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1 INTRODUCTION 

This paper presents the application of sequential 
timing according to the momentum theory and 
proves its effectiveness with the help of new 
measurement methods. It will outline the criteria 
for planning blast designs that will improve     
fragmentation and limit vibration immissions. 

Using the concept of momentum theory, the 
process of detonative transformation of the explo-
sives in rock masses was theoretically confirmed 
and practically proved for all kinds of blasting    
results (Mueller et al. 2001, Bode et al. 2003).  

During the course of investigations in many 
open pit mines in Germany and abroad, this 
method of influencing and reducing vibration    
immissions as well as improving fragmentation 
was successfully used. Implementing the new  
findings in blasting practice requires the applica-

tion of sequential timing according to the          
momentum theory. Current initiation systems and 
methods used until recently have to be changed, so 
that the advantages of momentum theory can be 
achieved, such as: 

− unlimited expansion of blast designs; 

− distinct improvement of fragmentation; 

− systematic increase of loosening; 

− controlled influence on vibrations. 

Problems in blasting technique can only be solved 
by taking the variety of different parameters of   
influence into account. Selecting specific parame-
ters and their interrelations cannot lead to exact  
results. Therefore an investigation was undertaken 
to define blast designs and firing patterns system-
atically, statistically and comprehensively. 

Defined blast designs in rock mass 
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ABSTRACT: Using the concept of momentum theory the blast process in rock mass can be calculated 
more accurately, planned more reliably, assessed more objectively and influenced more effectively. With 
the help of innovative radar and strain sensors in blasting, it was possible to confirm the model of the 
momentum theory related to detonative transformation of the explosives. During production blasts at a 
rhyolite open-pit mine, the authors used two Doppler-radar sensors for measuring the ejection velocity of 
the muck pile. The ejection of the muck pile began directly with detonating borehole charges. The ignited 
charge of an individual borehole causes an impulse in the remaining rock mass. The emission of the     
impulse is as a shock wave into the rock formation and causes measurable vibrations. This impulse       
depends on the mass and the detonation velocity of the explosives used. For modelling the processes   
during and after detonation, the parameters mass of explosive column load ignited in a single blasthole 
and the explosive type has been found dominant in influencing vibrations. These results lead to a new, 
statistically supported method to predict blast vibrations in rock mass. It transpires that the borehole 
charge per delay is not a key factor in the vibration magnitude and it is possible to increase the size of 
blast designs if the initiation is carried out according to the momentum theory. This paper presents the 
application of sequential timing according to the momentum theory and gives a reference for effectiveness 
in order to support results practically. It then shows on which criterion the drilling and blast designs will 
be planned in order to improve the fragmentation and limit the blast vibration immissions. With this     
exemplary drilling and firing, patterns for all available detonators are illustrated. In order to choose the 
optimal delay time the authors only outline user notes. In this field, further investigations will be required.
.
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The aim was to single out the most important 
parameters responsible for influencing vibrations, 
and for improving the required fragmentation of 
the muck pile. 

2 THE CONCEPT OF MOMENTUM 
THEORY AND ITS APPLICATION 

For modelling the processes during and after  
detonation, the authors have used the so-called 
momentum theory, which is based on linear      
momentum. This physical model of the momentum 
is simplified to be used in explaining detonative 
transformation of explosives (Mueller et al. 2001, 
Bode et al. 2003, Mueller & Boehnke 2003a, 
Mueller & Boehnke 2003b). It was possible to 
confirm by this method that a blast design can be 
calculated more accurately and the blast result can 
be assessed more objectively and influenced more 
effectively (Mueller et al. 2001, Bode et al. 2003). 
Therefore, this model can be used in blasting  
practice, in order to understand the fundamental 
processes of blasting and resulting fragmentation, 
loosening as well as vibration immissions. The 
momentum effect of a blast can be described in 
general with the following phenomena and     
statements (Mueller et al. 2001, Bode et al. 2003, 
Mueller & Boehnke 2003b) (Fig. 1): 
 

Figure 1. Model of the momentum theory, which is   
simplified used in blasting. 

− The detonative transformation of the explosive 
immediately causes an impulse in the remain-
ing rock mass, producing seismic waves with 
rock specific P-, S- and surface wave veloci-
ties or vibrations. Caused by this energized 
shockwave front, joint initiated fracturing 
starts a few m later in the field of burden,     
directed towards the free face. The ejection of 

the muck pile from the mined face occurs only 
1 to 3 m after the initiation. According to the 
law of the preservation of momentum, the 
momentum of the ejected muck pile and the 
impulse of the reaction force into the rock 
mass should have the same strength (Fig. 1). 

− The real blast effect can only be explained by 
taking into account the energy dimension of 
the momentum balance. The following      
processes occur consecutively and are charac-
terized by loss of energy: vibrations, cracking 
and fracturing, and muck pile throw. 

− The shock wave impacts into the rock mass 
behind the free face as an impulse or single 
momentum and causes measurable vibrations. 
A blast design consists of several individual 
momenta or shock wave fronts, which are   
broken, damped or delayed at the joints and go 
through the rock at different velocities          
according to the given rock conditions. The 
energy loss of the shock wave is caused by  
absorption by the medium with increasing   
distance between blast and measurement       
location. 

− These shock fronts can be interfered or         
directed by shot-firing technique, so that the 
fragmentation and the loosening as well as the 
vibration immissions will be influenced. 

− The described processes behind and within a 
blast design presuppose the consistent applica-
tion of wave mechanics in rock mass. 

− Blast-produced fracturing between the bore-
holes is subject to geometrical, shot-firing and 
explosives parameters (Fig. 2). 

− Simultaneous firing of single charges results in 
increased cracking without increased vibra-
tions, subject to geometrical pattern (Fig. 
2).This fundamental statement is only valid, if 
the initiation sequence and firing design is    
applied exactly as outlined here. 

− The ejection of the muck pile mass occurs at 
ejection velocity, which is slowed down     
rapidly by the loss of kinetic energy and thus 
causes the muck pile throw. In case of          
incomplete ejection, the loosening of the muck 
pile will be insufficient. 

The concept of momentum theory leads to the   
following rules of planning a blast design: 

− Each shot must always be calculated according 
to the given rock mass conditions, especially 
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the joint distance and joint orientation,         
depending on the blast goal (Mueller et al. 
2001). 
 

Figure 2. Schematic graph of resulting crack structures 
caused by simultaneous firing of individual boreholes in 
one row with different geometrical patterns using 
smooth or fragmentation blasting. 

− Blast designs should normally be planned as 
multiple-row blasting and can theoretically be 
unlimited in size, always depending on local 
conditions.  

− The use of multiple-row blasting with uniform 
geometrical patterns such as borehole depth, 
spacing, position and burden is a necessary 
precondition for the described effects, espe-
cially the improved fragmentation of the muck 
pile. 

− The initiation has to be carried out with a   
uniform progressive firing sequence and      
coordinated delays of the blasting. 

− The combination of several boreholes in one 
delay will result in obtuse-angled ejection to 
the free face. 

− In the cut, supporting boreholes should be 
added corresponding to the ejection angle. 

− To avoid wave interferences and resulting    
vibration problems, the cut has to be carried 
out from one side of the blast design only. 

− The emission of the shock wave front has to be 
controlled with the help of combined single 
charges, so that the shock front is not directed 
towards existing buildings. 

The interference of shock wave fronts of individ-
ual charges to achieve a high fragmentation of the 
muck pile can be reached as follows: first, both the 
top and bottom explosive charges are fired simul-
taneously, so that interference of shock wave 
fronts occurs in the mid-column load. Second, the 
delay time of the detonators – only with electronic 
detonators – is set to below 2 ms, so that wave   
interference is created inside or between the       
respective charges. Third, the explosive column 
loads of chosen rows are fired simultaneously    
according to the aforementioned principles; all 
kinds of initiation systems may be used. 

Using the model of momentum theory, a      
statistically supported method to predict blast     
vibrations has been developed (Mueller & 
Boehnke 2003a, b). As a first step in statistical 
analysis here, the traditional parameters were used 
that mainly influence vibrations, such as 
 

R distance between blast and measure- 
ment location 

WD charge weight per delay 

3
... WW

R scaled distance 

 

On the one hand, the fundamental and already 
well-known impact of the distance R on the PPV 
was observed. On the other hand, it was obvious 
from all investigated open pit mines of various 
rock masses that for WD und 

W
R or SRSD, no  

sufficient true correlation to the PPV could be 
proved (Fig. 3). 

 

Figure 3. Example of statistically determined relation  
between PPV and SRSD of production blasts in a     
graywacke rock mass. 
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Only by using the following parameters for  
further statistical work could a statistically       
supported vibration prediction be achieved: 
 
R (damping and loss of energy  

with increasing R, see Fig. 1) 

WB (charge weight per borehole) 

WB*cd ('momentum' of a single charge) 

 

Figure 4 exemplifies the successful vibration    
prediction for a graywacke rock mass. Figure 4 
also shows the correlation coefficient can be      
improved up to 96.6 % by deliberately adapting 
the general design parameters, borehole charge 
and initiation sequence. Using this statistically 
supported prediction in blasting practice, the    
permissible vibration immissions in opencast   
mining can always be observed. 

