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1. Blast vibration and seismology 
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1 INTRODUCTION 

The structural response is a critical indicator of the 

potential damage associated with a seismic event 

(Siskind 1981). In this line, many authors have 

demonstrated the efficiency of the application of 

response spectrum analysis in the potential     

damage analysis generated by seismic events 

(Newmark & Hall 1982; Clough & Penzien 1995; 

Dowding 1985; Chopra 1995; Gupta 1990;      

Medearis 1976). However, until the 1980s, little 

research had been conducted and published     

linking structural dynamics techniques in the field 

of rock blasting with explosives. Although the   

energy liberated by the detonation of explosives 

charges is extremely lower than earthquakes, the 

distances from blast to structures and other       

sensitive points could be relatively closer. In these 

circumstances, blast ground vibrations emerge 

with significant importance for the seismic         

response studies in terms of potential damage 

(Couceiro 2013). 

     Unlike earthquakes, which mobilise energy in a 

huge range of low frequencies, the response    

spectra generated by blasting often present one 

significant peak (Dowding 1985). Nevertheless, 

according to Couceiro (2013), some response 

spectrums derived from underwater blasting could 

present a secondary dominant peak in a range of 

lower frequencies. This phenomenon could be a 

result of multiple interactions in the interface     

between water and solid material (rock or soil), 

generated by the transmission of hydrodynamic 

shock waves to the earth as superficial waves, 
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ABSTRACT: The study of induced structural response by cyclic and periodic seismic events and          

vibrations composed by different trends of waves, such as some underwater blasting vibrations, with   

static response spectra can lead to a partial understanding over the time-localised effect of their amplitude 

response peaks. In order to minimise this limitation, a Response Spectrogram method is proposed. It   

consists of a time-frequency representation of the expected maximum response experienced by an elastic 

SDOF system with damping. This representation is useful to realise the effect of different trends of energy 

along the time-history. Furthermore, while the response spectra provide stationary information of the    

entire time-history in terms of the maximum structure peak response, response spectrograms also display 

the changes that occur over time. The advantage of studying the structural response in terms of response 

spectrograms is the possibility of taking into account the duration of the seismic event. 
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transporting energy in lower frequencies    

(Couceiro 2013). The low frequency phenomena 

observed in underwater blasting ground vibration 

could be partially idealised as a time-localised 

event. Since the water’s acoustic velocity is often 

lower than the seismic velocities of soils/rocks, the 

arrival time of the low frequency waves at the   

observation point will be proportionally delayed 

compared to the first ground waves. As a         

consequence, this time-localised phenomenon will 

introduce energy in low frequency components   

after the first arrived waves. It can be visualised in 

traditional response spectra as a secondary       

dominant frequency. 

 

Figure 1. Traditional blast response spectrum in   

comparison with the El Centro earthquake. 

 

     On the other hand, although the duration of the 

seismic event is normally listed as an important 

factor in the study of the structural behaviour 

(Moharz & Elghadamsi 1989), many of the        

parameters used as an indication of the structural 

response and its associated damage, such as the 

peak structure displacement, velocity and           

acceleration, elastic and inelastic response      

spectrum and accumulated damage (Marsh & 

Gianotti 1994) (except accumulated damage), do 

not relate to the duration of the event. 

     Extending these reflections to cyclic and       

periodic seismic events such as train-induced     

vibration, mechanical vibration and pilling,        

including underwater blasting ground vibration, 

one is able to conclude that traditional response 

spectra are not able to identify when the response 

peaks are generated during the seismic event time-

line. Thus, the proposed response spectrogram 

seems to be an interesting tool to study the        

expected amplification response over time, helping 

to isolate peaks which are dominant in lower    

frequencies and analysing their genesis. 

     The advantage of studying the structural        

response in terms of response spectrogram is the 

possibility of taking into account the duration of 

the seismic event (Couceiro & Lopez-Cano 2016). 

This representation is useful to realise the effect of 

different trends of energy along the timeline. Thus, 

while the response spectra provide stationary      

information of the entire time-history in terms of 

the maximum peak structure response, response 

spectrograms also display the changes that occur 

over the time (Couceiro & Lopez-Cano 2016). 

2 THEORY BACKGROUND 

According to Chopra (1995), one of the most    

expressive and important applications of the   

structural dynamics theory is the structural         

response analysis under a ground movement    

generated by a seismic event. Furthermore, the 

structural response will be governed by its        

dynamics properties, frequencies contents and 

ground vibration amplitudes on its basis. The     

essential physical properties of any elastic      

structural or dynamic system subject to an external 

excitation source are the dynamic load, mass,   

elastic properties (flexibility or stiffness) and 

mechanisms of energy attenuation or dampening. 

     The simplest case is defined for an elastic-

linear single degree of freedom (SDOF) system, as 

represented in Figure, with the assumption that all 

its properties are concentrated in one single physi-

cal element (Clough & Penzien 1995). As  result 

of being subjected to an acceleration on its basis, a 

SDOF system may experience a relative displace-

ment between the absolute displacement of the 

ground and structure, and manifest several active 

forces such as the elastic , damping , 

inertial  and external  forces. Thus, 

based on the classical Newton’s Laws of Mechan-

ics, the summation of all forces acting in the sys-

tem must be equal to zero: 

 

         (1) 

 
By writing these forces in terms of relative       

displacement and considering that the external 

forces is zero, , one is able to find the 

classical equation of a dynamic system: 
 

    (2) 
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Figure 2. Idealised elastic-linear single degree of   

freedom system (Clough & Penzien 1995). 

 
On the other hand, the solution of the equation (2) 

is not trivial. According to Clough & Penzien 

(1995) and Kramer (1996), an arbitrary fraction of 

effective charge  can be understood as a 

train of infinitesimal loading pulses. Each           

infinitesimal pulse of duration  generates a    

response in the system when passed a time of 

. Then, the induced response due to all the 

train of pulses can be obtained by the summation 

of all individual pulses with duration of . As 

the  is approximately zero, the sum of all       

differential responses developed in all effective 

charge time-history becomes known as Duhamel 

Integral, from which it is possible to calculate the 

total response of an elastic-linear system. Thus, the 

relative displacement response of a SDOF system 

to a specified single component of ground          

acceleration  may be expressed in the time 

domain by means of the Duhamel integral, which 

taking as effective loading , 

is given by: 
 

 
(3) 

 

Where  is the mass of the system;  is the    

circular natural frequency of the system;  is the 

circular damping frequency;  is the critical  

damping of the structure;  is the time interval;  

is the time integration. 

2.1 The response spectrum 

The  response  spectrum  is  defined  as  a  graphic 

relationship between the maximum responses    

experienced by an elastic system of a damped   

single degree of freedom under a dynamic    

movement or force applied in its base (Newmark 

& Hall 1982). This representation is normally  

presented in a tripartite graph, which is built by 

taking into account the sinusoidal relationship   

between relative displacement, acceleration and 

velocity. As a consequence, the response spectrum 

obtained from sinusoidal approximation present 

spectral velocities and acceleration known as 

pseudo-velocity and pseudo-acceleration,           

respectively. Veletsos & Newmark (1964)  

demonstrate that such sinusoidal simplifications 

are very close to the absolute mass acceleration 

and relative velocities for system doted of small 

critical damping (Dowding 1985). 

2.2 The response spectrogram 

Response Spectrogram is a time-frequency       

representation of the expected maximum response 

experienced by an elastic SDOF system with 

damping at each time-step along the duration of a 

dynamic movement or force applied in its base. 

This representation is useful to detect the effect of 

different energy trends with time, and also to study 

continuous long-time events such as train-induced 

vibrations. Furthermore, while the response     

spectra provide stationary information of the entire 

time-history in terms of the maximum structure 

peak response for each natural frequency, response 

spectrograms also display changes that occur over 

time (Couceiro & Lopez-Cano 2016). The         

advantage of studying the structural response in 

terms of response spectrogram is the possibility to 

take into account the duration of the seismic event. 

2.2.1 Computation procedure 

The response spectrogram can be computed by  

using a similar strategy applied to traditional    

frequency-based Fourier spectrograms. However, 

the main difference falls in an obvious aspect:    

instead to compute the short-time Fourier       

transforms of selected time frames, it is computed 

the pseudo-velocity response spectrum. 

     The first step is the definition of the time-

domain signal frame. For a given particle velocity 

time-history , a time-domain frame  is 

selected according to its representative in terms of 

frequency-time resolution. However, an abrupt 

truncation in each end of the selected frame can 

lead to the Gibbs phenomena, which is a peculiar 
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behaviour observed in the Fourier series at a jump 

discontinuity, presenting large oscillations near the 

truncation. Moreover, according to Oppenheim et 

al. (1998), the non-uniform convergence (Gibbs 

phenomenon) can be minimised by using less    

abrupt truncations at the end each frame, by 

smoothly tapering it to zero. Thus, each time frame 

is systematically filtered by a Hamming window, 

which is computed from the following equation: 
 

 (4) 
 

Where the window length is L = N +1             

(Oppenheim et al. 1998). The Hamming window 

size is chosen to be an integer value equal to the 

size of the discrete selected time frame. 
 

            (5) 
 

The selected time frame moves along to the all size 

of the signal . The next time frame step can 

overlap the previous one by moving the time 

frame. The number of points that each frame   

overlaps can be also defined. Overlapping is   

strictly related to the resolution of the             

spectrogram, where greater overlap enables much 

greater prominence of the frequency changes with 

time. 

     Thus, once filtered, the actual time frame is 

used to compute the time-localised response   

spectra by using one of the available methods, 

such as the Newmark Beta-Method. In this        

implicit time integration method, the following 

equations for the displacement and velocity at time 

 are given by: 
 

 
(6) 

 

    (7) 

 
Where  and  are parameters that control the 

stability and accuracy of the method (Huebner 

2001). Depending on the selected parameters, 

three different methods are established. In the case 

of , the method refers to the constant 

acceleration method; on the other hand, by        

setting  and , the constant    

average acceleration method is established; finally, 

the Newmark method is established when 

 and , it is also known as the 

linear acceleration method. Furthermore, the    

constant average acceleration procedure is widely 

used in practice due to its stability in linear    

problems; on the other hand, the linear               

acceleration method is only conditionally stable 

(Clough & Penzien 1995; Huebner 2001). 

     According to Chopra (1995), by combining the 

equations (6) and (7) with the equilibrium      

equation (2) at the end of the time step, one is able 

to establish the basis for computing ,  

and  at further time step  from previous 

and known ,  and  at time step , by         

interacting calculation procedure at each natural 

frequency. Thus, in order to compute the        

pseudo-velocity time-history from the relative 

structure displacement, it is necessary to multiply 

 by the natural frequency considered at 

each iteration step. 

     The result of this computing procedure is a 

smooth response spectrogram (Figure 3), mainly 

as a consequence of the selected time frame    

window, overlapping and Hamming filtering. On 

the other hand, instead of computing the response 

spectrum by using time frame window           

methodology, as presented above, it would be   

possible to represent the full response spectrogram 

by plotting the complete pseudo-velocity time   

history – in maximum absolute amplitudes – at 

each natural frequency (Figure 3). However, the 

resolution of this procedure could present several 

small peaks in contrast to the smooth response 

spectrogram, which normally presents              

concentrated regions peaks, making it easier to 

identify when and in which natural frequencies the 

amplifications take place. 

     Finally, the estimated time-localised response 

spectrum obtained from the time frame window 

procedure or the frequency-localised              

pseudo-velocity response time-history can be 

graphically represented in many formats. It is often 

preferable to represent it in 2D graph showing the 

time and frequency in x-axis and y-axis,             

respectively. The z-axis is the expected pseudo-

velocity amplification experienced by the structure 

under analysis, represented in the response      

spectrogram as a colour gradient. Figure shows 

the difference between both response spectrogram 

computation procedures. 

3 RESPONSE SPECTROGRAMS ANALYSIS 

Ground vibration analysis with response         

spectrograms acquire interest in the study of  

seismic phenomena for periodic or cyclical events 

(e.g. piling driving, train or traffic, machinery    

vibrations  and  others) and vibration composed by 
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different trends of waves with important            

differences in terms of frequencies energy        

contents, such as some underwater blasting ground 

vibrations. The opportunity to predict the expected 

structure response along the duration of the    

seismic event leads to a better understanding of the 

entire phenomenon. 

     An interesting consequence of studying         

response spectrograms is the identification of the 

crossing-line that defines the maximum response 

at each natural frequency; in other words, it is the 

traditional response spectrum, but with the        

advance to have the maximum amplification at 

each frequency time-localised. However, in the 

case of smoothed response spectrograms, the      

response spectrum derived from the crossing-line 

is also smooth in comparison to the response   

spectrum calculated from the total ground          

vibration time-history. On the other hand, the 

crossing-line   obtained   from   the   full  response 

 

 

 
spectrogram (Figureb) give us the same response 

spectrum   obtained   from   the   total  time-history 

 

 

 

 

 

Figure 3. Response Spectrogram ( ) from train-induced ground vibration by using (a) time frame 

window and (b) full pseudo-velocity response procedures. 

 

Figure 4. Response spectrogram from underwater 

blasting ground vibration and its maximum      

response line, which crosses all response       

spectrogram frequencies. 
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analysis. Moreover, as this maximum response line 

crosses all response spectrogram frequencies and 

identifies when the maximum peak response takes 

place during the seismic event, one would be able 

to recognise the contribution of each time-portion 

of the seismic event to the maximum response at 

each natural frequency. 

3.1 Train versus blasting induced vibration 

In 2011, two historic outcrop rocks known as 

Teffé and Itapema located in the navigation   

channel of the Port of Santos, Brazil (Latin   

America’s largest port), were excavated by drilling 

and blasting techniques. Sensitive structures, a 

passenger terminal and an 80-year old warehouse, 

were exposed to ground vibrations generated by 

underwater blasting. 

     The warehouse had existing structural problems 

due to a combination of factors such as the     

presence of an unstable soil, previous repair work, 

and intense seismic events generated by the daily 

traffic of cargo trains nearby for over eight       

decades. Since the worsening state of the structure 

was attributed to ground vibration from             

underwater blasting, particle velocity time         

histories generated by underwater blasting and by 

passing trains were monitored and analysed. 

     The values of peak particle measured velocities 

near the warehouse, due to underwater blasting 

and due to train movement, were rather similar. 

Nevertheless, the total duration of each event is 

completely different. While the blast vibration 

event lasts about 1.5 seconds to attenuate its      

energy, the train-induced vibration event takes a 

total  6  minutes.  This long train induced vibration 

 

 

 

 

 

can affect the structure in a different manner than 

short blast induced vibration. In the present study, 

the train induced vibration event was recorded on 

19 October 2011, while the blast induced event 

was recorded on Blast #17 carried out on 20     

October 2011 (Figure). The train induced         vi-

bration event, the result of the movement of more 

than 60 empty wagons, had a total duration of ap-

proximately 6 minutes. The closest distance from 

the rail tracks to warehouse is 42m. On the other 

hand, the blast induced vibration is from a micro-

delayed production blast comprising of 49 holes 

273m away from the warehouse, with 100kg as 

maximum instantaneous charge. 

 

Figure 6. Response spectrum over 14 s  

time-history vibration generated by a train. 

 
 

     As the quantity of energy transmitted to the 

structure is proportional to the duration of the 

seismic event, the transmission of seismic energy 

to the warehouse structure over time was more 

significant in the case of the train-induced ground 

vibrations   (several minutes) than  those generated  

Figure 5. First 14 seconds of the ground vibration time-history of the longitudinal component generated by 

the passage of more than 60 empty locomotives (unloaded). 
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Figure 7. Response spectrogram over 2 s time-history 

vibration (between 6-8 s) generated by a train. 

 
by the underwater blasting (few seconds). Thus, 

for the warehouse, train-induced ground vibrations 

have a larger impact on the structure rather than 

ground vibration generated by controlled underwa-

ter blasting techniques. 

     Reinforcing the importance of the seismic dura-

tion as a criterion, studies carried out by Uang & 

Bertero (1990), Jeong & Iwan (1988) and later 

confirmed by Marsh & Gianotti (1994), affirm that 

the amount of energy dissipated in a structure is 

related to the duration of the seismic event. The 

dissipation of hysteretic energy makes it possible 

to quantify the accumulated structural damage 

(Powell & Allahabadi 1988; Zahrah & Hall 1984; 

Uang & Bertero 1990; Marsh & Gianotti 1994). 

Powell & Allahabadi (1988) also write that    

structures present a limited capacity to dissipate 

energy and that the damage occurs when this     

capacity is exhausted. 

     The response spectrogram over the first 14 

seconds of a train-induced ground vibration is  

visualised in Figure. It is possible to observe that 

the maximum responses occur at 6 and 10 s       

approximately. Those maximum pseudo-velocities 

will dominate the response in terms of energy,   

being clear the cyclic nature of the seismic event. 

On the other hand, Figure shows the response 

spectrum obtained from the maximum crossing-

line, which is similar to the traditional way of     

response spectrum calculation. In this case, the  

cyclic nature is not clear and limits the               

examination of the real effect produced by this 

seismic event over the structure. 

     The analysis of response spectrograms also  

reveals that the dominant excitation frequencies 

are basically the same as those observed in ground 

motion spectrograms. In other words, structures 

with natural frequencies close to those ground 

dominant frequencies would experiment higher 

particle velocity amplifications. Consequently,  

energy levels in the blast response spectrograms 

were observed in three well-defined dominant  

frequency peaks spread in a range of 19.1 Hz-25 

Hz, with specific peaks at 19.1 Hz, 25 Hz          

and 25 Hz. 

     These dominant peak frequencies are presented 

in appearance of other pseudo-velocities. It is     

interesting to observe that the separated peaks   

occur at different times; that means different    

amplifications can occur over time as result of   

different paths of energies transported by the    

underwater blast ground vibration. In contrast, 

other three well-defined dominant frequencies 

peak are detected in the train response            

spectrograms, which are further related to the 

travel velocity, size and weight of the wagons. The 

train response spectrograms energies are strongly 

dominated by frequencies spread in a range        

between 25 Hz-35 Hz, with highest peak at 30 Hz, 

 
Figure 8. Response spectrogram over 14 s time-history vibration generated by a train. 
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similar to those observed in ground motion     

spectrograms. On the other hand, secondary   

smaller peaks are observed in dominant            

frequencies like 11.5 Hz, for example, when    

evaluated from 0 s to 2 s and from 4 s to 6 s during 

the 14 s train signal. 

     Inspections of the old warehouse during the 

crack monitoring program confirm that the glass 

witness plates remained intact during all seismic 

events generated by underwater detonations.  

However, representatives of Brazilian Authorities 

confirmed that the witness plates broke on a day 

that no blasting were carried out, which supports 

the argument that the train induced vibrations 

could be the main cause of damage to the      

warehouse. In conclusion, calculations and         

inspections by the authorities strongly suggest that 

train-induced ground vibrations have been the 

main seismic event affecting the structure of the 

80-year-old warehouse, not the underwater blast 

induced vibrations. 

