) which gives 
guidance on the evaluation of vibrations had led to 
determine acceptable vibration levels with regard 
to the village. 

In addition, it is the authors' view that, even if 
vibrations were the main objection, induced     
seismicity initiated rock damage before complaint 
in the neighbourhood. 

The challenge was to solve these economic and 
technical constraints related to drilling and      
blasting operations by successful use of electronic 
detonators. 

Out of 40 rounds of 64 m2 section, using an 
electronic firing system, 35 were optimized (Fig. 
2). 
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ABSTRACT: This paper describes the innovative blasting technique introduced during excavation of the 
access tunnel at the future Lyon-Turin-Ferroviaire (LTF) project in Modane. A total of 80 typical 
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Figure 1. Usual electric sequential blast design. 
 

Figure 2. Optimized electronic blast. 



3 ENGINEERING FOR BLASTING 
EXCAVATION METHOD 

3.1 The need to structure in the new 
technologies at the engineering stage 

In the early 1990s YSO introduced in France a 
new approach for surface blasting (Hinzen 1988; 
Reamer et al. 1993) implying a need for structur-
ing in the engineering stage the processes of blast 
parameters modelling and validation of blasting 
performance. 

3.2 Blast parameters 

The global goal of a blast should be understood as 
a distribution of explosive energies in space and 
time to perform a fragmentation, heave and pull 
out of rock to be excavated. 

The following descriptions propose to summa-
rize the relationships that may be influenced by the 
blasting design. To highlight the concept of        
reciprocal behaviours between blast design        
parameters to be globally optimized in blasting  
designs, it is suggested that they may be shown as 
based on a 'three legs stool' layout; note that, most 
often, conventional and nonetheless acceptable 
blasting practices are based on only two of these 
poles, depending on the point of view (Fig. 3). 
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3.4 Explosive charge energy optimization 

Excavation method is one of the major factors to 
affect rock damage. Since 1983, minimizing rock 
damage has been studied for civil engineering    
excavations; these experiments in very smooth 
blasting techniques have resulted in a hierarchy of 
typical explosives charges with a specific function.  

3.5 Splitting charges 

In the plan of the final contour, they should gener-
ate as low a shock energy as possible, producing 
the lowest radial cracks density (which dominate 
fragmentation), the main purpose being to produce 
a gas that is vented through already open cracks 
generated by previous charges in the blast, cushion 
and normal charges. 

3.6 Cushion charges 

Located before the splitting charges, at least one 
line of cushion charges should contain reduced 
shock energy, i.e. decoupled charges or lower  
density bulk explosive. 

3.7 Normal charges 

The performance of these charges should ensure 
effective fragmentation mechanisms with          
sufficient shock energy. One could summarize that 
fragmentation is enhanced by both pre-existing 
structural fractures and firing time intervals        
between explosive charges in the blasting           
sequence. 

Explosive charge  
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On the other hand, the firing delays applied in 
the blasting sequence should produce new local 
internal free faces. Depending on this 'cascade    
effect', performances of the explosive charges  
contribute to the seismic energy induced in the 
near and far field environment. 

It is suggested that only three different specific 
charges corresponding to three different functions 
in the blasting are designed. 

With regard to the cushion line (including    
lifters), these charges have the most important    
influence on damage mechanism and require 
shock energy. 

With regard to the contour line, these charges 
should provide as little shock energy as possible. 

With regard to accurate drilling geometry,     
increase of drilling diameter and charge per hole 

Rock mass mechani-
cal properties 
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will, therefore, decreases the number of holes in 
each type of charge (cushion, perimeter, body of 
the blast or cut). 

It was decided that all holes with 51 mm        
diameter on the contour line were drilled; spacing 
could be increased up to 0.6 m in walls and 0.8 m 
on the crown. 

4 SEISMIC HYBRID MODELLING  (MSH) 
TECHNIQUE  

Control of blast vibrations represents a double   
objective in respect of the environment and quality 
of blasting. In fact, minimizing the seismic energy 
induced by detonations of explosives charges 
shows that both objectives are complementary. In 
practice, according to some hypotheses, MSH     
allows synthesis of a production blast by convolv-
ing single shot seismograms with a blast sequence. 
Assuming that properties of the explosion source 
and characteristics of the propagation path of the 
vibration are contained in the single shot seismo-
gram, this method appears to be particularly well 
adapted to optimizing the firing-time intervals of a 
multiple-charge, multiple-row production blast; 
adequate acquisitions and relative precision of   
firing-time intervals have a definite influence on 
results. This approach is particularly characteristic 
of full numerical simulation of a production blast. 

In practice, in-situ measurements are absolutely 
necessary because the rock mass is never homoge-
nous nor elastic, which changes the frequency 
spectra of the signal compared to the ideal propa-
gation model of Green’s functions. 

It may be objected that individual single charge 
per firing time would be higher; but this is not a 
valid objection, as only MS delay period detona-
tors could be used and, owing to computerized  
optimization by digital MSH, the seismic energy 
of the blast could be minimized. This technique of 
blast optimization and design has been introduced 
and validated since 1992–3 in large French surface 
mining projects, among others (Bernasconi &    
Sifre 1996). 

With the exception of some experiments,    
Modane was the first industrial application (40 
rounds) to include such an optimization from blast 
parameters using MSH technique. 

In practice, MSH shows reasonable results  
provided some hypotheses learned from the trial 
are respected, such as the emission–immission-
specific characteristics of the vibration path. 

Usually, modelled solutions by MSH lead to 
ground vibrations in the order of a single shot. 

The choice of initiation technique must be     
focused on safety, precision and easy hook-up    
aspects. Case studies show a sensitive attenuation 
of blast vibrations when the firing sequence is 
controlled with accuracy, i.e. with electronic      
delays. 

Sometimes, intervals between firing times are 
lower than the empirical rule of 8 ms between 
charges. 

As a seismology approach, the MSH enhances 
results in farfield to control the blast disturbances 
in the environment; in the near blast field, the 
method requires in practice a high degree of       
accuracy of firing times that greatly depends on 
the initiating system. 

This is the main advantage of electronic delays; 
relative high accuracy with safety between delays, 
rather than absolute precision, open a new way to 
design firing sequence with millisecond delays   
instead of conventional half-second periods. 
 

Figure 4. Daveytronic® detonators.  

Thanks to MSH technique, at Modane access 
tunnel, such a type of firing sequence was        
validated with Daveytronic® initiating system. 
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Each detonator is programmable or re-
programmable in the field. This operation is easy 
and safe. 

The optimized blast at Modane showed good 
results from the first trial for the village, as illus-
trated by the following seismograms; half-second 
delays for a standard electric sequential blast (Fig. 
6) compared to millisecond delays for an         
electronic blast (Fig. 7). 
 

Figure 5. Optimized blast at Modane access tunnel. 

 

Figure 6. Seismogram of electric sequential blast shown 
in Figure 1. 

5 CONCLUSION 

The concept of testing by 'trial and error' and the 
resulting empirical 'laws' show their limitations. At 

the Modane access tunnel, because of the village 
constraints, the purpose was to initiate a drill and 
blast engineering stage including blast parameters, 
vibrations modelling and the use of electronic 
detonators. 

 

Figure 7. Seismogram of electronic blast shown in     
Figure 2. 

From MSH technique, an electronic firing     
sequence – which combines millisecond delays  
between explosives charges – reaches a minimum 
seismic energy as well as an optimum in fragmen-
tation mechanism efficiency. 

In the authors' experience, it has now been 
proved that electronic delays will ensure the     
simple and safe blast mechanism. In addition, in 
the farfield, from one or several single shots it   
becomes possible for tunnel excavation to           
reproduce the best production blast seismogram. 

Development of innovative techniques on  
electronic components, processing and communi-
cation of information may generate significant 
change, which may meet with some opposition. 
With regard to the domain of industrial applica-
tions of explosive energy, it is important that this 
is borne in mind as progress must satisfy comfort, 
safety and peace of mind for the operators. In the 
balance of practice with innovation, each partici-
pant – rightly proud of his experience – must be 
allowed to participate with enthusiasm in the    
progress of applied technique; this is a fundamen-
tal challenge. Evolution, far from damaging       
human integrity, is a chance of a better life.  
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1 INTRODUCTION 

With increased competitiveness in the industry, 
mining companies have endeavoured to improve 
the overall productivity of their operations. More 
attention is being given to optimizing the produc-
tivity of their existing loading equipment by    
various means, starting from ground preparation, 
blast design to loading equipment redesign. In 
most of the mining operations, drilling and     
blasting precede loading, hauling and crushing  
operations. For this reason it is always necessary 
that drill and blast operations be carried out in a 
manner that results in a suitable muck pile that can 
be handled efficiently. A good blast should always 
result in: 

− increased loading rate and productivity; 

− reduced maintenance; 

− reduced secondary breakage; 

− increased overall crusher performance. 

Thus, efficiency of any mining operation      
depends on the fragmentation of the muck pile 
produced. Optimum blasting obtains the proper 
degree of fragmentation necessary to achieve the 
lowest cost of the combined operations of drilling, 
blasting, loading, hauling and crushing (McKenzie 
1967). Optimum fragmentation not only improves 
the loading rate but also reduces overall         
maintenance costs and those associated with other 
operations such as hauling, crushing, grinding, and 
so on. 

Several factors affect the productivity of     
loading equipment. Factors such as muck pile 
characteristics, operating conditions, loader design 
and loading geometry and practice have a vital   
influence on the efficiency of the loading opera-
tions (Singh et al. 2002). This paper has examined 
the role played by the muck pile characteristics on 
the productivity of the loading equipment. Charac-
teristics such as size distribution, percentage of 
void, angle of repose and moisture content were 
determined and their influence on productivity   
indicators such as fill factor, distance scooped, dig 
cycle time and production per unit time were  
studied. 

Influence of blasted muck on the performance of loading equipment 

S.P.Singh, R.Narendrula & D.Duffy 
School of Engineering, Laurentian University, Sudbury, Ontario, Canada 

 

ABSTRACT: The objective of blasting in a mine is to produce a muck that can be efficiently loaded and 
transported. Several factors affect the productivity of the loading equipment including characteristics of 
the blasted muck, type and design of loading equipment, loading geometry, operating conditions and 
loading practice. The current study has focused on the influence of the looseness, angle of repose, size 
distribution and moisture content of the blasted muck on the performance of loading equipment. The 
study was done in three stages: (a) Controlled experiments in the laboratory, (b) Tests with a physical 
simulator of a loading machine, (c) Field work in three operating mines. It was found that looseness of the 
muck is affected by the mean particle size and index of uniformity of the muck. Angle of repose and 
stickiness of the material are affected by the nature of the material, size distribution and the moisture  
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the index of uniformity. It was observed that the bucket fill factor, dig cycle time and productivity of the 
loading equipment are strongly influenced by the looseness, size distribution and angle of repose of the 
blasted muck. 
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2 METHODOLOGY 

The study was conducted in the following three 
stages:  

− controlled experiments in the laboratory;  

− tests with a physical simulator of a loading 
machine; 

− fieldwork in three operating mines. 

2.1 Controlled laboratory experiments 

Controlled lab experiments were designed and 
conducted to discover how the values of voids and 
angle of repose were varying with muck piles of 
different characteristics. Since mean particle size 
and index of uniformity characterize the size     
distribution of muck pile, a number of samples 
was prepared with various mean sizes and indices 
of uniformity. 

Gabbro, obtained from a nearby quarry, was 
used as material for the laboratory tests. The     
material was crushed and sieved, to obtain six size 
fractions ranging from fine to 60 mm. In             
accordance with the Rosin–Rammler size          
distribution function, size fractions were           
calculated and mixed in appropriate proportions. 
Samples of 2 kg were prepared for void and  
stickiness tests and 25 kg samples were prepared 
for finding angle of repose. 

2.1.1 Percentage of voids 

For the purpose of the study, percentage of voids 
is defined as the ratio between the volume of void 
space and the total volume expressed as a percent-
age. Muck pile looseness is indicated by the     
percentage of voids it contains. Also, if the       
percentage of voids in the muck were more, the 
quantity of material in the bucket would be less. 
This was measured in the laboratory for muck-pile 
samples with different mean sizes and indices of 
uniformity. The mean sizes on which these         
experiments were conducted were 15, 20, 25 and 
30 mm and indices of uniformity were 0.8, 1.0, 
1.2, 1.4, 1.8 and 2.0. 

Prepared samples were mixed thoroughly and 
poured into a cylinder of known dimensions and 
weighed. Water was added to the cylinder until the 
water just submerged the sample. As water         
occupied the void spaces in the sample, the weight 
of the water gave the value for void volume and 
the percentage of voids were calculated from the 
data obtained. 

2.1.2 Angle of repose 

Angle of repose is another factor that varies with 
the degree of fragmentation and influences the 
productivity of the loading equipment. Experi-
ments were designed to measure the variation of 
the same. Angle of repose was measured in the 
laboratory for the samples with mean sizes of 10, 
15, 20, 25, 30 and 35 mm and indices of uniform-
ity of 1.0, 1.4, 1.8 and 2.2. Experiments were also 
conducted on dry and moist samples of 1 and 2 % 
to see if there was any variation in the angle of    
repose with the moisture. 

Samples of 25 kg of known mean size and     
index of uniformity were prepared and mixed  
thoroughly. A sample was taken into a container 
and was poured out freely from a height of         
approximately 0.5 m. The heap angle formed was 
measured at different locations with an angle-
measuring device, to arrive at an average value. 
Procedure was repeated five to ten times for each 
sample. 

2.2 Tests with a physical simulator of LHD 

A scaled model of a load-haul-dump (LHD)      
machine was designed for the purpose of simulat-
ing loading operations. With this approach, some 
variables such as operator efficiency and over 
which the authors had no control, were eliminated. 
The main features of the simulator were as        
follows: 

− A bucket of the LHD model was designed to 
replicate the bucket normally used in the 
mines.  

− The bucket could hold approximately 2 kg of 
material. 

− The sample container was of such dimensions 
that the test results were not affected by the  
interaction between the container and rock 
fragments. 

− The simulator was built robust and was        
capable of producing the tests in a consistent 
manner. 

− The bucket had no lifting mechanism, but    
hydraulic cylinders employed facilitated the 
forward and backward motion of the bucket.  

− A load cell was employed to measure the 
penetration force. 

Test samples consisted of crushed Gabbro. Eight 
fraction sizes ranging from fine and 60 mm were 
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used to make a 25 kg sample representing a muck 
pile. The mean sizes of the tested samples were 15, 
20, 25, 30 and 35 mm and indices of uniformity 
were 1.2, 1.4, 1.6, 1.8 and 2.0. 

Muck sample was placed in the sample holder. 
The load cell was initiated and the bucket was 
pushed into the muck sample by the hydraulic   
cylinders. When the bucket stopped penetrating 
into the muck pile, the load cell recorder was 
turned off and the bucket was retracted from the 
sample. Ten tests were conducted for each of the 
twenty-five muck samples. The data collected was 
of the average and maximum force needed to 
penetrate the muck, the distance scooped, the time 
for each bucket pass and the weight of the muck in 
the bucket. 

2.3 Field studies 

Field studies were conducted in an underground 
mine and two open-pit mines. 