The following regression formulae have been 
used for measurements of peak particle velocity 
and strain (Mueller & Boehnke 2003a, b): 
 

(maximum peak particle velocity)  or 
 

(maximum strain by blasting) 

 

Using the model of momentum theory leads to the 
following improvements: 

− the size of blast designs can be expanded by 
increasing burden and spacing; 

− vibrations can be influenced by variation of 
WB, cd and R; 

− the precision and reliability of vibration      
predictions is improved and the retrospective 
calculation of PPV data will be possible; 

− the detailed vibration prediction can be used 
for blasting in all types of rock masses and for 
problematic measurement locations (e.g. in 
cases of complainants or legal difficulties); 

− the consistent application of the model will 
systematically improve the fragmentation of 
the rock mass. 

Figure 4. vmax ~ WB * cd * r-n - diagram in comparison of 
blast results from 2002 and 2003 and improvement of 
the correlation coefficient by systematic adaptation of 
parameters and initiation sequence. 

3 INITIATING SYSTEMS ACCORDING TO 
THE MOMENTUM THEORY 

3.1 Different ways to design initiation pattern 

Combined firing of individual borehole charges in 
rows is well known and widely practised (Vogel 
2000, Mueller et al. 2001, Mueller & Boehnke 
2003b). 

In the following, we will introduce various   
initiation patterns with non-electric (Figs 5–7) and 
electronic detonators (Fig. 8), which have proved 
successful over the past four years. The electric 
initiation can be used accordingly. The pictures 
show the drilling and initiation patterns, whereas 
one has to differentiate between the drilled and the 
blasted spacing/burden ratios. By using the initia-
tion sequence according to the principle of       
uniform delay timing, it is possible both to change 
the ejection angle and to increase the geometrical 
pattern. 
 

Figure 5. Example of initiation pattern of a four-row 
blasting using non-electric detonators and supporting 
boreholes. 

Table 1 contains a summary of the geometrical 
variations of aspect ratio as well as the delay    
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PPV vs. R diagram rhyolite open pit mine
comparison of electronic with traditional initiation
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timing of the individual drilling and firing designs, 
as depicted in Figures 5–8. 
 
Table 1. Delay times of surface delay, delay timer setting 
at bottom and top of the blasthole as well as the drilled 
and blasted spacing / burden ratio in Figures 5–8. 

The delay time between the rows must be      
adjusted according to the rock-mechanical condi-
tions in the rock mass. A blast-resistant rock mass 
(e.g. containing fewer joints) necessitates an      
expanded aspect ratio. The initiation patterns in 
Figures 5–8 are examples carried out in different 
rock masses. All of this can be applied to any 
other example according to the above principles. 

Figure 6. Example of initiation pattern of a four-row 
blasting using non-electric detonators and supporting 
boreholes. 

Figure 7. Example of initiation pattern of a four-row 
blasting using non-electric detonators without supporting 
boreholes. 

Figure 8. Example of initiation pattern of a four-row 
blasting using electronic detonators and supporting 
boreholes. 

When using electronic detonators with           
redundant setting, the delay interval has to be    
adjusted according to the detonation velocity of 
the explosive, the length of the explosive column 
load and the delay interval. The firing time of the 
upper detonator should precede the next row and 
succeed  the  detonation  of  the  charge. Figure 11  

Figure 9. PPV-R-diagram of resulted vibrations, similar 
blast designs in a extreme blast-resistant rhyolite rock 
mass using electronic and non-electric initiation. 

presents the positive effects of expanding the 
blasted aspect ratio by combine firing of boreholes 
as opposed to single hole shot as shown in Figure 
8. Compared to traditional practice, the fragmenta-
tion in highly blast-resistant rock mass could be 
improved by up to 62 % and loosening of the 
muck pile be increased from 126 to 148 %. There 
was no increase of vibrations. 

3.2 Results of vibration measurements using 
non-electric and electronic detonators 

The tests were aimed at finding differences        
between conventional non-electric, electric     
detonators and electronic detonators concerning 
the vibration immissions. With regard to the other 
parameters, the test blasts are similar. For the    
initiation sequences, see Figures 5 to 8. Figure 9 
shows the lack of difference between the PPV data 
using non-electric and those using electronic  
detonators. 

The production blasts in a granodiorite open pit 
mine using non-electric and electronic blast       
designs, however, show a divergence of vibration 
data with electronic detonators in the close range. 
The measurement locations were situated in the 
same medium as the blast itself. With the help of 
frequency analysis, it could be proved that the 
resonant frequency of 30 Hz of the little-jointed 
rock mass was reached at a delay time of the   
electronic detonators of 46 ms. This resulted in 

Fig.-
Nr.: 

delay times of 
surface delay 
or electronic 
detonators 

delay timer setting aspect 
ratio 
 - drilled - 

maximum 
spacing / burden 
ratio  
- blasted - 

bottom of 
blasthole 

top of 
blasthole 

 

5 17 ms 475 ms 500 ms 1.28 3.65 
6 25 ms 475 ms 500 ms 1.28 7.65 
7 25 ms 475 ms 500 ms 1.28 8.75 
8 21/42 ms 

(cut) (other 
part) 

electronical 

bottom 
number in 
Fig. (per 
borehole) 

top number in 
Fig. (per 
borehole) 

1.28 12.86 
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v-f-diagram - granodiorite open pit mine
measurements: blasts ignited electronically 
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noticeable resonance effects leading to higher     
vibrations and more extensive fragmentation of the 
muck pile (Fig. 10). 

Figure 10. V-f-diagram measured vibrations near surface 
blasting in a granodiorite rock mass using different delay 
times. 

The foregoing results (so far restricted to a single 
opencast mine) allow the following conclusions: 

− When using electronic detonators and simulta-
neously firing several charges according to the 
momentum theory, it is necessary to find the 
respective delay time by tests. 

− Once the delay time for creating resonance by 
reaching the resonant frequency is known, 
electronic detonators can be used to drastically 
improve the fragmentation (Fig. 11). It is     
important to ensure that adjacent structures are 
either sufficiently far away from the open pit 
mine or founded on different rock mass from 
the mining place. 

− The PPV data rises up to 30 mm/s in a short 
distance to 300 m, if they are measured in the 
same rock mass as the blast fired. 

− Resonance effects are unlikely to result from 
the use of electric and non-electric detonators 
because of pyrotechnical inaccuracy and     
limited sequential timing. 

− Electronic detonators are particularly suited 
for initiation following the momentum theory, 
owing to their high accuracy. 
 
It is clear, therefore, that the delay interval has 

a special significance. The existing technical      
literature offers only a few systematic investiga-
tions of this problem (Vogel 2000, Hammelmann 
et al. 2003, Mohanty & Wong 2004). The velocity 

of crack formation is essential for choosing the   
delay time between the charges. According to our 
preliminary results, the following parameters have 
to be considered when choosing the delay time: 

− P-wave velocity of the rock; 

− fracturing velocity in the rock; 

− number of joints of the rock mass; 

− orientation of joints relevant to the shot; 

− resonant frequency of the rock mass 

− blast aim such as fragmentation or smooth 
blasting. 

a b
Figure 11a. Resulting fragmentation by single hole shot, 
same specific charge such as in Fig. 11b – coarse muck 
pile; 11b. Resulting fragmentation by multiple hole shot 
and simultaneous firing of several boreholes due to Fig. 
9, same specific charge such as in Fig. 11a – distinct 
improvement of fragmentation. 

Table 2 summarizes tendencies and statements 
for choosing the delay interval. In this field further 
investigations and tests will be required. 

 
Table 2. Notes for choosing the delay interval between 
the charges or simultaneous detonation of rows. 

4 BLAST RESULTS WITH REGARD TO THE 
MOMENTUM THEORY 

Based on the model of momentum theory, the blast 
result should be seen as the combination of: 

 

1 m

2 m

instantaneous firing or 
same firing time between 
blastholes in one row at 

< 20 ms delay time low 
between the individual 
charges or rows at 

> 20 ms delay time high 
between the individual 
charges or rows at 

smooth blasting of one row 
good fragmentation using 
multiple-row blasting 
high fragmentation using 
simultaneous firing of charges 
at bottom and top of the 
borehole 

large number of joints 
high P-wave velocity 
high fracturing velocity 
determination of resonant 
frequency of the rock mass to 
assess resonance (by use of 
electronic detonators) 

small number of joints 
low P-wave velocity 
low fracturing velocity 
determination of resonant 
frequency of the rock mass to 
assess resonance (by use of 
electronic detonators) 
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vibrations ⇔ fragmentation ⇔ loosening 
⇔ no negative side effects 

Figure 12 shows the opportunities for influenc-
ing the blast results with the help of the above 
findings. 

Figure 12. General parameters of a defined blast design 
with a view to influencing the blast result purposefully. 

Vibrations can be influenced by the charge 
weight per borehole, borehole length, borehole   
diameter, detonation velocity and initiation        
sequence. Other parameters have only peripheral 
or no significance for dynamic vibration immis-
sions. By using the described approach to the    
initiation sequence, the fragmentation and loosen-
ing of the muck pile can be systematically           
increased by expanding spacing and burden ratio 
(Figs 5–8, Table. 1). 