4 CONCLUSION 

A general assessment of the study of cyclic and  

periodic seismic events, and vibrations composed 

by different trends of waves, with response     

spectrogram techniques has been carried out. A 

specific case comparing underwater blasting and 

train-induced ground vibrations was analysed. In 

the scope of this study, outputs obtained from    

response   spectrograms   suggest  that  for  similar 

 

 

 

 

levels of particle velocities, longer duration of   

vibration could transmit more energy to the    

structure. Thus, the structure’s expected behaviour 

could be evaluated by analysing its response   

spectrogram, which has been proposed as a valid 

alternative to visualise the structure response  

spectrum over time. 
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1 INTRODUCTION 

In general, there are two main reasons to perform 

underground excavations: to use the excavated 

space for storage or transport purposes and/or to 

use the excavated material for industrial processes, 

such as in mining, and quarrying operations. In 

that context, underground blasting techniques rise 

as the major method to economically excavate  

medium to hard rock materials. In underground 

mining, a set of very specialised blast designs are 

used either for development or production     

shooting, while for civil works, tunnelling shots 

are the dominant technique. Tunnels, shafts and 

raises are developed for a variety of purposes such 

as to provide access for men and materials, ore and 

waste hoisting, ventilation paths and others (Revey 

2005). A part of that, the cyclic nature of           

underground methods requires controlled blast   

results, specifically in terms of rock fragmentation, 

advance per round, minimum damage on           

remaining walls and good blast fumes, and others, 

Underground blasting optimisation: maximum advance and 

minimum damage 
 
P. Couceiro, R. Garcia, J. Blazquez, F. Lozano & M. Lopez-Cano 
MAXAM Terra Solutions, Madrid, Spain 

 

 

 

 

 

 

 

 

 

 

ABSTRACT: Declining ore grades, lower metal prices and economic crises are requiring mining          

operations to seek new and innovative solutions to minimise their total cost of ownership while increasing 

equipment productivity. These challenges could be translated for underground development and         

tunnelling blasting operations by raising the following critical objectives: the achievement of maximum 

advance per round with the best fragmentation and minimum damage to the excavation’s walls, with  

fewer toxic fumes. Overcoming these challenges with the highest production rate and efficiency,          

improving operational safety, and with simple and flexible system are desirable. Facing this demand, a 

single and innovative flexible bulk explosive and charging system has been developed. The possibility to 

match the required energy by adapting the explosive’s density in the same heading allows the reduction of 

the energy concentration in the perimeter section, reducing over-break and extra costs for further        

supporting and/or scaling, and increasing the energy concentration on the cut, lifters and stopping in     

order to obtain outstanding fragmentation, maximum advance per round by adapting the required powder 

factor to rock mass conditions. 
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in order to optimise the total cycle of operations 

by reducing costs and time. 

     The achievement of an ideal fragmentation, 

while maximising the advance per round, is        

essential for efficient production, haulage and 

crushing. On the other hand, the potential damage 

that could be induced to the rock mass as a      

consequence of these improvements is a constant 

concern. Thus, special blast techniques must be 

applied to better design and distribute the          

explosive’s energy into the rock mass. In this line, 

one of the alternatives is to deliver the right 

amount of energy in each section of the heading. 

To achieve such energy design with bulk pumped 

explosives technologies, special loading systems 

are required to deliver the adequate amount of    

energy in each section of the shot by controlling 

the explosive density. 

     Hence, an innovative pumped bulk explosive 

and charging system is presented as a solution to 

deliver a flexible range of densities varying from 

0.4 to 1.25 g/cm3 in the same heading. A           

consequence of this flexible capacity is that both 

of the two main technical concerns can be        

controlled: maximum advance per round, by    

maximising the use of the energy in the stopping 

zones, and minimum damage to the heading’s 

walls by using low energy concentration in the 

contours and buffer holes. 

2 BACKGROUND REVIEW 

Underground excavation by drilling and blasting 

methods are common features in mining and civil 

engineering projects. Despite some similarities in 

terms of design configurations, excavation of   

tunnels, drift driving and mine roadways can have 

significant differences on cycles of operation     

following the excavation (Ramulu, 2012). In order 

to fully operate metal or non-metal underground 

mines, safe and efficient accesses to reach and   

extract the orebody, such as main haulage ways, 

main levels, ramps, ventilation channels, 

sublevels, crosscuts and others, are necessary. In 

general, an appropriate blast design needs to    

consider proper drilling patterns, energy             

distribution and initiation sequence to achieve a 

good advance rate causing minimal damage to the 

surrounding rock mass without compromising 

safety. 

     The surrounding rock mass is normally      

damaged and disturbed (due to rock stress          

redistribution) as a consequence of underground 

excavations by blasting. The level of damage can 

strongly affect costs, productivity and safety, being 

a constant point of improvements in mining and 

tunnelling operations. Normally, special care is 

taken to minimise it in order to control over-break, 

loose rock to be scaled and permanent damage to 

the remaining perimeter. As pointed out         

elsewhere, perimeter or contour blasting is      

normally adopted to obtain a smooth profile, by 

minimising damage, while good advanced rate is 

achieved. 

     Saiang (2008) exposes the importance of blast 

induced damage when considering support design. 

Since the performance of shotcrete – which is 

widely used as surface support for underground 

excavations – depends on properties of shotcrete, 

damage of rock and interface properties. Thus, a 

consequence of a consistent perimeter blasting 

campaign, some benefits are observed, including 

the improvement of opening stability and       

stand-up-time, reduction of ground support        

requirements, improvement of ventilation, and 

others. 

2.1 Rock mass damage by blasting 

Near field vibration analysis is commonly used to 

assess blast damage in rock masses. Many         

empirical, analytical and numerical methods are in 

current use. Among them, a widely well-known 

empirical approach based on the Peak Particle  

Velocity is the Swedish method developed by 

Holmberg & Persson (1980), which is easily      

accessible. Although some further assumptions are 

taken regarding the phenomena, the Holmberg & 

Persson model can be related to assessing the 

over-break or extent of blast damage (Saiang 

2008). In this context, the definition of over-break 

can be understood as the breakage, dislocation and 

or reduction in the rock mass quality beyond the 

design perimeter of the excavation (Oriard 1982, 

Forsyth & Moss 1991). 

     Scoble et al. (1997) resume the review of  

damage criteria based on vibration levels carried 

out by Singh (1993), where several investigators 

(Langefors & Kihlstrom 1978, Calder 1977,     

Oriard 1982) conclude similar ranges of peak    

particle velocities as damage criteria. On the other 

hand, the critical damage limit can be established 

in terms of peak particle velocity by the following 

relationship (Persson 1997): 
 

                                             (1) 
 

Where  is the critical or limit peak particle      

velocity;  is the axial stress;  is the rock     



 

 

- 15 - 

density and  is the seismic velocity of the     

material. This relationship is useful as a first       

estimation of the damage criteria by taking into 

account the strength and elastic properties of the 

material. On the other hand, Onederra (2005)     

indicates that complete fracturing is closer to four 

times the value of the critical peak particle velocity 

(Persson et al. 1994, LeBlanc et al. 1995,   

McKenzie et al. 1995). 

     On the other hand, the rock mass damage could 

be estimated by using the strain energy associated 

with the compressive or tensile strength of the 

rock mass. According to Persson (1997), the strain 

energy associated with a stress wave is the internal 

energy contained in the material in the form of 

elastic deformation energy. The strain energy, for a 

simple compressive or tensile wave, is given by: 
 

                                           (2) 
 

Where  is the strain energy per unit of mass of 

rock;  is the rock density;  is the elastic    

modulus (Young’s modulus); and  is the axial 

stress. 

     Thus, equations (1) and (2) can be used to     

establish a simple comparison between the strain 

energy generated by the blasting vibration a      

certain distance from the charge axis with the 

strain energy at the breakage limit (tensile or  

compressive strength). Hence, the relative          

potential damage index  could be defined as the 

ratio between the averaged radiated energy density 

and rock strain energy: 
 

                                              (3) 
 

Where  is the strain energy generated by the 

blasting vibration in a certain distance from the 

charge axis and  is the strain energy at the 

breakage limit. According to the equation (3), 

when the relative potential damage index  is 

equal or higher than 1, the expected damage is 

highly probable. On the other hand, values smaller 

than 1, mean less risk or no damage at all. 

2.1.1 Holmberg-Persson model 

The Holmberg-Persson model for near field blast 

vibration is essentially a static approach since it 

does not take into account the influence of VOD 

and propagation time of pulse waves generated by 

each charge segment in the conformation of the 

peak particle velocity in a specific point of interest 

(Hustruild 1999, Onederra & Esen 2010). Despite 

its limitations, the Holmberg-Persson model    

provides a friendly engineering methodology to 

assess specific damage prediction, control and 

even expanded as a tool to model breakage and 

fragmentation (Onederra & Esen 2010), without 

entering into the merit to attempt to convey the 

fundamentals of blast wave propagation and its 

complex interactions in the surroundings. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Coordinate system and nomenclature used. 

 

 

     As consequence of these assumptions and         

limitations, the maximum possible peak particle 

velocity amplitude at a point of interest  

can be assessed by summing up the contribution of 

all incremental charges: 
 

 
 

(4) 
 

From equation (4), the simplified form of the 

Holmberg-Persson (1980) model after the            

integration can be expressed as (Hustrulid 1999): 
 

 
 

(5) 
 

Where  is the peak particle velocity (mm/s); 

 and  are adjustable parameters;  is the linear 

charge concentration (kg/m);  are the special 

coordinates of the points of interest;  is the       

coordinate of the hole axis;  is the depth of the 

stemming and  is the depth of the bottom of the 

hole, assuming the origin at the collar position 

(Figure 1). 
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2.1.2 Energy Criteria 

It is generally well accepted that energy release by 

the explosive’s detonation can ideally be           

partitioned in three zones known as shock, heave 

and losses energies. The effectiveness of the      

partitioned energy is strongly simplified by an  

idealised detonation isentropic expansion           

relationship combined with a specific confinement 

volume of rock, which is dominated by certain  

geotechnical and mechanical characteristics. On 

the other hand, only a portion of the total available 

energy in the borehole would actually be used to 

induce damage in the rock mass. 

     In this line, a proposed energy distribution   

approach, based on the radiation of the shock    

energy over the rock mass, rises as an alternative 

method to compare the potential blast damage   

between two different explosives configurations. 

The diagrammatic representation of the borehole 

geometry (Figure) is used to develop a simple 

mathematical expression for the radiated energy. 

Then, the overall charge length is discretised in 

several smaller pieces. Each charge piece is        

assumed to radiate energy into the rock mass, 

which can be estimated as: 
 

                                            (6) 
 

Where  is the explosive’s shock energy (kJ/kg); 

 is the linear charge concentration (kg/m); and 

 is the charge piece length (m). The             

immediately transmitted energy  to the rock can 

be obtained by: 
 

                     (7) 
 

Where  is the explosive energy in a  fraction; 

 is the transfer factor;  and 

 are the impedance of explosive and 

rock, respectively.  and  are the explosive 

and rock densities and  and  are the        

velocity of detonation and seismic velocity of the 

rock, respectively; Thus, once established the    

energy immediately transmitted to the rock, the 

site specific damping can be applied in order to 

radiate the explosive energy through the rock 

space by: 
 

                                       (8) 
 

Where    is  the  borehole  diameter (m);  is the 

attenuation factor;  is the distance from the 

charge sphere  to the observed point  

given by . In             

differential form, and combining with previous 

equations, the energy radiation equation becomes: 
 

 
(9) 

 

The integration limits are established according to 

the bottom and collar position of the charge (along 

the charge length). Thus, the total contribution of 

the differential sphere charges can be obtained by 

integrating the energy radiation equation over the 

charge: 
 

 
(10) 

 

The integral is solved by any numerical method. 

This expression is dependent of explosive energy, 

impedance of explosive and rock, linear charge, 

explosive density, hole diameter and the position 

of interested point. The choice of the attenuation 

factor  is critical. In this study, the attenuation is 

assumed to be half of the peak pressure attenuation 

proposed by Liu & Katsabanis (1993), which is a 

function of rock and explosive properties: 
 

                                    (11) 
 

Where  is seismic velocity of the rock and  

is the velocity of detonation. 

     On the other hand, the evaluation of the        

radiated energy in terms of energy density seems 

to be more suitable since it is frequently used in 

rock crushing and fragmentation studies. An     

approximation can be done by assuming that the 

average energy density is the radiated energy in a 

certain distance divided by the mass or volume of 

rock around the charge confined inside of this   

distance. Further simplification can be done by   

assuming the cylindrical form. Then, the average 

radiated energy density assumes the following 

form: 
 

                             (12) 

 

Where  is the average radiated energy density; 

 is the volume of rock confined in a distance of  

;   is  the  rock  density.  The expression which 
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includes the density gives the average radiated  

energy density in terms of Joule per mass. 

     Finally, an estimation of the peak particle      

velocity from the energy criteria method can be 

perform by combining equations (1), (12) and (2), 

leading to the following relationship: 
 

                                               (13) 
 

Where  is the peak particle velocity at the       

distance D;  is the seismic velocity of the    

medium;  is the average radiated energy density; 

 is the elastic modulus and  is the rock      

density. 

3 INNOVATIVE SYSTEM 

The combination of a flexible pumped bulk       

explosive with double-line modular bulk delivery 

equipment creates a unique tailored energy loading 

system capable of matching the required energy 

concentration for a wide range rock mass          

condition. Together with the underground         

excavation objective and desired results, the     

system improves safety and productivity by     

minimising the surround damage and maximising 

fragmentation and advance per round. 

3.1 Flexible Pumped Explosive 

Following the increasingly popular use of bulk  

explosive  in open-cut projects, the introduction of 

 

 

pumped bulk technologies in tunnelling and      

underground mining applications has opened a 

new era for blasting standards. In this line, the 

flexible and adaptive RIOFLEX UGX explosive 

has been developed (Figure 3). It is a pumped   

water-gel explosive of great performance,         

representing one of the greatest technologies for 

bulk explosives. Based on an oxidant matrix,    

classified as oxidant (5.1), it permits the safe 

transportation, handling, storage and use, which is 

a strong advantage comparing it to traditional   

cartridges explosives. The product only becomes 

an explosive in situ, since it becomes an explosive 

only after exiting the hose in the blast hole, where 

sensitising and crosslinking takes place. Due to its 

flexible variable density, capable of being          

delivered in densities from 0.40 to 1.25 g/cm3 in 

the same heading, better and tailored energy      

distribution within the same round is possible. 

This extreme density flexibility allows the        

full-hole charge on the perimeter boreholes,       

reducing hole-tails being left on, by using proper 

density on the contour blasting. 

3.2 The underground pumping unit (cassette) 

The full control and precision required when  

loading a blast are the result of an intrinsic     

combination of flexible pumped explosive and an 

advanced pumping unit. In general, the pumping 

unit consists of an assembly of a set of storage 

bins, sensors and pump devices specially designed 

to safely pump and mix the water-gel matrix with 

additives to achieve the highest possible            

operational  performance.   Mounted  in a modular 

 

 Figure 2. Conceptual comparison of single density charging system with multiple flexible density system. 
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way, this pumping unit allows fast plug and play 

on different carriers, increasing its versatility. On 

the other hand, the system is fully operated by  

remote control, which increases safety during the 

operation and is capable of delivering a complete 

charge report from its Programmable Logic     

Controller. 

Figure 3. Cross-linked bulk explosive. 

 

 

Figure 4. Underground pumping units. 

 
 

3.3 Potential improvements 

In order to illustrate the benefits of a tailored     

energy distribution on the potential damage       

induced by different explosive’s energy            

configurations, a standard rock type with a density 

of 2.6 g/cm3, seismic velocity of 4800 m/s and 

elastic modulus of 60 GPa is assumed. The     

compressive and tensile strength are 130 MPa and 

15 MPa, respectively. For this rock configuration, 

the strain energies are estimated to be 54.2 J/kg 

and 0.72 J/kg, for compressive and tensile 

strength, respectively. Then, different explosive’s 

density configurations – varying from 0.40 to 1.20 

g/cm3 – are compared with the tensile strength 

limit by applying the averaged radiated energy 

density criteria at 1.0 m distance from the 

blasthole. As a consequence, the relative potential 

damage index is obtained for each charge         

configuration (Table 1). According to this method, 

the explosive density 0.40 g/cm3 presents a        

relative potential damage index of 0.16, which is 

around 10 times smaller when compared with the 

explosive density of 1.0 g/cm3, commonly used 

with single density bulk based explosives in      

tunnelling and underground development blasting. 
 

     It is also noticeable that explosives with      

densities smaller than 800 kg/m3 would not     

generate damage beyond 1.0 m distance in this 

particular configuration. On the other hand, with 

1000 kg/m3 density or higher, expected damage at 

1.0 m distance is probable since the relative       

potential damage index is 1.68 or higher. Figure 5 

presents the near field vibration from 0.5 to 5 m 

distance from the borehole for various explosive 

densities calculated from the Holmberg & Persson 

model and the Energy Criteria approach. As      

expected, both models predict smaller damage 

when lower density charges are used. Thus, the  

innovative flexible bulk explosive and charging 

system, which delivers different densities in the 

same heading, can effectively contribute to      

minimise the potential damage to the walls without 

compromising the achievement of good         

fragmentation and maximum advance per round by 

adapting the specific energy to different zones of 

the shot, in a selective energy design process. 
 

     Moreover, two threshold limits are assumed for 

damage contour estimation. The first one is based 

on the tensile strain energy of 0.72 J/kg, which is 

associated with the incipient damage in competent 

rock types. On the other hand, by taking four times 

the critical peak particle velocity, the breakage 

strain energy assumes the value of 11.52 J/kg. The 

expected contour damages are presented in Figure 

6. Two scenarios are compared for each strain   

energy. The first one assumes that all shot is 

charged with a single density of 1.10 g/cm3, with 

no differentiation on the contour holes, whereas 

the second one, the contour and caution holes are 

charged with 0.60 g/cm3 and the stopping, cut and 

lifters are charged with 1.10 g/cm3.  Some holes in 
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Table 1. Relative potential damage index. 

 

Parameters Explosive Density Range (45 mm) 

Density [kg/m3] 400 600 800 1000 1200 

VOD [m/s] 2600 3000 3400 3800 4200 

Relative Impedance 0.28 0.44 0.59 0.72 0.82 

 [J/kg] 0.114 0.325 0.686 1.211 1.895 

Relative Potential Damage Index (1)  0.16 0.45 0.95 1.68 2.63 

(1) Compared with strain energy associated with the tensile strength. 

 

  
(a) Explosive density of 400 kg/m3 (b) Explosive density of 600 kg/m3 

  
(c) Explosive density of 800 kg/m3 (d) Explosive density of 1200 kg/m3 
 

Figure 5. Near field vibration from Holmberg & Persson criteria and Energy Criteria for different density         

configurations. The critical PPV is based on the tensile strength. 

 
 

the contour section are not charged. As expected, 

the shot with lower density on the contour holes 

(Figures 6c and 6d) presents smaller incipient and 

breakage damage when compared with single  

density shots simulation (Figures 6a and 6b). 

 

3.4 Improvements in an underground mine 

In most underground development and tunnelling 

blasting operations, the achievement of maximum 

advance per round with the best fragmentation and 
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(a) Singe density charge. 1100 kg/m3 in all 

sections. Damage limit based on tensile 

strain energy. 

(b) Singe density charge. 1100 kg/m3 in all 

sections. Damage limit based on tensile 

strain energy. Damage limit based on four 

times the critical PPV. 

 
 

(c) Double density charge. 600 kg/m3 in the 

contour holes and 1100 kg/m3 in the 

stopping, lifters and cut. Damage limit based 

on tensile strain energy. 

(d) Double density charge. 600 kg/m3 in the 

contour holes and 1100 kg/m3 in the 

stopping, lifters and cut. Damage limit based 

on four times the critical PPV. 
 

Figure 6. Expected contour damage for single and double density charging. 

  

minimum damage on the excavation’s walls, with 

less remaining toxic fumes, seems to be the main 

target to achieve in order to optimise these        

operations. This is currently in line with what is 

being carried out in one big underground mine 

elsewhere (the site and customer names are     

omitted here for confidential purposes).                

A consequence of finer blast design, resulted from  

 

collaborative working processes with customer 

and higher range of available densities, some    

important improvements have been reported after 

6 months of operations in terms of safety, ground 

support, fragmentation, productivity and others 

(Table 2). 

     The improvement process was analysed in two 

different  phases.   The  first  one  was  the  change  
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Table 2. Improvements 

 

Ground  support Fragmentation Loading &  

Haulage 

Charge 

* Over-break      

reduction 

* Less volume of 

shotcrete needed 

* No extra bolting 

* Less time spent 

on scaling 

* Damage        

minimization to 

backs and side 

walls surrounding 

rock mass 

* Possibility to 

adapt densities and 

energy levels in 

poor ground     

conditions areas 

reducing extra 

ground support 

* Finer              

fragmentation 

* No secondary 

fragmentation. Zero 

boulders 

* Better crusher 

performance. No 

unplanned        

shutdown 

* Reduced   

loading times 

* Improved 

productivity by 

a better loading 

factor 

* Shorter charge time – 

up to a 60% shorter 

time than charging by 

packaged explosives 

* Accurate charge     

reports 

* UG pumping units: 

Over 99% of unit 

availability 

* No transport of       

explosives 

 
 

 

Figure 7. Contour blasting results. 