The underground mine, where study was taken 
up was a low-grade nickel copper mine in the 
Sudbury basin with an annual production of       
approximately 3.3 Mt. Ore is handled with a fleet 
of 6.1 m3 load haul dump machines, which haul 
the ore to ore passes. The bulk of the ore comes 
from the sublevel caving operations and typical 
sublevel intervals were 20–30 m with a tonnage of 
2000–4000 per ring. The diameter of the holes 
drilled was 100 mm and burden and spacing were 
maintained in a 2.5_2.5 m pattern. Emulsion      
explosives were the primary explosives used. 

Quarry # 1 was an aggregate quarry and the 
rock mined was Gabbro. The quarry had a mobile 
in-pit crusher and was operated in a single bench 
of 10 m high. The rock is blasted and the same 
was fed to a mobile crusher with Front End Loader 
with 6.9 m3 bucket capacity. Burden and spacing 
were maintained at 3 m and 3.5 m respectively. 
The drill hole diameter was 100 mm and ANFO 
was the primary explosive. 

Quarry # 2 was an open pit mine with three  
operating benches. The rock mined was Nepheline 
Syenite. The average bench height was approxi-
mately 10 m with a production schedule of two 
shifts a day, five days a week. Ore is drilled, 
blasted and hauled by a fleet of dump trucks of 50 
t capacity. Loading equipment was comprised of 
two Caterpillar loaders with 6.9 m3 bucket         
capacity. Burden and spacing distances were  
maintained in a pattern of 3_3 m with a drill hole 
diameter. of 115 mm. ANFO was the main         
explosive. 

2.3.1 Data collection in the field 

Field data collection included dig cycle time 
measurement, fill factor estimation and taking 
photographs of the muck pile with digital video 
camera for the analysis of fragmentation. In the 
underground mine, photographs of the muck pile 
were taken after every five buckets of loading by 
scoop, whereas in quarries, continuous photo-
graphs of the muck pile were taken as the loading 
was in progress. Image processing software was 
used to analyse the photographs. 

Typical operations of image processing       
consisted of the following steps: 

− capturing the image from video; 

− setting the scale on the image; 

− activating the edge detection algorithms; 

− editing the image if required; 

− measuring the block sizes and generating out-
put graphs. 

The principal concern at all the mines was to    
collect the information without disrupting the   
production cycle. Lighting was another concern in 
underground mines. Since fragmentation varied 
significantly throughout the muck pile, the         
approach was to take photographs of the face   
continuously or at regular intervals as the loading 
operations were in progress and to merge them to 
obtain the representative numbers for size         
distribution. 

2.3.1.1 Fill factor 

Since no weighing facilities were available at the 
mines, bucket fill factor was estimated based on 
visual observation. Loading operations were 
videographed and the buckets were observed   
carefully to determine the fill factor.  

2.3.1.2 Dig cycle time 

Dig cycle time has a significant effect on the       
efficiency of loading operations. During this study, 
the actual time for which the loading bucket was 
in contact with the muck pile was termed ‘Dig  
Cycle Time’. This is the time that is affected by 
the muck pile characteristics. It was observed that 
40–60 cycles provided fairly accurate and         
representative values. 
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2.3.1.3 Productivity 

For underground operations, the productivity was 
estimated by scoop buckets per hour. In quarries, 
the production per unit time was determined by 
using the dig cycle time as well as bucket fill    
factor. 

3 RESULTS AND DISCUSSION 

3.1 Percentage of voids 

Percentage of voids varied from a minimum of 
30.79 for a sample with mean size of 15 mm to a 
maximum of 47.51 for 30 mm mean size sample. It 
was also observed that percentage of voids         
increase with the increase in the mean size line-
arly. This in turn gives an indication that greater 
the mean size of the muck pile, the looser, and 
with smaller size fragments the voids are less and 
the muck pile is tight. Indices of uniformity have 
shown a similar pattern. 
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Figure 1. Mean size versus percentage for n = 2.0. 

 

35
37
39
41
43
45
47

0.5 1 1.5 2 2.5

Index of Uniformity

%
V

oi
ds

Figure 2. Index of uniforrnity versus percentage of voids. 

Figures 1 and 2 illustrate the influence of the mean 
size and index of uniformity on the percentage of 
voids. 

3.2 Angle of repose 

Angle of repose is another feature of the muck pile 
that will affect the performance of the loading 
equipment. In muck piles with higher angles of  
repose, productivity of loading equipment will be 
higher because the bucket has to travel less to 
achieve a high bucket fill factor.  
 

Figure 3. Angle of repose and bucket fill factor. 

Figure 4. Angle of repose and distance scooped. 

In a muck pile with low angle of repose, whose 
height is very small and less than the bucket 
height, the bucket has to move into the muck for 
quite a distance to achieve a high fill factor. The 
machine has to move back and forth also, in order 
to fill the bucket, thereby increasing the dig cycle 
time, reducing its productivity. In high muck piles 
with greater angle of repose, the bucket fill time is 
less since the material rills and assists in the filling 
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of the bucket. Figures 3 and 4 clearly depict the  
effect of angle of repose on the bucket fill factor 
and distance scooped. The data obtained in the lab 
indicated that the angle of repose increases with 
the increase in the mean particle size of the muck. 
Also, with increase in the moisture content, angle 
of repose values were found to increase. 
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2.2). 
 

Figure 5 and 6 show the relationship between 
these parameters. 

3.3 Rate of scooping 

The effect of mean particle size and index of    
uniformity on the rate of scooping were studied 
with a physical simulator. Scoop distance for the 
study was defined as the distance the scoop bucket 
travels inside the muck pile. The distance to which 
the bucket is pushed into the muck depends on the 
resistance offered by the muck to the penetration 
(Singh et al. 2003). 
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Figure 8. Index of uniformity versus scoop rate. 

Figure 7 shows the results obtained for the values 
between the mean size and scoop rate. Figure 8 
shows the relationship between the index of     
uniformity and the scooping rate. It was observed 
that the scooped distance decreases with the       
increase in the value of mean particle size and a 
similar trend was observed with increase in the   
index of uniformity. As illustrated, an increase in 
the mean size reduced fill factors and a similar   
effect was observed with an increase in the index 
of uniformity. 

3.4 Fill factor 

In general, the bucket fill factor of the loading 
equipment is dependent of the size distribution of 
the muck, operator skill, looseness of the muck 
pile and rock properties. 

Fill factors observed in the field study were   
related to their mean size and index of uniformity.  

Figures 9 and 10 show the relationship          
between the two parameters of the muck pile and 
fill factor. As illustrated, low fill factors were    
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observed with muck piles of larger mean particle 
size and a similar relationship was observed       
between the index of uniformity and fill factor. 
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3.5 Dig cycle time  

The major factors affecting the dig cycle time were 
properties of the blasted muck, blasting efficiency 
and the skill of the operator. 

Figures 11 and 12 show the relation between 
the dig cycle time and mean size and the index of 
uniformity. 

3.6 Productivity 

The productivity of the loading equipment is      
dependent upon the type of equipment, the         
relationship between the size of the equipment and 
the size distribution of the blasted rock and     
loading conditions. 

Figures 13 and 14 give the relation between the 
production values and mean size and index of  

uniformity. Dig cycle increases with the increase 
in the mean particle size, whereas it does not      
exhibit any particular trend with the index of    
uniformity. 
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Figure 11. Index of uniformity versus dig cycle (Quarry 
1). 
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Figure 12. Mean size versus dig cycle (Quarry  2). 
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Figure 14 . Index of uniformity versus production 
(Quarry 2). 

As observed. the production is found to decrease 
with increase in the mean size of the muck pile 
and a similar trend was found with the index of 
uniformity. 

4 CONCLUSIONS 

The results of the study indicate that both mean 
particle size and the index of uniformity play a  
significant role in determining the productivity of 
any loading system in the mines. A higher        
percentage of voids increases the looseness of the 
muck pile but, at the same time, reduces overall 
productivity, as the actual weight of the material in 
the bucket is less. Angle of repose is found to     
increase with the increase in the values of mean 
size of the muck pile and also the same is found to 
increase with increase in the moisture content of 
the muck pile. A muck pile of suitable characteris-
tics can maximize the fill factor, which determines 
the productivity of any loading equipment.       
Furthermore, the study indicates that for better   
efficiency and high scooping rates, it is always   
advisable to produce a muck pile with low mean 
size and to generate one with a flat size distribu-
tion curve. 
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1 INTRODUCTION 

Hellas* is not only the birthplace of the Olympic 
Games (776 BC), but also the country where the 
modern Olympic Games revived, almost one   
hundred years ago (1896). Nowadays, both Athens 
and its wider district (Attica) consist a metropoli-
tan centre of five million people. Therefore,    
modernization, improvement and adaptation to 
modern infrastructure have been the additional 
demands and necessities of major and critical    
importance for the 2004 Olympic Games.

2 THE PROJECTS 

2.1 The groups and types of project 

The author's company provided and provides blast 
consulting services and technical support in rock 
excavation activities in projects that constitute the 
fundamental infrastructure and support for the   
accomplishment of the 2004 Olympic Games;  
projects in Athens wider district (Attica), but also 
all over the country where infrastructures or       
facilities were constructed in order to support the 
great event. 

In all of these, environmentally friendly and 
safe or risk-free blasting operations had to be     
designed and supported, with the use of high-tech 
instrumentation and the proper know-how and 
methods. 

There were a variety of construction projects 
related to the Olympic Games 2004 in which blast 
consulting services played a key role in their   
completion. These projects could be classified in 
the following categories, which form the Exorixi's 
Olympic Blasting Panorama: 
 
Table 1. Main group of projects. 

Main groups  Number  

Surface blasting in construction 
projects 

24 

Tunnelling blasting and under-
ground works 

13 

Underwater blasting 3
Quarries and quarrying works 2
Controlled explosive demolition 7 
Non-blasting projects 7 

*Note: The author insists on using Hellas – Hellenic,   
instead of Greece – Greek. 

Olympic blasting panorama – A gold medal performance – preparing 
infrastructures for the 2004 Olympics in Athens (Hellas)  

E. Baliktsis 
EXORIXI SA, Serres, Hellas 
 

ABSTRACT: The Athens 2004 Olympic Games was the great event of last year. Its success was based not 
only on the athletics and field events, but also on the preparation, development and usage of the             
infrastructures in Athens and the country. A panoply of construction blasting projects had been in       
progress before the Olympics spectacle, which people all over the world enjoyed in August 2004. This 
paper deals with a variety of projects and parameters that contributed to the 2004 Olympic Games         
infrastructures providing blast consulting services. The greatest in number and most typical examples of 
specific management that the author was required to deal with and implement, were in the wider area of 
Athens (Attica), which was the main City of the 2004 Olympics. Proper and reliable blast consulting and 
engineering services was a basic condition for punctual preparation of the 2004 OLYMPIC GAMES
infrastructure projects. The facts, data and records concerning the above are presented through the        
experience obtained in providing blast consulting and engineering services. 
 

Brighton Conference Proceedings 2005, R. Holmberg et al
© 2005 European Federation of Explosives Engineers, ISBN 0-9550290-0-7



−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

−

er 

Figure1. Map of Attiki Odos Motorway. Some of the surface (S), tunnelling (T), underwater (U) and quarrying 
(Q) Olympic Projects, are presented on the Map. Coding of the projects, as set on Tables 3–6. 
2.2 The main projects 

Some of the major 2004 Olympic Games Projects 

− blasting in the Metro construction project ev
undertaken. 
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were: 

− Eleftherios Venizelos, the New Athens Interna-
tional Airport at Spata, East of Athens (coding 
in the text as NAIA). 

− Attiki Odos Motorway (coding in the text as 
AO), the 70 km new peripheral ring road of 
Athens that crosses the northern side of the 
wider area of Athens (Attica), from the east 
(where the New Athens International Airport 
is located) to the west side (where the No 2 
National Highway from Athens to Corinth is); 
it is also intersected by the No 1 National 
Highway from Athens to Northern Hellas. 

− The Athens Metro, the new network and the 
extension lines of the Metro system of the 
wider area of Athens (coding in the text as 
AM). The test blasting in a main Metro tunnel 
pertains to this and happens to be the only  

− Sections of the No.1 National Highway from 
Athens to the Northern Hellas (coding in the 
text as H1). 

− Sections of the No.2 National Highway from 
Athens to the western Hellas (coding in the 
text as H2). 

− Egnatia Odos, the new Highway, 680 km long 
that crosses Northern Hellas, from the eastern 
to its western side (coding in the text as EO). 
Sections of the ring road of Thessalonica (the 
second largest city in Hellas) belong to the EO 
great project. 

− The National Railway (Hellenic Rail Corp.), 
which mainly concerns the construction of the 
new network for high-speed trains all over 
Hellas. 
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− New arterial roads and traffic axes, mainly in 
the western part of Athens; the new Aegaleo 
West Peripheral Motorway and the junction 
roads from the seaport of Piraeus to Drapet-
sona and Keratsini. 

− New docks in the seaport of Piraeus (coding in 
the text as PIR). 

2.3 Highway blasting 

The main and most important blasting activity  
during the preparation works of the 2004 Olympic 
Games, was in the highway–motorway construc-
tion projects (e.g. the projects coded above as AO, 
H1, H2, EO). 

In effect, the author had to deal with surface 
blasting, tunnelling blasting, and controlled        
explosive demolition while providing services in 
highway projects across Hellas, and had been       
involved in 35 highway blasting projects over the  
previous ten years, as verified in the data included in a 
recent paper (Baliktsis 2005). 

3 PARAMETERS AND FACTS MANAGED 

3.1 Main parameters and subjects 

The main scope of this paper is to present the     
parameters, risks and subjects dealt with in       
providing blast consulting services for the     
Olympic projects. 

The chief parameter and basis of research lies 
with the blast vibrations, especially in an urban, 
built-up and inhabited environment such as that of 
Athens, where fear and human annoyance have to 
be considered. A further problem is the           
damage/risk effect on both old (including           
archaeological finds and structures) and new 
buildings, as well as the fact of the wider area of 
Athens being noted for seismic activity. 

The parameters, criteria and subjects that had 
influences the clients in asking for carefully       
designed, properly implemented blasting and     
application of monitoring programmes, could be 
classified into three groups: 

− damage risks and harmful effects prevention or 
minimization; 

− production and concomitant technical sub-
jects; 

− consultation based on measurements, monitor-
ing data and instrumentation. 

− Forty parameter-subjects are itemized in Table 
2. They were managed or addressed while pro-
viding blast consulting and engineering ser-
vices for the 2004 Olympic Games Projects. 
These are included in the database and files of 
Exorixi SA (Baliktsis 2005). 
 
During a brief visit (Figs 1–14), some         

characteristic examples and risk management case 
histories from the Olympic Blasting Panorama 
group of projects were highlighted. Figure 16 also 
helps to illustrate some of the projects located in 
Attica (Athens' surrounding area). These have 
been codified and presented in Tables 3–7. 

The author has attempted to classify and       
correlate the most common parameters and risk 
subjects (out of those presented on Table 2, as 
A1–A40) he was asked to manage and deal with 
as: specific surface (S); tunnelling (T); underwater 
(U); quarrying (Q) and demolition (D) Olympic 
projects. 