All the described measures aim at improving 
the specific blast effect and therefore the fracturing 
and loosening, not least the use of electronic   
detonators. These detonators also allow a better 
fragmentation through resonance effects in the 
close range by choosing the correct delay interval, 
local conditions permitting. 

In this way, a defined blast design together 
with a tailored firing design, is able to influence 
the blast result in the desired way. 

5 CONCLUSIONS 

The following advantages for blasting practice can 
be achieved by using the concept of momentum 
theory and concomitant initiation sequence: 

− Improvement of opencast mining management 
can be realized by variation of height of the 
bench face, ejection angle and use of the statis-
tically supported vibration prediction. 

− Decreasing the number of blasts per period  
using expanded blast designs, which is      
ecologically desirable. 

− Better exploitation of the natural resources and 
approach to adjacent buildings < 300 m. 

− Using electronic initiation systems, the great-
est effect on fragmentation of the muck pile 
can be accomplished by variation of delay    
interval and uniform delay timing following 
the principles of the momentum theory. 

− Electric, non-electric or electronic initiation 
patterns can be used. The different initiation 
systems may have no special influence of the 
blast-produced vibrations.  

− The cut has to be carried out, including      
supporting boreholes, from one side of the 
blast design only, according to the firing     
pattern.  

− Cost-saving, optimal planning of the blast    
designs and initiation sequences according to 
the momentum theory will increase the       
specific blast effect and will improve the   
loosening of the muck pile. 
 
Applying the momentum theory allows perfect 

and cost-saving design of blast and initiation    
patterns, improving the specific blast effect and 
fragmentation of the muck pile as well as enhanc-
ing safety. 

 
The following parameters must be considered: 

− The drilling pattern should be uniform and the 
supporting boreholes of the initiation sequence 
be coordinated. 

− The setting of the optimal delay time should be 
carried out carefully, according to the        
mentioned parameters. 

− The use of electronic detonators can cause 
resonance effects at certain delay times,        
especially in low-jointed rock mass. 

− The drilling and blasting parameters can only 
be determined correctly if the rock-mechanical 
conditions are well known. 
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1 INTRODUCTION 

The opening of a new open pit mine and develop-
ment of bench faces in the north-east part of the 
‘Istocni Greben’ excavation field on ‘Ocura’ 
dolomite quarry would extend on already formed 
rock slope which in some way would become a 
protective barrier for the quarry process line that is 
installed beneath. Inevitably, seismic events result-
ing from blasting activities on the new pit opening 
would influence rock slope stability, and the 
maximum seismic coefficient should be deter-
mined for the rock slope stability calculation. 

Utilizing engineering geology, tectonic ele-
ments of the studied rock slope formation were de-
termined, as well as discontinuities relevant for the 
slope stability. Based on GSI classification and 
data collected from geoelectrical sounding and 
seismic refraction profiling with P and S waves, a 
mechanical model of the rock mass was created.  

The basis for the rock stability analysis was 
measuring the vibration velocity at the high slope 
end, originated from control blasting. By Fourier 
analysis, dominant seismic wave frequency of the 
control blast was subsequently determined. For the 
chosen sections of the rock slope, and with the 
implementation of the computer software        
RocScience Slide 5.0, the factor of correlation   

between rock slope safety factor and seismic      
coefficient was calculated. With this approach it is 
possible to determine seismic coefficient for the 
limit stability when safety factor equals Fs=1.0. 

For the known maximum value of the seismic 
coefficient, as also for the known dominant seis-
mic frequency of the vibrations caused by blasting, 
it is possible to determine allowable vibration ve-
locity.  Vibration velocity determined in this man-
ner also represents maximum value and was used 
to determine maximum allowable explosive quan-
tity for the control blasting. 

2 ROCK MASS STRENGTH PARAMETERS 

In the hill above the process line machinery, there 
is a formed open pit mine with the base plain 
250m high, and the highest point 328m high. Rock 
formation belongs to geologic time of Late Trias-
sic, with crystalline tectonically-fissured dolomite 
with spaced 20cm-sized blocks. On the south and 
south-east part of the rock formation there are   
tectonically weakened zones which are represented 
by the disintegrated rock formation and a local 
clay fill component. In the weakened tectonic 
zone, rock mass is mainly non-homogenous, for 
the more compact rock exists on the highest parts 
of the slope. 

Rock slope stability under seismic load provoked by blasting 

S. Strelec, M. Gazdek & K. Grabar 
Faculty of Geotechnical Engineering, Varazdin, University of Zagreb, Croatia 

 

ABSTRACT: Aim of the research was to determine maximum explosive quantity that will not             
considerably influence the requested safety factor of the existing rock slope above the quarry plant. For 
that purpose it was crucial to determine the allowable explosive quantity considering seismic waves      
excited from blasting activity. The first phase of analysis determined the geological conditions and      
geotechnical parameters of the potential failure zone, as well as determining the seismic coefficient that 
would cause the rock slope to become conditionally stabile. Slope stability was simulated using the    
computer software RocScience Slide 5.0 for the limit safety factor Fs = 1.0, which resulted in an            
allowable ground particle horizontal acceleration value. With the calculated seismic coefficient and the 
predominant frequency, allowable explosive quantities were determined. Geological conditions and    
geotechnical parameters of the potential failure zone were described with the use of GSI classification. 
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Classification and characterization of the rock 
formation was processed through the block size 
measuring, classifying discontinuities by its gene-
sis and determination of the joint orientation and 
spacing for the potential failure zones. By the re-
sults of geological investigation along the rocks 
slope, there are four main discontinuities systems 
which then gained two representative sections 
through the slope formation (section [1] 67m high 
and section [2] 44m high). It was assumed that the 
biggest influence on the rock stability will be from 
the discontinuities orientated 0/40. Along these 
discontinuities, parting of the block was expected, 
especially in the more crushed weakened zone. 
Rock formation was generally dry, but operations 
of the new pit opening could gain free access of 
the surface water into deeper parts of the rock 
mass. 

Based on the geological investigation, and also 
on the experience in the dolomite rock mass of the 
same category, internal friction angle was evalu-
ated at approximately 15° along the weakened 
zone and 35° in the other parts the rock mass, 
while the value of the cohesion vas evaluated in 
the range of 0.1 MPa to 0.3 MPa. 

Interpreting data from geoelectrical sounding, 
and seismic refraction, confirmed results gained 
from geological investigation about the presenting 
of weakness zones. Based on measured velocity 
for Vp [m/s] and Vs [m/s] of longitudinal and 
transversal propagating waves, a weakened zone in 
rock mass was also identified. Ratio Vp/Vs, of   
average seismic propagating wave velocity in the 
region of the weakened zone was 1480/580. In 
transit area that same rate was 1480/850, while in 
the average compact rock mass of dolomite same 
ratio was between the values of 1770/1120 and 
2200/1200.  In weakened areas of the rock, Vp/Vs 
ratio was more that 2 while in compact rock zones 
it was less than 2. 
 
Table 1. Classification of the carbonate rock mass,    
(Novosel, 1980).  

 

Geophysics        
parameters 

Shear 
strength pa-
rameters 

Category 

 Vp 
[km/s] 

 Vp 
[km/s] 

σv
[MPa] 

φ[°] c 
[MPa] 

III.  2.0 - 3.0   1.0 - 1.6 50 – 75 40 - 5 0.3 - 0.5 

IV.  1.4 - 2.0   0.6 - 1.0 20 – 50 35 - 0 0.2 - 0.3 

By engineering geology classification and   
geophysics parameters, rock mass in the body of 

the slope can be classified as carbonate rock of III 
and IV category. (Table 1). 

It has so far been shown in practice that the 
quality of numerical slope stability analysis        
depends on the quality of determined shear 
strength parameters. Application of the general-
ized Hoek-Brown failure criterion, based on the 
rock mass classification and GSI (Geological 
strength index) with the disturbance factor D,   
Figure 1, ensure reliable inputs to determine 
Mohr-Coulomb parameters c and � for the        
fissured dolomites rocks. 

Shear strength parameters are crucial in deter-
mination of the safety factor when rock mass is 
considered as continuum. For the purpose of      
determining strength parameters the RockLab 
computer program was used. It allows the deter-
mining of modified values of M-C parameters 
based on generalized Hoek-Brown criterion and 
reduced constants.  
 

Figure 1. GSI determination for the dolomite rock. 

 
M-C parameters were separately analyzed for 

the section [1] and for the section [2] of the slope. 
For the same input parameters of uni-axial 
strength σci, GSI, D and reduced constants, there is 
a difference in the slope section height so there is 
a difference in obtained values for c' and ϕ', figure 
2 and figure 3. Value of the disturbance factor was 
set at D=1, to express large weakened area in the 
rock mass. 

For the slope [1], 65m high, adopted M-C    
parameters were: c'[1]=0.272 MPa and 
φ'[1]=30.6°, while for the slope [2], 43m high, 
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adopted parameters were: c'[2]=0.217 MPa i 
φ'[2]=33.6°. 

Figure 2. Strength parameters for the rock slope [1]. 

Figure 3. Strength parameters for the rock slope [2]. 