 

 
from packaged emulsion to the pumped explosive, 

which resulted in 8.3% cost savings in terms of 

explosives and accessories. Then, the optimisation 

of drill and blast operations by modifying the     

existing  timing  and drilling pattern, together with 

 

flexible density pumped explosives application, 

led to several extra cost savings of 7% due to less 

drilling per round and explosives and accessories 

consumption per round. In the last 5 months, 6% 

reduction in over-break was reported due to the 

use of 600 kg/m3 as contour density. Further     

benefits are yet being quantified. 

4 CONCLUSIONS 

The potential benefits of this innovative system 

rise in several aspects: (1) Savings in ground   

support due to the reduction of overbreak, less 

volume of shotcrete needed, no extra bolting, less 

time spent on scaling and damage minimisation to 

backs and side walls surrounding rock mass; (2) 

Increase the advance per round and improve rock 

fragmentation as a consequence of higher energy 

concentration where needed, leading to no       

secondary fragmentation and better crusher       

performance; and (3) Reduction of loading times 

and improved productivity rate are observed as a 

consequence of better blast results. 
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     The flexible and adaptive explosive density 

charging system presented in this paper allows a 

perfect matching of the explosive energy         

concentration to the real quality of the rock mass 

and/or metal content. This selective blasting   

technique is able to provide maximum advance per 

round with minimum damage to the walls in a  

single explosive and charging system. 
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1 INTRODUCTION 

In urban areas, blast events have a low probability 

of occurrence but pose significant risks for civil 

facilities (significant damages, collapse) and   

people (injuries, fatalities). Such attacks have     

recently emerged at the global scale due to        

terrorist actions and regional conflicts. Because 

the blast hazard cannot be eliminated, risks can be 

reduced by diminishing the exposure and/or     

vulnerability of people and assets. Blast pressure is 

typically substantially greater than other loads 

Testing of a full-scale building under external blast 
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ABSTRACT: Building structures should be sufficiently robust to resist progressive collapse resulting 

from localised failures (e.g. due to blast). However, current codes governing the design for robustness are 

rather generic and have limited provisions ensuring that structures withstand the exposure to such threats. 

Due to the complexity of the phenomenon (blast pressure, dynamic response, level of damage, residual 

capacity, propagation of collapse), the experimental validation of full-scale models may still be necessary 

for the development of numerical or analytical tools. An ongoing national research project, aiming to   

develop and validate numerical models for predicting the blast response of a steel framed building is    

under development. The building will be subjected to blasts (TNT or equivalent) with different charge 

sizes and locations, resulting in different scaled distances. As the scaled distance reduces, the peak    

overpressure increases, thus causing the shear failure of the elements located in the proximity. The        

potential for progressive collapse following local damage will be also investigated. The paper presents the 

result of a numerical study that investigated the structural response of the building for different          

combinations of charge weights, stand-off distances and levels of gravity load on the building floors. The 

preliminary validation of the numerical model is done using the results of blast tests, which were         

performed on similar steel frames within a previous research project. 
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considered in structural design, but it decays     

exponentially with distance and time. Providing an 

adequate stand-off will therefore substantially    

reduce the exposure by decreasing the maximum 

pressure. Enhancing the local strength of building 

components to resist failure and creating alternate 

load paths are ways to reduce the vulnerability and 

prevent the progressive collapse of buildings, 

which is the cause of injuries and fatalities. The 

ability of a structure to withstand extreme loading 

events without being damaged to an extent       

disproportionate to the original cause is called 

structural robustness (EN 1991-1-7). Awareness of 

risk requires appropriate measures in the design 

and construction of buildings (ASCE 2011; DoD 

2014). Due to the complexity of the phenomenon 

(blast pressure prediction, dynamic response, 

damage level, structural residual capacity), more 

accuracy can be obtained if results are checked 

against data from tests on similar structures. A   

review of the international research on structural 

robustness and disproportionate collapse (CPNI 

2011, El-Tawil et al. 2014) highlighted this need 

for detailed testing data and improved modelling 

and design guidance. Some contributions to the 

development of robustness provisions have been 

obtained within European projects COST TU0601 

(2007-2011), COST C26 (2006-2010), ADBLAST 

(2010-2013), CODEC (2012-2016). Magallanes et 

al. (2006), Fu (2013), Ralston et al. (2015),    

Kernicky et al. (2015), and Zhang et al. (2016)  

also investigated the behaviour of structures under 

blast loads. The difficulties and risk in developing 

real blast tests transferred most of the research to 

column loss tests (or similar) under static or      

dynamic conditions (Astaneh-Asl et al. 2001;  

Sadek et al. 2008, Alashker et al. 2010,     

Demonceau & Jaspart 2010, Xu & Ellingwood 

2011, Yang & Tan 2013, Song et al. 2014,       

Mazurkiewicz et al. 2015, Dinu et al. 2015 

2016.a,b,c). 
 

     As seen, the issue of structural robustness    

under blast loading is of high interest worldwide, 

and is on the agenda of many public and private 

institutions. In this regard, the study deals with the 

preliminary analysis of a full-scale building model 

against blast. The study is part of a research      

project (FRAMEBLAST, 2017-2018), which aims 

at providing the validation of the response of a full 

scale building structural frame system under blast 

loading conditions in a laboratory environment. 

The building will be subjected to blasts (TNT or 

equivalent) with different charge sizes and         

locations. As distance reduces, the peak         

overpressure increases, causing the shear failure of 

the elements located in the proximity (Dinu et al. 

2016d). After the loss of one column, the           

redistribution of loads and development of          

alternate load paths (through flexural, arching, and 

catenary behaviour) will be mobilised and the   

performance of connections will be validated.   

Preliminary blast tests on 3D frames were         

performed for the primary calibration of the     

numerical model in Extreme Loading for       

Structures (ELS). Frame specimens, like those of 

the full-scale building structural frame, were tested 

inside a bunker using different blast charges. 

2 CONFIGURATION AND DESIGN OF THE 

FULL-SCALE BUILDING MODEL 

The full-scale building model is a two-span,    

two-bay, and two-story steel structure (Figure 1a). 

The bays and spans measure 5.0 m and 3.0 m,    

respectively, while each story is 2.5 m high (see 

Figures 1b & c). The structural system is made of 

moment resisting frames on the transversal         

direction, while on the longitudinal direction it is 

made of concentrically braced frames placed on 

perimeter frames. The extended end-plate bolted 

beam-to-column connections in the moment        

resisting frames are designed as fully rigid and  

fully restrained connections (see Figures 1 d-e). 

Secondary beam-to-column connections and    

secondary beam-to-main beam connections are 

pinned connections (see Figures e-f) Columns are 

rigid at the base. The design of the structure for 

permanent and seismic (low seismicity, 0.10 g  

horizontal acceleration) design conditions resulted 

in an IPE 300 section for main beams and IPE 200 

for secondary beams, while columns were HEB 

260. Note that structural steel S275 (yield strength 

of 275 N/mm2) was used for beams and columns. 

 

 

Figure 1a. Views and details of the full-scale       

building model: 3D view. 
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Figure 1b. Views and details of the full-scale            

building model: floor plan. 

 

 
 

 

Figure 1c. Views and details of the full-scale       

building model: transversal frame. 

 

 

Figure 1d. Views and details of the full-scale            

building model: beam-to-column connection. 

 

 
     As planned, the steel frame building will be     

subjected to high explosive charges detonated in 

the proximity of a column, see Figure 2. Blast 

loading effects may produce specific local and 

global responses, each associated with a different 

failure mode. Local response is mainly            

characterised by direct shear or punching shear, 

and generally results from close detonations, while 

global response is typically manifested as flexural 

failure, and results from blasts at larger stand-off 

distances. Therefore, for predicting the blast   

pressure and response of the structure in different 

loading scenarios, a parametric study has been   

developed. First, in order to assess the progressive 

collapse resistance, blast charge is increased until 

a column is lost. Then, the level of gravity loads 

on the floors is incremented until the progressive 

collapse is initiated. The influence of the stand-off 

distance is also assessed by comparing the effects 

of blast loadings with different charge weights 

detonated at different distances from the structure. 

The calibration of the numerical model is done  

using the results of blast tests performed on similar 

steel frames. 
 

 

Figure 1e. Views and details of the full-scale building 

model: secondary beam-to-column connection. 

 

 

Figure 1f. Views and details of the full-scale building 

model: secondary beam-to-main beam connection. 

 

3 PRELIMINARY CALIBRATION OF THE 

NUMERICAL MODEL 

In order to have a close estimation of the effects of 

different    charges    on   the   structure   (state   of 
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Figure 2. View of the structure with the position of  

the blast charge for external blast tests. 

 
 

damage), preliminary nonlinear simulations were 

done using the Extreme Loading for Structures 

(ELS) software. Calibration of the model was done 

using tests performed inside a bunker on similar 

3D frames. Two identical 3D specimens were    

designed and constructed for blast testing inside a 

bunker (Figure 3). Specimens were extracted from 

a typical moment resisting steel frame structure. 

Specimens include a column (with the weak axis 

oriented in the plane of the frame), two half-span 

longitudinal beams rigidly connected to the      

column using extended end plate bolted           

connections, and one half-span transversal beam, 

connected to the column web using a simple clip 

angle connection. Lateral restraints made from 

tubular profiles were used at the ends of            

longitudinal beams. An IPE 220 section was used 

for beams, while columns were made from HEB 

260, but with flanges reduced to a 160 mm width.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3a. Test specimens inside the bunker: view  

of the specimen. 

The design steel material in plates and profiles was 

S275 J0 and bolts were grade 10.9. Table 1    

summarises the measured material properties of 

the specimens. 

 

Figure 3b. Test specimens inside the bunker: photo  
inside the bunker. 

 

 

 

Figure 3c. Test specimens inside the bunker: front 

view with the position of blast charges. 

 
 

   The main hazard components of an explosion are 

blast (overpressure), fragmentation, and thermal 

effect. In our study, only the first issue is of        

interest. The peak pressure value depends very 

much on the distance of the detonation point from 

the structure of interest. The effect of distance on 

the characteristics of blast can be taken into       

account by introducing the scaling laws          

(DoD 2014).  These  laws  have the ability to scale 
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Table 1. Average characteristic values for materials in steel profiles, plates and bolts. 

 

Element fy (N/mm²) fu (N/mm²) Agt (%) 

yield strength 
ultimate 

strength 

Total elongation 

at maximum 

stress 

Beam flange IPE220, t =  

9.2 mm 345 464 

 

28.0 

Beam web IPE220, t = 5.9 mm 353 463 

 

30.4 

Column web HEB 260, t =  

10 mm 407 539 

 

27.0 

Column flange HEB 260, t = 

17.5 mm 420 529 

 

27.0 

End plate, t = 16 mm 305 417 

 

17.1 

Bolt, M16 class 10.9 

 

965* 

 

1080 

 

12.0 

Note: * 0.2% offset yield point 

 

 

 

Figure 3d. Test specimens inside the bunker: plan 

view with specimen and pressure sensors inside the 

bunker. 

 
 

parameters, which were defined through            

experiments, in order to be used for varying values 

of distance and charge energy release (Karlos & 

Solomos 2013). The experimental results are, in 

this way, generalised to include cases that are    

different from the initial experimental setup. The 

most common blast scaling law is the one           

introduced by Hopkinson (1915) and Cranz 

(1923). According to the Hopkinson-Cranz law, a 

dimensional scaled distance is introduced as      

described by Equation (1): 

1 3
Z 

R

W
                                             (1) 

 

where: Z is the scaled distance, in m/kg1/3, R is the 

distance from the detonation source to the point of 

interest [m] and W is the weight of the explosive 

[kg TNT or equivalent TNT]. 

     As the scaled distance reduces, the peak    

overpressure increases. The scaling law from 

Equation (1) should be corrected when the blast 

test is performed inside a bunker. A more general 

expression to evaluate the peak pressure (or peak 

overpressure) and the variation with the distance is 

the one proposed by Richards and Moore (2005) 

(Equation (2)): 
 

 

a

b

R
P A

W

 
  
 
 

                                                (2) 

 

where: P is the peak overpressure (kPa), A is the 

site constant (evaluated experimentally), a is the 

site exponent (evaluated experimentally, always 

negative), b is the site exponent for the charge 

weight (evaluated experimentally), R is the        

distance from the detonation source to the point of 

interest (in metres) and W is the weight of the    

explosive (kg TNT or equivalent TNT). 

     Using experimental calibration tests, Equation 

(2) can be used in case of bunker tests. In the 

study, calibration blast tests were performed first, 
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in order to evaluate the site exponents A, b and a. 

Then, the specimens were subjected to blast of   

increasing intensities, obtained by increasing the 

charge weight and/or reducing the distance from 

the blast to the specimen. In total, there were four 

blast charges with the following weights: m1 = 121 

g, m2 = 484 g, m3 = 968 g, and m4 = 1815 g, all 

placed at distance D = 50 cm from the column web 

(see Figure 3c) and one charge m5 = 1815 g, at 20 

cm distance from the column web. The charges 

were freely suspended from the bunker ceiling. All 

charges were placed at a height of 1.25 m from the 

column base and 30 cm from the bottom flange of 

the beam. In order to evaluate the site exponents 

A, b and a, and then the pressure inside the     

bunker, two Kiestler pressure sensors were     

mounted on a special frame, at 3.5 m from the 

specimen, in front of the bunker venting (see Fig-

ure 3d). The explosive material used in the   test-

ing has a TNT equivalence of 1. Note that the ef-

fects of gravity loads on the columns and beams 

were not considered in the test. The pressure 

measurements done after the first four explosions 

were p1,max = 0.31 bar, p2,max = 0.75 bar, p3,max = 

1.22 bar, and p4,max = 2.23 bar. The peak pressure 

during the last explosion attained the maximum 

value, p5,max = 3.5 bar Figure 4a). With the values 

of the pressure measured during each detonation, 

the following specific coefficients of the bunker 

were determined: A = 3850, a = -2.64, b = 0.3125. 

The peak pressure value of the blast wave          

decreased rapidly, along with the distance between 

the blast source and the target surface, as seen in 

Figure 4b. 

     For the first three explosions, there were no 

visible deformations at the level of the specimen, 

indicating the column is in the elastic range.  

However, for m4, the results were different, i.e.  

for the first specimen the column web has        

been deformed plastically out of plane for         

approximately 22 mm, but without any visible 

cracks, while for the second specimen the          

deformations were 3 mm only. The differences 

could be attributed to the orientation of the blast 

charge at the time of detonation. The last charge, 

m5, caused severe local deformations of the      

column for both specimens, with the web       

completely removed from the column.              

Longitudinally, the fracture line was located close 

to the fillet zone. For the first specimen, the web 

rupture extended for a length of almost 600 mm, 

while for the second specimen the rupture          

extended for 500 mm Figure 5). 

     The    performance    of   the   steel   specimens 

       

 
 

Figure 4a. Pressure measurements for test with m = 

1815 g, D = 20 cm: pressure vs. time record. 

 

 

Figure 4b. Pressure measurements for test with m = 

1815 g, D = 20 cm: peak pressure vs. distance         

between the blast source and the target surface. 

 
 

undergoing close detonations was also predicted 

using ELS (2017). ELS utilises a nonlinear solver 

based on the applied element method (Tagel-Din 

& Meguro 2000) which is a derivative of the finite 

element method and the discrete element method. 

In ELS, the structure is modelled as an assembly 

of small elements, which are assumed to be     

connected by one normal and two shear springs 

located at contact points distributed around the  

element edges. The average normal strain is      

calculated by taking the average of the absolute 

values of strains on each face. When the average 

strain value at the element face reaches the        

separation strain, all springs at this face are       

removed and elements are not connected any more 

(until they collide). Columns, beams, and plates 

were modelled as solid elements and could        

undergo deformations at the interface between the 

discretised elements Figure 6a). The constraints, 

made of tubular sections, were also modelled as 
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solid elements. The bolts were modelled using   

individual springs: one for normal stresses and two 

for shear stresses. The column bases and         

transversal beam end connection to the bunker 

wall were considered as pinned, and all             

displacements were prevented. Blast pressure was 

modelled using pressure impulse calculations as 

provided in UFC3-340-02 (2014). The reflected 

pressure was not considered in these numerical 

tests. 

 

 

Figure 5a. Column web fracture, D = 20 cm, W = 

1815 g: specimen 1. 

 
 

     Due to the dynamic (impulsive) character of  

the blast load, the effects of strain rates on          

the material are very important. The rate            

dependency has been considered by means of the 

following relationships (Kaneko 1997): 
 

0
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                                  (3) 
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                                  (4) 

where: έ = strain rate, ε0 = 10-4 

fy, fu = yield and tensile strength in quasi-static 

conditions, ε0 = 10-4 

fysr, fusr = yield and tensile strength at strain 

rate έ. 

      Because the strain rate is not initially known, 

an initial analysis is performed using static         

material properties, see Table 1. The strain rate is 

then calculated in the location of interest and    

material properties are corrected using Equations 

(3) and (4). The maximum strain rate recorded in 

the column (shear strain) web was έ = 312.23 

(1/sec). Figure 7 shows the fracture mode and    

deformed shape of the specimens and the          

displacement history (out of the web plane). The 

permanent deflection of the columns is very close 

to the measurements made after the test. Also, the 

extension of damage in the columns is very       

similar, with the same location and extension as 

for fracture lines. 

 

 

Figure 5b. Column web fracture, D = 20 cm, W = 

1815 g: specimen 2. 

 
 

4 PARAMETRIC STUDY  

The numerical model calibrated against test data 

was used to study the behaviour of the full-scale 

building model subjected to external blast loading. 
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Figure 6a. Numerical model: mesh discretisation of 

components. 

 

 

 
 

Figure 6b. Numerical model: radially expanding  

shock wave. 

 
 

In the study, the parameters are the level of gravity 

load on the floors, G, the stand-off distance from 

the building, R, and the charge weight, W. As seen 

from the experimental tests, a charge weight R = 

1815 g at a distance R = 20 cm causes a complete 

fracture of the column web. However, in the      

absence of any gravity loads, it is not possible to 

see if the severe damage in the column initiates the 

progressive collapse of the structure. The level of 

gravity loads is therefore a key parameter for the 

present study and is considered by means of a 

gravity load amplifier, λ. The gravity loads for the 

entire structure are calculated using the following 

load combination: 

 

NDG  = 1.2 D + 0.5 L                                   (5) 

where: GND = Gravity loads for the nonlinear    

dynamic analysis; D = Dead load (in kN/m2); L = 

Live load (in kN/m2). 

 

 

Figure 7. Fracture mode in the numerical  

simulation, ELS. 

 

 

     Dead load and live load are both considered as 

4 kN/m2. The loading procedure starts from a zero 

load. Then, gravity loads are monotonically and 

proportionately increased until equilibrium is 

reached. After the equilibrium is reached for the 

frame structure, the blast load is applied. The     

results are also compared with the notional       

removal of the column, which is the method used 

in the Alternate Load Path method (DoD 2016). 

     Notations are as follows: eA2: location of the 

column affected by explosion; 1.8 k:  weight of the 

blast charge, in kg of TNT, rounded down to one 

decimal; 0.2/1.25: 0.2- distance to the column  

centreline (in meters) & 1.25 -height above the 

ground at which the blast occurs (in meters). 

     Figure 8 shows the history of vertical            

displacement for blast scenario eA2-1.8k-0.2/1.25, 

at three gravity load levels, λ=1, λ=2, and λ=4. For 

the same gravity load levels, results are also   

compared with the notional column removal.   

Figure 9 shows the level of damage in columns 

and the deformed shapes also for blast scenario 

eA2-1.8k-0.2/1.25. As it can be seen, for the      

design level of gravity loads (λ=1), the blast     

load causes severe damages in the column (Figure 

9a), but the progression of collapse is prevented 
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(Figure 9b). The flanges (that remained intact after 

the blast) cause a reduction in the dynamic       

amplification and the displacements are slightly 

lower compared to the notional column removal 

(Figure 8a). For the maximum load amplifier, λ = 

4, displacements are very large but the structure 

still resists the progressive collapse (Figure 8b, 

Figures 9.c-d). Load amplifiers beyond this value 

will trigger the progressive collapse of the      

structure. This prediction is important because it 

will allow the determination of the amount of    

explosive and the gravity loads that are sufficient 

to eliminate a column and to cause large             

deflections in the structure, but without the      

progressive collapse of the entire (or large part) of 

the structure. 