A noteworthy feature is the fact that, in most of 
the projects, there  was more than one parameter 
and risk subject to deal with. There were also 
many more similar projects besides. 

3.2 Olympic surface blasting projects  

Table 3, summarizes 9 out of 24 surface blasting 
projects (Baliktsis 2004d). They are mainly related 
with new Highway–Motorway construction      
projects in Attica (AO) and Northern Hellas (EO). 
 

Figure 2. Project AO-IWPM (S2 and T1 marked with 
cycles). 

3.3 Olympic tunnelling blasting projects 

Six out of thirteen tunnel blasting projects are    
detailed on Table 4 (Baliktsis 2003a,b). 

Most concern twin road tunnels (T1, T2, T5, T6) of 
the large cross section and rail tunnel (T4) of the new 
Athens Metro network (note, this is the only blasting 
ever done in the construction of the Athens Metro). One 
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hydraulic tunnel has also been included (T3), of a     
relatively small cross section. 
 

Figure 3. Project AO-IWPM (S2) – Surface blasting 
close to the reactor and Athens urban area. 

 

Figure 4. Project AO-IWPM (T1). 

 

Figure 5. Project AO-LIOS (S5 and T2). 

 

Figure 6. Project H2-KAKIA (T5). Surface blasting close 
to the No 2 Highway. 

 

Figure 7. Project PIR-BAS and PIR-PAL (U1 and U2). 

 

Figure 8. Project PIR-PAL (U2). The nearby archaeo-
logical site and Hellenic Navy Museum. 

 

Figure 9. Project ATHERIN (U3). Blasting for the New 
Power Station. 

3.4 Olympic underwater blasting projects 

Two out of three underwater blasting projects  
(Table 5) relate to the Piraeus (PIR) seaport. This 
was an improvement and development programme 
for the biggest seaport in Hellas. The new     
south-east dock (U2), prepared on schedule after 
an extensive blasting programme, had been used 
by the 'QUEEN MARY 2' super-cruiser, which 
operated as a VIP hotel during the Olympics. 
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Table 2. Main parameters and subjects dealt with while providing blast consulting and engineering services in the 2004 
Olympic Games construction projects. 

Coding Explanation/description of parameters and subjects 

Damage risks and harmful effects prevention or minimization (Α1-Α22) 

Α1 Actions to control/prevent ground vibration and airblasting - generally 
Α2 Close to archaeological findings and structures or preservable structures 
Α3 Underneath or too close to urban areas 
Α4 Managing human annoyance and reactions from neighbours  
Α5 Underneath or too close to roads with heavy traffic-protection of existing roads 
Α6 Avoiding or minimizing problems or discontinuation on road traffic 
Α7 Simultaneous neighbouring tunnel cutting 
Α8 Special protection of the structure or nearby structures 
Α9 Intervention or movement and alteration risks on the surface relief 
Α10 Underneath an electric power plant 
Α11 Electric power lines/network protection 
Α12 Close to a nuclear reactor 
Α13 Underneath or close to a distributing natural gas main 
Α14 Underneath or close to fuel pipelines and fuel storage facilities 
Α15 Close to a central water canal or water main pipelines 
Α16 Protection of underground water table and water utilization facilities 
Α17 Close to fresh/green concrete and concreting works 
Α18 Very low depth of overburden in tunnelling 
Α19 Flyrock prevention and minimization 
Α20 Complete avoidance of flyrock, or no-flyrock operations 
Α21 Encounter with other damages or existing risks of great scale 
A22 Secure and manage safety actions and rules 
Production and technical subjects supporting (Α23–27) 

 
Α23 Rock excavation in very hard/demanding geological formations or conditions 
Α24 Control – improvement of the fragmentation of blasted material 
Α25 Special techniques for slope and final surfaces shaping 
Α26 Special charging/blasting techniques (incl. underwater blasting) 
A27 Waste/blasted material management 
Consulting based on measurements, monitoring data and instrumentation (Α28-Α40) 

 
Α28 Blast vibration monitoring program implementation 
Α29 Special applications, vibration monitoring networks and remote communication applications 
Α30 Monitoring by crackmeters 
Α31 Blasthole deviation measurement, using specific instrumentation 
Α32 Laser profiling and supporting of blasting preparation 
Α33 VOD tests 
Α34 Fragmentation analysis of the blasted material 
Α35 Joints analysis on the blasting face 
Α36 Traffic vibration monitoring 
Α37 Pilling vibration monitoring 
A38 Dust monitoring 
A39 Noise monitoring 
A40 Laser surveying and digital planning/mapping 



 
Table 3. Some Olympic surface blasting projects. 

(S)  Parameters and subjects (as codified and described in Table 2) 
Project code Α

1
Α
2
Α
3
Α
4
Α
5
Α
6
Α
9
Α1
1

Α1
2

Α1
3

Α1
5

Α1
7

Α1
9

Α2
0

Α2
1

Α2
2

Α2
3

Α2
4

Α2
5

Α2
6

Α2
8

Α2
9

Α3
0

Α3
1

Α3
2

Α3
4

Α3
5

Α4
0

1. NAIA-HIL � � � � � � � � � � � � � � � �
2. AO-IWPM � � � � � � � � � � � � � � � � � � � � � � � � �
3. AO-PAIAN � � � � � � � � �
4. AO-ZEF � � � � � �
5. AO-LIOS � � � � � � � � � � � � � �
6. KOR-DRA � � � � � � � � � � � � �
7. H2-KAKIA � � � � � � � � �
8. EO-KARV � � � � � � � � � � � � � � �
9. EO-K9     � � � � � � � � � �

Table 4. Some Olympic tunnelling blasting projects. 

(S)  Parameters and subjects (as codified and described in Table 2) 
Project code Α

1
Α
2
Α
3
Α
4
Α
5
Α
6
Α
9
Α1
1

Α1
2

Α1
3

Α1
5

Α1
7

Α1
9

Α2
0

Α2
1

Α2
2

Α2
3

Α2
4

Α2
5

Α2
6

Α2
8

Α2
9

Α3
0

Α3
1

Α3
2

Α3
4

Α3
5

Α4
0

1. NAIA-HIL � � � � � � � � � � � � � � � �
2. AO-IWPM � � � � � � � � � � � � � � � � � � � � � � � � �
3. AO-PAIAN � � � � � � � � �
4. AO-ZEF � � � � � �
5. AO-LIOS � � � � � � � � � � � � � �
6. KOR-DRA � � � � � � � � � � � � �
7. H2-KAKIA � � � � � � � � �
8. EO-KARV � � � � � � � � � � � � � � �
9. EO-K9     � � � � � � � � � �

Table 5. Olympic underwater blasting projects. 

(U) Parameters and subjects (as codified and described in Table 2) 
Project code Α1 Α2 Α3 Α4 Α8 Α17 Α19 Α22 Α23 Α24 Α26 Α28 Α29 Α34
1. PIR-BAS � � � � � � � � � � � �
2. PIR-PAL � � � � � � � � � � � �
3. ATHERIN � � � � � � � �

Table 6. Quarrying works. 

(Q) Parameters and subjects (as codified and described in Table 2) 
Project code Α1 Α2 Α3 Α4 Α9 Α16 Α19 Α21 Α22 Α24 Α25 Α26 Α28 Α32 Α34 Α40 
1. NAIA-A23 � � � � � � � � � � � � �
2. MARKOP � � � � � � � � �
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3.5 Quarries and quarrying works 

A quarrying blasting project was carried out     
during the construction of the NAIA (Q1). A    
second (Q2), very close to the Olympics Eques-
trian Centre, dealt with planning and restoration of 
the old aggregate quarries of Markopoulo area 
(Table 6). 

3.6 Olympic controlled explosive demolition 
projects 

Seven  Olympic  controlled  explosive  demolition 

projects are included in Table 7 (Baliktsis 2003d 
and 2004a). They have been classified chronologi-
cally. 

The main remit was to demolish concrete   
structures (bridges and toll stations) on the No. 1 
Highway (H1) and the Egnatia Odos Highway 
(EO). 

An extensive reconstruction programme of the 
Highway from Athens to northern Greece was   
undertaken.



 Table 7. Olympic controlled explosive demolition projects. 

(D) Parameters and subjects (as codified and described on Table 2) 

Project code Structure demolished Α1 Α3 Α4 Α5 Α6 Α8 Α11 Α14 Α15 Α17 Α19 Α21 Α22 Α26 Α28
1. EO-KARV KARVALI RIVER CONCRETE 

STRUCTURE – (5-28/6/02) 
� � � � � � � � �

2. EO-KATS KATSIMIDI BRIDGE with 
prestressed concrete deck – 
(13/8/02) 

� � � � � � � � � � �

3. EO-KRYS Concrete columns on 
KRYSTAL-LOPIGI BRIDGE – 
(19/9/02) 

� � � � � � � �

4. EO-NIS NISELI OLD BRIDGE–(8/7/03) � � � � � � � � �
5. H1-SOU OLD TOLL STATION SOURPI 

(25/9/02) 
� � � � � � �

6. H1-PEL OLD TOLL STATION 
PELASGIA – (14/10/03) 

� � � � � � �

7. H1-ALM ALMYROS BRIDGE – 
(27/11/03) 

� � � � � � � �
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Figure 10. Project NAIA-A23 (Q1). 

 

Figure 11. Project NAIA-A23 (Q1). 

4 EFFECTIVE CONSTRUCTION BLASTING 
MANAGEMENT 

To manage the construction blasting effectively, 
various subjects and substantial problems had to 
be  faced  and  organized. At the same time, it was  

necessary to properly control damage risk and  
prevent harmful effects in project sites and        
surrounding areas. 
 

Figure 12. Project EO-KATS (D2). 

 

Figure 13. Project EO-NIS (D4).                       

Some of the issues to be taken on board, apart 
from those of daily practical experience, were as 
follows (Baliktsis 2000): 
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− the construction companies’ experience; 

− the blasters’ experience; 

− the sub-contractors’ experience; 

− the training courses need and establishment; 

− the technical specifications and the contractual 
obligations of contractors; 

− the development of our function as blast    
consultants. 

 

Figure 14. Project EO-NIS (D4). 

Every single project had its own particularities 
and peculiarities. Every case project differed. No 
common 'recipe' or standard management to     
provide solutions to all problems and anticipate all 
risks would be suitable for all blasting projects. 

On the other hand, however, there were, here, 
uniform rules that contributed to the effective  
supply of blast consulting services and thus made 
the risk management secure and reliable. 

Some of those above-mentioned, classified 
chronologically and not because of any importance 
or weight, are as follows (Baliktsis 2003a,b): 

− software and computer support; 

− training and on-site attendance of the blasting 
staffs; 

− close attendance and management of all the 
problems and issues that arose; 

− blast vibration monitoring; 

− other instrumentation and monitoring; 

− constant reporting and annotation; 

− development of the experience, obtained from 
the project, even from a minor blasting. 

5 BLAST CONSULTING AND 
ENGINEERING: ESSENTIAL 
CONDITIONS FOR EFFECTIVE RISK AND 
FACTS MANAGEMENT 

In all the projects referred to in the Olympic Blast-
ing Panorama, high risks and strict safety demands 
had to be contended with. Most of the projects   
referred to have already been successfully       
completed. 

It is the author's opinion, verified in practice, 
that the advanced blast consulting and engineering 
services played a major role and made a vital   
contribution to pursuing and accomplishing        
effective blasting and risk management. Of course, 
the contractor’s attitude and approach in seeking, 
pursuing, engaging and developing the most      
advanced services of this kind, contributed greatly 
to the positive outcome. 

It has been proven, therefore, that proper, effective 
and reliable blast consulting and engineering services 
was a basic condition for on-schedule preparation of 
the Athens 2004 Olympic Games infrastructures. 

6 CONCLUSIONS 

Some major projects had certain features that have 
improved and enhanced the basic infrastructure 
and service networks in the wider area of Athens. 
Their progress and scheduled completion was a 
significant support in the 2004 Olympic Games; at 
the same time, and in the long term, this develop-
ment has made a great improvement in the living 
conditions of the citizens in the Hellenic capital, 
and in other parts of the country. 

Construction blasting was essential to certain 
parts of the projects. The proper management and 
support, the anticipation and dealing with the     
effects (particularly those of blast vibration      
control) were significant and embodied basic  
principles in order for the projects to progress and 
complete. 

Accordingly, the contribution and function of 
the advanced blast consulting services proved to 
be a significant parameter. The practical imple-
mentation of up-to-date technologies, positively 
affected both the status and the way of thinking 
and dealing with blasting project sites. Prompt 
preparation of such large Olympics infrastructure 
projects was very well executed as a result of our 
advanced blast consulting services of 'gold-medal 
performance'! 
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1 INTRODUCTION 

1.1 General plan 

The City Council of Bergen had decided that the 
old Klostergarasjen (Cloister Garage) should     
become the main car park for the town centre. The 
project`s access tunnel is located between two 
rows of apartments in a partial preservation area in 
the historic town centre (Fig. 1). Ultimately, it will 
include a tunnel called the Nordnes tunnel, which 
will be connected to the underground car park by 
means of a roundabout in front of the parking 
halls. 

In the meantime, the main access will be via a 
drive-in and pedestrian tunnel in a street called 
West Murallmenningen. The client’s main criteria 
for the underground car park are that it should be 
user-friendly and efficient, and that it should be 
the optimum logistical solution; this means an 
open and light car park with ample space for both 
drivers and pedestrians. Additionally, it should 
feature a well-developed driving pattern, short 
walking distances to the centre functions and easy-
to-find exits. Klostergarasjen AS, a consortium 
consisting of Bergen City Council (53 %) and   

private investment partners (47 %), initiated the 
project and appointed the Norwegian tunnelling 
firm, Veidekke Entreprenør AS, as a subcontrac-
tor. The total cost of the project was US$ 22     
million. 
 

Figure 1. Klostergarasjen underground car park in the 
centre of Bergen. Drive-in: 1. Access for pedestrians: 1–
4. 

The primary goal of both the client and the 
contractor throughout the construction period was 
to minimize the inconvenience for local residents. 

Blasting challenges: excavation of underground car park in         
Bergen old-town centre (Norway) 

A. Fauske 
Dyno Nobel ASA EMEA (Europe, Middle East & Africa), Oslo, Norway  

 

ABSTRACT: The blasting work on the main access tunnel to an underground car park in the centre of 
Bergen began in August 2003. The downramp to the tunnel is located between two rows of apartment 
buildings 25 m apart in a partial preservation area in the historic town centre.The main challenge for the 
contractors was to minimize the noise, disruption and damage caused by construction traffic and blasting 
operations, and to establish at the outset a good relationship with local residents.Each of the twin parking 
halls was excavated by driving a pilot tunnel that was then enlarged to form a substantial top heading, 
from which the full depth of the hall was obtained by vertical benching. The main explosives system used 
in the caverns was the Dyno Nobel Titan SSE® system, which is a site sensitized emulsion system. To 
enable compliance with tight restrictions on vibration, hybrid Nonel® initiation systems and SSE    
string-charging systems were used. The solution proved very successful.