3 SAFETY FACTOR CALCULATION 

Dolomite rock mass is tectonically disturbed with 
micro and macro joint systems, which was why it 
was analyzed as quasi-homogenous rock mass    
according to the criterion of dominant discontin-

ues.  Slope stability analyses were calculated for 
the assumed circular failure surface on specific 
chosen sections [1] and [2]. Initial calculations 
were undertaken using the Bishop method on   
representative sections without the seismic load. 
Strength of the rock mass was determined accord-
ing to the Hoek-Brown criterion with the shear 
strength parameters gained from the σ-τ diagrams, 
Figure 2 and Figure 3. The value of the specific 
rock density was determined on the sample and it 
equals ρ= 2763 kg/m3.

Stability of the analyzed slope was calculated 
using the Bishop Method if founded on the mo-
mentum equilibrium of the potentially unstable 
segment of the slope and the circular failure sur-
face. 

That approach denies the influence of change 
in the geometry and rock properties in the direc-
tions perpendicular to the section plane. It is also 
assumes that the shear failure takes place in the 
section orientation. Normal and shear strength on 
a failure surface is defined with Mohr-Coulomb 
law. 

By computer software RocScience Slide 5.0, 
safety factors were analyzed for automatically 
generated failure surfaces (Surface Option – Auto 
Refine Search). Surfaces with the minimum safety 
factor were presented (analyze type – Global 
Minimum), Figure 4 and Figure 5. 
 

Mohr-Coulomb
γ=25 kN/m3

c=150 kN/m2

φ=33o

Mohr-Coulomb
γ=24 kN/m3

c=100 kN/m2

φ=32o

Mohr-Coulomb
γ=27 kN/m3

c=272 kN/m2

φ=30.6 o

65.0

1.266

 
Figure 4. Safety factor calculation for the slope [1], 
without seismic load. 



- 318 -

Criterion for the separate bench faces, system 
of bench faces and work slopes in firm rocks on 
the open mining pits demands minimum safety 
factor to be Fs=1.1, and for the final bench faces 
to be Fs = 1.3. 

Mohr-Coulomb
γ=25 kN/m3

c=160 kN/m2

φ=33o

Mohr-Coulomb
γ=24 kN/m3

c=100 kN/m2

φ=32o

Mohr-Coulomb
γ=27 kN/m3

c=272 kN/m2

φ=30.6o

43.0
1.279

 
Figure 5. Safety factor calculation for the slope [2], 
without seismic load. 

4 BLASTING SEISMIC EFFECT 
MEASUREMENT 

As the Republic of Croatia does not have        
standards that would manipulate allowable vibra-
tion velocities provoked by blasting, foreign      
frequency dependant standards were studied.  
Switzerland has rigorous mining standard SN 640 
312a, which recognizes buildings by categories 
and sets the allowable vibration velocities in      
dependence of frequency. Allowable values       
according to Swiss SN 640 312a, together with 
measurement log of L, V and T vibration veloci-
ties components, are presented for the blasting   
undertaken on 30.09.2003. Three component   
geophones were set on the high end of the slope so 
that point OP-1 was near to the section [1], and 
point OP-2 near to the analyzed section [2]. 

Allowable limit vibration velocities were taken 
from the standard mentioned, and blast parameters 
undertaken were set not to exceed 3.0 cm/s at the 
frequency of 10 Hz, Figure 6 and Figure 7. 

Measurement was done with the use of 
INSTANTEL MiniMate Plus seismic equipment 
equipped with three component geophones (2-250 

Hz) which measure L, V and T components of the 
vibration velocity. Distance R1 and R2 from the 
blast field was determined using a GPS (Global 
Positioning System) device, and measured 55.2 m 
and 67.7 m.    

Figure 6. T, L and V velocity components at point OP-1. 

Figure 7. T, L and V velocity components at point OP-2. 

5 SEISMIC COEFFICIENT DETERMINATION 

Usual field practice demands precise consideration 
in choosing blasting type. It also demands test 
blast fields in which new fractions in rock mass 
could be avoided that subsequently increase dis-
turbance factor D. By limiting explosive quantities 
per firing stage, the possibility of gaining new dis-
continuities could be reduced. Measures that do 
not include analysis of the seismic influence re-
duce vibrations intensity, but also increase the 
price of blasting operations. 
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The basis for the calculation of the seismic         
influence on slope stability is a calculation of the 
safety factor, with determination of the allowable 
seismic coefficient. With the Fourier analysis for 
L, V and T components of the vibration velocities 
registered at point OP-1 and OP-2 dominant      
frequencies was determined, Figure 8 and Figure 
9.  
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Figure 8. Fourier analysis of the vibration velocity com-
ponents at point OP-1.  

As referent frequency, dominant frequency of T 
component was chosen, which is held to be most 
responsible for particle acceleration. One of the 
main inputs to determine allowable vibration     
velocity was now determined and it was f=6-8 Hz. 

On the other hand, the final value of the maxi-
mum allowable vibration velocity that acts on the 
analyzed slope must fulfill a criterion of minimum 
slope stability. Minimum stability under condi-
tions of seismic load was determined with the 
maximum value of the seismic coefficient for the 
limit equilibrium state when Fs=1. By modeling 
values of seismic coefficient in calculation of the 
slope stability for the same set conditions on sec-
tions [1] and [2], functional dependence of the 
seismic coefficient and safety factor can be deter-
mined, Figure 10. 

For the section [1] value of the seismic coeffi-
cient for Fs=1 in accordance to the diagram on 
Figure 10 equals 0.228, while for the section [2] 
equals 0.259. 
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Figure 9. Fourier analysis of the vibration velocity com-
ponents at point OP-2.  
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Figure 10. Safety factor and seismic coefficient depend-
ence. 

6 ROCK SLOPE STABILITY UNDER 
SEISMIC LOAD 

Seismic coefficient can be determined with the use 
of back analysis from the safe blasting standards, 
as a value of acceleration in accordance with the 
known allowable vibration velocity and frequency. 
For the very unstable and seismically sensitive 
slopes, local failure criterion can be established. In 
our problem strict Swiss standard SN 640 312a 
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was implemented because allowable vibration ve-
locity for the frequencies as low as 5 to 10 Hz was 
unknown.  

It is noticeable from the previous analysis that 
the chosen seismic coefficient has to fulfill a 
minimum stability of the potentially unstable rock 
mass. It is clear at this point that seismic coeffi-
cient is a single value parameter and it was applied 
as a horizontal load, horizontal seismic coefficient. 

Seismic stability analysis was undertaken for 
both sections [1] and [2] with the use of the 
Bishop method of general minimum for the hori-
zontal seismic acceleration of 0.2g, Figure 11 and 
Figure 12. 

While calculating the safety factor, a strict 
condition of the minimum safety was regarded. By 
comparing failure surface radius for the same 
slope at the condition with or without horizontal 
seismic load of 0.2g, it becomes a noticeable     
significant extent of unstable area in the section, as 
well as shifting of the failure surface radius centre. 

Mohr-Coulomb
γ=25 kN/m3

c=160 kN/m2

φ=33o

Mohr-Coulomb
γ=24 kN/m3

c=100 kN/m2

φ=32o

Mohr-Coulomb
γ=27 kN/m3

c=272 kN/m2

φ=30.6 o

+ 0.2g

65.0

1.030

 
Figure 11.  Safety factor calculation for the slope [1], 
with seismic load. 

7 ALLOWABLE VIBRATION VELOCITY 
AND THE CALCULATION OF THE 
EXPLOSIVE QUANTITIES 

Allowable vibration velocity can also be            
determined from the known standards of the safe 
blasting for the known frequency and acceleration 
of the seismic event. Processed instrumental  
measurements and slope stability analysis in our 
case should result with the determination of the  

allowable vibration velocity for the set frequency 
and set seismic horizontal load on the slope. 

Mohr-Coulomb
γ=27 kN/m3

c=272 kN/m2

φ=30.6o

+ 0.2g

43.0

1.064

Mohr-Coulomb
γ=25 kN/m3

c=160 kN/m2

φ=33o

Mohr-Coulomb
γ=24 kN/m3

c=100 kN/m2

φ=32o

Figure 12. Safety factor calculation for the slope [2], 
with seismic load. 

Dominant frequency was determined by     
Fourier analysis on a transversal component of 
measured vibration velocity from the blasting.  For 
the future seismic events that will take place in the 
vicinity of the analyzed rock slope, a frequency of 
8 Hz can be adopted. Maximum horizontal seismic 
force was limited with the value of the seismic co-
efficient with the value of 0.2g. As a criterion of 
the allowable vibration velocity Swiss standard SN 
640 312a was again adopted, which set the    
maximum vibration velocity to 40mm/s, Figure 13. 

Maximum vibration velocity determination   
directly influences calculations of the explosive 
quantities per firing stage. In methods of scaled 
distance, vibrating velocity v is proportional to the 
explosive quantity Q, v ~ Qn/2 where n=1 for the  
Langefors method and n=1.6 for the USBM 
method.  

From the aspect of safe blasting, relevant      
explosive quantities were determined using Lange-
fors equation. From the field observations,         
obtained site modifying factor K was 73.34. 
Adopted value for the explosive quantities calcula-
tion was K=100, which results in the reduced ex-
plosive quantities. Final calculation set the allow-
able explosive quantity in accordance to the 
distance between the blast filed and the analyzed 
rock slope. Calculated explosive quantities assure 
safe blasting activities from the aspect of the    
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analyzed rock slope stability and were expressed 
in the R-Q diagram, Figure 14. 
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Figure 14. R-Q diagram for the safe blasting operations. 