 

Figure 8a. History of vertical displacement for eA2-

1.8k-0.2/1.25 and notional column removal  

scenarios: λ=1. 

 

 
 

Figure 8b. History of vertical displacement for eA2-

1.8k-0.2/1.25 and notional column removal  

scenarios: λ=2. 

 
     As seen previously, the column is lost for a 

blast charge of 1815 g at a 20 cm distance, which 

results   in   a   scaled   distance   Z = 0.16 m/kg1/3.     

 

Figure 8c. History of vertical displacement for eA2-

1.8k-0.2/1.25 and notional column removal  

scenarios: λ=4. 

 

 

 

 
 

Figure 9a. Results for blast scenario eA2-1.8k-

0.2/1.25: blast damage to column at different  

moments in time, λ=1. 

 

 
 

Figure 9b. Results for blast scenario eA2-1.8k-

0.2/1.25: deformed shape, λ=1. 

 
Similar blast waves are expected to be produced 

when two explosive charges with the same scaled 

distance and similar geometry and explosive, but 
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of different sizes, are detonated in the same       

atmosphere. However, for a very small stand-off 

distance, the effects can be different. For this    

reason, two more loading scenarios were          

considered, i.e. a charge weight of 28.45 kg placed 

at 50 cm from the column, and a charge weight of 

277.4 kg placed at 100 cm from the column,       

respectively. In both cases, the scaled distance is 

the same, i.e. Z = 0.16 m/kg1/3. The analyses were 

done using the same method, i.e. gravity loads are 

applied on the floors followed by blast. Figure 10 

plots the vertical displacement vs. time for blast 

scenario eA2-28k-0.5/1.25, for three gravity load 

amplifiers, λ=1, 2, and 4, while Figure 11 shows 

the deformed shape for the same scenario. As it 

can be seen, the column is completely lost but the 

progress of collapse is not initiated for λ=1 and 

λ=2 (Figures 11 a-b). For λ=4, the structure      

undergoes progressive collapse (Figures 11c). For 

the blast scenario eA2-277k-1/1.25, the structure 

completely collapses, with several structural  

members removed from their position (Figure 12). 

 
 

 
 

Figure 9c. Results for blast scenario eA2-1.8k-

0.2/1.25: blast damage to column at different  

moments in time, λ=4. 

 

 

 

 
 

Figure 9d. Results for blast scenario eA2-1.8k-

0.2/1.25: deformed shape, λ=4. 

Figure 10. History of vertical displacement for  

scenario 28k-0.5. 

 

 
 

 
 

Figure 11a. Results for blast scenario eA2-28k-

0.5/1.25: deformed shape, λ=1. 

 

 

 

 
 

Figure 11b. Results for blast scenario eA2-28k-

0.5/1.25: deformed shape, λ=2. 
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Figure 11c. Results for blast scenario eA2-28k-0.5/1.25: deformed shape at different moments in time, λ=4. 

 

Figure 11c. Results for blast scenario eA2-28k-0.5/1.25: deformed shape at different moments in time, λ=4. 

 

 
 

Figure 12. Deformed shape at different moments in time for blast scenario eA2-277k-1/1.25, λ=1. 
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Figure 13a. History of vertical displacement for  

scenarios 1.8k-05 and 28k-0.5 vs. notional column 

removal: λ=1. 

 
 

     Figure 13 compares the vertical displacement 

curves for scenarios eA2-1.8k-05/1.25 and eA2-

28k-0.5/1.25 vs. notional column removal, for two 

levels of gravity loads, i.e. λ=1 and λ=4. As it can 

be seen, while the 1.8k-02 blast scenario and     

notional column removal provide similar results, 

the 28k-0.5 blast scenario leads to larger vertical 

displacements (for λ=1) and even collapse (for 

λ=4). The larger effects can be attributed to        

additional damages in members other than the   

column, but also to the dynamic increase factor. 

Thus, the upward lift of beams due to direct blast 

pressure makes the dynamic increase factor go up, 

with regards to column removal. The pressure 

wave can ‘unload’ the beams, or even change the 

sign of the bending moment in the blast phase. 

The part of the structure subjected to free fall has 

the same mass for the inertia forces as in the case 

of notional removal, but also additional forces due 

to the rebound from the blast pressure (Marginean 

2017). Jahromi et al. (2012) reported a similar  

behaviour. 
 

 

Figure 13b. History of vertical displacement for  

scenarios 1.8k-05 and 28k-0.5 vs. notional column 

removal: λ=4. 
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5 SUMMARY AND CONCLUSIONS 

The effects of blast loads can result in the loss of 

the bearing capacity of a column, or other primary 

structural members. When placed at a very close 

distance, even small charges can produce large 

damages in the members, with the complete     

fracture of the section walls. In the experimental 

tests on 3D specimens loaded against the weak  

axis (blast charge normal to the column web), the 

punching, or shear-type failure developed, with 

the web completely separated for a length of     

almost 600 mm, before the structural element 

would be able to respond in bending. This case (of 

column webs directly affected by a blast) is      

critical, especially for buildings with perimeter 

steel moment resisting frames and interior gravity 

frames. 

     Test based calibrated numerical models         

indicated a very good agreement with the          

experiment, and were applied to preliminary      

investigations on a full-scale building structure, 

using different blast loading conditions. The first 

blast scenario used a charge weight and distance 

similar to those used in the experimental tests. For 

load amplifiers λ = 4, the structure is still stable, 

without any progression of collapse. Load         

amplifiers beyond this value will trigger the     

progressive collapse of the structure. This        

prediction is important because it will allow the 

determination of the amount of explosive and the 

gravity loads that are sufficient to eliminate a    

column and to cause large deflections in the     

structure, but without the progressive collapse of 

the entire (or large part) of the structure. 

     Comparisons were made in terms of structural 

response between the notional removal of a       

column and blast loading causing column loss. 

Due to blast effects on the other elements of the 

structure and altered dynamic amplification, the 

vertical displacement of the structure subjected to 

direct blast can be larger than the vertical         

displacement resulting in the case of a notional 

removal. 
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1 INTRODUCTION 

There are certain inherent risks related to blasting. 

These typically include risks related to ground   

vibration, airblast, flyrock and fumes exposure. 

Other risks are related to induced geotechnical   

instabilities. The first four risks can generally be 

addressed by implementing appropriate blast     

design techniques, procedures and control 

measures. This can usually be achieved by a     

drill and blast engineer at the mine site. Although 

the overall control of fumes is very much          

dependent upon the quality of the delivered   

product. 

Close range blasting in adverse geotechnical conditions 
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ABSTRACT: The paper presents the comprehensive approach undertaken by an open cut coal mine when 

dealing with close range blasting next to existing infrastructure facilities (including a workshop, store, 

fuel farm and offices). The paper outlines how the system of dealing with adverse geotechnical conditions 

and close-range blasting was developed, implemented and managed. The various techniques available for 

assessing the impact of blasting on rock strata conditions and infrastructures are described in detail. The 

area underneath the existing infrastructure facilities was previously undermined and levelled with fill    

material. The undertaken surface extraction activities induced some geotechnical instability in the area 

which affected the existing infrastructure facilities, showing strata movement and major crack occurrence 

within concrete footings with surface cracks up to 12 cm in width. A series of open cut blasts were       

undertaken at Muswellbrook Coal 125 to 210 metres from infrastructure facilities previously affected by 

surface cracking. The follow up blasting induced vibration exposures in the order of 8 to 40 mm/s for the 

area of concern. The infrastructure facilities were considered of critical importance for the mine’s       

continued operation and their preservation was essential. Due to this detected hazard, a comprehensive 

approach was required to undertake further close-range blasting and extraction of the strata by the mine. 

The approach included vibration predictions and fully controlled blasting supported by the application of 

various monitoring techniques including: 
 

      vibration monitoring 

      dynamic crack displacement monitoring 

      radar monitoring 

      crack behaviour monitoring 

      water rainfall monitoring  
 

This comprehensive approach allowed for the safe extraction of coal resources, and the full management 

of risks without further, significant strata deterioration to the unstable slope area or further infrastructure 

damage. 
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     Other risks related to geotechnical instabilities 

are induced mainly by stress changes (caused by 

excavations and/or by blast impacts). The control 

of these risks becomes more complex as this      

requires the input of various parties, potentially 

including a geologist or geotechnical engineer or 

both, blasting engineer and others (e.g. planning 

engineer). It is important that the geological and 

geotechnical information is readily available and 

assessed prior to blasting. However, very often this 

is not the case, as the actual information is hidden 

and resurfaces only after a ‘triggering’ event such 

as a critical excavation or a blast has taken place. 
 

     As a consequence the drill and blasting         

engineer is forced to deal with the induced     

problem on an ad hoc basis (after such an event 

has occurred). This becomes an additional        

impediment for the drill and blasting processes 

and usually provides an additional obstacle in an 

already regimental environment. 
 

     This paper discusses a case study related to 

blasting in the proximity of a sensitive slope area 

where damage has already been induced. 
 

     The Muswellbrook open cut mine is located in 

the vicinity of the town of Muswellbrook in NSW 

(Australia). The current mine and mining follows 

on from a long history of mining in this area,     

dating back to 1896, when the original (oldest) 

mine commenced production. Unfortunately, this 

comes with a certain amount of baggage from a 

range of unknown factors. 
 

     The unknown factors are mainly in relation to 

inaccurate surveys, especially during the pre-war 

era, combined with issues related to a change of 

operators over time as well as the issue of record 

keeping, or lack of it. 
 

     As a consequence the current mine operates 

with either uncertain or old (inaccurate) plans or 

no plans at all. This is in regard to previous       

underground and open cut activities located within 

the current area of operation. 
 

     Typical issues include the identification of old 

underground roadways, which have to be correctly 

identified to avoid potential hazards and the       

location of old open cut workings, especially open 

cut fill areas. This usually interferes with drilling 

and blasting activities, requiring the redesigning of 

blasting benches, depending on the identified old 

fill areas. 

     The presented study at Muswellbrook Coal   

includes blasting following a major slope    

movement, which affected the existing                

infrastructure. The impact was significant and    

included major slope sliding combined with severe 

surface cracking, see Figures 1 to 3. The surface 

cracking affected existing infrastructures such as 

the workshop and other facilities. 

 

 

Figure 1. Location of infrastructure facilities and  

identified cracks. 

 

 

Figure 2. Displacement of concrete footings due to  

induced movement and VW-crackmeter. 

 
 

    The mining plans included further blasting 

within close range of the affected area, see Figure 

4. As such it was important to preserve the vital           

infrastructure as well as ensure the safety of the 

employees working in the vicinity of the slope and 
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Table 1. Summary of blast design parameters. 

Blast      

Number/  

Date 

MIC* 

(kg) 

Min.    

Distance 

(m) 

Burden/ 

Spacing 

(m) 

Stemming 

(m) 

Initiation 

Sequence 

(ms) 

Hole  

Depth (m) 

1 -11/2/14 247 210 6 / 7 3.5 Nonel 

(42x100) 

11 

2 - 3/2/14 575 200 6 / 7 4 Nonel 

(42x100) 

20.4 

3 -21/2/14 575 180 6 / 7 4 Nonel 

(42x100) 

20.4 

4 - 4/3/14 780 125 6 / 7 4 Nonel 

(42x100) 

20.4 

 

 

at the bottom of the slope. For a summary of  

blasting parameters used for critical blasts refer to 

Table 1. 

 

 

Figure 3. Surface cracking near workshop area. 

 
 

     To ensure their ongoing safety various        

monitoring techniques, together with a controlled 

blasting technique, were employed. These           

included slope monitoring: using radar          

monitoring, vibration monitoring, crack           

monitoring and others. This allowed the safe      

extraction of coal resources to progress within a 

controlled safety environment for the personnel. 

     Overall, vibration, crack dilation, slope   

movement, rainfall, and dynamic displacement 

monitoring data from a number of blasts was    

collated. However, for the purpose of this paper, 

only a representative data sample using examples 

of  various assessment methods is presented. 

 

 

Figure 4. View of blasting bench and infrastructure  

facilities. 

 

 

2 UNDERSTANDING BLASTING AND 

GEOTECHNICS 

Generally, issues related to slope stability,          

including cratering block motion or wall      

movement due to geological discontinuities, are 

often misinterpreted as being caused by blasting 

impacts. 

     In Wyllie & Mah (2008), an entire chapter was 

dedicated to blasting and its impact on rock strata. 

There are some general guidelines in regard to 

blast design, blast damage and its control. 

     Lewandowski, Luan Mai & Dannell (1996)      

empirically quantified the impact of two factors, 
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joint density and joint orientation, on wall quality. 

There is a strict relationship between these         

parameters and the overall wall quality and      

subsequent wall stability. The blasting may affect 

the final wall quality but the geology and local  

geo-mechanical properties play a critical role. 

     Dobrilovic et al. (2009) described works      

undertaken during excavation of the Brzet tunnel, 

which involved blasting in sensitive geological 

conditions. The difficulties included a fault line at 

the tunnel portal and unstable boulders on the   

surface over the tunnel. To manage these issues a 

controlled blasting technique with the imposed  

vibration limit of 18 mm/s for all unstable      

boulders was introduced. 

     Oriard (2005) categorically stated that blast 

impacts on slope stability are a separate matter to 

the typical geotechnical instabilities of the slope. 

Very often these issues are misunderstood and  

certain misconceptions exist. Factors such as    

seasonal changes related to groundwater level for 

example may have a profound effect on slope   

stability. Oriard also summarises various issues 

arising when dealing with sensitive slope cases. 

Some of the examples are presented below. 

2.1 The Chivor project in Colombia, South 

America 

The monitoring program was prompted by the   

unstable slope conditions encountered in this    

operation. The immediate stabilisation of the slope 

and prevention of future slope failure was          

required. 

     The ongoing operational activities included 

continued blasting and excavation. The work     

required stabilisation of the abutment as well as 

imposing limitations on the blasting activities.    

Introducing controlled blasting techniques        

minimised impacts on the unstable slope         

conditions, while the stabilisation allowed for an 

arrest of the existing problem. 

2.2 Building a super port at Bilbao, Spain 

A large amount of quarried material was required 

to build a breakwater for Bilbao harbour. The rock 

was sought from the adjacent area (final excavated 

area to reach a height of 260 metres), which was 

characterised by relatively steep bedding strata, as 

it was an anticline formation. For this type of site 

the most stable angle is that of the dip of the   

bedding. Back wall stability in this project was 

very much dependent upon the angle of the wall in 

relation to the bedding planes. In addition,         

perimeter control and specifically angle of         

perimeter holes needed to be continuously         

adjusted according to the bedding planes.         

Following the anticline the bedding angle was 

about 70 degrees at the bottom and flat at the top. 

Perimeter control was also required at the final 

slope. In summary, this project represents a case 

where the execution of blasting constitutes the 

main control method for the existing geological 

weaknesses. 

2.3 Peace power project in British Columbia, 

Canada 

This project highlights the damage that can         

be caused to the rock strata solely by blasting.      

A presplit blast triggered 0.3 metres of strata    

movement and additional loosening and           

fracturing of the strata. The event was created     

by the gasses being forced into the prominent  

bedding planes. Another incident due to          

blasting in a different section generated           

more damage to the rock strata causing a         

large crack parallel to the canyon up to 30         

metres away. 

2.4 Slope failure at Dworshak Quarry, Idaho 

Following a major slope failure, a monitoring  

program was introduced to observe the ensuing 

tension crack behaviour and hence to gauge the 

stability of the slope. After the initial acceleration 

period the slope stabilised. A few attempts to bring 

the overhang down with a number of cartridges of 

dynamite placed in a tensile crack proved to be 

unsuccessful. Finally, a significant amount of 

ANFO placed in additionally drilled holes brought 

down the overhang. 

     The literature review highlighted the point that, 

very often, geotechnical weaknesses exist within 

the rock strata and are responsible for strata 

movement / damage. Occasionally however, the 

blasting itself may be the main cause behind the 

induced damage and strata movement. It is      

therefore important to distinguish between these 

two factors. 

     It can also be concluded from the above that 

there is no single / ultimate solution for the     

management of risks due to induced geotechnical 

instabilities. This is mainly due to the large         

array of issues. Nonetheless the controlled       

blasting techniques utilised in some of                

the above presented projects appear to                 

be the most effective way of dealing with the   

problem. 
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3 MANAGEMENT APPROACH DURING 

EXCAVATION AND BLASTING 

Following the detected slope movement the risks 

of personnel injury or death due to slope failure 

(while operating at the bottom of the pit), during 

ongoing excavation processes had to be fully    

addressed. For that purpose the mine utilised a 

slope monitoring system using a radar monitoring 

technique. The radar monitoring system was      

operating together with the alarm warning system, 

which could alert mining personnel of the          

potential sudden acceleration in slope movement 

when excavating in the vicinity of the damaged 

slope area. 

     Other risks that had to be addressed and     

managed included risks due to adjacent close 

range bench blasting and potential further       

damage to the unstable slope area and surface     

infrastructure facilities (including workshop area, 

store facility, fuel bay and outside access and  

storage areas). All these surface facilities were 

manned and were critical for the mine’s operation. 

 

Figure 5. Blast control management system. 

 

     Therefore, for the purpose of risk management, 

a controlled blast management and assessment  

system was implemented, see Figure 5. An        

approved protocol consisted of blast design review 

(this is to limit ground vibration impact and avoid 

the generation of a reinforcing pattern). The       

vibration limit for the damaged section of the     

infrastructure facility was targeting a 50 mm/s   

limit or lower. 

     Prior to blasting the whole area had been  

evacuated. Also, prior to the execution of the blast 

there was a pre-blast survey of the slope (using 

surveying radar) and the cracks as well as a visual 

inspection of the area. Additional monitoring 

equipment including high accuracy crack monitors 

and vibration monitoring units, were also installed 

prior to the blast. 

     The assessment of blast impacts included     

various monitoring assessments including:         

vibration monitoring, crack dilation monitoring, 

dynamic displacement monitoring and radar    

monitoring followed by a site inspection. This was 

to   ensure  that  the  blasting  did  not  induce  any 
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further major negative impacts on the unstable 

slope area and subsequently on the adjacent        

infrastructure facilities. 

     Immediately after the blast the slope was 

scanned with radar for any signs of wall      

movement. The vibration monitoring results,     

together with the crack measurements were       

collected and reported immediately after the blast. 

The post-blast site inspection was also part of the 

final survey and decision-making process. This 

was to assess the overall integrity of the structure 

after the blast as well as the slope condition and its 

deterioration. 

     Following the blast and satisfactory assessment 

of blast impacts (i.e. allowing for a 50 mm/s      

vibration impact and maximum crack dilation of 1 

mm for each blast) the decision could be made   

regarding the state of the slope and structure and 

subsequent return of personnel to the affected    

area. Therefore, the monitoring was essential in 

the decision-making process. 

     As indicated, there were various measurements 

and assessment techniques employed allowing for 

the safe extraction of resources and accurate       

assessment of the state of the slope and adjacent 

infrastructure facilities. 

     It is emphasised that mine workers were        

required to reoccupy the infrastructure facilities, as 

well as the lower section of the mine (below the 

unstable slope area), immediately after the      

blasting. Therefore, accuracy and speed in the    

decision-making process was essential in this   

project. 

4 IMPLEMENTED MONITORING 

PROGRAM 

Immediately following the detected slope    

movement the mine took steps to actively manage 

the identified risks, mainly related to slope failure. 

The identified slope failure affected various   

working sections of the mine and as such various 

monitoring techniques were employed. Some of 

the monitoring techniques and the results obtained 

are highlighted below. 

     The monitoring techniques implemented        

allowed for enhanced risk assessment and         

personnel management. The monitoring methods 

provided quantification of the risks. This was done 

in various formats / units, such as displacement, 

change in displacement, vibration levels, or others. 

It is stressed that without the implemented      

monitoring and assessment programs the mine 

would not have had any practical way of assessing 

the risks of induced slope instability and if safety 

could not be controlled this could potentially lead 

to resource sterilisation. 

4.1 Radar monitoring of the slope conditions 

The first monitoring technique utilised by the mine 

included slope monitoring. For that purpose a    

radar monitoring technique was employed. The 

mine utilised a Slope Stability Radar (SSR) and 

undertook ongoing slope measurements including 

day to day and post blast measurements. 

     This action was mainly influenced by the safety 

of the men working around the unstable slope area 

which could potentially be exposed to slope failure 

and subsequently a potential fatality. 