Brighton Conference Proceedings 2005, R. Holmberg et al
© 2005 European Federation of Explosives Engineers, ISBN 0-9550290-0-7
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To safeguard the interests of both the client and 
local residents, technical consultants were engaged 
to inspect and register all buildings and installa-
tions in the area prior to the start of excavation. 
Klostergarasjen AS appealed to local residents for 
understanding in respect of their inevitable expo-
sure to construction traffic, blasting operations and 
parking restrictions during the construction period. 
The construction work was planned to start in   
August 2003 and to last for two years. 

1.2 Construction site data 

The project consists of two parallel caverns 200 m 
long, 12 m high and 17 m wide, as well as a main 
access drive-in tunnel, two elevator shafts and a 
tunnel for a pedestrian subway. The parking halls 
(Hall 1 and Hall 2) have cross sections of 195 m2

and each has 3 floors and 3 transverse driving 
ramps. The total parking capacity is for 950 cars 
(Fig. 2). Approximately 100,000 cubic metres of 
rock had to be hauled out of the access tunnel into 
dense traffic in and around the town centre. This 
was equal to about 13,500 truckloads out, and the 
same number of return journeys. Some of the     
excavated rock was taken to a dump and some of it 
was crushed and used as aggregate around the 
Bergen town area. The current main access tunnel 
and downramp on West Murallmenningen is    
situated between two rows of apartment buildings. 
The shortest distance from the edge of the tunnel 
to the buildings is only 7 m. To a large extent, this 
determined certain limitations in respect of the 
blasting methods. The client’s consultants speci-
fied general limits of 20 mm/s for vertical PPV for 
constructions founded on overburden, and 40 
mm/s for buildings founded on rock. The main   
access tunnel dives into the rock through a pre-
made  concrete  culvert  with an inclination of 1:6  

 

Figure 2. General plan. Drive-in at West Murallmennin-
gen, 1. North elevator shaft at East Murallmenningen, 2. 
Pedestrian tunnel from Valkendorfsgaten, 3. South     
elevator shaft on Markeveien south, 4. 

until it flattens out, some 60 m from the entrance. 
A roundabout with connections to the Nordnes 
road tunnel (planned for the future) will be      
constructed in front of the parking halls. 

On the other side of a hill, pedestrian access to 
the northern end of the car park is by means of an 
elevator in a 35 m-deep shaft. In the same area, a 
pedestrian tunnel is going to be driven from     
Valkendorfsgaten to the elevator. At the southern 
end of the parking halls, and even closer to the 
town centre, a second elevator shaft will be sunk. 
Since the south elevator entrance was situated    
inside the corner of a building, it needed a special 
excavation solution. 

Apart from the south elevator entrance, all    
excavations were in rock. The rock cover above 
the excavations is relatively thin. Above the    
parking halls, it varies from 4 to 20 m. With so   
little rock cover and tight restrictions on vibration, 
special blasting methods were needed in order to 
ensure safe and efficient excavation. The geology 
in the area consists mostly of metamorphic Green-
stone, with good blast ability, but highly jointed in 
some places. 

1.3 Main challenges for contractor and 
technical support personnel 

Considering the thin rock cover, the main        
challenge for the contractor was to minimize 
noise, disruption and damage in the immediate 
surroundings from construction traffic and blasting 
operations. It was also important to establish a 
good relationship from the outset with local     
residents. Working hours were therefore limited to 
between 07:00 and 22:00 hours. This was organ-
ized into two shifts per day, each with a three-man 
drill-and-blast crew and one repairman. In total, 
there were 20 personnel on site. Additionally, a 
number of subcontractors were engaged for    
transportation services and special blasting        
operations. In order to comply with the vibration 
limits, effective monitoring systems were installed. 
To simplify the blast-warning procedure, the    
contractor also installed an efficient automatic 
telephone warning system. 

1.4 Factors that can lead to blast damage 

The contractor requested technical support from 
the chosen explosives supplier, Dyno Nobel 
EMEA (Europe, Middle East and Africa). The 
Dyno Nobel technical support team studied closely 
the factors that might have led to blast damage, 
and helped the contractor to minimize blast-
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induced vibration. Noise and airborne shock 
waves from the blasts were also considered, and 
steps were taken to minimize the generation of 
smoke and toxic blast fumes, as well as to avoid 
any incidents of fly rock . 

There are three important factors in the         
development of blast damage: amplitude,           
frequency and duration. The amplitude, which can 
be given as displacement (mm), peak particle     
velocity (mm/s) or acceleration (mm/s2), is         
determined mainly by the weight of the simultane-
ously detonating charge, as well as the length of 
the charge, its confinement, the damping         
characteristics of the ground, and by the distance 
between the monitored object and the source of 
the blast. Naturally, the building’s response to the 
amplitude of vibration is a very important factor. 
Since there is very little possible to do to damp   
vibrations after the event, great emphasis is placed 
on preventive measures. Focus was therefore on 
the following controllable factors, which are      
decisive in the development of blast damage: 

− charge per interval; 

− interval time; 

− specific charge; 

− drilling pattern; 

− borehole diameter; 

− distance to risk object. 
 
When analysing blast-induced vibration, the     
significance of its content of frequencies has often 
been underestimated. Generally, blast-induced  
frequencies vary from 10 to 100 Hz. For short   
distances, values of 60–100 Hz tend to dominate, 
although values up to 400 Hz can occur. At       
distances of more than 100 m, the frequencies are 
normally in the range of 15–30 Hz. At very long 
distances (up to 5000 m), the frequencies are   
usually in the range of 5–10 Hz, which is close to 
the natural resonance of human beings, as well as 
buildings. 

The formula used in Norway to calculate blast-
induced vibration is: 

 
v = K √ Q / d mm/s 

 
where v = peak particle velocity, mm/s; K = rock 
constant, 200–400; Q = simultaneously detonating 
charge; and d = distance in metres. Both displace-
ment and ppv can be calculated from this formula, 
but the rock constant varies. Current practice      

favours determining the peak particle velocities for 
blast-induced vibrations. 

7 CURRENT MAIN ACCESS TUNNEL 

7.1 Preparing for the first tunnel rounds 

The current main access tunnel has a cross section 
of 42 m2. During construction, the concrete culvert 
protected the tunnel face safely. However, the   
culvert opening, approximately 10 m from the tun-
nel face, had to be secured by easily removable, 
heavy blasting mats and a fine-mesh curtain, in 
such a way that no fly rock would be able to pass 
through (Fig. 3). This was of the utmost impor-
tance, according to both the risk analysis and the 
client’s requirements. Drilling and blasting plans 
were designed and calculations done according to 
the vibration formula above. The drill-hole         
diameter was 48 mm, with 4 _ 102 mm relief holes 
in the cut. The length of the rounds was 2.5 m. 
Generally, the initial blasting procedure was       
divided into three stages. 
 

Figure 3. Preparing to blast the first round for the main 
access tunnel on West Murallmenningen. 

Stage 1: Blasting of the opening or cut area using 
a parallel-hole cut. Min/max. interval times: 
50/200 ms. Max. delay time: 1800 ms. Charge per 
delay: 2.0 kg. no. of holes: 19. Theoretical          
vibrations were calculated to be 13 mm/s. 

Stage 2: Side stoping both sides. Min/max.         
interval times: 25/200 ms. Max. delay time: 1200 
ms. Charge per delay: 1.6 kg. no. of holes: 32. 
Theoretical vibrations: 15.6 mm/s. 

Stage 3: Stoping down, including perimeter holes. 
Min/max interval time: 25/100 ms. Max. delay 
time: 1100 ms. Charge per delay: 1.6 kg. no. of 
holes: 31. Theoretical vibrations: 15.6 mm/s. 
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2.2 Selection of blasting methods and 
explosives during start-up procedure 

For the first three blasts, the measured vibrations 
were very close to the calculated theoretical values 
and below the limits of 20 and 40 mm/s mentioned 
earlier. One-hole initiation systems were therefore 
applied, with 25 ms intervals between holes. This 
was achieved using Nonel Snapline® surface     
delays. The in-hole delays were achieved through 
a combination of Nonel® MS- and Nonel®      
LP-series detonators. Cartridged, nitroglycol-
based explosives were used during the start-up 
procedure. They consisted of Dynomit® 30_380 
mm as the bottom charge and Dynotex 1® 
32_1000 mm tube charges used as pipe charges. 
Generally, cartridged explosives cause less         
vibration than bulk explosives, owing to lower 
coupling effects. They also enable better control of 
cautious blasting. 

However, NG-explosives do have some        
disadvantages (apart from general safety), such as 
the production of more smoke and toxic blasting 
fumes. This can become a problem when blasting 
in urban areas such as Bergen. Indeed, the first 
blasts produced heavy smoke, which vented into 
the surroundings. For this reason, the contractor 
wanted to convert to emulsion explosives as soon 
as possible. As a temporary solution, the 
Dynotex® tube charges were replaced with a    
cartridged emulsion called Kemix A (32_1110 
mm). This resulted in a considerable reduction of 
smoke from the rounds, and also less toxicity. 
 

Figure 4. Blast delay system for the full-face rounds. 
Nonel® hybrid systems were used to reduce vibration. 

After several opening blasts following the   
procedure described above, it was decided to     
begin blasting full-face rounds, increasing the 
blast length gradually as the tunnel gained rock 

cover and moved further away from the measuring 
points. Full-face blasting needed a special delay 
initiation plan. By combining Nonel® MS and LP 
in-hole delay detonators with a number of         
different Nonel® MS surface-delay connectors or 
Snapline® connectors, an even more sophisticated 
surface delay system was constructed (see Fig. 4). 
The system is called Nonel® Hybrid and can be 
used in a wide range of applications. The system’s 
initiation times are kept apart numerically as a 
one-hole initiation system. Deviation times are 
considered for the different delay times, as well as 
for the probability of overlap for the total system. 

The vibration result from a tunnel round is, to a 
large extent, dependent on blast-technical factors 
such as specific drilling, coupling effects, drill-
hole deviation and confinement. However, it is the 
charge per interval that is normally the most      
important factor to be reduced when the goal is to 
reduce the overall blast-induced vibrations. 

2.3 Vibration monitoring system 

 

Figure 5. Online registration of the total vibration course 
from each blast was extremely helpful in the assessment 
and control of blast-technical parameters. 

The vibration monitoring system installed by  
Multiconsult, Bergen was remote-controlled via a 
database linked to the Internet. Vibration results 
from the blasting could be read immediately and 
analysed in the site manager’s office, or by any 
qualified person with a password to the database 
(Fig. 5). The vibration instruments were capable of 
measuring peak particle velocity, acceleration and 
amplitude, as well as energy-dominating frequen-
cies. The instruments’ geophones were mounted at 
12 strategic points around the blasting area. The 
instruments were able to register the whole blast-
ing sequence for a vibration course of at least 12 s. 
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On receipt of the information, the contractor or 
blasting consultant was able to make a quick      
assessment as to whether or not the drilling pattern 
or the initiation system needed to be redesigned. 

Detailed documentation of the vibration course 
is crucial in order to achieve round-cost optimiza-
tion and comply with vibration limits (Fig 6). 
 

Figure 6. Typical vibration plot from Nonel® hybrid  
system. Max. peak particle velocity: 23 mm/sec. Vibra-
tion limit in this case: 40 mm/s. 

2.4 Automatic forewarning systems 

Urban tunnelling requires a great deal of informa-
tion to be released. ‘Blast-warning’ the neighbour-
hood is one of the tasks that can involve a great 
deal of work. In order to simplify this work, an-
other system – an automatic telephone call warn-
ing system link – was installed. The  technology, 
called ‘voice broadcast’, was           developed by 
Unified Messaging System AS. The system makes 
it possible to reach all telephone subscribers 
within a selected area on a map. A special message 
is read via telephone to a speaker postbox, which 
generates a sound file that is       returned to the 
voice broadcast automatically. The automatic tele-
phone calls are logged, which gives the status for 
each subscriber. 

2.5 Selection of explosives system for the main 
car park caverns 

During the construction planning process, the  
contractor decided at an early stage to use the 
Dyno Nobel Titan SSE® bulk emulsion system. 
Titan bulk emulsion is not only cheaper than     
cartridged explosives, but also more environmen-
tally friendly. With Titan SSE®, the charging    
operation is also faster and requires fewer people. 
The Dyno Nobel Titan SSE® system was           
introduced for underground blasting in 1995. 

 Normally, it consists of a charging truck, two    
container tanks and pumps for the emulsion matrix 
and the chemical sensitizing agent (Fig. 7). The 
emulsion matrix is ADR-classified as a Class 5.1 
oxidizing substance. This means that the system is 
not subject to the same restrictions as conventional 
explosives with regard to storage and transport 
regulations. Indeed, the pumpable matrix does not 
become explosive until it has been pumped into 
the borehole and its density has been reduced by a 
gas sensitizing process. The explosive, Titan 7000, 
is a water-in-oil emulsion. It is an effective        
explosive characterized by high detonation         
velocity and fragmentation energy. Titan 7000 
produces fewer toxic fumes and smoke than     
conventional explosives. 

At the Klostergarasjen construction site, the 
properties of the Titan SSE® system fitted very 
well into the local urban conditions. By using the 
SSE-system, large-scale storage of explosives was 
avoided and the generation of toxic blasting fumes 
reduced dramatically for both tunnel-workers and 
local residents. However, the contractor did not 
start using the Titan SSE® system until the main 
access tunnel had been driven approximately 50 m 
down into the rock mass. The rock cover was by 
then approximately 15 m, which meant that the 
emulsion system could be used in the normal way, 
i.e. boreholes charged 100 %, except for perimeter 
holes, which were charged 75 % for the contour 
holes and 50 % for the inner contour holes. The 
blast length was adapted according to the permis-
sible vibration limits. The tunnel faces of the main 
rock caverns, Hall 1 and Hall 2, were soon         
established, after which the main excavation work 
could begin. 

 

Figure 7. The Titan SSE® emulsion truck in position at 
the main access tunnel. Charging is carried out from the 
basket of the drill jumbo. 
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3 MAIN CAR PARK CAVERNS 

 

3.3 Drilling and blasting plans 

The contractor used a semi-automatic, three-boom 
Atlas Copco Boomer 353 drill jumbo capable of 
drilling 5.1 m. rounds with Ø48 mm drill bits. The 
original plan for the halls, based on pilot tunnel, 
enlargement and subsequent benching, was       
followed throughout. The drilling patterns were 
designed in the site office on a PC using a        
program called IBA Tunnplan. 
 

Basement
1.floor

2.floor

Basement

1.floor

2.floor

Hall 2 Hall 1

17m 17m

B=1.0m

S=1.3m
B=0.65m*
S=1.3m

Pilot

11m

Q kg/hole using string charging = 4.9 kg
Specific charge = 4.9/1.0x1.3x5.1 = 0.74 kg/m3

Q kg/hole using string charging = 1.0 kg/mx4.2m+bottom charge

*Specific charge = 4.9/0.65x1.3x5.1 = 1.13 kg/m3
Figure 8. The three-floor parking caverns, Hall 1 and 
Hall 2. Total cross section per hall: 195 m2 . Each top 
heading: 115 m2.