8 CONCLUSION AND 
RECOMMENDATIONS 

Obtained values for the seismic coefficient are 
higher than the accepted value of 0.2 which was 
used for the calculation of the allowable explosive 
quantity. Determined seismic coefficient 0.2       
directly set the value of allowable vibration        
velocity on 4.0 cm/s for the dominant frequency of 
8 Hz, which is present at the analyzed rock slope 
called ‘Istocni Greben’.  

By increasing the allowable value of vibration 
velocity, explosive quantity is also increasing and 
by that also seismic influence on the slope         

stability. It should be noted that the increase of   
allowable vibration velocity not only reduces 
safety factor of the rock slope, but also increases 
the area of the potentially unstable rock mass in 
the analyzed slope section. Further investigation 
and analysis should be focused on investigating 
local criterion regarding allowable vibration      
velocity.      
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1 INTRODUCTION 

1.1 Background 

Penlee Quarry was active in the last century but 
production ceased due to of lack of demand for the 
product. This situation is anticipated to continue 
for the foreseeable future. Consequently, it is   
proposed to redevelop the quarry as a leisure     
village and marina to be constructed and operated 
by MDL Developments Ltd. This project will     
involve the remodelling of parts of the quarry, 
making a channel to the sea, reducing the depth to 
the quarry lake and retaining the western ‘back-
wall’ as a conservation area. 

2 LOCATION AND SETTING 

2.1 Landscape setting 

Penlee Quarry is located on the eastern edge of the 
Lands End peninsula, facing across Mounts Bay, 
between Newlyn and Mousehole. The OS refer-
ence is SW 468 277. 

Figure 1. Location of Penlee Quarry from OS 1:50 000 
sheet. 

2.2 Geology 

The rocks of Penlee Quarry present as one of a   
series of Metadolerite/Epidiorite outcrops along 

Quarrying or marine development? 
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the western side of Mounts Bay; there are others 
along the eastern side of the bay around Per-
ranuthnoe.  Penlee Quarry is the only one quarried 
to any great extent, BGS (1984).  

2.3 Quality of Faces 

The quarry creates a large visual impact from wide 
areas of Mounts Bay including Penzance and 
Marazion, although the colours blend into the 
landscape because they are similar in tone and hue 
to the natural landscape. It is not visually intrusive 
to the west because it does not breach the skyline. 

2.4 Legacy of Quarrying 

Many of the faces within the quarry are suffering 
the effects of blast shattering with a consequent 
increase in instability. The faces are high with    
inadequate trap benches, giving a serious rockfall 
problem. The old quarry also suffered from       
frequent misfires, with the result that old            
explosives and detonators are to be found in the 
rock mass. If left undeveloped, the quarry would 
constitute a serious hazard. 

3 HISTORY 

The history of the quarry is somewhat obscure as 
two quarries have been called Penlee.  The present 
Penlee Quarry seems to have been in use over the 
20th century as a source of aggregate and roadstone 
Stanier (1995). It developed from two adjacent 
quarries south of Newlyn, Gwavas and Penlee.  
The two early workings were combined and the  
resultant, huge Penlee Quarry expanded back into 
the hillside from the original Carn Gwavas site. 
The quarry produced aggregate of crushed stone 
(described either as epidiorite or metadolerite) 
with a crushing strength reported to be higher than 
any other in Great Britain. 

In 1982 production was 120,000 tonnes, in 
1988 300,000 tonnes. Stone was shipped from 
Newlyn to south-east England and Europe          
although some was used locally. Rock from Penlee 
(greenstone) had a high crushing strength and was 
used in Europe for road making but its low PSV 
precluded this use in Britain. It was also specified 
as an aggregate in concrete used to construct bank 
vaults and security premises. Goode & Taylor 
(1988). 

4 PURPOSE 

4.1 Development  
Penlee ceased production in about 1992 and lay 
idle; the plant was removed a few years later. A 

proposed marina development plan for Penzance, 
Newlyn and the quarry as a combined scheme (to 
generate sufficient revenue as a sustainable     
business) was mooted and is currently on-going. 
The quarry has been cleared of scrub, the access 
roadways opened up and the benches made safer 
with edge protection and levelling. Draft plans 
have been drawn up to allow for consultation and 
planning permission applications. With most     
developments or changes of use in the UK (Kan-
naouris et al. 2001) these necessitated a survey of 
the quarry, the setting up of a control network, e.g. 
for blast-hole location. 
 

Figure 2. Proposed development of Penlee Quarry. 
 

As shown in Figure 2, the redevelopment      
requires considerable remodelling of the quarry. 
This will involve blasting as the only practicable 
method of excavation of the rock. This blasting 
will need to take place close (50m) to inhabited 
properties. The environmental effects of the blast-
ing will therefore need to be closely controlled.  

4.2 Trial blasting  

Over the years since production ceased, all the 
data acquired from the blasting activities has been 
lost. However, local lore indicated that vibration 
and flyrock had been severe. A series of trial blasts 
were therefore proposed to enable the design  
process to proceed. 
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5 BLAST MONITORING LOCATIONS AND 
FREQUENCY 

5.1 Monitoring locations 
The locations of the monitoring stations are shown  
on Figure 3. Monitoring was carried out at over 18 
locations, including the inhabited houses closest to 
the blast and the nearby Church Tower.  

In order to avoid disturbance to the residents of 
these properties monitoring was carried out at lo-
cations as close as possible to the properties but 
not necessarily within the property boundaries. 

Monitoring at these locations ensured that re-
cording locations represented the most likely af-
fected buildings and gave a good spread of scale 
distances from the blast sites. 
 

Figure 3. Monitoring locations around Penlee Quarry.  

 

5.2 Monitoring procedure 

All blasts were monitored to demonstrate that each 
blast had complied with the required vibration  
limits. In all cases the measurement of ground    
vibration included the three mutually perpendicu-
lar directions (longitudinal, transverse and        

vertical) taken at the ground surface. The required 
limits were that in occupied vibration sensitive 
buildings ground vibrations in any one of the three 
mutually perpendicular directions were not to    
exceed a peak particle velocity of 8.5mm/s. 

6 MONITORING EQUIPMENT USED 

The minimum specifications for the vibration 
monitoring equipment were: 
 

Trigger level:   0.25mm/s to 50mm/s 
Resolution:    0.06mm/s 
Frequency range:  2Hz to 250Hz 
Measuring range:  0mm/s to 100mm/s 
Sampling rate:   ≥1000/s 
Accuracy:    ±3% 
No. of geophones: 3 mounted triaxially (one 

vertical, 2 horizontal) 
Recording time: ≥ 4 seconds, uninter-

rupted by event process-
ing 

Recording capacity: ≥ 10 five second events 
at 1000Hz sampling rate 

 
Mobile equipment was positioned on a level 

hard standing and were located on the blast side of 
the building, with transducers facing the blast. 

Where necessary, transducers were fixed by 
means of sandbags, spikes or bolts to ensure      
accurate recordings. 

Monitoring data from each blast was compiled 
and built an increasingly comprehensive regres-
sion curve of MIC’s and resultant peak particle  
velocities at varying distances to aid in future blast 
design and to aid in attempting to reduce ground 
vibration at vibration sensitive buildings. 

7 RESULTS OF BLASTING TRIALS 

7.1 Location 

The four trial blasts took place in the locations   
indicated on Figures 3, 4 and 5. Blast 1 was a trial 
of pre-splitting and armourstone production. Blast 
2 was for armourstone and blast 3 for aggregate 
production. Blast 4 was to give a vibration        
signature from a single hole. The extent of blast 1 
was curtailed by the discovery of unexploded old 
explosives in one of the blastholes during drilling. 
The design of blasts 2 and 3 were modified as a  
result of the data obtained from blast 1. Vibrations 
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were monitored at some 18 different locations, as 
shown on Figure 3. 

7.2 Blast details 

Blast 1. – The first trial blast comprised an         
inclined (75˚) pre-split line at 1m spacing charged 
with high energy det. cord with a stemmed length 
of 2m, followed by three 10.08m long inclined 
(75˚) and orientated blast holes. (Four holes had 
been intended, but one was lost due to the         
discovery of old explosives in the blasthole.)   
Burden and spacing was set at 4m, utilising a blast 
hole diameter of 110mm. The length of the top 
hole stemming varied between 4 and 5m. The 
charge was decoupled from the blasthole wall. 

Figure 4. Plan of trial blast 1. 
 

Blast 2. – The second blast comprised three 
13m long inclined (76˚) and orientated blast holes. 
Burden and spacing was set at 5m utilising a blast 
hole diameter of 110mm. The length of the top 
hole stemming varied between 4.3m to 4.7m. All 
holes incorporated inter-deck stemming to a length 
of 1.32m to reduce the MIC.  

Figure 5.  Plan of trial blasts 2, 3 and 4. 