     The radar was installed at approximately 750 m 

distance, on the opposite side of the unstable slope 

area, where the detected slope section had been 

observed. 

     The SSR was developed to remotely track the 

movement of slopes in open pit mines. Advanced 

analysis tools facilitate long term data trending 

and hazard identification as well as a photographic 

record of the scan area. An alarm system may be 

setup to warn of accelerated slope movement prior 

to wall failure, allowing for evacuation of          

personnel from the hazardous location. 

     Different levels of reading accuracy may be   

attained depending on the distance of the radar 

dish system from the monitored walls and the size 

of the dish itself. The following statistics relate to 

the accuracy of the radar system with a 1.8 m dish 

size relative to the distance from the monitored 

wall: 
 

       At a distance of 30 m the dish can detect a 

0.3 m x 0.3 m failure 

       At a distance of 3,500 m the dish can detect a 

30.5 m x 30.5 m failure 
 

     The section of the scanned wall by the         

surveying radar was approximately 250 metres 

long. The radar dish size was 1.8 m. A sample of 

the monitoring data obtained from Muswellbrook 

mine’s radar (located approximately 750 m from 

the slope) showing the unstable section is         

presented in Figures 6 and 7. 

     The radar monitoring proved to be an effective, 

although expensive, method of detecting slope 

movement. The accuracy of the equipment can be 

tailored to site constraints and therefore provides 

an excellent tool for any slope stability issue. The 

drawback of the system is the occasional false    

radar reading, especially in ‘drizzly’ weather    

conditions. This has been experienced at this    

particular mine on a number of occasions. 
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4.2 Crack width monitoring 

The other effective method for detecting slope 

movement involved crack monitoring, see Figure 

8. This is an indirect method of slope movement 

measurement, as the cracks were located in the top 

part  of  the  bench (i.e. bench crest) therefore may 

 

 

 

 

 

 

 
not fully represent the actual displacement values 

of the slope at the bench face. 

     Note that the open cracks at the crest of the 

bench were the result of the sliding motion of part 

of the slope, as indicated in Figure 9. 

     Following the crack occurrence, crack width 

measurements were undertaken on a daily basis. 

Figure 6. View of the extracted benches highlighting identified unstable bench area. 

 

Figure 7. Sample of radar monitoring data. 
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However, during the close-range blasting, the 

measurements were also taken prior to and after 

each blast. This was to measure the actual impact 

of blasting on slope stability, i.e. slope response. 

In addition, this allowed for the assessment of  

other impacts such as environmental factors or  

excavation on actual slope movement. 

 

Figure 8. Identified crack (hardstand area) and dial 

gauge indicator. 

 

 

Figure 9. Schematic of the unstable slope area and    

infrastructure facilities. 

 

 
     The crack measurements were undertaken 

across a number of surface cracks following the 

imbedded ‘target pins’ on each side of the crack to 

obtain an accurate measurement of the rock strata 

movement. The same metal ruler and one         

designated person was assigned to this job. This 

allowed for consistency of measurements and   

limited potential errors. The collated data was 

compiled in a graphical format to gain an          

understanding of the prevailing trend or trends. 

     A sample of the monitoring data is presented in 

Figures 10 and 11. The first diagram (Figure 10) 

shows the displacement monitoring across a   

number of structures. The diagram indicates       

deformation (crack dilation) across various     

structures / buildings, including the fuel farm, 

workshop and other concreted sections (i.e. total 

movement). The diagram covers a period of       

approximately three months of monitoring. The 

data indicates that there was ongoing surface 

cracking and a progression of the slope movement. 

Also, there were some periods of accelerated 

movement of the slope which induced further 

crack dilation. These were followed by lower rates 

of movement. 

 

Figure 10. Cumulative crack dilation for hardstand 

(concrete) area. 

 

 

 

Figure 11. Cumulative crack dilation and identified 

causes of strata movement. 

 

 
     The second displacement diagram, see Figure 

11, shows total movement across a number of   

various cracks. The collated data shows            

cumulative crack separation over an approximately 

7 month period. In addition, the displacement data 

have been combined with other known and      

possible impacts on slope stability. 

     As shown, environmental factors such as water 
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Table 2. Summary of vibration and displacement monitoring results. 

 

Station Min      
Distance 
(m) 

Max Dynamic 
Displacement 
(mm) 

PPV* 
(mm/s) 

Permanent 
Displacement 
(mm) 

BLAST NO 1 - 11.02.14     
A - workshop outside  210 0.10 20.7 0 – 0.08 
B - workshop ground level   21.5  
C - workshop ground level   21.0  
D - shed outside   25.0  
BLAST NO 2 - 13.02.14     
A - workshop outside  200 0.20 39.8 0.01– 0.09 
B - workshop ground level   38.8  
C - workshop ground level   28.9  
D - shed outside   32.1  
BLAST NO 3 - 21.02.14     
A - workshop outside  180 0.06 32.5 0.03-0.05 
B - workshop ground level   29.5  
C - workshop ground level   22.8  
D - shed outside   28.7  
BLAST NO 4 - 04.03.14     
A, B, C, D – no access to    
workshop area 

76 n/a n/a n/a 

E1 - office ground level 125 0.32 15.7 0 – 0.12 
E2 - office roof level   21.5  
F - office ground level   14.2  
G1 - office mid-section ground 
level 

  16.5  

G2 - office mid-section roof level   27.7  
H - office mid-section ground 
level 

  16.7  

I - bathhouse   8.1  

* - PPV – Peak Particle Velocity 

 

intake (following significant rainfall) played a  

significant role in the acceleration of the slope 

movement. It is inferred that the water acted as a 

lubricant between the movable and rigid parts of 

the slope and induced further surface cracking. 

     The assessment provides a convincing           

argument behind the actual slope movement. The 

measurements indicate a steep change in the rate 

of movement, which coincides with a dramatic  

water intake due to rainfall (in the order of 196 

mm). Another two accelerating periods coincide 

with the excavation activities in the vicinity of the 

slope of concern. 

     Based on the collated data there were at least 

two factors behind the acceleration in slope 

movement, i.e. rainfall and excavation. Water due 

to rainfall caused lubrication between the unstable 

and stable strata layers. The excavation of the  

strata at the bottom of the slope or in its vicinity 

caused a change in the confinement. This removal 

of the abutment load triggered some acceleration 

in slope displacement. 

     By comparison the undertaken four blasts had 

low impact on crack deformation and crack        

dilation, see Figure 11. 

     In summary, the crack displacement monitoring 

was an effective method for trend recognition as 

well as identification of the main reasons behind 

the slope movement or acceleration or both. These 

measurements were also essential to the decision- 

making process for the mine. 

4.3 Vibration monitoring 

There were a number of various infrastructure    

facilities including a workshop, offices, fuel      
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station, various pipes, pumps and others. This    

required the implementation of an extensive        

vibration monitoring program using multiple  

monitoring stations, i.e. up to seven monitoring 

stations per blast. 

    The vibration monitors were placed strategically 

across different areas including the affected   

(damaged) section and also immediately adjacent 

areas (i.e. not affected by cracking). 

     As some of the structures were multi-storied or 

tall structures the measurements were taken at 

ground level as well as at the higher levels.      

This program provided structural response     

measurements to the induced blast vibrations. 

     A total of four critical blasts were monitored 

and the impact fully assessed. During each of the 

blasts, data was collected from the critical         

sections, utilising up to seven monitoring stations. 

Each measurement was taken using a standard   

vibration monitoring technique. The technique   

relies on taking vibration measurements using a 

geophone attached to a concrete block. Each   

concrete block was well embedded in the ground. 

For structure response measurements the           

geophones were glued directly to the structure    

itself, for example directly to the concrete or brick 

walls. 

     A summary of the vibration monitoring results 

is presented in Table 2. 

 

 

 

     The vibration levels measured at floor level in 

sections both affected and non-affected by      

cracking were in line with vibration model        

predictions. There was no further structural     

damage observed to the infrastructure. 

     For three out of four blasts the monitoring   

registered moderate levels of vibration exposure 

which did not induce any significant adverse crack 

response or structural damage. 

     One of the blasts generated a high vibration  

exposure in the order of 40 mm/s, see Figures 12 

and 13. This vibration level did not cause a       

significant negative crack response or structural 

damage. The frequency component was highly 

variable and typically between 3 and 30 Hz.    

Generally, higher frequencies are responsible for 

lower displacements, while lower frequencies are 

responsible for higher displacements. In the case 

of Muswellbrook Coal low displacement levels 

were generated. 

     The obtained values were compared to both  

the Australian Standard (AS 2187.2:2006) as well 

as the more relevant US Bureau of Mines         

recommendations (USBM RI8507) and British 

Standard (BS 7385-2 1993) which indicates the 

potential damage levels for structures. 
     In summary, the vibration monitoring allowed 

for the quantification of blast impacts on the      

existing     infrastructure.     Also,     the   vibration 

 

 

 

Figure 12. Four blasts locations and infrastructure facilities (showing vibration results (mm/s) from blast    

no 2 - fired on 13.02.14). 
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Figure 13. Sample of vibration monitoring results. 

 
 

monitoring combined with crack monitoring,      

allowed for a more comprehensive structural      

assessment and assisted in the decision making 

process for personnel management. 

 

 

 
 

4.4 Dynamic displacement monitoring 

An additional monitoring tool included high      

accuracy   and   dynamic   displacement  monitors. 
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These were installed just prior to the blast across 

the surface cracks and affected infrastructure      

facilities. These monitors were especially useful 

for structural and crack response study. The       

accuracy of the instrumentation was in the order 

0.01 to 0.001 mm. The VW–crackmeter provided 

the highest accuracy of 0.001 mm, see Figure 14. 

 

Figure 14. Sample of displacement readings from     

VW-crackmeter. 

 

 
     The high accuracy displacement monitors,          

including the dynamic displacement monitors, 

were particularly beneficial in the management 

process as they provided easily interpreted       

displacement values in millimetres, delivering 

clear and conclusive information about induced 

deterioration across the monitored cracks due to 

blast impacts. A sample of the displacement  

monitoring data is shown in Figure 14. 

     Note that vibration measurements on their own 

in a case of already present slope movement may 

not be sufficient to immediately conclude if       

induced vibration caused additional slope          

deterioration or structural damage. It is stressed 

that an immediate decision-making process was 

essential as people were scheduled to work in the 

area of concern immediately after each blast. 

     For a summary of the monitoring results   

showing dynamic and permanent displacement 

values (from a concrete structure’s footing area) 

due to imposed ground vibrations refer to Table 2. 

The induced maximum dynamic displacement was 

in the order of 0.06 – 0.32 mm. This corresponds 

to vibration levels in the order of approximately 

16 to 40 mm/s. 

     In summary, the high accuracy displacement 

monitoring (including dynamic and permanent 

monitoring units) confirmed that vibration levels 

up to 40 mm/s did not have any significant impact 

on crack dilation at the bench crest. This finding 

can be translated into a lack of further slope       

deterioration due to the impacts of blasting         

including any significant (additional) slope 

movement. 

5 CONCLUSIONS 

Following open pit extraction activities in the    

vicinity of one of the benches an open cut mine 

experienced a major slope movement and surface 

cracking, which in turn affected a critical            

infrastructure facility and various working sections 

of the mine. Management undertook immediate 

steps to ensure the safety of the personnel working 

in the affected areas. This included the installation 

of various instrumentation as well as the           

implementation of monitoring methods to actively 

assess the ongoing risks in relation to the potential 

for further slope movement or failure. 

     The paper describes a case study of the      

management of close range blasting immediately 

adjacent to a sensitive slope area. The following 

conclusions can be drawn from the study: 
 

  The mine employed a holistic approach in 

managing the risks, especially considering 

that close range blasting was concerned. This 

included a controlled blasting technique  

combined with blast impact assessment and 

monitoring of slope conditions. The     

equipment used ranged from Slope Stability 

Radar, vibration monitoring units, crack  

monitoring and high accuracy dynamic     

displacement monitors. Subsequently these 

tools and related assessment techniques       

allowed for a swift and accurate assessment of 

the risks and helped in the decision making 

process, as mine workers were required to  

reoccupy the affected areas immediately after 

blasting. The paper describes in detail the 

process of management when blasting in the 

vicinity of the sensitive slope area. 

  The initial slope movement induced a series 

of major cracks at the bench crest, which     

affected vital operational infrastructure        

facilities. The cracks were identified, mapped 

and continuously monitored. The subsequent 

crack monitoring program revealed an        

ongoing slope movement, with accelerating 

periods of crack dilation which indicated     

further slope sliding. These acceleration      

periods were connected with extraction        

activities around the slope area and             

environmental factors such as wet periods 

(including approximately 200 mm of rain). 
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There were no significant crack movements 

induced following the undertaken close-range 

blasting activities. 

  There were 4 critical blasts in the vicinity of 

the affected slope area, i.e. within a 125 to 

210 metre distance. These blasts generated 

vibration levels in the order of 8 – 40 mm/s. 

The generated vibrations were compared with 

relevant standards and applicable damage   

criteria. Also, the induced vibrations          

generally produced high frequencies and      

resulted in low displacement values. There 

were no significant impacts from induced    

vibrations on slope deterioration, nor on the 

structural integrity of the affected                 

infrastructure facilities. 

  The high accuracy displacement monitoring, 

including dynamic displacement units,      

confirmed low displacement values generated 

by all four blasts. The measured dynamic  

displacements due to vibrations were in the 

order of 0.06 – 0.32 mm. The measured   

permanent displacements due to vibrations 

(representing crack dilation due to blasting) 

were in the order of 0 – 0.12 mm. Therefore, 

the overall impact of blasting on the unstable 

slope conditions and affected infrastructure 

facilities was classified as minimal, resulting 

in no further acceleration in slope movement 

or sliding. 
 

     In summary, in this study the impact of close  

range blasting (i.e. 8 – 40 mm/s vibration          

exposure) did not significantly contribute to      

further deterioration of the unstable slope        

conditions. However, when blasting in adverse  

geological conditions other factors like              

environmental aspects (high rainfall) and close by 

activities (excavations) also need to be considered 

(as shown in this case), as these may negatively  

affect the slope conditions. 
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1 INTRODUCTION 

In the mining world, rock blasting is one of the 

main procedures of the ore winning process   

(Hustrulid 1999). The use of explosives to break 

and fragment rock, is the fastest and efficient   

procedure to make it transportable and has become 

a technique used world-wide. The majority of 

mines and many civil works use explosives and, 

since 1627 (the first time explosives were used for 

rock blasting), lots of blasting techniques were  

developed (Konya & Walter, 1990). 

     Initially, these techniques were established to 

optimise the use of explosive energy, more         

recently, to reduce the overall cost of the operation 

while maintaining the quality of blast results. 

     Nowadays, with the cost optimisation pressure 

in the majority of mining companies, its         

compulsory to analyse each mine-to-mill operation 

and get the best results from it. This document is 

about a new drill and blast technique for blast   

pattern expansion in order to reduce the price but 

keeping always the demands from load, haul and 

treatment plant. 

Blast pattern expansion - a numerical approach 
 
V. Miranda, F. Leite & G. Frank  
O-Pitblast Lda., Porto, Portugal  

 

 

 

 

 

 

 

 

 

 

ABSTRACT: This document investigates a newly developed mathematical model with the objective of 

cost optimisation on the overall blasting process. This model is based on blast pattern expansion with   

automatic adjustment of the burden, spacing, stemming, sub-drilling and number of holes in order to 

guarantee the production demands in terms of blasted volume. Hole geometry, bench high, rock factor 

and explosive information are used as inputs. The main idea is to apply numerical methods to find a   

minimum local that improves the cost when compared with the traditional/empirical techniques. Newton-

Raphson and several gradients methodologies were used to build an algorithm to reach the desired results. 

This technique was implemented inside a blast design and optimisation platform, used on the validation 

of this technique. Real fragmentation data was collected by photo analysis and the field work was         

coordinated by O-Pitblast, Lda. technical department. For the model validation, the authors calculated the 

cost of previous blasts and collected fragmentation information. After that, an optimised blast was 

planned (where the fragmentation levels were maintained) and the final cost was estimated. The results of 

this technique demonstrate the cost reduction on a blast while the fragmentation was guaranteed. This  

approach to blasting optimisation procedures showed to be very useful and easy to apply. 
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2 BACKGROUND 

2.1 Rock blasting 

The three main factors affecting the blast results, 

are the selection of explosive (and its quality), 

blast design and the procedures implemented to 

replicate this design. It is important to understand 

the rock characteristics, structures and behaviour 

when submitted to a certain kind of stress        

generated by explosives (Bhandari 1997). 

     Empirical research and evidence on blasting 

operations helped to develop a series of blast     

design formulae in order to propose guidelines for 

the design process. It is believed that these        

important ‘rules’ are meant to be applied with the 

objective of achieving the desired blast results in 

an initial stage of any operation (Jimeno, Jimeno 

& Carcedo 1995 - p. 200). The results, ground 

conditions, operation details and geology will be 

the real decisive KPIs to define the blast design. 

     As mentioned by Jimeno, Jimeno & Carcedo 

(1995), there are a series of authors, mining       

engineers and researchers that developed empirical 

formulae, for pattern design, involving relations 

between: 

 

 

Figure 1. Bench blasting overview. 
 

      diameter 

      bench high 

      hole length 

      stemming 

      charge length 

      rock density 

      rock resistance 

      rock constants 

      rock seismic velocity 

      explosive density 

      detonation pressure 

      burden/spacing ratio 

      explosive energy 
 

     Some of the researchers are Andersen (1952), 

Pearse (1955), Hino (1959), Allsman (1960), Ash 

(1963), Langefors (1963), Hansen (1967), Konya 

(1972) and Lopez Jimeno, (1980). In Figure 1 are 

presented some of these parameters on a bench 

blasting model. 

2.2 Fragmentation 

Humans always try to understand the future. The 

same happens with mining engineers trying to  

predict   their   blast   results.    In   this   case,   for 
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fragmentation results and prediction, a world-wide 

well-known model is presented by Cunningham 

(2005) the Kuz-Ram Fragmentation model. 

     Several models were developed over the years, 

but the simplicity offered by the Kuz-Ram model 

makes it one of the most used prediction models 

(Cunningham 2005). It is based in three main 

equations. 

     Kuznetsov Equation (Equation 1), presented 

by Kuznetsov, determines the blast fragments 

mean particle size based on explosives quantities, 

blasted volumes, explosive strength and a rock 

factor. 
 

          (1) 

 

Where - 

= medium size of fragments (cm) 

A= rock factor 

K = powder factor (kg/m3) 

Q= explosive per hole (kg) 

115 = relative weight strength (RWS) of TNT 

compared to ANFO 

= relative weight strength (RWS) of 

the used explosive compared to ANFO. 
 

     Rosin-Ramler Equation (Equation 2),          

represents the size distribution of fragmented rock. 

It is precise on representing particles between 10 

and 1000mm (Catasús 2004 - p80): 
 

                                (2) 
 

Where - 

= mass fraction passed on a screen opening x, 

n = uniformity index 
 

     Uniformity index equation, determines a     

constant representing the uniformity of blasted 

fragments based on the design parameters           

indicated in Equation 3. 
 

 
                                                                            (3) 

Where - 

B = burden (m) 

S= spacing (m) 

d = drill diameter (mm) 

W = standard deviation of drilling precision (m) 

 = bottom charge length (m) 

 = column charge length (m) 

L = charge length (m) 

H = bench height (m) 

2.3 Optimisation models 

The majority of problems or daily decisions can be 

interpreted as a mathematical model composed of 

a set of functions. This conjunct of functions when 

correlated can generate a range of solutions that 

will be limited by decision variables and             

restrictions. This way, is necessary to define an 

objective function to define the problem (Hillier & 

Lieberman 2005). 

     For the present study, since is pretended open 

the blast pattern to minimize the cost keeping a 

certain degree of fragmentation, the objective 

function is the minimisation of blast total price by 

maximising the burden × spacing relation.     

Considering that this kind of problem has        

non-linear variables - variables inter-dependent 

between each other’s (Wagner 1975) was used a 

non-linear optimisation method. 

     This type of mathematical problem can be 

complex in the sense that optimising a field       

involving non-linear variables, may result in    

several solutions for the problem. The reason is 

due to the existence of multiple and global        

minimums/maximums on the functions associated 

with these kinds of resolutions. 