3.1 Description 

Each of the parking halls was excavated by driving 
a ≈ 40 m2 pilot tunnel that was then enlarged to 
form a substantial top heading, from which the full 
depth of the hall was obtained by vertical bench-

Top heading Bottom stope
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ing. Both halls are 200 m long. The length section 
of Hall 2 shows rock cover of only 3–4 m at the 
southern end. The cover did increase moderately, 
up to approximately 20 m, toward the northern end 
of the hall. Hall 2 was situated closer to the       
surface than Hall 1. It therefore required greater 
consideration of the vibration limits than Hall 1 
(Fig. 8). The main explosive system used in the 
caverns was the Dyno Nobel Titan® SSE system. 
Owing to the vibration limits, special hybrid 
Nonel® initiation systems and SSE string-
charging systems were used, with good results 
(Figs 9, 10). 

3.2 Emulsion string charging 

The purpose of string charging in tunnel-face areas 
other than the contour and the inner contour is to 
reduce the charge per interval, in order to comply 
with vibration restrictions and, at the same time, 
optimize the advance per round (Fig. 11). The 
method has been tested at different tunnel        
construction sites in Norway and Sweden, with 
good results. It is important to adjust the charge 
concentration in the borehole to the blast ability of 
the rock and to the particular part of the tunnel 
face that is to be blasted. Additionally, the specific 
drilling and borehole pattern need to be estimated. 
Normally, the specific drilling needs to be          
increased. If the maximum blast length is to be   
retained, string charging is, without question, the 
cheaper solution for the contractor, compared with 
the use of shorter rounds or cartridged explosives. 

Figure 9. Titan SSE® string-charging techniques were 
used in both the pilot tunnel and the enlargement rounds, 
in order to reduce vibration. 

 

Figure 10. Typical delay initiation system for enlarge-
ment of the top heading. Nonel® LP detonators were 
used in combination with Nonel® surface delays. 

The drilling patterns were then transferred to a 
special adaptable disk designed for the computer-
ized drill rig. A series of different drilling patterns, 
charging plans and initiation systems were tested. 
Charging plans for both ordinary charging and 
emulsion string-charging were designed. 

The flexibility of the Titan SSE® charging  
system and the hybrid Nonel® initiation systems 
enabled a high production rate during the excava-
tion of the main parking halls, in spite of the strict 
vibration limits. The full blast-length of 5.1 m was 
executed for most rounds. The top headings were 
completed during the summer of 2004. 



A local subcontractor by the name of Sprengning-
steknikk AS performed the bench blasting in the 
halls, and also excavated the north elevator shaft 
on the east side of Murallmenningen. The bench-
ing was carried out after the       elevator shaft had 
been completed. The contractor employed ordi-
nary bench blasting with Ø64 mm blast holes and 
used conventional explosives. The bench height 
was 4 m. The vibration limits were observed using 
the Nonel® Unidet® initiation system for bench 
blasting. The bench initiation plans, too, were 
based on one-hole initiation in order to comply 
with the restrictions on vibration. 
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halls, approximately 35 m above the base of the 
caverns. The shaft is rectangular, with the dimen-
sions 7.85_13.65 m (Fig. 12). The shortest        
distance from the shaft to local buildings was 19 
m. In this particular case, an old shelter tunnel 
passed diagonally beneath the mouth of the shaft 
at a depth of 4–6 m. It was proposed to excavate 
the shaft by drill-and-blast in two main stages: 

Stage 1: Blast the 4–6 m of rock cover into the 
underlying tunnel by means of a parallel section 
cut opening, then stope out toward the seam-
drilled walls (Fig. 13). Owing to the vibration  
limits, divide the boreholes into two decks      
separated by 0.5 m of fine sand. Use the Nonel 
Unidet® initiation system with 25 ms between the 
decks, 134 ms burden time and 17 ms spacing 
time. Drill-hole diameter: 51 mm. Lower deck to 
be initiated first. To avoid the risk of fly rock, 
heavy blasting mats and fine-mesh cover were  
prescribed (Fig. 14). 
 

Seam drilling c/c = 0.3m

0.75m

0.75m 1.10m

1.35m

Cut
igure 11. Titan SSE® string-charging during enlarge-
ent of the top heading for Hall 2. 

ELEVATOR SHAFT, NORTH 
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igure 12. The 35-meter deep north elevator shaft at East 
urallmenningen. 

.1 Preparation for elevator shaft, north 

he north elevator shaft was excavated mainly by 
eans of a shaft sinking process. The top of the 

haft is situated at the northern end of the parking 

Figure 13. Drilling plan for north elevator shaft at East 
Murallmenningen. Two-deck charges and the Nonel 
Unidet® initiation system were used. 

Stage 2: Blast the next 8-10 m from the shelter-
tunnel floor down to the main cavern using the 
same principles. In this case, however, blast the 
cut opening in three separate steps using a one-
hole initiation process, then stope out using two or 
three separate decks. 

Blasting of the elevator shaft took place        
according to plan, with minor deviations. Good 
control was effected and the vibration limits were 
observed with good margin. 

4.2 Access tunnel for pedestrians 

The pedestrian tunnel dives into the rocky hill at 
East Murallmenningen from Valkendorfsgaten in 
close proximity to the Neptun Hotel. The tunnel 
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cross section is only 12 m2. This tunnel was 
planned to connect with the north elevator shaft. 
The potential for vibration and airborne shock 
waves from tunnel blasting had a big influence on 
the designs of the blasting plans. Since there was 
no concrete culvert in front of the tunnel face, 
heavy blasting mats were used to cover the face, 
with good overlaps. 

The rock plug was then released from the walls by 
diamond-wire sawing. The weight of the plug was 
approximately 250 t, and was supported by the 
concrete pillar. In order to avoid too much ground 
vibration when the plug fell to the floor, a large 
pillow of used PE foam tiles was arranged around 
the pillar. The method was chosen mainly to    
safeguard the foundations of the building where 
the shaft is located. 
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Figure 15. Drilling and  
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Figure 14. Preparing for the first blast at the north eleva-
tor shaft. Heavy blasting mats and fine-mesh cover were 
used. 

It was proposed to start with 1.6 m rounds, 
with the tunnel face divided into three separate 
blasting operations, as for the main access tunnel. 
The length of the rounds was later increased, as 
soon as conditions allowed (Fig. 15). 

4.3 Elevator shaft, south 

The former flower shop, Iris, on the corner of 
Markeveien south, was rapidly turned into a     
construction site. The overburden was excavated 
to a depth of 9.5 m. The concrete walls of the shaft 
were constructed and extended gradually as      
digging proceeded down to the bedrock. A 3      
m–thick rock plug with an area of 30 m2 was left. 
The shaft beneath the plug was already blasted. 

Instead of blasting the plug inside the house 
upon the parking halls, the contractor found a 
smart solution. He erected a concrete pillar 10 m 
high between the floor of the hall and the under-
side of the plug (Fig. 16). The pillar was furnished 
with tubing to accommodate explosive charges. 

Figure 15. Drilling and blasting plan for pedestrian    
tunnel at Valkendorfsgaten in close proximity to the 
Neptun Hotel. 

 

Figure 16. South elevator shaft. The concrete pillar    
supported a 250-tonne rock plug, which fell to the 
ground after being released by sawing and then blasting 
the concrete pillar beneath it. 



 

Figure 17. How a parking floor in Klostergarasjen will look on completion, which is scheduled for 11 June 2005. 
(Picture shows similar underground car park in Norway). 
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All the blasting work at the Klostergarasjen 
underground car park was completed in August 
2004, as planned. By then, most of the environ-
mental disturbances had become a thing of the 
past. Installation work will continue until the 
scheduled completion date of 11 June 2005. The 
residents of Bergen will then have at their disposal 
two fine, three-floor parking halls with room for 
950 cars, right in the historic centre of town (Fig. 
17). 

5 CONCLUSIONS 

The blasting work at the Klostergarasjen under-
ground car park was carried out intensively from 
several access points in a densely populated area, 
without any significant damage to buildings or   
installations. 

During surface blasting, the distances to the 
nearest buildings were very short indeed. The    
access tunnels and parking halls were excavated 
beneath very little rock cover. 

With a few exceptions, the vibration limits 
were not exceeded during a whole year of        
construction that involved a wide range of blasting 
disciplines. 

 The use of state-of-the-art blasting tech-
niques and advanced vibration-monitoring instru-
ments contributed greatly to the success of the 
rock-blasting operations at Klostergarasjen in  
Bergen. 
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1 METHOD OF MEASUREMENT, PICTURE 
ANALYSIS AND DESCRIPTION OF 
ROUNDS 

The analysis of the rock movement with video    
recording is a useful tool in blast design. It can be 
used as a check of the explosive effect on the rock; 
inefficiencies in loading, stemming, geometry, 
timing, etc. are made apparent from the inspection 
of the recorded images. High-speed video           
recording has been used in this work for tracking 
the movement of targets placed on the highwall for 
its further analysis in determining the initial       
velocity of the rock face and the time from       
detonation at which the rock starts moving        
(response time). 

Wooden target plates are placed against the 
highwall in front of one the boreholes, suspended 
from the bench crest with ropes tied to a stake  
buried in the stemming of the hole. A detonator 
tied to the bunch of ropes is fired shortly after the 
movement has started so that the ropes are cut and 
the targets released to move freely, pushed by the 
rock mass, their trajectory being recorded by a 
Motion Meter 1000 high-speed digital camera. A 
recording velocity of 250 frames/s was used. 

Four fixed control points of known coordinates 

serve as a reference system for the derivation of 
the target coordinates along their paths, as          
described by Chiapetta et al. (2001). The recorded 
images were analysed with Motion TrackerTM 2D 
software in order to obtain the raw path of the   
targets. 

A point mass trajectory model with aerody-
namic drag is fitted to the path of the targets, and 
the initial velocity is obtained so that the calcu-
lated trajectory best fits the measured one. 

The response time of the rock mass is 
determined as the time elapsed from the initiation 
to the first evidence of movement. The time of 
initiation is estimated from the flashing of a shock 
tube coil in the bench crest, one of which ends is 
inserted in the explosive charge; the time needed 
by the shock tube detonation to travel from the 
upper end of the charge to the coil and the detona-
tion of the explosive column (obtained from the 
VOD record in that hole) are counted back from 
the flash time to give the initiation time. As the 
time between frames –at the recording rate used– 
is 4 ms, and the exact length of shock tube burnt 
when the flash is noticed is not known exactly, the 
maximum error in the determination of the         
response time could be estimated in approximately 
5 ms. 

On the relation of rock face response time and initial velocity with 
blasting parameters  

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

 

ABSTRACT: The rock kinematics has been measured in eight quarry blasts by means of high speed   
camera recording from which the trajectories of target panels located on the highwall, moving along with 
the rock, are determined. Values are given of the time to the beginning of the movement (response time) 
and of the initial velocity of the rock fragments. A correlation analysis of the response time and the initial 
velocity is made as a function of the target height and the characteristics of the blasts: drilling and charg-
ing geometries, explosive properties, powder factors and inter-hole delay. The main factors influencing 
response time have been found to be the burden, the target height, the powder factor and the surface 
charge density in the plane normal to the face. In what respects initial velocity, the most important factor 
is the ratio of inter-hole delay to the response time; no significant relation is drawn with explosive energy 
or burden. Non-linear regression analyses are carried out to obtain prediction formulae for both response 
time and initial rock velocity. 
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Table 1. Blasting features of the blastholes behind the targets. 
 

Blast no. 15/02 29/02 37/02 43/03 45/03 50/03 54/03 58/03 
 

Hole no.  9 11 15 2 8 6 5 2 
Bench height, H, m 20 17.2 17.2 16.7 15.7 17.9 18.5 16.5 
Hole length, lh, m 24.9 (17.2) 15.1 24.5 18.1 17.9 19.4 21.9 19.1 
Subdrill, J, m 4.8 -2.2 7.2 1.3 2.2 1.4 3.3 2.5 
Blasted height, h, m 20 (17.2) 15.1 17.2 16.7 15.7 17.9 18.5 16.5 
Spacing, S, m 5.9 6 5.8 6.4 6.4 6.7 6.4 6.4 
Burden, B, m 5.7 4.4 4.9 4.5 4 4.6 5.4 4.4 
Spacing to burden ratio, S/B 1.04 1.36 1.18 1.42 1.60 1.46 1.19 1.45
Height of targets from grade, m         

Ht4 - - - 11.1 - - 12.8 - 
Ht3 - - - 8.9 9.1 11 11.3 8 
Ht2 16.1 (13.3) 10.3 11.6 6.4 5.5 6.3 9.6 5.5 
Ht1 11.1 (8.3) 5.5 5.9 4.7  - 1.9 5.1 1.3 

Local burden at target level, m         
Bt4 - - - 4.9 - - 5.8 - 
Bt3 - - - 4.3 3.5 3.9 5.6 4.5 
Bt2 6.6 4.2 5.3 3.7 4.2 4.5 5.2 4.8 
Bt1 5.4 4.2 4.5 3.8 - 5.3 5.3 4.8 

Stemming length, ls, m 3.4 4.8 7.8 3.7 3.9 2.9 3.2 4.2 
Explosives G2/AL G2/AL G2/AL G2/AL G2/AL G2/AL G2/HA G2/HA
Expl. mass per hole, cartr./bulk, kg 25/258 25/138 25/250 25/181 25/178 25/200 25/275 25/213
Expl. mass per hole, total, (Qe)T, kg 283 163 275 206 203 225 300 238 
Expl. mass abv. grade, cartr./bulk, kg 2/210 25/138 0/173 19/168 8/161 14/188 0/247 5/192 
Expl. mass abv. grade, total, Qe, kg 212 163 173 187 169 202 247 197 
Mean linear density, ρl, kg/m 13.87 15.83 16.47 14.31 14.50 13.64 16.04 15.97 
Detonation velocity, D, m/s 4172 4250 4185 4176 4180 4152 3464 3603 
Energy per unit mass, EW, kJ/kg 2968 3004 2969 2986 2987 2980 3335 3339 
Energy per unit mass, EQ, kJ/kg 4856 4801 4854 4828 4827 4837 4901 4882 
Powder factor, total, qT, kg/m3 0.42 0.41 0.56 0.43 0.51 0.41 0.47 0.51
Powder factor, above grade, q, kg/m3 0.32 (0.37) 0.41 0.35 0.39 0.42 0.37 0.39 0.42
Inter-hole delay, t, ms 42 67 67 67 17 30 67 67  

The work was carried out in El Alto, a lime-
stone quarry located in central Spain. A total of 
eight blasts have been studied: 15/02, 29/02, 
37/02, 43/03, 45/03, 50/03, 54/03 and 58/03.    
Details of the measuring set-up and the method of 
analysis used are given in Segarra et al. (2003). 

Table 1 shows the main features of the blasts. 
As the information obtained from the target 
movement can only be extrapolated to the rest of 
the face if the blasting parameters are homogenous 
through the blast, the precise drilling and charging 
data of the blasthole behind the targets are used for 
the analysis. These are the values reported in     
Table 1. 

All the blasts had one row. The nominal blast-
hole diameter was 142 mm in all of them. The 
blasthole behind the targets has an excessive    
subdrill in blasts 15/02, 37/02 and 54/03 while the 
bottom of the hole is above grade in blast 29/02; 
in order to homogenize the heights, the term 
‘blasted height’ is used, equal to the bench height  

 
except when the bottom of the hole is above grade; 
in this case the blasted height is equal to the hole 
length. 