Blast 3. – The third blast comprised eleven 12-
15m long inclined (84˚ average) and orientated 
blast holes. Burden and spacing was set at 3.5m 

and 4.375m respectively utilising a blast hole     
diameter of 110mm. The length of top hole    
stemming was around 3.5m. All holes incorpo-
rated inter-deck stemming of around 1.6m in 
length to reduce the MIC. 

Blast 4. - The forth blast comprised one 8.2m 
long vertical hole. It was intended to give a vibra-
tion signature for a single hole and to use up     
surplus explosive. 

7.3 Vibration Results 

Although below the consent limit at all houses, the 
vibration from the 1st blast with MIC of 35.6kg 
was still higher than had been expected. Hence the 
2nd and 3rd blasts were redesigned with decked 
charges, giving lower MIC's than originally 
planned in order to ensure compliance. As a result, 
the consented limits were not exceeded by any of 
the blasts, ppv at houses always being below 
8.5mm/s. 

There were a number of anomalies in the vibra-
tion propagation pattern. Whilst the lack of detect-
able vibration at Newlyn (i.e. ppv was below 
0.5mm/s) was expected, given the distance from 
the blast sites (over 800m), that there was none  
detected at Paul was not expected. Vibration at 
“Bosava” on the Mousehole road was noticeably 
higher than at Roskilly cottages, even though the 
latter were some 50m closer to the blasts. 

Figure 6. Vibration regression lines from Penlee Quarry.  
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As a consequence, two regression lines have 
been produced (see Figure 6). One line relates to 
locations behind a blast and the other to locations 
in front and to the side of a blast. Results show 
faster decay of vibration in front and to the side of 
the blasts than behind them. 

However, this does not explain the lack of     
vibration at Paul, which was behind all the blasts. 
This is probably due to a zone of vibration damp-
ing in the rock between Penlee Quarry and Paul, 
related to the edge of the Lands End granite. 

7.4 Fragmentation results 

Fragmentation of the blast piles was analysed us-
ing WipWare Inc. software namely, WipFrag. 
Photographs taken of the blast were mailed to 
Wipware Inc. In order to gain a good representa-
tion of the blast pile the rock was spread out with 
two scales incorporated in the fore and back-
ground of the shot. The results of the analysis are 
presented below.  
 

Figure 7. Photograph of blast 1. 

Blast 1. - Figures 7 & 8 show a photograph and 
the block size distribution of the first blast respec-
tively. The percentage of armourstone produced 
was 27.5%. 

Blast 2. - Figures 9 & 10 show a photograph 
and the block size distribution of the second blast 
respectively. The percentage of armourstone     
produced was 4%. 

Blast 3. - Figures 11 & 12 show a photograph 
and the block size distribution for the third blast 
respectively. The percentage of armourstone     
produced was 0%. 

8 PREDICTION 

The blast regression curve from the trial blasts can 
be used to predict vibration levels from initial 

blasts in the operations. It will need to be updated 
with the results of all blasts as they are undertaken. 

Figure 8. Cumulative (%) weight vs. block size distribu-
tion, from blast 1. 

Figure 9. Photograph of blast 2. 

 

Figure 10. Cumulative (%) weight vs. block size distri-
bution, from blast 2. 
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Figure 11. Photograph of blast 3. 

Figure 12. Cumulative (%) weight vs. block size distri-
bution, from blast 3. 

The distance between a proposed blast and a 
sensitive location can be measured. The MIC      
required to keep the vibration below the required 
level can be computed from the regression curve.  
The Blastlog database is a convenient method of 
keeping the regression curve up to date and     
making the predictions. 

9 CUT TO THE SEA 

An essential part of the marina development is the 
cut to the sea. This cut presents a number of   
problems. The rock cut approaches as close as 
50m to inhabited houses. Whilst during the     
quarries working life the inhabitants had been    
required to take shelter in rock-proof bunkers, 
such behaviour is no longer acceptable.  

As the trial blasts demonstrated, modern blast 
design enables the flyrock problem to be elimi-
nated. Vibration, however, is still a problem. To 
control vibration, the MIC will need to be very 

carefully controlled. The orientation of the blast 
faces also needs to be carefully considered. Wher-
ever possible the free faces need to point towards 
the buildings to minimise vibration levels. The use 
of programmable electronic detonators will also be 
advisable to provide precise detonation times. 

The cut entrance is to be protected by a break-
water. This breakwater will require a covering of 
armourstone. The trial blasts indicated that suffi-
cient armourstone could be generated during the 
construction of the building platforms. 
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1 INTRODUCTION 

The Grič Tunnel is located in Section III (Bosil-
jevo – Sv. Rok) of the Motorway Zagreb-Split, 
which is the part of European corridor E-71     
linking the central part of Europe with the     
Mediterranean. The tunnel has two tunnel tubes 
and each of them has two lanes for each direction 
of traffic. Looking from north to south, the lengths 
of tunnel tubes are the following: left tunnel tube 
1242 m, right tunnel tube 1259  m, leading to a  
total of 2501 m. Out of this 2439 m represent     
excavation, more specifically 1211 m in the left 
tunnel tube and 1228 m in the right tunnel tube. 
The average surface of the cross section in the 
course of the excavation amounts to 77 m2. The 
tunnel tubes are parallel with 25 m axis distance. 
The maximum height of overburden amounts to 60 
m. The tunnel excavation was carried out by   
drilling and blasting in accordance with NATM 
(New Austrian Tunnelling Method). The dynamics 
of works on the tunnel excavation was very       
important for the dynamics of the works on the 
route of that particular section of the motorway, so 
the establishment of the construction site         

communication through the Grič Tunnel achieved 
significant acceleration in the dynamics and    
completion of the works on the motorway. The 
starting point for tunnel excavation is a qualitative 
and speedily carried out phase of excavation    
progress on which future working cycles depend 
(installation of primary tunnel support system etc), 
and the stress is placed on the adjustment of the 
blasting schemes under dynamic circumstances 
and taking into account cost-effectiveness.  

2 GEOLOGY 

The terrain for excavations is predominantly of 
lower cretaceous sediments. Primary rock mass is 
limestone interchanging with post-sediment    
limestone breccia. On cretaceous sediments of the 
rock mass of the Grič Tunnel, there is presence of 
Jelar sediments, consisting of breccia and breccio-
conglomerates. Regarding other sediments, there is 
presence of clay, most commonly in red and     
red-brown colour, of high-plasticity and          
compressed – “terra rossa” – filling carstification-
widened discontinuities. The whole area is         
intensely carstificated, with spreaded karst      
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sinkhole formations filled with clay material on 
the surface. They are manifested in depth as     
cavernous zones with tectonically and intensely 
crushed rock material. The tunnel route is divided 
into four geo-technical units. The first              
geo-technical unit is dominated by post-sediment 
limestone breccia of medium strength (90 MPa), 
the second geo-technical unit is dominated by 
limestone of high strength (120MPa), the third 
geo-technical unit is equally dominated by      
limestone and post-sediment limestone breccia of 
medium strength (95 MPa), while the fourth    
geo-technical unit is dominated by post-sediment 
limestone breccia of medium strength (50 MPa). 
Categorization of the rock mass is based on RMR 
classification, and it predicted II, III, IV and V 
categories of rock mass, with a dominant Category 
III (50% of the total tunnel length). 

3 BASIC BLASTING PARAMETERS 

The blasting parameters were chosen on the basis 
of predicted engineering-geological profile,     
geo-technological foundations and empirical data 
gathered during tunnel excavations in similar   
geological conditions. Basic blasting parameters 
which have decisive influence on blasting effects 
are the diameters of blasting borehole and          
explosive charge, length of drilling, number of 
holes, the line of least resistance-burden as well as 
type of explosives and initiation devices. All the 
above-mentioned parameters were determined, 
taking into account physical-mechanical and  
structural-geological characteristics of the rock 
mass, technical conditions (the type of drilling 
machine), the surface of the cross section of the 
tunnel excavation (which was determined by the 
original project design), and organisational       
conditions (which ensure minimum works and 
minimum price per metre of tunnel as well as    
optimal connection of all operations into one     
cycle). The diameter of the blasting hole and      
explosive charge, and the type of explosives and 
initiation devices, were chosen on the basis of    
efficiency in given conditions of excavation, safety 
criteria and the price, and as such they remain   
unchangeable blasting parameters for the           
excavation of the Grič Tunnel. The diameter of 
blasting holes which was chosen was 45 mm. Also 
chosen was patroned emulsion explosive         
Austrogel G1, Lambrex 1, Lambrex 2 and electric 
initiation devices. Table 1 shows the characteris-
tics of unchangeable blasting parameters. Explo-
sive charges of helping holes and cut holes contain 

explosive Austrogel G1 and Lambrex 1, while   
explosive charges of contour holes contain explo-
sives Austrogel G1 and Lambrex 2.  

Tunnel drilling machine Atlas Copco 353 ES, 
with three drill hands and one hand with platform, 
was used for drilling of blasting holes. Changeable 
blasting parameters are length of drilling, number 
of holes, and burden. For the purposes of the 
analysis of the adjustment of the blasting schemes 
probability of presence of certain categories of 
rock mass, and the duration of excavation working 
cycle in predominant category III of rock mass, 
were taken into account, while the quality of  
blasting throughout the whole tunnel excavation 
was analysed as well. 
 