3 PATTERN EXPANSION PROCESS 

A pattern expansion process demands several steps 

in order to determine the best blast parameters (to 

be changed) and avoid production and safety      

issues. 

3.1 Geology gathering 

Naturally, mining and explosives engineers need 

to understand what they are blasting. The first step 

of a blast process is to try to understand the rock 

that is meant to be blasted. Identify the exact      

parameter, in terms of geology and rock structures, 

that affect the blast and determine the easiness of a 

rock to break when submitted to an explosive 

stress, was always a complex process. The practice 

field experience still plays the major role when the 

discussion is about the future blast results 

(Persson, Holmberg & Lee 1993). In the next 

chapters the authors will present a new           

methodology to, statistically identify this rock    

factor or rock influence in the process of        

fragmentation prediction. 
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3.2 Pattern planning 

The second step on blast planning is the definition 

of its volume and general dimensions. This should 

be limited by operation characteristics like blasted 

volume needed, drilling and explosive supplier  

capacity, load and haul availability and            

production. The general planning department  

generates a blast polygon with certain              

characteristics. Holes are distributed inside the 

polygon in order to provide the best energy or 

powder  factor  (kg  of explosives per m3/t of rock)  

distribution.    The    sequence    of    diagrams   of  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 shows the overall process. 

3.3 Fragmentation prediction 

As mentioned before, based on primordial geology 

analysis and blast pattern characteristic it is      

possible to infer (with a determined degree of  

confidence) the size distribution of blast fragments 

(Figure 4). This first approach allows engineers to 

assess if their blast will achieve operational needs. 

Since it depends on a rock factor or rock constant, 

and then knowing that the crust can be very      

heterogenic,   the   prediction  model  needs  to  be 

 

 

 

 

Figure 2. Blast design optimisation non-linear variables. 

 

Figure 3. Blast design process. 
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Blast design characteristics Fragmentation prediction (Kuz Ram Model)

Muckpile photo Photo-analysis process Fragmentation results

Rock Factor adjustment – Prediction calibrationPhoto analysis vs. Prediction Fragmentation Calibration

 

 

 

 
 

 

 

 

 

 

constantly calibrated in order to provide reliable 

results. An explanation follows. 

3.4 Fragmentation Analysis 

The way authors found to calibrate the           

fragmentation curve was by comparing the       

predicted fragmentation with the actual one.     

The last one can be obtained by photo analysis. 

There  are  several tools in the market that          

provide   the   needed  technology  to  estimate  the 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
block size in a muckpile. In this research an     

iPad and iPhone WipWare’s application was  

used, which turned to be a very useful and         

accurate tool. 

3.5 Model Calibration 

Based on the described linear optimisation    

method, the process to calibrate the rock           

factor/rock influence constant, analyses the       

predicted  and  measured X20, X50, X80 and X90 

 

 

 

 

Figure 4. Fragmentation prediction. 

 

Figure 5. Fragmentation analysis (WipWare®). 

 

Figure 6. Rock factor calibration process. 
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Initial stage Final optimized stage

Table 1. IS Blast design parameters. 
 

Parameter Value 

Burden 3.9 m 

Spacing 4.7 m 

Diameter 140.0 mm 

Stemming 3.2 mm 

Sub-drilling 1.2 

Bench high 10 

Powder factor 0.84 kg/m3 

 

Table 2. IS Fragmentation results. 
 

Size 
Kuz-Ram  

Prediction 
Photo Analysis 

X20 99 mm 42.57 mm 

X50 212 mm 149.32 mm 

X80 373 mm 302.67 mm 

X90 475 mm 587.39 mm 

UI 1.49 0.99 mm 

 

 

 

 
 

to obtain a perfect match between the two      

fragmentation curves (Figure 6). 

3.6 Results demands and application 

On the changes application stage, there is the need 

to define the fragmentation restrictions. The model 

will find the best design parameter (optimum 

global points), such as burden, spacing, stemming, 

sub-drilling, taking into account the restriction  

defined, to reduce the blast cost (objective      

function) – see Figure – and this last one based on 

the fragmentation restrictions calculated by the 

Kuz-Ram model. The design parameter’s            

restrictions are based on empirical ranges that can 

be inspired by the investigation results of the      

researchers mentioned in the background section. 

4 CASE STUDY AND RESULTS ANALYSIS 

The next points detail each step of the                

optimisation process (based on the methodology 

described before) and present some of the results 

achieved. 

4.1 Initial stage (IS) 

The original situation’s benchmarking is a very 

important point to record. Every field change must 

be gradual and studied individually to identify   

potential issues or deep improvements on the   

process. 

     The initial stage of the blast designs and results 

were recorded. 

 

 

 

 
4.1.1 IS design and results 

In terms of design, the analysed operation blast 

presented the parameters shown on Table and 

fragmentation results on Table. 

 

Figure 7. Optimised design parameters (optimum global points). 
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Table 3. Rock factor calibration. 
 

 Prediction Best fit 

Rock Factor 7.5 5.29 

 

Table 4. Non-Linear optimisation model                

optimisation. 
 

 

Initial      

Parameters 

Non-Linear 

Optimisation 

Model 

Diameter 140.0 mm 140.0 mm 

Bench High 10.0 m 10.0 m 

Burden 3.9 m 3.99 m 

Spacing 4.7 m 5.58 m 

Sub-drilling 1.2 m 1.2 m 

Stemming 3.2 m 3.39 m 

Number of Holes 120 99 

Volume (m3) 21996.0 21996.0 

Initiation       

systems (per 

hole) 

€ 11.00 € 11.00 

Explosive (per 

kg) 
€ 0.95 € 0.95 

Drilling (per     

metre) 
€ 12.50 € 12.50 

Rock Factor 5.29 5.29 

Density (kg/m3) 1250.0 1250.0 

RWS 105 105 

Fragmentation 

limit 
90% 90% 

Size 400.0 mm 400.0 mm 

 

4.2 Rock factor calibration 

Rock factor (rock blastability influence)              

parameters are presented in Table 3. These values 

were used to predict further designs and pattern 

expansion plans. 
 

 

    It is possible to observe that the obtained        

fragmentation from photo analysis is slightly 

smaller than the prediction. Since Kuz-Ram    

models retrieve higher values of fragmentation 

when rock factor is higher (meaning the higher the 

rock factor the harder it is to break that rock) it is 

understandable that the best fit factor must be 

smaller. 

4.3 Application 

With the calibrated rock factor, applied on the   

described on the non-lineal optimization model 

process, the design parameters, that best fulfils the 

empirical restrictions and match the fragmentation 

demands (X90 ≤ 400,00mm), were determined 

(Table 4.). 

     This first approach must be treated as any other 

non-linear problem, considering that this solution 

can be an optimum local and not the global one. 

Knowing this, the practical methodology is      

presented below. 

4.3.1 Results 

The authors defined a plan to achieve the obtained 

results in order to avoid too many changes in the 

terrain and manage the results at every stage. 

Small changes were applied at each stage and 

fragmentation results were evaluated. The pattern 

was expanded until the limits of the desired    

fragmentation were acceptable. In Table 5 it is 

possible to analyse the evolution on each stage. 

5 CONCLUSION 

Analysing Table 5 the authors incremented 10 cm 

on burden and spacing at each stage. Up to Stage 4 

there was no fragmentation issue. However, when 

Stage 5 was applied some oversizes were observed 

(X90 = 481.53mm). The authors took the decision 

to select Stage 4 as the ‘optimum global’. 

     This blast pattern was used to blast 5,020,000 

m3 and Figure 8 show the drill and blast            

improvements in terms of holes reduction (where 

it is estimated there is a reduction of 2,779 holes 

applying this methodology). In Figure 9 the      

savings for drilling, explosives and accessories 

represents an overall saving of €826,019.59. 

     The cost benefits and the quality of blast        

results prove by themselves the utility of this   

kind of numerical approach on blast pattern      

definition. With this research it is proved that it is 

possible to build mathematical models that       

simulate results for blast geometric variables.   

This methodology proved to be very useful in    

setting strategies for cost reduction and blast     

optimisation. It is always important to combine 

mathematical models with field experience to 

avoid excessive changes and end up with     

productivity and safety issues. 
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Table 5. Field data analysis 
 

 Initial 

Stage 
Stage 1 Stage 2 Stage 3 Stage 4 Stage 5 Stage 6 Stage 7 Stage 8 Stage 9 

Diameter 

(mm) 
140.0 140.0 140.0 140.0 140.0 140.0 140.0 140.0 140.0 140.0 

Bench High 

(m) 
10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 10.0 

Burden (m) 3.9 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 4.0 

Spacing (m) 4.7 4.8 4.9 5.0 5.1 5.2 5.3 5.4 5.5 5.6 

Subdrilling 

(m) 
1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 

Stemming (m) 3.2 3.3 3.4 3.4 3.4 3.4 3.4 3.4 3.4 3.4 

           KR Adjusted 

X20  

70.0 

mm 

72.0 

mm 

73.0 

mm 

75.0 

mm 

76.0 

mm 

78.0 

mm 

79.0 

mm 

81.0 

mm 

82.0 

mm 

84.0 

mm 

KR Adjusted 

X50 

149.0 

mm 

156.0 

mm 

160.0 

mm 

163.0 

mm 

165.0 

mm 

168.0 

mm 

171.0 

mm 

173.0 

mm 

176.0 

mm 

178.0 

mm 

KR Adjusted 

X80 

263.0 

mm 

279.0 

mm 

287.0 

mm 

291.0 

mm 

294.0 

mm 

298.0 

mm 

302.0 

mm 

305.0 

mm 

309.0 

mm 

312.0 

mm 

KR Adjusted 

X90 

335.0 

mm 

356.0 

mm 

367.0 

mm 

372.0 

mm 

376.0 

mm 

380.0 

mm 

384.0 

mm 

388.0 

mm 

392.0 

mm 

396.0 

mm 

           Photo-

Analysis X20  

57.50 

mm 

60.90 

mm 

53.20 

mm 

56.00 

mm 

62.60 

mm 

64.30 

mm 
N/A N/A N/A N/A 

Photo-

Analysis X50 

136.60 

mm 

141.50 

mm 

152.30 

mm 

149.03 

mm 

146.20 

mm 

149.70 

mm 
N/A N/A N/A N/A 

Photo-

Analysis X80 

245.80 

mm 

258.70 

mm 

268.30 

mm 

272.40 

mm 

275.20 

mm 

284.90 

mm 
N/A N/A N/A N/A 

Photo-

Analysis X90 

320.80 

mm 

336.90 

mm 

343.70 

mm 

352.50 

mm 

386.71 

mm 

481.53 

mm 
N/A N/A N/A N/A 
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Figure 8. Number of holes evolution (IS vs. Stage 4). 
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     This kind of approach can be used not only for 

pattern expansion but also for pattern adjustments 

(sometimes closing the pattern) to fulfil mine to 

mill demands in terms of blast results. 
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Figure 9. Drill and blast savings (IS vs. Stage 4). 
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1 INTRODUCTION 

One morning Gunnar, an experienced blaster, fired 

a shot at the limestone quarry he had been working 

at for over ten years. It was a typical shot for the 

quarry. They use electronic detonators, put telltale 

shock tubes in the holes, and video each shot. 

Seismographs monitor the few nearby houses, but 

they never get complaints. Initially, everything 

seemed fine. 

     But Gunnar had a feeling something wasn’t 

quite right. The muckpile looked a bit lopsided, 

different from the previous shots. The detonators 

seemed to have fired, but the video camera didn’t 

pick up the telltales today. Was there a misfire, or 

perhaps something different about the geology in 

this part of the pit? 

     There really was no way to tell, and Gunnar, a 

very careful man, decided to assume that there was 

a misfire and dig carefully. You don’t take chances 

with undetonated explosives in the muck. What a 

pain. And what a waste of money. 

     But is there really no way to tell? Let’s think 

about this. What is a misfire, anyway? Simply   

put, it is ‘the complete or partial failure of         

explosive material to detonate.’ Now, when       

explosive detonates, it must generate an impulse 

on the    surrounding material – that’s what will 

fracture the rock! That impulse eventually         

becomes  elastic  (no  longer  fracturing rock), and 

Misfire detection using wavelet transforms of blast seismograms 
 
D.A. Anderson & W.J. Birch 
BlastWorks LLC; Blast Log Ltd. 

 

 

 

 

 

 

 

 

 

 

ABSTRACT: Misfires are dangerous. That can be said without any ambiguity. What can be ambiguous is 

when and where a misfire occurred in the shot. There are clues, though: the blast itself broadcasts          

information about each hole’s firing in the seismic waves. Seismic waves with the highest vibration     

frequency represent the detonations. Wavelet transform analysis of blast waves determines frequency as a 

function of time. This is displayed as ridges on a figure that resembles a relief map. Ridges at high       

frequency have been shown to correspond directly to detonations. Recent analysis of a blast with a      

suspected misfire of several holes detected the absence of firings at expected times, i.e. a misfire. The   

paper briefly describes the basis for wavelet transform analysis. Next, we show wavelet transforms for a 

properly detonated blast. Finally, we show how wavelet transform analysis is used along with the         

expected firing times to assess a misfire. 
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propagates as vibration. 

     Therefore, each hole in a blast tells the story 

about whether it detonated or not in the ground 

vibration signal. That signal generally looks too 

complicated to unravel. Only with long-period   

delays recorded at close distance are the firing 

times separated well enough for individual        

detonations to be distinguishable. Otherwise, it is 

almost like all of the holes are talking at once.  

Almost… 

     What about the seismic records at Gunnar’s 

quarry? To decipher the story each hole tells here, 

we need a tool to analyse such records. That’s 

what this paper is about. 

2 DETONATION SIGNALS 

The initial pulse generated by an explosive       

detonation is very high frequency. Of course, as 

this pulse propagates away from the borehole, it is 

reflected and refracted at various discontinuities – 

fractures, bedding planes, joints. With each 

bounce, and each time it fractures more rock, it 

loses a bit of energy, the frequency decreases, and 

these waves are added on to the tail of the original 

pulse. Therefore, though the propagated wave may 

get quite complex due to the many reflections, 

there is still a remnant of the initial pulse in the 

recorded wave. 

 

 

 

 

     When detonations are separated by a relatively 

long time interval as in many tunnel blasts, and if 

the waves are measured fairly close to the shot so 

that the frequencies are still high, pulses due to the 

individual detonations can be seen. Many times, 

however, such as in Gunnar’s blast, the firing 

times are relatively close together and the      

waveforms from individual holes are long. It     

becomes impossible to visually distinguish        

individual detonations. Another tool is needed to 

identify detonations, and a key is the fact that there 

is a remnant of the detonation at high frequency 

buried in the reflections and refractions. 

     Figure 1 shows a waveform from a fifteen hole 

quarry blast recorded at 300 meters. This shot was 

fired with electronic detonators, and fired     

properly. There are quite a few large oscillations in 

the seismogram, and one might be tempted to     

associate these oscillations with firings. This 

would indicate, however, that there was significant 

variability in the shot at about 200 ms and 550 ms. 

There was no evidence of such issues in evaluation 

of the results. 

     As we shall see later, it is low amplitude pulses 

that are representative of detonations, but they 

cannot reliably be picked out from waveforms 

such as these. One can see small wiggles in the 

waveform, but it is not clear if these are associated 

with the detonations. 

 

 

 

 
Figure 1. Fifteen hole blast waveform. 
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3 WAVELET TRANSFORM TECHNIQUE 

To analyse a seismogram for assessing blast      

performance, a different technique is needed. In 

previous papers (Anderson 2013, 2015, 2016,  

Anderson et al. 2015, 2016), we have shown that 

wavelet transform analysis can be used to extract 

the representatives of detonations from a         

well-behaved blast seismogram, like the ones in 

Figure 1. Briefly, wavelet transform analysis is 

based upon the matching a short simple wave as it 

is computationally passed through the wave that is 

to be analysed. 

 

Figure 2. Sample mother wavelet – ‘Morlet’. 

 

     The short simple wave is called the ‘mother 

wavelet’. A representative example, called the 

Morlet wavelet, is shown in figure 2. 

 
 

 

 

        Calculation of the wavelet transform then  

follows this process: 
 

       a compact form of the mother wavelet is 

translated along (swept across) the waveform, 

and convolved with the signal waveform (i.e. 

the blast seismogram) 

       the wavelet is then dilated (expanded) and 

Step 1 is repeated, he amount of dilation is 

termed the ‘scale’, low scales correspond to 

high frequencies, and high scales to lower 

frequencies 

       this is then done for all of the scales desired 
 

        The resultant amplitudes are then displayed 

on a plot called a scalogram, a projection of a 3-D 

plot, something like a relief map, with the          

following  axes: 
 

       the left-right axis is time in milliseconds 

       the front-back axis ‘scale’ (1/frequency), axis 

units are on the right 

       the vertical dimension is the amplitude in   

arbitrary units, the arbitrary amplitude axis 

units are on the left 

     The height of the peaks is proportional to the 

vibration energy in the wave at a particular time 

and scale. The scalogram is also darkness coded 

from light (lowest amplitude) to dark (highest  

amplitude), and an artificial ‘lighting’ is applied to 

make the relief stand out. 

     A   scalogram  depiction  of  wavelet  transform 

 

 

 

Figure 3. Wavelet transform scalogram. 
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analysis of the seismogram in Figure is shown in 

Figure. 

     The low-frequency energy (in the background) 

dominates the figure. This energy, due primarily to 

the influence of the geological path, is not what we 

are really interested in. In the foreground (high 

frequency), and at much lower amplitude, are     

fifteen ridges at regular intervals. These are noted 

with arrows. The times for each of the ridges 

match the design firing times for the shot. We 

have seen in numerous examples that this       

technique can detect detonations in seismograms 

recorded in the near-field as well as at distance. 

     So now, how about Gunnar’s problem? What 

can wavelet transform analysis say about a       

misfire? We have analysed a blast where there was 

a concern that several holes may not have fired, 

even though the muckpile moved. 

4 SUSPECTED MISFIRE 

A blast in a quarry in the US seemed to behave 

strangely, though there wasn’t obvious evidence of 

a misfire – just like Gunnar’s hypothetical blast. 

There  weren’t any problems with the seismograph 

 

 

readings, but something didn’t seem right. 

     Only one seismograph recorded this blast, 

which was deployed for liability compliance    

purposes and not to study firing times. The     

seismograph was 600 meters away from the blast, 

as shown in Figure 4. 

     The design for the blast, including the relative 

locations and designed firing times, is shown in 

Figure 5. The shot layout indicates that there were 

25 drilled and loaded holes in two rows, with the 

initiation point five holes in from the right-hand 

side. The recording seismograph was to the left 

and behind the shot. 

     Because the shot opened several holes in    

from the right-hand end of the shot, the              

vibration signature from the holes to the right      

of the opening hole would be travelling through 

broken rock, and might not be recorded        

strongly. In particular, broken rock is good           

at filtering out the high frequency vibration that 

we are looking for in the wavelet transform     

analysis. 

     The client needed to know whether a misfire 

was likely for this shot. We conducted the wavelet 

transform analysis to accomplish this. 

 

 
Figure 4. Blast location map. 
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5 ANALYSIS USING WAVELET 

TRANSFORM 

The wavelet transform analysis of a seismogram 

from this blast is shown in Figure 6, along with the 

waveform. Again, the waveform is not useful for 

determining firing times, but shows how difficult 

such a task would be. 

     Note that there are ridges in the foreground, 

like the ones in Figure 3, from about 65 ms to 

about 500 ms. The waveform continues beyond 

500 ms but the ridges stop. 

     We have picked the ridge locations, and      

displayed most of the picks on the scalogram in 

Figure 7. 

 

 

 

 

 

 

 
 

     You can see that it would be basically          

impossible to pick these high frequency          

pulses out from the waveform – they are             

really just small discontinuities or ‘blips’ in the 

waveform. The determined firing times are shown 

in Table 1. 

     The Raw column contains the numbers from 

the analysis (i.e. the ridge times). The time         

between holes is a calculation of firing time      

differences – the between-hole delay. The        

Cumulative column adjusts the Raw data to start at 

0 ms. Finally, in the Absolute column the times 

are adjusted to start with the designated 425 ms 

‘initiation time’ in the blast design. 

Figure 5. Blast design. 