Alnafo [AQ1] (aluminized anfo, abbreviated 
AL in Table 1) was used in six blasts and an ex-
plosive with the same composition but with a 
higher density (high density Alnafo[AQ1], abbre-
viated HA in Table 1) in the remaining two. The 
nominal densities of AL and HA are 800 and 950 
kg/m3 respectively. VOD was measured along the 
holes behind the targets; values are given in Table 
1. A 25 kg bottom charge of gelatin (Goma 2 
ECO, abbreviated G2 in Table 1) was used in all 
blastholes. Pyrotechnic non-electric detonators 
were used in blasts 15/02, 29/02 and 37/02, and 
electronic detonators in the other ones; the in-row 
delay varied from 17 to 67 ms. Explosive energies 
(energy per unit mass for the combined dynamite 
and Alanfo) given in Table 1 are calculated from 
the energies of dynamite and anfo in two ways: 
heat of explosion, EQ (4090 and 4930 kJ/kg for 



377

dynamite and aluminized anfo respectively) and 
useful work to 1000 bar, EW (3480 and 2918 kJ/kg 
for dynamite and aluminized anfo respectively). 

One charge per hole was used in all rounds, 
except in blast 15/02, where two decks separated 
by 1 m stemming were used; the top and bottom 
decks had a length of 13.8 and 6.7 m; only 1.8 m 
of the bottom deck was above grade. The upper 
deck was initiated first and the lower had a 50 ms 
delay. The targets used were located in front of the 
upper deck area. The hole length, blasted height 
and height of targets relative to the upper deck are 
shown in parenthesis in Table 1; these are the ones 
used in the analysis (i.e. as if only the upper deck 
was fired). 

The targets were white with a black “X” sign, 
which provides a good contrast against the lime-
stone colours. The dimensions of the targets were 
1×1.8 m in blasts 15/02, 29/02 and 37/03 and 
1.2×1.2 m in the other. The smaller targets were 
sometimes difficult to spot in the images, as the 
view field must comprise all targets and control 
points, so that the zooming could not be made 
close enough. Two targets were used in blasts 
15/02, 29/02 and 37/02 and four in the other five 
blasts; the targets are numbered upwards from the 
lower. In blasts in which two targets were used, 
both targets were always visible and hence could 
be followed. In the four-target blasts, the targets 
labelled T1 and T4 in blast 45/03, and T4 in blasts 
50/03 and 58/03 could not be identified at any 
time in the video recording, even before the blast 
was initiated. 

The height of the targets and the local burdens 
at the target levels, Hti and Bti (i = 1 to 4), are 
given in Table 1; the local burden is defined as the 
minimum distance from the face (at the height of 
the centre of the target) to the blasthole axis. The 
targets were always placed in front of the explo-
sive column, except the top target in blast 37/02, 
which was located in the bottom part of the    
stemming owing to vision problems in lower     
positions; in this case, the burden value used is the 
distance from the top of the explosive to the face 
(at the height of the centre of the target). 

2 RESPONSE TIME 

Table 2 shows the response times obtained. The 
initiation time of the explosive in blast 43/03 was 
not detected. 

Oñederra & Esen (2003) propose an empirical 
model to estimate the response time. Such a model 
is based on 19 cases that, according to the authors, 

cover a wide range of geotechnical and blasting 
conditions. The response time in ms at the centre 
of the explosive charge is given by: 
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where Kmass = the rock mass stiffness in GPa: Kmass 
= Ed/(1+νd), Ed and νd being dynamic Young’s 
modulus and Poisson’s ratio respectively; ERI = 
an explosive–rock interaction term, a function of 
explosive density, ρe, actual detonation velocity, 
D; CJ detonation velocity, DCJ and P-wave veloc-
ity of the intact rock, cp; a and b = fitting con-
stants: they are 2.408 and 1.465 respectively for 
the Oñederra and Esen’s data. 
 
Table 2. Response times. 
 

Response time, ms 
Blast no.  T1 T2 T3 T4 

15/02 40 92 - - 
29/02 16 28 - - 
37/02 32 56 - - 
43/03 - - - - 
45/03 - 28 32 - 
50/03 25 29 21 - 
54/03 37 29 45 45 
58/03 17 17 17 - 

As a preliminary assessment of the response 
time, Equation 1 has been applied to El Alto’s    
response time values given in Table 2 for the   
various targets in each blast; the respective local 
burdens at each target level given in Table 1, and 
the nominal diameter of the blastholes are intro-
duced in Equation 1, together with the following 
values: 

− Kmass = 70.7 GPa (Ed=89.1 GPa and ν = 0.26; 
the Poisson’s coefficient used is static). 

− ERI = 8.34 for AL and 7.76 for HA, calculated 
from: ρe = 800 kg/m3 for AL and 950 kg/m3 for 
HA; D = 4029 m/s for AL and 3424 m/s for 
HA; DCJ = 4964 m/s for AL and 5532 m/s for 
HA, and cp = 2994 m/s. 

The coefficients a and b obtained from a least 
squares, non linear regression analysis are 150.0 
and 2.82 respectively. If a linear regression in log–
log scale, instead of a pure non-linear regression, 
is carried out, the coefficients are a = 4.132 and b
= 1.54, both of the same order that those by  
Oñedera & Esen, especially b. The determination 
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coefficient R2 is in the first case 0.55 and in the 
second 0.34. In both cases, the p-value for the   
parameter a is high (0.57 and 0.37), indicating that 
its value is not statistically significant. Figure 1 
shows a plot of the response time for each target 
versus its burden in the Oñederra & Esen’s form; 
the solid line is the pure non-linear regression 
function and the dotted one the linear regression 
function in log-log coordinates. 

A correlation analysis has been done for the  
response time and the initial velocity (the latter 
will be discussed in section 3) with the following 
variables: 

− Hole length lh, bench height (blasted height h 
has been used instead) and lh/h ratio. 

− Other geometrical variables: local burden at 
the height of the target, Bti, mean burden, B,
holes spacing, S, stemming length, ls, and     
ratios S/B, S/Bti and Bti/B.

− Target position: Height of target, Hti, and      
ratios Hti/lh, Hti/h and Hti/D.

− Explosive variables: total explosive mass per 
hole, (Qe)T, explosive mass above grade per 
hole, Qe, energy per unit of mass of explo-
sives, calculated from the heat of explosion, 
EQ and from the useful work, Ew; velocity of 
detonation, D, total powder factor, qT, powder 
factor above grade, q, linear density of the   
explosive charge, ρl=(Qe)T/(lh-ls), and the      
ratios ρl/B and ρl/Bti, a surface explosive     
density in the plane normal to the face.  

− Delay variables: in-row delay, t, and ratios t/S,
t/B and t/Bti.
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Figure 1. Response time as a function of burden; lines 
are Oñederra & Esen’s model calibrated for El Alto 
blasts. 

Table 3 shows the dispersion values of the     
measured variables or combinations of them: num-
ber of data points (n), mean, standard          devia-
tion, range limits and ratios of standard      devia-
tion and range to the mean. The Oñederra & 
Esen’s ERI term has also been included. 

The correlation matrix, which shows the linear 
correlation coefficients between each pair of    
variables, is given as Table 4. Bold numbers       
indicate that the p-value is below 0.05 (which 
means a statistically significant non zero           
correlation at the 95 % confidence level). 

The highest correlation coefficients with the  
response time are those of the burden (mean, B, or 
local at the target level, Bti, particularly the latter) 
and the spacing to both burdens ratios. Another 
geometrical variable with high significant correla-
tion is the target height and its ratios. Of properties 
related with the explosive, the most significant 
ones are the ratios of the linear charge density to 
the mean or local burden. The charge per hole and 
powder factor have smaller correlation coefficients 
with the response time. Quite surprisingly, the    
total powder factor qT (which differs with q in the 
explosive loaded in the subdrill) has almost no 
correlation with tresp. This is probably due to the 
long subdrill in some of the holes, for which the 
two powder factors are quite different; it looks 
reasonable, on its side, that the explosive loaded in 
the subdrill section have little effect on the rock 
movement, unless perhaps in the very lower     
section. This, however, is not observed in the   
correlation of the charge per hole, in which the   
total charge has apparently a higher correlation 
coefficient that charge above grade. This, plus the 
fact that the powder factor and the charge per hole 
have opposite influences, is an indication that the 
amount of explosive per hole has a minor           
influence if compared to the burden, so that, even 
if the charge per hole may have a positive correla-
tion with the response time, it is counteracted by 
the (also positive) influence of burden, which    
appears in the denominator of the powder factor. 

The explosive properties (explosive energy and 
velocity of detonation) and the ERI term have low 
correlations with the response time. 

The correlation coefficients between the        
response time and the variables involving the     
delay (t, t/S, t/B and t/Bti) are low. This means that 
the start of rock movement is not much affected by 
adjacent holes. In this line, Chiappetta et al. 
(1983) state that the targets movement is not       
affected by the drilling and loading features of the 
adjacent holes for delays greater than 25 ms. 
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Table 3. Dispersion values of blasting parameters and measurements. 
 
Variable Unit n Mean Std. Dev. Min. Max. SD/Mean 

(%) 
Range/Mean 

(%)  
tresp ms 18 33.7 18.3 16.0 92.0 54.4 226 
V0 m/s 21 10.2 3.00 5.20 16.1 29.4 107 
lh m 22 19.3 2.54 15.1 24.5 13.1 48.7 
h m 22 17.0 1.05 15.1 18.5 6.2 20.0 
lh/h 22 1.13 0.11 1.00 1.42 10.0 37.5 
Hti m 22 7.88 3.33 1.30 13.3 42.3 152 
Hti/lh 22 0.41 0.18 0.07 0.77 43.4 171 
Hti/h 22 0.46 0.19 0.08 0.77 41.2 150 
Hti/D ms 22 2.00 0.88 0.36 3.70 44.1 167 
S m 22 6.30 0.28 5.80 6.70 4.39 14.3 
B m 22 4.75 0.52 4.00 5.70 10.9 35.8 
Bti m 22 4.74 0.77 3.50 6.60 16.2 65.4 
S/B 22 1.34 0.17 1.04 1.60 12.3 42.1 
S/Bti 22 1.37 0.24 0.89 1.83 17.5 68.5 
Bti/B 22 0.99 0.10 0.82 1.16 9.83 33.7 
ls m 22 4.03 1.34 2.90 7.80 33.2 122 
ρl kg/m 22 15.1 1.05 13.6 16.5 6.99 18.8 
ρl/Bti kg/m2 22 3.25 0.50 2.10 4.14 15.4 62.8 
ρl/B kg/m2 22 3.20 0.37 2.43 3.63 11.5 37.4 
Ew kJ/kg 22 3095 169 2968 3339 5.46 12.0 
EQ kJ/kg 22 4852 32.2 4801 4901 0.66 2.06 
(Qe)T kg 22 239 43.9 163 300 18.4 57.3 
Qe kg 22 199 27.5 163 247 13.9 42.3 
qT kg/m3 22 0.46 0.05 0.41 0.56 10.8 32.5 
q kg/m3 22 0.39 0.02 0.35 0.42 5.82 18.0 
D m/s 22 3973 317 3464 4250 7.99 19.8 
t ms 22 55.1 18.6 17.0 67.0 33.7 90.7 
t/S ms/m 22 8.80 3.04 2.66 11.6 34.6 101 
t/B ms/m 22 11.6 4.03 4.25 15.2 34.7 94.5 
t/Bti ms/m 22 11.8 4.32 4.05 18.1 36.7 119 
t/tresp 22 1.95 1.26 0.46 4.19 64.4 191 
ERI  18 8.16 0.28 7.76 8.34 3.44 7.21 
 

Given that the higher correlation appears to be 
with the local burden, and that the high correla-
tions in the ratios involving this variable are 
mainly due to this (as the correlations of spacing 
and of linear charge density with the response time 
are not significant), the following simple model 
for predicting the response time has been tried: 

α
tiresp BAt ⋅= (2) 

which is a particularization of Equation 1. The de-
termination coefficient, R2, of the fitting is 0.68. 
The A and α values are shown in Table 5 (function 
no. 3), for tresp in ms and Bti in m. The coefficient 
A has a large asymptotic standard error and its in-
terval at a 95 % confidence level (shown in Table 
5) includes zero, similar to the a factor when 
Equation 1 is fit to El Alto’s data. The results of 
the fitting of Equation 1 are given in Table 5 as 

 functions nos. 1 and 2. 
Table 5 also shows the adjusted determination 

coefficient Ra
2, which accounts for the number of 

parameters and observations: 

)1(11 22 R
pn

nRa −
−
−

−= (3) 

n being the number of data points and p the num-
ber of parameters in the formula; n is 18 for all the 
response time regression functions. 

The second sole variable with a higher correla-
tion with the response time is the height of the tar-
get, Hti. The result of a power law fit similar to the 
one done with the local burden is given in Table 5 
as function no. 4. The features of this fit are simi-
lar to those of the burden ones (the error in A is 
large, with high p-value), but the determination 
coefficient is much lower. 
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Table 4. Correlation matrix of the response time and initial velocity with some blasting parameters. 
 
tresp V0 lh h lh/h Hti Hti/lh Hti/h Hti/D S B Bti S/B S/Bti Bti/B ls
1.00 -0.54 0.17 0.29 0.04 0.63 0.58 0.60 0.58 -0.46 0.65 0.73 -0.67 -0.66 0.38 0.05 tresp 

1.00 -0.26 -0.39 -0.12 -0.33 -0.22 -0.28 -0.32 -0.03 -0.33 -0.14 0.25 0.04 0.18 0.14 V0
1.00 0.69 0.90 0.11 -0.22 0.00 0.20 -0.04 0.39 0.34 -0.38 -0.36 0.14 0.40 lh

1.00 0.30 0.20 -0.04 0.04 0.32 0.31 0.70 0.57 -0.50 -0.44 0.16 -0.31 h
1.00 0.01 -0.27 -0.04 0.07 -0.23 0.08 0.09 -0.18 -0.19 0.09 0.70 lh/h

1.00 0.94 0.99 0.98 -0.27 0.42 0.34 -0.44 -0.30 0.05 0.01 Hti 
1.00 0.97 0.88 -0.30 0.30 0.24 -0.33 -0.20 0.00 -0.09 Hti/lh

1.00 0.94 -0.33 0.32 0.26 -0.36 -0.23 0.02 0.06 Hti/h
1.00 -0.20 0.49 0.42 -0.47 -0.36 0.09 -0.06 Hti/D