Table 1. Characteristics of explosives and initiation    
devices. 

Explosive d [mm] l [mm] m [kg] v 
(m/s) 

Lambrex 
1

Ø 37 700 0.833 5600 

Lambrex 
2 contour 

Ø 25 700 0.625 4200 

Austrogel 
G1 

Ø 30 350 0.347 6000 

Electric detonators: Schaffler 
Moment detonators TED-BRWP 2 × 4 m 
Millisecond detonators 80 ms 500MIZP 2 × 5 

m/Cu 

4 INITIAL BLASTING SCHEME 

The initial blasting scheme, shown on Figure 1, is 
based on empirical data gathered during excava-
tions in other tunnels under the same or similar 
geological conditions.  

Figure 1. Initial blasting scheme -scheme 145. 
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Table 2. Main parameters of blast field-scheme 145.  

The number of blasting holes is the same in the 
mentioned rock mass categories and it amounts to 
145, while the length of drilling and progress 
phase are changeable, because they depend on the 
rock mass category, which also affects the change 
of the quantity of explosive charge per hole as well 
as in total per cycle of blasting. The ratio of      

mutual distance between contour holes and burden 
amounts to 0.95. 

 Table 2 shows the main parameters of blast 
field for initial blasting scheme (scheme 
145).Figure 2 shows geometrical characteristics of 
the cut for scheme 145. The number of cut holes is 
30 with concentration of explosive charge of 2.846 
kg/hole, while the angle of the cut ranges between 
60° to 85°. The total length of drilled blasting 
holes is 478.5 m for category II, 406 m for      
category III and 333.5 for category IV of the rock 
mass. The average consumption of explosives 
amounts to 1.37 kg/m3 III category, and 1.63 
kg/m3 for category II and IV of the rock mass. 

Figure 2. Geometry of cut-scheme 145. 

5 ADJUSTED BLASTING SCHEMES 

The blasting scheme has been adjusted through 
analysis of the initial blasting scheme in the course 
of the initial phase of tunnel excavation, and 
through inspection of the realistic state of the rock 
mass, taking into consideration the expected   
characteristics of the substance in which the tunnel 
excavation is being performed. The initial blasting 
scheme had produced good blasting results, but it 
was concluded that the changes of the drilling 
length and greater progress rate could result in  
better dynamics of the work as well as in more 
qualitative blasting. The adjusted blasting schemes 
were created through meticulous and detailed 
monitoring of in situ conditions on the excavation 
working face. As a result of such monitoring three 
adjusted blasting schemes were accepted. Those 
schemes are scheme 131, shown in Figure 3 and 
Table 3, scheme 113, shown in Figure 5 and Table 
4, as well as schemes 92 and 50, shown in Figures 
7 and 9 and Tables 5 and 6. 

The progress rate in the adjusted blasting 
schemes remained the same for category II, while 
it was increased for categories III and IV of the 
rock mass compared to the initial blasting scheme. 

The blasting scheme with 131 blasting holes 
(Figure 3, Table 3) was created as the adjustment 

Scheme 
145  

II 
category 

III  
category 

IV 
 category 

Number 
of blast 
holes 

145 145 145 

Cut V V V 
Holes 
length 
[m] 

3.3 2.8 2.3 

Ad-
vance 
[m] 

3.0 2.5 2.0 

Tunnel 
face 
surface 
[m2]

77 77 77 

Diame-
ter of 
blasting 
hole 
[mm] 

45 45 45 

Initia-
tion 

electric electric electric 

Number 
of igni-
tion 
level 

18 18 18 

Retar-
dation 
between 
level 
[ms] 

80 80 80 

Total 
blasting 
time 
[ms] 

1440 1440 1440 

Sum-
mary 
explo-
sive 
mass 
[kg] 

368 317 260 
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taking into consideration the characteristics of the 
rock mass in geo-technical unit 2 of the predicted 
engineering geo-technical profile that is 200 m 
long. In accordance with the assumptions for that 
geo-technical zone, presence of limestone of high 
strength was expected, as well as category II of the 
rock mass in the greatest part of the zone. 
 

Figure 3. Blasting scheme with 131 blasting holes.  

The total length of drilled blasting holes is 
432.3m for II and III, and 301.3m for IV category 
of the rock mass. The average consumption of   
explosives is 1.45 kg/m3. The number of conical 
cut holes is 22 with concentration of explosive 
charge of 2.846 kg/hole, and the angle of the cut 
ranges from 75° to 80°. The ratio of mutual       
distance between contour holes and burden is 0.7. 
Figure 4 shows geometrical characteristics of the 
cut for scheme 131. 

Taking into consideration predominant       
category III of the rock mass, the appropriate 
blasting scheme with 113 blasting holes (Figure 5) 
was chosen. The total length of drilled blasting 
holes is 372.9 m for categories II and III and 259.9 
for category IV of the rock mass. Average        
consumption of explosives is 1.24 kg/m3.

Figure 4. Geometry of cut-scheme 131.  

Table 3. Main parameters of blast field-scheme 131. 

Scheme 131 II, III 
category 

IV category 

Number of blast holes 131 131 
Cut V V 
Holes length [m] 3.3 2.3 
Advance [m] 3.0 2.0 

Tunnel face surface 
[m2]

77 77 

Diameter of blasting 
hole [mm] 

45 45 

Initiation electric electric 
Number of ignition 
level 

18 18 

Retardation between 
level [ms] 

80 80 

Total blasting time 
[ms] 

1440 1440 

Summary explosive 
mass [kg] 

328 232 

Figure 5. Blasting scheme with 113 blasting holes. 
 

Figure 6. Geometry of cut-scheme 113. 
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The number of conical cut holes is 25 with 
concentration of explosive charge of 2.846 
kg/hole, and the angle of the cut ranges from 65° 
to 85°. The ratio of mutual distance between    
contour holes and burden is 0.8. Figure 6 shows 
geometrical characteristics of the cut for scheme 
113. 
 

Table 4. Main parameters of blast field-scheme 113.  
Scheme 113 II, III  

category 
IV  
category 

Number of blast 
holes 

113 113 

Cut V V 
Holes length [m] 3.3 2.3 
Advance [m] 3.0 2.0 
Tunnel face sur-
face [m2]

77 77 

Diameter of 
blasting hole 
[mm] 

45 45  

Initiation electric electric 
Number of igni-
tion level 

18 18 

Retardation be-
tween level [ms] 

80 80 

Total blasting 
time [ms] 

1440 1440 

Summary explo-
sive mass [kg] 

280 198 

Figure 7. Blasting scheme-first phase of excavation- 
 scheme 92.  

Table 5. Main parameters of blast field-first phase of  
 Excavation.   

Scheme 92 II, III 
category 

IV  
category 

Number of blast 
holes 

92 92 

Cut V V 
Holes length [m] 3.3 2.3 
Advance [m] 3.0 2.0 
Tunnel face  
surface [m2]

53 53 

Diameter of blast-
ing hole [mm] 

45 45 

Initiation electric electric 
Number of igni-
tion level 

18 18 

Retardation be-
tween level [ms] 

80 80 

Total blasting 
time [ms] 

1440 1440 

Summary  
explosive mass 
[kg] 

226 160 

Blasting schemes with 92 (Figure 7) and 50 
blasting holes (Figure 9) were adjusted to two-
phase excavation that also requires different       
organisation of operations. The blasting scheme 
with 92 blasting holes was adjusted to the top 
heading. The total length of drilled blasting holes 
is 303.6 m for categories II and III of the rock 
mass, and 211.6 m for category IV of the rock 
mass. The number of conical cut holes is 19 with 
concentration of explosive charge of 2.846 
kg/hole, and the angle of the cut ranges from 70° 
to 85°. The ratio of the distance between contour 
holes and burden is 0.8. Figure 8 shows geometri-
cal characteristics of the cut for scheme 92. 
 

Figure 8. Geometry of cut-scheme 92. 
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Figure 9. Blasting scheme-second phase of excavation. 

Table 6. Main parameters of blast field- second phase of     
 excavation. 

 
Scheme 50 II,III, IV category 
Number of blast holes 50 
Holes length [m] 4.3 
Advance [m] 4.0 
Tunnel face surface 
[m2]

24 

Diameter of blasting 
hole [mm] 

45 

Initiation electric 
Number of ignition 
level 

18 

Retardation between 
level [ms] 

80 

Total blasting time [ms] 1440 
Summary explosive 
 mass [kg] 

172 

The blasting scheme with 50 blasting holes was 
adjusted to the bench. The total length of drilled 
blasting holes is 215m for categories II, III, IV of 
the rock mass. The two-phase excavation and   
corresponding blasting method were created as the 
adjustment to the small overburden of the tunnel, 
taking into account the possibility of presence of 
Jelar sediments which represent potential danger 
for sudden change of geological conditions in the 
course of the excavation, but also in order to have 
a simpler method of installation of more massive 
primary tunnel support system due to unfavourable 
geological conditions or possible presence of   
caverns. This method of excavation was applied 
throughout most of the length of the left tunnel 
tube (75% of the total length of excavation of the 
left tunnel tube). 