 

Figure 6. Seismograph and wavelet transform of suspected misfire. 
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Table 1. High frequency ridge times picked from 

wavelet transform. 
 

Raw Time/ 
Holes 

Cumulative Absolute 

65.45 0 0 425 

101.6 36.15 36.15 461.15 

132.8 31.2 67.35 492.35 

159.2 26.4 93.75 518.75 

184.6 25.4 119.15 544.15 

211.9 52.7 146.45 571.45 

241.2 29.3 175.75 600.75 

273.5 32.3 208.05 633.05 

309.6 36.1 244.15 669.15 

347.7 38.1 282.25 707.25 

380.9 33.2 315.45 740.45 

419.0 38.1 353.55 778.55 

448.3 29.3 382.85 807.85 

486.3 38.0 420.85 845.85 

 

 

 

 

 

 

 

 

 

6 RESULTS 

Clearly some of the firing times match the          

designed times, and others don't. However, we 

have seen cases where ‘shadowing’ of the          

vibration from holes occurred when there was    

evidence that the whole shot fired properly, so 

lack of a good pulse doesn't necessarily mean that 

the hole did not fire properly. More than one   

seismograph record will allow waveforms taken at 

various azimuths to be compared, minimising the 

shadowing effect. 

     There also is some scatter in the determination 

of the ridge times (they are not perfectly straight) 

as well as scatter in the firing times because, as we 

understand, a pyrotechnic (non-electric) initiation 

system was used. 

     All of that being said, we have made a direct 

comparison of the firing times obtained from the 

wavelet transform calculations with those planned 

for the shot. In TABLE the column for the times 

determined from the ridges is labelled ‘Absolute’, 

the second column shows ‘Planned’ firing times, 

the third column indicates the firing times for 

holes detonated on the ‘right hand side’ of the shot 

– i.e. those holes whose vibration may have been 

shadowed by the detonation of the holes at 425 ms 

and 541 ms. The final column indicates the firing 

times that may have shown a misfire. 

     The matches of firing times are fairly close in 

many cases, but not all. There aren’t ridges        

Figure 7. Waveform and scalogram of suspected misfire with ridge times picked. 
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Table 2. Wavelet transform times compared with 

design firing times. 
 

Absolute Planned Right 

hand side 

Misfire? 

425 425   

461.15 458   

 475 X  

492.35 491   

 508 X  

518.75 524   

544.15 541   

 557   

571.45 574   

 591 X  

600.75 599  X 

607   

 624 X  

633.05 632  X 

640   

669.15 665  X 

673   

 698  X 

707.25 715   

 731  X 

740.45 748   

 764  X 

778.55 781   

807.85 814   

845.85 847   

 

indicating a detonation for the holes in the     

‘shadow zone’ (as discussed earlier) on the right 

hand side. This seems unambiguous, and could 

have been corrected with another seismograph 

record collected at a different azimuth. 

     There is some ambiguity about association of 

the firing times for three ridges at about 601, 633 

and 669 ms. Each of these could reasonably be   

associated with two firing times: either a suspected 

misfire or one of the regular detonations. Where 

there are clear matches, the ‘Absolute’ times     

appear to be slightly earlier than the associated 

‘Planned’ times. In each of these three ridges,    

taking this into account favours association with 

the non-misfire holes. 

     However, the last three of the suspected     

‘misfire’ holes seem to be clearly absent from     

the wavelet transform figure, and ridges             

corresponding to detonation of the last five second 

row holes do appear to be present. 

     One other potential factor to consider is travel 

time for the waves. Separation of the holes will  

induce either increased or decreased apparent     

delay due to the short time for the wave to travel 

between holes (a few milliseconds). This again     

is a function of azimuth relative to the blast      

orientation. We have not included such             

consideration in this analysis. 

7 CONCLUSIONS 

From a wavelet transform analysis of one seismic 

record of a blast, it appears that there is evidence 

of missing detonations in the firing sequence. 

     One set of detonations missing in the record is 

likely due to shadowing of the vibration record by 

detonation of previous holes in the path of       

succeeding wave propagation. Another            

seismograph in another direction should have 

picked up the detonation of these holes. 

     The other detonation sequence may match the 

suspected misfire holes, though there is some    

potential ambiguity regarding the association of 

some of the firing times determined from wavelet 

transform analysis with the planned firing times. 

This may be due to scatter in detonation times due 

to pyrotechnic delay. Alternatively, there is some 

ambiguity in determining appropriate times for the 

ridge locations. 

     However, in general, it appears that there is   

evidence from the wavelet transform analysis to 

support the contention that misfire occurred in the 

final six holes of the front row in the shot under 

consideration. 

     We conclude that wavelet transform analysis 

can be used to routinely detect firing times for a 

blast measured with a standard seismograph, like 

taking a snapshot of the detonations. When       

expected firing times are known, this methodology 

can be used to rapidly assess whether a blast fired 

properly or not, thus detecting misfires. This    

procedure can be part of a misfire identification 

protocol, as recommended in an earlier paper  

(Anderson et al. 2016). 
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1 PRACTICAL APPLICATION OF MODERN 

BLASTING THEORY 

1.1 Effects of the detonation of explosive 

Immediately after detonation, explosive initially 

detonates in the dynamic phase, in which a shock 

wave moving at detonation velocity shoots along 

the charge through the rock to be blasted        

(Figure 1). 

     The shock wave reacts directly with the P- and 

S-wave velocity of the rock in a very confined 

space. The interaction of the waves in solid matter 

was proven by H.P. Rossmanith (1998) (Figure 2). 

     Depending on the detonation velocity, the      

effect is supersonic, transonic or subsonic. The  

severity of the sonic effect with the formation of 

the Mach cone is responsible for fragmentation 

and the vibrations released (Figure 1 and 2). The 

P- and S-seismic waves produced and the surface 

wave of the Rayleigh waves are crucial for the    

resulting vibrations. Because of the importance of 

the Rayleigh wave velocity for the vibrations, the 

R-wave velocities of the rocks are shown in     

Figure 3. 

     Because no S-waves are formed in water-

saturated media in the air or in water, the blasting 

effects are transmitted by the P-wave and the     

vibration immissions require separate               

consideration (Figure 1). 

     The effect of the quasi-static gas pressure phase 

follows after a delay of 200 to mostly 300 ms. In 

this short time span, the chemical reaction has 

reached the stage at which the resulting fumes    

initiate the movement of the rock to be blasted. 

The fumes penetrate cracks,  cavities and cleavage  

Modern theory = flexible blasting = low vibrations 
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ABSTRACT: Scientific findings about the effects of detonating explosive backed up by laboratory        

research can be used to develop flexible blasting and detonation methods. Knowledge of what happens 

during detonation, especially the physical processes involved, allows the size of blasting systems to be 

optimized even under varying conditions. By applying recent research findings, the fragmentation of the 

muckpile can to a certain extent be controlled. According to these findings, the more successful the  

fragmentation of the solid rock to be blasted, the lower the blasting vibration immissions. Given this   

theoretical background, it makes sense to replace old procedures in drilling, blasting and detonation  

technology by new approaches. 
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Figure 1. General processes and effects of detonating explosives in soil and rock. 

 

Figure 2. The sonic effect provides a controllable dependency between fragmentation and vibrations. 
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spacing, and eject the muck pile out of the rock 

(Figure 1). The blasting fumes are thus involved in 

the further fragmentation and loosening of the 

muckpile. 

 

 
Figure 3. Correlation between P- and R-wave velocity 

of all rock types. 

 

 

     Figure 4 contains a simplified depiction of the 

processes and the source of vibrations during 

blasting and how they can be measured. Strikingly, 

in a radius of about 150 metres around the blast, 

seismic and surface waves as well as movements 

and distortion are formed in the soil and rock 

mass. Distortion and peak particle velocities can 

be measured simultaneously by fibre-optic strain 

gauges. 

 

Figure 4. Processes and measuring devices for the 

source of blasting vibrations. 

 

1.2 Influencing fragmentation 

The fragmentation of the muckpile above and be-

low ground can be influenced depending on the 

density and detonation velocity of the explosive. 

Research has shown that the higher the theoretical 

detonation pressure, the higher the fragmentation 

of the muckpile (Figure 5). 

 

Figure 5. Correlation between theoretical, effective 

detonation pressure with the distance r between the 

blasting system and the measuring location, and the 

peak particle velocity ppvmax in various opencast 

mines. 

 

     The degree of fragmentation is inversely          

proportional to the vibration immissions. In all 

wave mechanical processes, it must be              

remembered that existing cracks, fractures,    

cleavage spacing, gaps and material changes affect 

and weaken the passage of the shock wave. Apart 

from raising the filling ratio and charge weight of 

the blast hole, increasing the width-to-height ratio 

of the blast hole 
burden

spacing
s  has been 

shown to improve the fragmentation effect.      

Figures 6, 7 and 8 explain the detonation          

possibilities of simultaneous and progressive    

detonation sequence with which the width-to-

height ratio, the detonated burden, the angle of 

discharge and the main propagation direction of 

the vibrations can be consciously controlled. 

 

 

Figure 6. Redundant, simultaneous, non-electric        

detonation sequence with increase in the detonated 

width-to-height ratio of the blast hole 
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     Apart from increasing the fragmentation of the 

rock, multiple-row blasting enables the ejection of 

the blasting system to be controlled merely by 

means of the detonation sequence without the need 

for additional blast holes as well as the blasting 

system to be expanded without increasing the    

vibrations (Figures 7 and 8). 

 
 

 

Figure 7. Simultaneous detonation pattern of a       

five-row blasting operation with central cut area;      

the right-hand side is delayed by 42 ms compared      

to the left. 

 

 

 

Figure 8. The detonation sequence shown can be   

used to steer the main propagation direction of the   

vibrations away from the location. 

 

 

1.3 Blasting vibrations: forecasting and 

objective guide values 

The various correlations currently used to predict 

blasting vibrations are based on the parameters of 

the distance r between the blasting system and the 

measuring location, and the simultaneously      

detonated charge weight of blast holes in the same 

detonation stage. The properties of the explosive 

are not taken into account. Based on the new, 

proven effect mechanisms of detonating            

explosives, the correlations were examined by   

statistically analysing the measurements taken  

during a large number of blasting operations above 

and below ground. Figure 9 shows the influence of 

key parameters on the blasting vibrations as     

percentages. 

    The dominant influence of the distance between 

the blasting system and the point at which          

vibrations are measured produces a statistically 

verified correlation if different distances are taken 

into account. The other parameters of influence: 
 

       sonic effect 

       theoretical energy or theoretical momentum 

       maximum blast hole charge 

       detonated burden 
 

have an increasingly reduced effect on vibrations 

in the order shown. The charge weight per        

detonation stage still used has no effect on         

vibration immissions. To forecast blasting          

vibrations, based on the statistical studies, the   

following theoretical correlation between         

momentum and distance 
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and the theoretical correlation between energy and 

distance 
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were worked out, where: 
 

 filling ratio 

s  charge density (kg/m³) 

cd detonation velocity of the explosive 

(m/s) 

VSB maximum volume of explosive charge in 

the blast hole (m³) 

WB maximum charge per blast hole (kg) 

ppvmax maximum peak particle velocity (mm/s) 

max maximum expansion (mm/m) 

r distance between blast hole with      

maximum charge weight and measuring 

location (m) 

r0 correction factor (1 m) 

k, k´,  

m, m´,  

n, n´ exponents and factors objectively       

determined with statistically verified  

regression analysis 
 

     Examples of how the forecasting correlations 

can be compiled when measuring blasting above 

and below ground are shown in Figures 10 - 13. 

First of all, the measurements of maximum peak 

particle  velocity  are  evaluated  as  a  function  of    
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Figure 10a. The theoretical correlation between     

momentum and distance in a pyroclast mine (10b)     

is derived from the correlation between spacing and 

distance (10a). 

 

 

Figure 10b. The theoretical correlation between    

momentum and distance in a pyroclast mine (10b)     

is derived from the correlation between spacing and 

distance (10a). 

 

 

 

 

distance (Figures 10a and 11a). In the second step 

of multiple regression, the exponent of r is used 

and correlated to the other parameters. 

     A statistically verified theoretical correlation 

between momentum and distance is obtained  

(Figures 10b and 11b). The graphs in Figures 11a 

and 11b impressively demonstrate the strong      

influence of the maximum charge weight per blast 

hole and the detonation velocity in basalt when the 

parameter r shows very variable results. 

 

 

Figure 11a. Correlation between momentum and     

distance (11a) and the derived theoretical momentum 

– distance correlation in a basalt mine (11b). 

 
     Figure 12 confirms the theoretical correlations   

between energy and distance of a high filling ratio 

with pumped and cartridged emulsion explosive. 

Forecasting blasting vibrations for underground 

blasting follows the same correlations. 

Figure 9. Statistical influences of the parameters on vibration immissions (%). 
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Figure 11b. Correlation between momentum and     

distance (11a) and the derived theoretical momentum 

– distance correlation in a basalt mine (11b). 

 
 

     The example in Figure 13 shows a verified       

theoretical correlation between energy and        

distance for tunnelling. 

 

 

Figure 12. Example of theoretical energy–distance  

correlations from 2-D blasting operations in           

carbonate rock with cartridge and pumped           

emulsion explosive. 

 

 

 
Figure 13. Example of a theoretical energy–distance 

correlation from 3-D blasting operations for           

tunnelling in carbonate rock. 

     The fact that the charge weight per detonation 

stage has no effect is proven in the practical       

example in Figure 14. Comparison of the         

predicted and measured peak particle velocity of 

the same blasting systems confirms that the charge 

weight per detonation stage is unsuitable for    

predicting correlations. There is no statistical      

reliability and the calculated peak particle          

velocities deviate significantly from the measured 

values. 

 

 
Figure 14. Comparison of calculated (forecast) and 

measured peak particle velocity in accordance with 

DIN 4150, Part 1 (BGR) and the theoretical energy–

distance correlation (MBC). 

 

 

 
Figure 15. Graph showing ppv (theoretical energy–

distance correlation) of statistically verified               

regression equations from blasting operations         

with different aims. 

 
 

     As already shown several times, summarising 

the theoretical correlations between energy and 

distance shows that the vibrations mainly depend 

on the sonic effect (Figure 15). The higher the 

sonic effect in the blasting system, the lower the 

vibrations produced with the same energy input - 

but the higher the fragmentation. Based on        

numerous  measurements  of peak particle velocity  
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Table 1. Recommended, objectively derived guide values for peak particle velocity (from short-term blasting  2–

5 s above and below ground) on buildings, structures, transport routes and equipment. 

 

Line  

(category) 

Building type, structure, 

transport route, sensitive 

equipment 

Guide values for peak particle velocity vi in mm/s 

Measurements on foundations 

or the lowest area of the  

structure/ground level  

frequencies for vx, vy, vz 

Top floor –     

ceiling level – 

vx, vy without        

frequency  

reference 
1–10 Hz 10–50 Hz 

50 –  

100 Hz 

1 (k) Transport routes, reinforced 

railway tracks 
100 100–120 120 – 

2 (k) Reinforced concrete  

structures, steel pylons, 

bridges, underground  

installations, tunnels,  

caverns, mining tunnels with 

dimensioned reinforcement 

70 70–90 90–100 – 

3 (k) Industrial buildings and  

similar structures,  

underground installations, 

tunnels, caverns, mining 

tunnels with masonry  

reinforcement or no  

reinforcement 

25 25–50 50–70 60 

4 (k) Apartment buildings,  

commercial use and  

equivalent buildings,  

computer systems 

15 15–20 20–25 25 

5 (k) Buildings with special  

verifiable vibration  

sensitivity, sensitive  

installations and equipment 

10 10 – 12.5 12.5–15 15 

 

 

and expansion, the mechanical fracturing of   

building materials and natural stone, and the      

assessment of dynamically caused structural   

damage after an earthquake in Nieder-Beerbach, 

reliable, objective guide values were derived for 

blasting vibrations (Müller, Litschko, & Pippig 

2015) (Tables 1 and 2). The new Austrian     

standard ÖNORM 59020 has adopted similar   

recommendations to those shown in Table 1. If a 

peak particle velocity of 25 mm/s and an           

expansion of 5 µm are not exceeded, in physical 

terms buildings cannot incur mechanical fracture 

damage. 

 

2 FLEXIBLE ADAPTATION OF BLASTING 

SYSTEMS 

2.1 Examples from extraction blasting above 

ground 

On the edge of a deposit of high-quality natural 

stone consisting of various granulites is an          

elevated water tank which supplies six               

municipalities with drinking water. The water tank 

consists of two chambers built from B25             

reinforced concrete and fitted with stable        

foundations. Granulite was to be blasted at a     
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Table 2. Recommended, objectively derived guide 

values for expansion on buildings, structures, 

transport routes and equipment (from short-term 

blasting  2–5 s above and     below ground). 

 

Line  

(category) 

Guide values (for peak 

particle velocity vi in 

mm/s) 

1 (k) 213–357 

2 (k) 50–213 

3 (k) 5–50 

4 (k) 1.0–5 

5 (k) 0.3–1 
 

 

distance of no less than 28 m away from the       

elevated water tank using suitably sized blasting 

systems without exceeding a maximum peak      

particle velocity set by the local authority of 40 

mm/s. Figure 16b shows the many blasting       

systems, some of which are extensive, located at a 

range of down to 28 m from the water tank. 

 

 

 
Figure 16a. Extraction blasting operations no less  

than 28 m away from an elevated water tank. 

 

 

     Maximum blast hole charge weights of 30–60 

kg were detonated simultaneously and               

progressively. One of the four or five multiple-row 

blasting operations is shown in Figure 16a. In the 

immediate vicinity, the wall height was divided 

from 12 down to 5–6 m. Ultimately, extraction 

was carried out successfully without exceeding the 

permissible guide value by means of flexible      

adjustment. Each blast was monitored by             

recording vibration and stain measurements. In a 

granite mine, the drilling and blasting technology 

had to be extremely adapted to local conditions 

(Figure 17). 

 

 

 
Figure 16b. Extraction blasting operations no less than 28 m away from an elevated water tank. 
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Figure 17. Blasting operations near four high-pressure gas pipelines with a diameter of up to 2,000 mm. 

 

Figure 18. Expansion and ppv measurements on a high-pressure gas pipeline (diameter: 2,000 mm) 68 m 

away from extraction blasting. 
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     Four high-pressure gas pipelines with a          

diameter of up to 2,000 mm were installed about 

60 m away from possible blasting. The blasting 

systems were designed as multi-row blasting      

operations with simultaneous detonation and 

pumped emulsion explosive on a booster at the 

bottom of the blast holes (Figure 17). Figure 18 

shows the complex measuring equipment used 

comprising FBG strain gauges, three-component 

geophones, and detonation velocity measurements 

in a blast hole charge. The vibrations were     

measured on the pipes and at several points in the 

vicinity of blasting (Figures 17 and 18). 

     Comparison shown between the expansion 

measurements and the peak particle velocity 

measurements reveals the close correlation         

between the expansion–compression states and the 

peak particle velocity curve measured nearby on 

the pipe (Figure 19). 

 

 

Figure 19. Comparison of expansion curve (Sensor 

MBC 1, large), measurement along the gas pipeline 

with the ppv curve of the second blasting on 23      

November 2015. 

 

 

     These measurements confirm the accuracy of 

the vibrations detected and allow the effects of 

blasting to be evaluated in detail. Figures 20 and 

21 document the measurements and the derivation 

of the theoretical energy - distance correlation. 

     Using the statistically verified correlation found 

enabled the remaining extraction blasting          

operations to be flexibly dimensioned without   

endangering the gas pipelines (Figures 20 and 21). 

     The permissible guide value was provisionally 

reduced to 30 mm/s by the gas pipeline operator 

without investigating the actual possible effects on 

the welded steel pipe. 

 
Figure 20. Function between ppvmax and the  

distance r of blasting operations next to the gas  

pipelines. 

 

 

 
 

Figure 21. Theoretical energy–distance correlation  

of blasting vibrations for the granite mine next to the 

gas pipelines. 

 

 

2.2 Use in tunnelling 

The advantages of the simultaneous, progressive 

detonation sequence applied above ground can be 

harnessed for underground blasting in connection 

with tunnelling (apart from for the contour and toe 

holes). The cut area must be completely detonated 

after 300 ms so that the ejection of rock beginning 

here does not negatively affect further loosening. 