1.00 -0.33 -0.26 0.61 0.46 -0.06 -0.71 S
1.00 0.81 -0.94 -0.78 0.22 -0.13 B

1.00 -0.76 -0.96 0.74 -0.10 Bti 
1.00 0.81 -0.19 -0.16 S/B

1.00 -0.72 -0.13 S/Bti 
1.00 -0.01 Bti/B

1.00 ls

ρl ρl/Bti ρl/B Ew EQ (Qe)T Qe qT q D t t/S t/B t/Bti ERI t/tresp 
-0.14 -0.65 -0.62 -0.22 0.15 0.52 0.26 -0.04 -0.51 0.12 -0.05 0.00 -0.23 -0.29 0.18 -0.61 tresp 
0.24 0.19 0.44 0.21 -0.06 -0.31 -0.26 0.05 0.39 -0.09 0.25 0.25 0.39 0.30 -0.19 0.84 V0
0.49 -0.19 -0.12 0.35 0.64 0.74 0.42 0.64 -0.49 -0.45 0.24 0.25 0.09 0.03 -0.38 -0.15 lh
0.01 -0.60 -0.68 0.38 0.70 0.81 0.86 -0.03 -0.55 -0.52 0.06 0.02 -0.15 -0.19 -0.41 -0.33 h
0.62 0.11 0.25 0.22 0.42 0.48 0.03 0.86 -0.31 -0.26 0.26 0.29 0.19 0.13 -0.24 -0.01 lh/h
0.03 -0.28 -0.35 -0.06 0.10 0.29 0.22 -0.07 -0.26 0.00 0.06 0.08 -0.06 -0.10 0.05 -0.41 Hti 

-0.12 -0.21 -0.31 -0.19 -0.13 0.05 0.06 -0.27 -0.12 0.17 -0.01 0.01 -0.08 -0.10 0.19 -0.36 Hti/lh
0.01 -0.19 -0.26 -0.13 -0.02 0.16 0.08 -0.08 -0.19 0.10 0.04 0.08 -0.05 -0.08 0.13 -0.38 Hti/h
0.14 -0.31 -0.35 0.14 0.28 0.41 0.38 -0.02 -0.20 -0.20 0.13 0.15 -0.01 -0.07 -0.15 -0.33 Hti/D

-0.39 0.05 0.02 0.25 0.11 -0.15 0.30 -0.28 0.28 -0.28 -0.31 -0.42 -0.24 -0.22 -0.24 -0.03 S
0.13 -0.74 -0.81 0.26 0.60 0.84 0.75 -0.11 -0.56 -0.37 0.22 0.24 -0.04 -0.08 -0.29 -0.29 B
0.17 -0.92 -0.61 0.33 0.60 0.75 0.64 0.02 -0.38 -0.41 0.15 0.17 -0.06 -0.24 -0.37 -0.22 Bti 

-0.28 0.62 0.67 -0.14 -0.46 -0.75 -0.53 0.00 0.59 0.23 -0.36 -0.41 -0.12 -0.07 0.18 0.19 S/B
-0.33 0.83 0.49 -0.30 -0.54 -0.70 -0.50 -0.12 0.39 0.35 -0.28 -0.32 -0.09 0.10 0.33 0.08 S/Bti 
0.16 -0.70 -0.08 0.29 0.35 0.30 0.22 0.17 0.01 -0.29 0.02 0.02 -0.03 -0.29 -0.30 0.03 Bti/B
0.56 0.31 0.43 -0.22 -0.14 0.00 -0.54 0.65 -0.26 0.26 0.33 0.42 0.36 0.33 0.21 0.18 ls
1.00 0.20 0.46 0.63 0.50 0.32 0.13 0.66 0.22 -0.58 0.67 0.70 0.61 0.51 -0.62 0.58 ρl

1.00 0.76 -0.13 -0.43 -0.62 -0.61 0.23 0.47 0.22 0.08 0.08 0.26 0.41 0.16 0.39 ρl/Bti 
1.00 0.13 -0.25 -0.57 -0.61 0.49 0.67 0.00 0.15 0.16 0.35 0.33 -0.10 0.56 ρl/B

1.00 0.86 0.50 0.67 0.34 0.44 -0.98 0.45 0.39 0.37 0.24 -1.00 0.52 Ew
1.00 0.87 0.83 0.42 -0.01 -0.92 0.32 0.28 0.14 0.01 -0.88 0.14 EQ

1.00 0.79 0.35 -0.44 -0.62 0.17 0.18 -0.08 -0.16 -0.55 -0.26 (Qe)T
1.00 -0.10 -0.16 -0.77 0.18 0.12 -0.05 -0.11 -0.69 -0.13 Qe

1.00 0.11 -0.32 0.16 0.19 0.14 0.05 -0.36 0.15 qT
1.00 -0.32 0.04 -0.01 0.18 0.15 -0.40 0.51 q

1.00 -0.41 -0.34 -0.28 -0.16 0.99 -0.37 D
1.00 0.99 0.96 0.91 -0.45 0.66 t

1.00 0.95 0.90 -0.38 0.63 t/S
1.00 0.96 -0.35 0.81 t/B

1.00 -0.22 0.80 t/Bti 
1.00 -0.49 ERI 

1.00 t/tresp 

The response time should depend in a        
combined form on the target height and the      
burden; the first accounts in some way for the time 
of the detonation to run up from the bottom initia-
tion point and the second for the cracks to grow 
from the hole to the face. Functions of this kind 
are nos. 5 to 10 in Table 5, of which the best ones 

are the two-parameter functions nos. 6 and 9, es-
pecially the latter, with relatively high determina-
tion coefficient and very low p-values for the pa-
rameters. Functions for which all the parameters 
have p-values less or equal 0.05 (i.e. significant at 
a 95 % confidence level) are marked in Table 5 
with an underlined number. 
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Table 5. Non linear regression analysis for the response time. 
 

Conf. interval 95%
# Function Mean p-value Min Max R2 Ra

2

A 149.986 0.566 -392.18 692.16 0.546 0.5171 α









=

ERIKd
BAERIKt

mass

ti
massresp

1)/(
α 2.821 0.000 1.48 4.16

A 4.132 0.366 0.16 104.77 0.339 0.2982 [ ] 







+=

ERIKd
B

AERIKt
mass

ti
massresp

1loglog)/(log α
α 1.542 0.011 0.40 2.68

A 0.177 0.267 -0.15 0.50 0.685 0.6653 α
tiresp BAt ⋅=

α 3.246 0.000 2.17 4.32

A 4.982 0.198 -2.89 12.85 0.387 0.3494 α
tiresp AHt =

α 0.915 0.012 0.23 1.60

A 6.44×10-5 0.779 0.00 0.00 0.855 0.8245
α 7.310 0.002 3.32 11.30
C 10.266 0.073 -1.10 21.63

κα
titiresp CHABt +=

κ 0.392 0.084 -0.06 0.84

A 3.565 0.050 0.01 7.12 0.588 0.5626 titiresp CHABt +=
C 2.220 0.034 0.19 4.25

α 2.068 0.000 1.90 2.24 0.759 0.7277
C 0.000 0.882 0.00 0.00

κα
titiresp CHBt +=

κ 5.427 0.052 -0.06 10.91

α 2.049 0.000 1.77 2.33 0.749 0.7338
titiresp CHBt += α

C 1.174 0.118 -0.33 2.68

α 1.975 0.000 1.70 2.25 0.746 0.7309 κα
titiresp HBt +=

κ 1.202 0.000 0.86 1.55

A 0.093 0.505 -0.20 0.39 0.790 0.74510
α 1.688 0.422 -2.69 6.07
κ 0.845 0.574 -2.30 3.99

βκα /1)( titiresp HBAt +=

β 0.517 0.449 -0.91 1.94

A 0.138 0.540 -0.33 0.61 0.840 0.80511
α 7.781 0.002 3.49 12.08
C 19.127 0.001 9.81 28.45

κα )/()/( DHCcBAt tiPtiresp +=

κ 0.299 0.124 -0.09 0.69

A 12.348 0.031 1.27 23.43 0.539 0.51012 )/()/( DHCcBAt tiPtiresp +=
C 7.268 0.079 -0.93 15.47

α 5.284 0.000 4.88 5.68 0.815 0.79013
C 13.111 0.001 6.45 19.77

κα )/()/( DHCcBt tiPtiresp +=

κ 0.408 0.151 -0.17 0.98

α 5.228 0.000 4.76 5.70 0.787 0.77414 )/()/( DHCcBt tiPtiresp += α

C 7.855 0.000 4.76 10.95

α 5.588 0.000 5.05 6.13 0.785 0.77115 κα )/()/( DHcBt tiPtiresp +=
κ 2.297 0.000 1.23 3.36

A 0.003 0.816 -0.02 0.03 0.279 0.23416 α
Teresp QAt )(=

α 1.703 0.039 0.10 3.30

A 0.973 0.588 -2.76 4.71 0.219 0.17117 αAqtresp =
α -3.735 0.620 -7.68 0.21

A 680.552 0.838 -6248.44 7609.55 0.022 0.00018 αρlresp At =
α -1.106 0.541 -4.86 2.65

A 462.008 0.026 62.34 861.68 0.613 0.58919 αρ )/( tilresp BAt =
α -2.356 0.000 -3.21 -1.50
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A 33.036 0.371 -42.98 109.05 0.000 0.00020 αAttresp =
α 0.005 0.986 -0.59 0.60

Table 5. Non linear regression analysis for the response time (continued).  
Conf. interval 95%

# Function Mean p-value Min Max R2 Ra
2

A 0.269 0.142 -0.10 0.64 0.794 0.76721
C 0.140 0.184 -0.07 0.35

βqCHABt titiresp )( +=

β -2.697 0.000 -3.92 -1.47

A 0.091 0.108 -0.02 0.20 0.862 0.83222
a 2.382 0.000 1.40 3.36
k 1.483 0.000 0.85 2.12

βκα qHBAt titiresp )( +=

b -1.716 0.017 -3.07 -0.36

α 2.440 0.001 1.26 3.62 0.713 0.67523
κ 1.486 0.002 0.64 2.33

βκα qHBt titiresp )( +=

β 0.769 0.420 -1.21 2.74

A 0.451 0.487 -0.90 1.80 0.643 0.59524
C 0.255 0.492 -0.52 1.03

[ ] βqDHCcBAt tiPtiresp )/()/( +=

β -3.478 0.024 -6.43 -0.53

A 0.280 0.383 -0.39 0.95 0.829 0.79225
α 3.269 0.000 2.37 4.17
κ 0.999 0.036 0.07 1.92

[ ] βκα qDHCcBAt tiPtiresp )/()/( +=

β -2.899 0.025 -5.38 -0.42

α 3.285 0.000 2.39 4.18 0.807 0.78226
κ 0.941 0.049 0.00 1.88

[ ] βκα qDHcBt tiPtiresp )/()/( +=

β -1.599 0.000 -2.14 -1.06

A 16.801 0.033 1.55 32.05 0.821 0.79727
C 11.004 0.014 2.58 19.43

βρ )/)(( tiltitiresp BCHABt +=

β -1.461 0.000 -2.03 -0.90

A 10.129 0.667 -39.34 59.60 0.822 0.78328
α 1.261 0.316 -1.34 3.86
κ 0.992 0.084 -0.15 2.13

βκα ρ )/)(( tiltitiresp BHBAt +=

β -1.377 0.071 -2.89 0.13

α 2.379 0.000 2.06 2.70 0.812 0.78729
κ 1.530 0.000 1.20 1.86

βκα ρ )/)(( tiltitiresp BHBt +=

β -0.685 0.004 -1.11 -0.26

A 65.356 0.033 6.07 124.64 0.780 0.75130
C 39.511 0.044 1.26 77.76

[ ] βρ )/()/()/( tiltiPtiresp BDHCcBAt +=

β -1.558 0.000 -2.21 -0.91

A 266.029 0.036 20.03 512.03 0.799 0.75631
α -7.574 0.630 -40.58 25.43
κ 0.382 0.025 0.06 0.71

[ ] βκα ρ )/()/()/( tiltiPtiresp BDHcBAt +=

β -2.103 0.001 -3.15 -1.06

α 4.729 0.000 4.12 5.34 0.728 0.69232
κ 1.269 0.109 -0.32 2.86

[ ] βκα ρ )/()/()/( tiltiPtiresp BDHcBt +=

β 0.743 0.002 0.32 1.17

A 0.031 0.736 -0.16 0.23 0.607 0.55433
C 0.018 0.742 -0.10 0.13

β
Tetitiresp QCHABt ))(( +=

β 0.859 0.120 -0.25 1.97

α 3.554 0.000 2.49 4.62 0.792 0.76534
κ 2.175 0.000 1.39 2.96

βκα
Tetitiresp QHBt ))(( +=

β -0.455 0.008 -0.77 -0.14
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(b) 

Figure 2. Measured vs. calculated response times.   
Function numbers refer to Table 5. 
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Figure 3. Response time prediction with Equation 4. 

Note that the two four-parameter functions, 
nos. 5 and 10, obtain higher determination coeffi-
cients (larger proportion of variance explained), 
but with higher p-values (less statistical signifi-
cance, worse estimation of the parameters). 

Functions have been tested (nos. 11 through 15 
in Table 5) in which the target height has been   
divided by the detonation velocity D and the    
burden by the P-wave velocity cP. Both ratios  
having the dimensions of time, the first is a    
measure of the time for the detonation to travel 
from the initiation point to the target level, and the 
second measures the time for the cracks to travel 
through the burden, at a velocity a function of the 
wave velocity in the rock. In some cases (functions 
13, 14 and 15), the quality of the fit is slightly    
increased by doing this, improving the determina-
tion coefficient while keeping low p-values:   
functions 14 and 15 are the best ones of this type. 
Nothing much better could be expected, as the     
p-wave velocity is a constant for all blasts and the 
detonation velocity has a limited range of variation 
in our data. Units of cP and D in these functions 
are m/ms. 

Other variables have been tested for a power fit 
dependence of the response time, some of them 
having a relatively high correlation coefficient, 
like (Qe)T, q and ρl/Bti, and others like ρl and t with 
a low one. The results (see Table 5) confirm the 
hints of the correlation matrix: extremely low    
determination coefficients and high p-values for ρl
and t (functions 18 and 20 respectively); a poor 
power regression for (Qe)T and q (functions 16 and 
17) and a significant regression for ρl/Bti (function 
19). 

Finally, in an attempt to combine into one     
expression for tresp the geometrical variables Bti 
and Hti with one conveying some information on 
the explosive charge, functions 21 to 32 have been 
fitted. Two variables are used for this purpose: the 
powder factor above grade, q, and the charge   
concentration per unit area of rock between the 
hole and the face, ρl/Bti. Function 27 is the fit with 
higher R2 and Ra

2 (0.821 and 0.797 respectively) 
along with low p-values for the parameters. Other 
functions including the surface charge density, like 
Functions 29 and 30, also show good statistics. 
Similar functions have been tested using the total 
charge per hole, (Qe)T (functions 33 and 34, with 
quite acceptable results for the latter). 

Figure 2 shows plots of the response times   
calculated with the fits in which all the parameters 
have p-values less or equal 0.05, versus the    
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measured values. Only functions with Ra
2>0.7 are 

shown. Figure 2a includes two-parameter func-
tions and Figure 2b three-parameter functions. The 
line y=x (calculated value equal to measured) is 
plotted for reference. Lines are linear trends; those 
of Figure 2b are all almost coincident. 

Figure 3 shows Function 27: 

βρ )/)(( tiltitiresp BCHABt += (4) 

Data points and the 95 % confidence and predic-
tion bands are also shown in Figure 3.  