6 MEASUREMENT OF WORKING CYCLE 

From the point of view of dynamics the change of 
the blasting scheme influences the duration of    
excavation working cycle. For every above     

mentioned blasting scheme of full face excavation 
the duration of working cycle of the technological 
phase of drilling and blasting is shown for       
category III of the rock mass which, according to 
the predicted engineering-geological profile, was 
the dominant category of the rock mass and which 
was proven true during the works. The further 
phase of the works in the tunnel, such as installa-
tion of the primary tunnel support system and 
similar were not taken into account for the     
monitoring of the cycle. The blasting of the   
working face of the Grič Tunnel was carried out 
by patroned explosives and electric initiation     
devices. Charging was carried out simultaneously 
with drilling of blasting holes. However, two rows 
of empty holes were left between the charged and 
drilled holes because of safety reasons. Charging 
was carried out from the bottom of the tunnel and 
from the platform of the tunnel drill. After the 
completion of drilling an additional platform was 
introduced, so that two platforms as well as   
charging from the bottom were participating in the 
works. The time of charging, and network building 
reduced to one 3.3 m long blasting hole, was less 
than a minute, that is, 55 s. The time of charging 
of one kilogram of explosives was 22 s. Overlap-
ping, that is, simultaneous performance of         
operations, brings significant time saving. The 
possibility of such working method depends on 
organisation of the performance of individual 
technological operations, available equipment and 
machines, as well as competence and experience 
of employees. During simultaneous performance 
of individual operations, special attention should 
be dedicated to safety of staff and equipment in 
order to avoid accidents due to the speed of      
progress of the works. During tunnel excavation, 
work was organized 24 hours a day in two shifts 
and each shift had a working team consisting of 7 
employees. The working cycle was divided into 4 
operations.  

Operation number 1 consisted of   placing the 
tunnel drill at the working face of the construction 
site, electrification, stabilization of the machine 
and positioning of drill hands and its duration was 
15 minutes for all blasting schemes. Operation 
number 2 included effective time of drilling and 
adjustments of drill hands in the course of drilling. 
Operation number 3 included time of preparation, 
charging of blasting holes with explosive charges 
and establishing network structure of the blast 
field. Operation number 4  included the duration 
of detonation of the blast field, ventilation and   
inspection of the working face of the tunnel site 
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where the detonation had occurred and its duration 
was 45 minutes for all blasting schemes. The     
duration of operations number 1 and 2 was         
included in the total duration of the working cycle 
according to specific blasting schemes, while for 
every blasting scheme operations number 3 and 4 
were of changeable duration. Table 7 shows      
duration of the working cycle according to specific 
blasting schemes for full phase excavation in   
category III of the rock mass, and Table 8 for two-
phase excavation in category III of the rock mass. 
 
Table 7. Working-cycle duration for full face excavation. 

Duration 

Category III 

Opera
tion 
no. 

Description 

Scheme 
145 

Scheme 
131 

Schem
e 113

2 Drilling blast-
ing holes 

2h 40min 2h 25min 2h 
5min 

3 Charging 
blasting holes 

2h 15min 2h 1h 
40min 

Totally duration 5h 55min 5h 25 4h 
40min 

Table 8. Working-cycle duration for two phases          
excavation. 

Duration 

Category III 

Opera-
tion no. 

Description 

Scheme 92 Scheme 
50 

2 Drilling blasting 
holes 

1h 25min 1h 15min 

3 Charging  
blasting holes 

1h 20min 1h 

Totally duration 3h 45min 3h 15min 

7 RESULTS OF ADJUSTMENT OF THE 
BLASTING SCHEMES 

7.1 Dynamics of the works 

The results of the adjustment of the blasting 
scheme were analysed through dynamics of the 
works on full-face excavation on a 120 m long 
pattern of category III of the rock mass. Two-
phase excavation was also compared on a 120 m 
long pattern of category III with blasting scheme 
113 for full-face excavation. The tunnel excava-
tion was carried out from the northern towards the 
southern end. According to the initial blasting 
scheme 43 progress phases are needed for excava-

tion of 120 m of category III. With the adjusted 
blasting scheme with 113 blasting holes 40       
progress phases are needed. It is normal that  
working cycles are shorter in case of blasting 
schemes with fewer holes and with the same   
number of progress phases. Figure 10 shows time 
saving in the working cycle on a 120 m long     
pattern of category III. In comparison with the 
blasting scheme with 113 and 145 blast holes time 
saving is 45 minutes per progress phase. For 120 
m top heading excavation of category III 40     
progress phases are needed, while 30 progress 
phases are needed for bench excavation. Compar-
ing two-phase excavation and full-face excavation 
it can be concluded that in the very working       
cycling of drilling and blasting two-phase excava-
tion does not have a dynamic advantage, but this is 
greatly compensated by shortening other            
operations of the tunnel excavation. This is        
especially because during top heading the advance 
of the excavation working face is 150 m and only 
then the bench starts. Therefore the comparison of 
full-face and two-phase excavation should be done 
by comparing top heading and full face, and in 
that case two-phase excavation is more advanta-
geous. Thanks to continuous monitoring of      
geological and geo-technical circumstances and 
through adjustment of blasting parameters in      
accordance with that monitoring, the dynamics of 
the works has achieved the planned desired effect 
and the excavation of the left tunnel tube was 
completed after 204 days, that is, with an average 
progress of 6 m/day, while the excavation of the 
right tunnel tube was completed after 206 days, 
that is, with average progress of 6 m/day.  
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Figure 10. Working cycle-time saving. 

7.2 Quality of blasting 

Figure 11 shows the average consumption of     
explosives for specific blasting schemes. The    
figure indicates that the consumption of explosives 
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per progress phase was adjusted to the optimal 
values for given conditions of the excavation 
through adjustment of the blasting parameters, 
with the result of rock mass cracking in the       
surrounding rock not being so extensive. The   
concentration of the explosive charge amounted to 
75% of the total hole length for cut, helping and 
bottom holes, while it amounted to 70% of the   
total hole length for contour holes. It turned out 
that the ratio of diameter of explosive charge and 
hole of 0.8 for helping and cut holes and 0.6 for 
contour holes was appropriate. Through chosen 
conical cuts an attempt was made to use the   
weakening of the rock mass such as intermediate 
layer surfaces and fissures, and the chosen angles 
of cut ranged from 60° to 85° together with      
adequate number of cut holes. 

With such chosen parameters of cuts and   
helping blasting holes complete split of the rock 
mass was ensured, which is a precondition for a 
good result in the smooth contour blasting 
method. Contour blasting holes were initiated as 
the last series in the blasting cycle. The ratio of 
mutual distance of contour blasting holes and   
burden ranging from 0.7 to 0.8 for adjusted    
blasting schemes turned out to be more qualitative 
for tunnel excavation contour than the ratio    
ranging from 0.9 to 1.0 used with initial blasting 
schemes. Average overbreak excavation achieved 
satisfactory parameters in comparison to expenses 
for the performance of tunnel works.  

The level of fragmentation of the blasted      
material was favourable for inclusion into the   
embankment of the motorway, and it did not have 
to be additionally processed before inclusion in 
the embankment, which was one of the desired 
aims. The progress rate for every individual     
category was adjusted to geo-technical characteris-
tics of the rock mass. At the same time facilitation 
of future phases of excavation works were taken 
into account primarily by installing a simpler, 
safer and more qualitative primary tunnel support 
system and reduced expenses in the construction 
of the secondary concrete layer.  

The result of optimum progress was most     
evident in the medium overbreak excavation and 
minimum underbreak excavation, that is, mini-
mum reprofiling and scaling of the tunnel profile. 
Two-phase excavation reduced the possibility of 
the presence of more extensive overbreak excava-
tions, and the possibility of avoiding unforeseen 
geological circumstances is better, while the       
installation of the support system is better and 
more qualitative, progress is faster and blasting is 

safer. Therefore, the adjusted blasting parameters 
enabled optimal progress with acceptable price per 
metre of the tunnel. 
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Figure 11. Average consumption of explosives.  

8 CONCLUSION 

Dynamic harmonisation of the blasting parameters 
does not influence only the blasting part of        
excavation, but also the entire working process on 
the tunnel. The optimal choice of parameters of 
drilling and blasting achieves appropriate            
excavation progress rate with optimal dynamics of 
the works, safety and optimal overbreak excava-
tion. Overbreak excavation is unavoidable in cases 
of excavation by drilling and blasting, and its     
extent directly influences the price per metre of the 
tunnel. 

Thorough preparation of the excavation before 
the beginning of the works is evidenced through 
selection of explosion devices, technical equip-
ment for carrying out the works in the tunnel and 
manner in which the works are organized. The   
selection of devices and equipment for drilling and 
blasting must be followed by prediction of       
geological and geo-technical characteristics of the 
substance in which the excavation is being carried 
out.  

In the course of the excavation it is necessary 
to dynamically harmonize the blasting parameters 
according to the characteristics of the rock mass 
and necessary dynamics of the works, while the 
organisation of the works must ensure that the   
adjustments in comparison to the initial parameters 
are as simple as possible and as safe as possible, 
which will also make them more efficient and 
which will create conditions for optimal connec-
tion of all working phase in one cycle. A firm     
organisational component with dynamic harmoni-
sation of blasting parameters ensures maximal    
efficiency of the working cycle and minimum 
price per metre of the tunnel. 
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