3 INITIAL VELOCITY 

The trajectory model described by Segarra et al. 
(2003) has been used to fit the measured trajecto-
ries of the targets. The two components, vertical 
and horizontal, of the initial velocity are varied   
iteratively until the calculated trajectory best fits 
the measured one. The fit criterion is the least sum 
of squares of the distances from the measured to 
the calculated points at equal times. The whole  
trajectory tracked is used. 

Figure 4 shows the paths given by Motion 
Tracker 2D and the calculated trajectories. The 
target T3 in blast 50/03 could not be spotted in the 
initial steps of the flight, so its initial velocity 
could not be calculated with acceptable accuracy. 
The errors committed tracking the targets in the 
recorded images lead sometimes to paths that are 
not smooth, such as the T2 target in blast 43/03; 
these irregularities could also be due to impacts 
from surrounding fragments. However, in most of 
the cases, the simulated paths match well the 
measured ones. For T4 and T3 targets in blast 
43/03, the tracked positions correspond to the  
raising part of the trajectory and the actual initial 
velocity is probably higher than the one calcu-
lated; this notwithstanding, the fitting criterion has 
been kept the same for all targets. 
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Figure 4. Trajectories. Faint, thick lines are the measured 
trajectories (square marks are positions of the targets). 
Dark, thin lines are the calculated trajectories. Horizon-
tal and vertical coordinates are meters.  

Table 6 lists the initial velocity, V0, and the 
elevation angle of the targets calculated with the 
trajectory model; 21 values were obtained. The 
values lie in the lower zone of velocities given by 
Chiappetta & Mammele (1987) for a variety of 
materials, burdens and explosives, which range  
between 2 and 40 m/s

 
Table 6. Initial velocity V0 and elevation angle of the targets. 

 

Target T1  Target T2  Target T3  Target T4 Blast No. 
V0, m/s Angle, º V0, m/s Angle, º V0, m/s Angle, º V0, m/s Angle, º

15/02 8.3 12° 9.8 10° - - -
29/02 15.9 17° 10.3 21° - - - -
37/02 12.4 56° 6.5 15° - - - -
43/03 5.2 40° 9.6 27° 12.8 29° 10.4 18°
45/03 - - 9.2 27° 7.3 21° - -
50/03 10 4° 9.8 7° - - - -
54/03 8.8 36° 8.7 37° 9.2 28° 6.4 30°
58/03 13 28° 16.1 19° 14.8 14° - -
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Table 7. Non linear regression analysis for the initial velocity. 
 

Conf. interval 95%
# Function n Mean p-value Min Max R2 Ra

2

21 A 3.300 0.315 -3.39 9.99 0.070 0.0211 ( )αEti EBAV /0 =
α -0.491 0.253 -1.36 0.38

21 A 0.647 0.367 -0.82 2.11 0.245 0.2052 ( )αEEBAV /0 =
α -1.199 0.018 -2.17 -0.23

21 A1 1.874 0.167 -0.86 4.61 0.250 0.2113 )/( 2
210 BAAEV E +=

A2 0.122 0.06 -0.01 0.25
21 A1 156.617 0.204 -92.83 406.07 0.326 0.2514

A2 34.642 0.182 -17.84 87.13
)/( 2/1

3210 BABAAEV E ++=

A3 -145.389 0.199 -374.37 83.59
21 A 0.873 0.650 -3.10 4.84 0.246 0.1625

α -1.256 0.055 -2.54 0.03
βα
EEABV =0

β 1.144 0.064 -0.07 2.36
21 A 36.222 0.303 -35.35 107.80 0.095 0.0476 αABV =0 α -0.816 0.199 -2.10 0.47
17 C 6.463 0.000 4.81 8.11 0.704 0.6857 )/(0 respttACV +=

A 1.979 0.000 1.27 2.68
17 A 8.552 0.000 7.22 9.88 0.592 0.5658 α)/(0 respttAV = α 0.349 0.000 0.19 0.51
17 C 8.051 0.000 7.01 9.09 0.771 0.7569 2

0 )/( respttACV += A 0.425 0.000 0.30 0.55
17 C 0.135 0.000 0.12 0.15 0.760 0.74410 [ ])/(/10 respttACV +=

A -0.017 0.000 -0.02 -0.01
17 C 8.454 0.000 6.94 9.97 0.779 0.74711

A 0.149 0.620 -0.48 0.78
α)/(0 respttACV +=

α 2.722 0.066 -0.21 5.66
17 A 2.612 0.000 2.20 3.03 0.683 0.66212 2

0 )/()/( respl ttCBAV += ρ
C 0.341 0.000 0.18 0.51

17 A 0.370 0.000 0.32 0.42 0.683 0.66213 [ ]2
0 )/(/)/( respl ttCABV += ρ

C -0.008 0.000 -0.01 0.00
17 A 6.005 0.000 4.31 7.70 0.615 0.58914 [ ]αρ )/)(/(0 respl ttBAV =

α 0.317 0.000 0.18 0.45
17 A 13.055 0.000 11.32 14.79 0.537 0.50615 [ ]αρ )//()/(0 respl ttBAV =

α -0.373 0.001 -0.56 -0.18
17 A 4.950 0.101 -1.09 10.99 0.618 0.56316

α 0.492 0.345 -0.59 1.57
βαρ )/()/(0 respl ttBAV =

β 0.296 0.005 0.11 0.49
17 A1 8.867 0.023 1.44 16.30 0.772 0.74017

A2 -0.271 0.815 -2.71 2.17
2

3210 )/()/( respl ttABAAV ++= ρ

A3 0.436 0.000 0.27 0.60
21 A1 29.552 0.000 16.63 42.48 0.018 0.00018 2

210 )/()/( hHAhHAV titi +=
A2 -18.110 0.012 -31.73 -4.49

21 A1 11.657 0.000 9.40 13.91 0.125 0.07919 2
210 tiHAAV += A2 -0.020 0.116 -0.05 0.01

21 C 0.089 0.000 0.07 0.11 0.133 0.03620
A 1.3E-06 0.943 -3.6E-05 3.9E-05

α)/(10 tiAHCV +=

α 4.013 0.471 -7.45 15.47
17 A 8.087 0.000 6.34 9.84 0.443 0.40621 [ ]α)//()/(0 respti tthHAV = α -0.168 0.003 -0.27 -0.07
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17 A1 3.862 0.005 1.34 6.39 0.739 0.70222
A2 5.19E-01 0.000 0.32 0.72

[ ] [ ]2
3210 )/(/)/( hHAAttAV tiresp ++=

A3 0.200 0.264 -0.17 0.57

       

  
 

   

     

      
    
are low and the p-values of the parameter    
estimates are high; the regression with the local 
burden   at   the   target   level  is  especially  poor.    
Figure 5 shows a plot of the data and the two    
regression functions. Slightly better is function 3 
of Table 7, also a two-parameter fit, though the 
determination coefficient is again low. If a third 
parameter is allowed in the regression, the best 
function is number 4 in Table 7. A function    
similar to Equation 5, though allowing different 
exponents for B and EE is function 5 in Table 7; 
note that the exponents of B and of EE are similar 
in absolute value, so that this function is consis-
tent with Equation 5 (function 2); this can be   
confirmed looking at the statistics of both    
functions in Table 7. Determination coefficients 
remain low and p-values show little significance 
of the fits. Although the range of variation of the 
linear energy density is limited, its inclusion in the 
power fit increases both the determination    
coefficient and the significance of the parameters 
(at least of α), as can be seen by comparing    
functions 6 and 2 of Table 7. In other words, a 
plot of B versus V0 (Fig. 6) shows a larger scatter 
than the B/EE versus V0 in Figure 5. 

All together, these results indicate a limited 
ability of Equation 5 to account for the initial    
velocity of El Alto blasts. 

Looking at the correlation matrix (Table 4), the 
only variables or ratios that correlate with the    
initial velocity are the response time (a measured 
value itself, not a blasting parameter) and, better, 
the ratio of inter-hole delay to the response time; 
the delay itself shows no significant correlation 
with the velocity. The surface charge density in 
the burden plane also has a statistically significant 
correlation, though the correlation coefficient is 
much smaller. 

Functions 7–10 in Table 7 are two-parameter 
functions of the delay to response time ratio. The 
power function (no. 8) lacks sense at small delays, 
as it tends to zero, meaning that there is no move-
ment in an instantaneous blast. The best regression 
is obtained with a parabola (function 9) and an   
inverse linear (function 10). The inclusion of a 
third parameter (function 11, in which the    
exponent of the quadratic term in function 9    
is    freed)   hardly   increases   the   determination 
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Figure 5. Rock initial velocity as a function of the ratio 
of burden to energy linear density. 
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Figure 6. Rock initial velocity as a function of the     
burden. 

Chiappetta et al (1983) fit the initial velocity 
V0, in ft/s, measured in dolomite, granite and iron 
ore production blasts with the following formula: 

( )αEEBAV /0 = (5) 

where B = burden in feet, EE = explosive energy in 
kcal per feet of explosive column and A and α =
fitting constants. The A values range between 42 
and 14.5 (higher and lower bounds at a 95 %   
confidence level) and α is –1.17. 
A set of non-linear regressions of V0 from the  
burden and the energy density, as suggested by 
Equation 5, have been calculated; both the local 
burden, Bti, and the mean burden of the hole, B,
have been tried. The results are shown in Table 7 
(functions 1 and 2). The units are V0 (m/s), B (m) 
and EE (MJ/kg). The determination coefficients  
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coefficient, while jeopardizing the confidence in-
tervals of the parameters, especially A.

Functions 7–10 in Table 7 are two-parameter 
functions of the delay to response time ratio. The 
power function (no. 8) lacks sense at small delays, 
as   it   tends   to  zero,  meaning  that  there  is  no 
movement in an instantaneous blast. The best     
regression is obtained with a parabola (function 9) 
and an inverse linear (function 10). The inclusion 
of a third parameter (function 11, in which the   
exponent of the quadratic term in function 9 is 
freed) hardly increases the determination coeffi-
cient, while jeopardizing the confidence intervals 
of the parameters, especially A.

Some additional regression functions are 
shown in Table 7 that combine t/tresp and ρl/B.
Functions 12–15 are two-parameter ones, which 
do not improve the two-parameter fits of t/tresp 
alone. Some three-parameter fits, such as function 
17, have a higher determination coefficient, but 
some of the parameter values lack statistical      
significance. 

Although the target height does not show a sig-
nificant correlation coefficient with the velocity, 
some works (Whitaker et al. 2001) suggest an ap-
proximately quadratic dependence. Non-linear re-
gression functions have been tried – numbers 18–
20 in Table 7. Function 18, in which the target 
height has been normalized by the blasted height, 
has a very low determination coefficient though 
the parameters have statistical significance; Func-
tions 19 and 20 have better determination coeffi-
cients, although still very low, with some of the 
parameters non-statistically significant. A third  
parameter in the function does not help. 

Combining t/tresp and Hti/h, the best two-
parameter fit is function 21 in Table 7. Although 
the parameters are significant, the determination 
coefficient is much lower than those with t/tresp 
alone. Using three-parameter functions the deter-
mination coefficient may be increased but some of 
the parameters loose significance, as for example 
function 22. 

The fact that three or more targets could only 
be tracked in three blasts may be one of the       
reasons why the target height does not fit well in 
the models. In those blasts in which the initial    
velocity was determined in at least targets, the   
velocity seems to follow a convex function of the 
target height, as shown in Figure 7 in which the 
initial velocity of the target is plotted against the 
ratio of the target height to the blasted height; 
lines are quadratic fits, though their significance is 
null owing to the small number of points. The    

results obtained by Whitaker et al. (2001) in a 
limestone quarry for single ANFO and emulsion 
shots are similar to these. 

Functions with determination coefficients 
greater than 0.5 and p-values for all the parameters 
less or equal to 0.05 (for which the function    
number has been underlined in Table 7) are     
plotted in Figure 8, in the form of measured versus 
calculated values. Linear trend lines are shown. 
Figure 8a shows functions of t/tresp alone and    
Figure 8b functions of t/tresp and ρl/B; function 21 
is also included in Figure 8b, although the         
determination coefficient is low. 
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Figure 7. Rock initial velocity as a function of the target 
height. 

 
Figure 9 shows the velocity predictions of 

Functions 7, 9 and 10 as a function of t/tresp; these 
are the best regression functions, with determina-
tion coefficients greater than 0.7 and parameters 
significant at a 95 % confidence level. Confidence 
and prediction bands at a 95 % confidence level 
are shown in Figure 9 for each of the three      
functions. 
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Figure 8. Measured vs. calculated initial velocities. 
Function numbers refer to Table 7. 
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Figure 9. Functions calculating initial velocities. Points 
show measured values. Thin lines are the limits of     
confidence and prediction bands. 
 

The fact that V0 increases as t/tresp does means, 
given the dependencies of tresp, that, for a given de-
lay, V0 increases as the burden decreases and the 
surface charge density increases. If these parame-
ters are set, and hence so is the response time, the 
velocity increases with the inter-hole delay. It    
appears that, as the cooperation between adjacent 
holes is promoted (short delay time), the rock 
movement is complicated by the adjacent rock 
masses in motion. 

4 CONCLUSIONS 

Quantitative data on the rock face movement in 
production blasts in El Alto limestone quarry are 

provided. Response time values were obtained for 
18 targets used in seven blasts, and initial veloci-
ties of the rock were obtained for 21 targets in 
eight blasts. The mean and standard deviation of 
the measurements are 33.7 sd. 18.3 ms for the    
response time and 10.2 sd. 3.0 m/s for the          
velocity; they are within the range given by   
Chiappetta and Mammele (1987). 

A correlation analysis of the blasting variables 
with the response time and the initial velocity has 
been done, followed by non linear regression    
calculations in order to determine potential       
prediction functions. The response time appears to 
depend basically on the burden (particularly the 
local value at the measuring point) and the height 
of that point, both in a direct way. Of the            
explosive-related variables, the surface charge 
density (the linear explosive density divided by the 
burden) is the one with higher influence, inverse 
in this case; the powder factor above grade has 
also some correlation with the response time,      
although smaller than the surface charge density. 
No other explosive properties have been found to 
influence the response time, although the range of 
the data used is limited in this respect. 

The correlation analysis on initial velocity 
shows that classical parameters used in literature, 
such as burden and explosive energy per unit of 
length of explosive column, have limited correla-
tions with the initial velocity. The factor that can 
account for most of the variance of the velocities 
measured is the ratio of the in-row delay to the   
response time, to which the initial velocity has a 
direct relation. This means that the initial velocity 
increases as the burden decreases and the surface 
charge density increases, for a given in-row delay, 
and that the increase of in-row delay promotes the 
increase of the initial velocity. 

Some prediction formulae have been obtained 
by non-linear regression analysis for the estima-
tion of the response time and the initial velocity. 
Adjusted determination coefficients of up to 0.8 
have been obtained for the response time with a 
three-parameter function of the burden and height 
at the target, and the surface charge density, with 
statistical significance of the function parameters. 
For the velocity, two-parameter functions have 
been obtained with up to 0.76 adjusted determina-
tion coefficient and statistical significance of the 
parameters. 

The results obtained are derived from       
measurements in one quarry, in blasts of the same 
hole diameter and limited variability in explosive 
properties. Their application to cases outside the 
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range of the values reported in this work should be 
done with caution. 
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