Drilling, blasting and detonation are dimensioned 

in accordance with modern blasting theory and the 

following principles: 
 

       a uniform explosive must be chosen            

according to the principle of the sonic effect 

and knowledge of the P- and S-wave          

velocities of the rock to be removed 

       derivation of specific explosive consumption 

according to the strength of the rock and the 

area of the blasted sections 

       even, complete filling of the available blast 

hole volume 
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       arrangement of the blast holes preferably as a 

flexible parallel cut with large blast holes 

       even, preferably spiral-shaped opening of the 

cut area chosen in accordance with fracture 

mechanics, and then reciprocal simultaneous 

detonation in the auxiliary hole area, taking 

into account the advance of the detonation 

sequence in the cut area up to 300 ms      

(Figure 22) 

       afterwards, the serial detonation of the      

contour holes at the same time as the          

supersonic calculation of the charge weight 

e.g. detonating fuse (Figure 22) 

 

     The applied detonation sequence used in the      

example of semi-circular tunnelling in Zierenberg 

Tunnel in Hessen, Germany, is shown in Figure 

22. This type of detonation sequence resulted in 

good fragmentation of the muckpile, an optimum 

muckpile position, and high-frequency vibrations 

(Figure 23). 

     As a result, the permissible guide values for the 

parallel old tunnel 20 m away was then increased 

from 20 to 50 mm/s by those responsible at 

Deutsche Bahn AG. The contour was charged with 

100 g of detonating fuse and simultaneously    

detonated at four intervals. Finally, by using the 

theoretical energy - distance correlation, drilling 

and blasting could be quickly adapted to all   

changing conditions, such as the presence of basal 

vents (Figure 24). 

 

 

 

 

 

 

 

Figure 23. Example of peak particle velocity       

measurement of blasting in the roof section in the   

new Zierenberg Tunnel (ppvmax = 20.8 mm/s;          

frequency 98.9 Hz). 

 

 

 

Figure 24. Theoretical energy–distance correlation at 

tunnelling in Zierenberg with transonic effect. 

Figure 22. Firing sequence in the roof section with spiral cut and simultaneous detonation in the auxiliary 

holes (figures indicate rounds of non-electric detonators at the bottom of boreholes). 
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Figure 25. Position of the muckpile after blasting on 23 March 2016 at about 11.15 am. 

 

Figure 26. Thermogram after blasting the roof section showing hot areas near charges detonated in blast holes. 
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     Compared to other regression equations, the     

correlation can be classified as transonic. The 

blasted sections were uniform, the contour was 

well split off, and the rock to be removed fractured 

without affecting the cohesion of the surrounding 

rock (Figure 25).  

     Moreover, the rubble was ejected onto a central 

pile, making it easy to remove. Owing to the use of 

thermographic monitoring to detect inflowing   

water following blasting, the temperature on the 

face was recorded by chance 20 minutes after 

blasting. Part of the blast hole pattern in which the 

cartridges and detonating fuse were detonated was 

recorded by small, warm spots in the thermogram 

(Figure 26). 

     The stronger the bottom of the blast hole, the 

higher the explosive’s sonic effect was calculated 

– and the hotter the visible temperature point.    

After blasting, an infrared camera can hence be 

used to check the face to examine the effect of 

blasting and identify any failures. 

     In short, flexible, adaptable drilling and     

blasting in response to changing geological      

conditions based on the new findings has proved 

successful. 

3  CONCLUSIONS 

This innovative blasting method based on         

recorded effects and proven correlations will mean 

substantial economic benefits for firms using     

explosives above and below ground to loosen   

sections of solid rock. Shattering and vibrations 

can be controlled so that blasting can take place 

near existing buildings and other structures. 

Moreover, large blasting systems are more         

environmentally friendly than frequent small   

blasting systems. 
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1 INTRODUCTION 

Today in Swedish tunnelling projects the         

production may be stopped if the allowed           

vibration level is exceeded; this obviously causes 

increased costs and time delays to the project   

progress. In general, the reason for stopping the 

production is the risk of damage to buildings,  

construction or any other sensitive object. In order 

to get the starting permit after the production stop, 

the contractor must present actions in the           

deviation report where it is shown that the next 

blasts will not exceed the vibration limits. In order 

to take some actions an analysis of the blasted 

The influence of charge confinement on vibration level in blasting 
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opinion among blasters that an increased charge confinement results in higher vibration levels. But is 
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and the signals were analysed with respect to the confinement. Neither the literature study, nor the        

follow-up of misfired rounds, nor the field test could confirm any relation between the degree of         

confinement and the vibration level. The results so far indicate that further research should be carried out 
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vibrations in civil applications and minimise its negative effects. 
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round must be conducted. Compared to tunnelling 

10-30 years back in time, the monitoring and  

documentation of the single round is much more 

thorough and the results are more accessible. Blast 

reports are easy to find in databases and all rounds 

are being monitored with time/history presentation 

of amplitude where the signal resolution often    

allows for identification of single holes in each 

round. Logs from the drill rig and the               

mixing/charging unit will also provide information 

on drilling geometry, accuracy and drilling       

machine parameters as well as weight of each 

charge. The accessibility to modern monitoring 

techniques has decreased the amount of        

speculation in analysing a blast round but there are 

still many uncertainties left to explore. For        

example, the introduction of electronic detonators 

with short time delays makes it easier to identify 

single charges in a blast round but it can still be 

difficult to separate charges especially at longer 

distances. 

     The analysis of the blast round is usually    

conducted by the contractor’s blasting engineer. 

The engineer, together with the certified rock 

blaster, is responsible for drill, charge and           

initiation plans. Sometimes also the client’s       

engineer will take part in the analysis work and in 

very rare cases the client involves a blasting     

specialist. Possible reasons often pointed out for 

the high vibration level include: 
 

       human mistakes in planning the blast round 

       human mistakes in drilling, charging and 

hooking up the blast round 

       material malfunction 

       detonation failure, sympathetic detonation   

of two or more charges or dead pressing of a 

charge caused by a nearby detonation, and 

       charges being more confined than normal,  

for example the lower corner holes in a    

tunnel round 
 

     There is a broad spectrum of possible reasons   

behind the high vibration levels. Some of them are 

easier to confirm than others. For example, human 

error can be easy to confirm provided the tunnel 

crew is aware of the error and want to share the  

information. Vibration monitoring can explain 

detonation failure especially in the first opening 

part of the tunnel round. The influence of         

confinement has been claimed to influence the 

level of vibrations and is often pointed out as the 

reason for exceeding vibration levels but is one of 

the more difficult parameters to confirm. A charge 

could be too confined due to: 

       incorrect charge calculation (charge weight is 

too small for the drilled burden) 

       incorrect interval-time (holes behind are     

initiated before holes ahead) 

       incorrect selection of explosive for the     

burden or influence of dead pressing 

       unfavourable selection of geometry or 

       drill hole deviation 

 

     Usually, not too long after the blasting work in 

a project has been halted, a conclusion is            

established based around documentation and     

experience. Quite often the correction of confined 

holes is one of the measures taken. The drill plan 

is changed in order to reduce the risk of           

over-confined holes. However, such measures 

should not be used as a correcting action before 

we establish a fundamental understanding of how 

the confinement of a charge influences the          

vibration level. This is especially true when this 

action may have a direct influence on time and 

costs. 

     In order to further examine the influence of 

confinement on vibration level two projects were 

executed, a pre-study and a field test. Both studies 

were sponsored by BeFo (Rock engineering       

research foundation) in Sweden. 

2 PRE-STUDY 

The pre-study comprises a literature study and an 

assessment of a number of observed misfires in 

tunnels. The misfires were tunnel rounds with  

correctly detonating charges but yielding a pull or 

breakage with more than 50% reduction compared 

to plan. This was in order to establish a basic 

knowledge about the roots of such beliefs among 

blasters, as well as to investigate the evidence in 

previous tunnelling projects. 

2.1 Literature study 

The effect of blast confinement on ground          

vibrations has been an area of interest for many 

studies. However, there is no collective conclusion 

as to whether such effect exists or not. A quick 

look in some classic blasting handbooks will, only 

in some cases, confirm a relationship between  

confinement and vibration level: 
 

       Langefors & Kihlström, The modern       

technique of rock blasting, third edition 1978: 

the authors do not mention the effect of 

charge confinement on vibration level 
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       Persson, Holmberg & Lee, Rock blasting and 

explosives engineering 1993: the authors note 

that confinement condition is one of the      

parameters involved in vibration control and 

also mention measures to reduce the charge 

confinement and thereby reduce the vibration 

level 

       Olofsson, Applied explosives technology for 

construction and mining 1997: Olofsson 

points out that ‘Steeper hole inclination or 

other conditions increasing the constriction  

of the blast (misfires etc.) may cause         

considerable increase of vibration velocity’ 
 

     However, a thorough literature survey revealed 

that the opinion of the blasting community is     

divided into two categories regarding the influence 

of confinement on vibrations. Most of the early 

studies mention the confinement as a significant 

factor in vibration levels in blasting (Andersson 

1985, Jimeno et al. 1995, Siskind et al. 2002), 

while some other studies point out to the opposite 

direction (Blair & Armstrong 2001, Uysal et al. 

2007). 

     Different methods and techniques have been 

utilised to investigate this effect. Several studies 

used field tests in semi-controlled setups     

(Bergmann et al. 1973, Liu & Ludwig 1996,  

Ramulu et al. 2002, Ramulu et al. 2005, Ramulu 

2010) and confirmed that more confinement yields 

larger vibrations. On the other hand, Blair &  

Armstrong (2001) conducted a re-analysis of the 

raw vibration data from some of these studies and 

claimed that most of these conclusions are based 

on a prevailing assumption that the effect from 

confinement already exists. In addition, the       

statistical evidence behind the effect was biased 

and did not support the common belief. Blair & 

Armstrong (2001) further confirmed this by a     

series of experiments as well as a Dynamic Finite 

Element Model (DFEM) which showed the        

influence of confinement on vibrations are very 

limited. Ironically, their model showed that under 

certain circumstances the vibration levels decrease 

with increasing burden, which is precisely         

opposite to the belief of mentioned studies, but 

agrees with field experiments of Uysal et al. 

(2007). 

     Altogether, the many trials conducted to        

investigate the effect of burden on vibrations do 

not point to a single conclusion. The varying     

experimental and statistical methods utilised by  

researchers have led to entirely contradictory      

results. Based on the literature, a confident      

conclusion cannot be drawn about the effect of 

confinement on blast vibrations. Such controversy 

is partly due to different theories behind vibration 

production and partly owes to different              

experimentation approaches and divergent        

presumptions about the effect of confinement. 

2.2 Observation of misfired tunnel rounds 

In order to find proof for or against a relation     

between charge confinement and vibration levels 7 

misfired tunnel rounds, 13 reference rounds and 6 

re-blast rounds and their vibration signals were 

analysed. A misfired round is defined as a blasted 

round with fully or partially unsuccessful results, 

i.e. advance of 50% or less, without claiming the 

reason for the misfire. In the study the vibration 

levels from the misfired rounds were compared to 

the levels from rounds blasted before or after the 

misfired round. Also the signals from the re-blast 

of the misfires were monitored. The vibration   

levels for each round were monitored in many    

locations. An example for the monitoring scheme 

is presented in Figure 1 where 11 geophones were 

used. The number of measuring points and so the 

amount of data varied between the projects, but in 

two of the rounds sufficient data was collected and 

it was possible to conduct a statistical analysis. 

2.3 Result 

Figure 2 shows the result from round no.3. At 

most of the measuring points in this round (8 of 

them) the vibration levels from the misfired round 

were in the same range or lower than the reference 

rounds; in three of them the misfire is lower. The 

re-blast vibration level is in general the same or 

lower as the misfired round except in one       

measuring point where the re-blast was twice as 

high as the misfired round. 

     Figure 3, another misfired round in the same 

area shows that all 4 reference rounds had a higher 

vibration level in all measuring locations        

compared to the misfired round and the following 

re-blast. 

     Rounds 3 and 4 provided enough information 

for a statistical analysis as well. The univariate 

analysis of variance (ANCOVA) was conducted to 

check the difference between the vibrations based 

on confinement conditions. The pairwise         

comparison of the rounds showed that there is no 

significant difference between the vibration levels 

from the reference, misfired, and re-blast rounds. 

Figure 4 visually confirms this as it presents the 

logarithmic  plot  of vector PPV values against the 
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Figure 1. The Citybanan project, round 3. The 4 fired rounds at the centre are one misfired round, one re-blast 

and two reference blasts, surrounded by triaxial geophones. 

 

Figure 2. Results from round no 3, data are scaled distance corrected. Round 652 is the misfired round, 755 

the re-blast and 756 & 762 the reference rounds. 
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scaled distance. For both rounds almost all VPPV 

values lie within the 95% confidence interval of 

the reference blasts, implying that there is no     

difference between the vibrations from different 

confinement conditions. 

3 FIELD TEST 

3.1 Introduction 

The objective with a separate field test was to 

compare the effect of confinement on vibration 

level in a controlled environment by blasting    

single charges and by using a specially designed 

monitoring system. The area in which the tests 

were carried out was relatively small with small 

variation in rock conditions. Going from the    

misfired tunnel rounds in the pre-study to the field 

test gave a more reliable test set up. 

     The test site was situated in a rock quarry north 

of Stockholm, operated by one of Sweden’s larger 

contractors NCC. A large area in the quarry was 

already cleaned off from soil and dirt and therefore 

it was easy to find a proper area for the test. A  

natural vertical slope provided a perfect,           

undisturbed bench face for the charges that were 

blasted with a normal burden. 

     A geological mapping was conducted prior to 

blasts  to  be  used  in  case  of  unexpected  results 

 

 

 

 

 

from the vibration monitoring system. The rock in 

the test area consisted of fine to medium grained 

gneiss granite with two sets of fractures. Both  

fracture systems were vertical and were oriented 

perpendicular to one another. Warm and dry 

weather conditions prevailed throughout the whole 

testing period. 

3.2 Field test geometry 

A 3-D survey was initiated as a first action when 

starting the field works. As a result of this survey a 

3-D model was established which enabled for 

good quality data of depth of charges and       

monitoring positions and distances between the 

charges and the monitoring geophones. Also the 

practical blast planning work became easier to 

conduct when all set-out of hole positions could 

be made by a survey instrument. In Figure 5 a 

cross-section of the test area is shown. The model 

could also be used for drill planning design. 

3.3 Blast hole design 

The size of the test area gave space for 13 holes 

with normal breakage and 10 totally confined 

holes. Three holes were drilled for monitoring 

purposes. The row of 13 holes at normal burden 

was  drilled  approximately  1.25 m  from  the  free 

Figure 3. Results from round no 4, data are scaled distance corrected. Round 866 is the misfired round, 867 

the re-blast and 864, 865, 868 & 869 the reference rounds. 
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face. The row with confined holes was drilled   

approximately 16 m behind the free bench face 

and the 3 monitoring holes in between the two 

rows. The hole diameter was 45 mm for blast holes 

and 76 mm for the monitoring holes. Hole depth 

was around 3 m and the target was to have all 

charges and the monitoring geophones at the same 

level (Figure 5). 

     In order to calculate the correct distance        

between charge position and measuring point each 

 

 

 

 

 

 

 

 

 
hole collaring position, hole inclination and hole 

depth was surveyed after drilling. The final test 

geometry is shown in figure 6. The black dots,     

1-13, are the holes with normal burden and the 

white holes, 1-10, are the confined ones. In        

between are the three monitoring holes,          

M10-M12. 

     Each hole was charged with a dynamite type of 

explosive, Minex Eco plastic pipe with a diameter 

of  32 mm.  The  charge  weight  was  0.95 kg. The 

Figure 4. Logarithmic plots of scaled distance (SD) versus VPPV for rounds 3 and 4, with regression lines 

and confidence intervals. 

 

Figure 5. A cross-section of the test area 3-D model provided a good basis for the planning work. To the 

left is the charged hole with a normal burden, to the right the totally confined charge and in the centre the 

hole with fully grouted geophones. 
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O O O O O O O O O 10 confined charges 0,94 kg

approx. 8 m

M10 M11  M12

approx. 8 m

O O O O

O O O O O O O O O 13 charges normal burden 0,94 kg

 

 

 

 

 

 

 
 

charge was initiated with Firex VA Ms electric 

detonator. All holes were stemmed using gravel 

stemming material. The hole distance was         

approximately 2 m. All holes were blasted as    

single holes and the order was decided according 

to the breakage of the previous hole. 

     Figure 7 shows the principal hole geometry. 
 

Monitoring system 
 

     All vibration monitoring was carried out by    

Swebrec at Luleå University of Technology. Three 

3-axial geophones were fully grouted in boreholes 

M10-M12 shown in Figure 7. Frequency range 

was  2.6–2000 Hz.  The  data  was  recorded  by  a 

 

 

 

 

 

 

 
 

32-channel data logger, at 25 kHz sampling rate, 

and thereafter transferred to a PC computer and 

analysed using MATLAB. 

3.4 Results 

In Figure 8 all data from the field test is shown. 

The plot includes all 12 geophones and 23 single 

shots. The white dots are the totally confined 

charges and the black dots show the results from 

the 13 charges blasted with a normal burden. 

Scaled distance is shown on the horizontal axis 

and vibration level on the vertical axis. However, 

since  the charge weight is close to 1 kg the scaled 

Figure 6. Hole collaring positions. The black dots, 1-13, are the holes with normal burden and the white 

holes, 1-10, are the confined ones. In between are the three monitoring holes, M10-M12. 

 

Figure 7. Schematic drawing of the hole geometry. 
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distance value is close to the actual distance       

between the charge and the geophones. The result 

in each data point in the graph is the vector sum 

from the three directions. It is quite difficult to 

find any differences in the result between the   

confined charges and the charges blasted with a 

normal  burden.  In the complete BeFo report from 

 

 

 

 

 

 

 

 

 

 

 

the test a more thorough analysis is presented.  

Different parts of the test area, different directions 

and different measuring points were analysed and 

correlations to the geology were studied. In all 

these cases, except one, the previous conclusions 

persist, i.e. no significant differences could be 

found. 

Figure 8. The results from all charges and all measuring points. The white dots are the totally confined 

charges and the black dots show the 13 charges blasted with a normal burden. Scaled distance is shown 

on the horizontal axis and vibration level on the vertical axis. 

 

Figure 9. The results from only measuring point M10. The white dots are the totally confined charges 

and the black dots are charges with a normal burden. Scaled distance is shown on the horizontal axis 

and vibration level on the vertical axis. 
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     The exception mentioned above was when the 

data from measuring point M10 in the right part of 

the test area was evaluated. Figure 9 shows that 

the confined charges gave higher vibration       

amplitudes compared to the ones with normal  

burden. This could not be explained by any       

specific geological feature in that area of the test 

compared to other parts. 

     Even from a statistical point of view, the     

confined and free faced holes did not show any 

significant difference. Figure 10 shows the vector 

PPV values vs. scaled distance for two groups of 

confined and free faced shots. As seen, the         

regression lines are very close to each other and 

even the 95% confidence intervals are much alike. 

     Due to the fact that the charge weights in all 

holes were equal (ca. 1 kg) and all holes were 

within very close range, we can discard the scaled 

distance and compare the VPPV values directly. 

Figure 11 presents the histograms of the VPPVs 

separated     by     confinement     condition.    The 

 

 

 

 
 

histograms clearly show that there is no             

distinguishable difference between the peak       

particle velocities in relevance to the burden. As a 

matter of fact, the largest vibrations were           

registered from two free faced shots, which is   

contrary to the general opinion in question. In   

addition, most of the registered VPPV values were 

in a similar range for both confined and free faced 

shots. 

4 CONCLUSIONS 

The results from the study of the misfired rounds 

and from the field test show no or very little       

relation between level of vibration and the degree 

of charge confinement for a typical smaller charge 

used in tunnel blasting. It can be concluded that a 

bore hole in a blast round which is wrongly drilled 

(giving the charge more confinement than normal) 

does not necessarily have to give a higher          

vibration level. This is often the perception among  

Figure 10. Vector PPV values vs. scaled distance of shots, grouped according to confinement condition 

with their corresponding regression lines and confidence intervals. 
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production blasters. Based on this perception, 

when a blast exceeds the vibration limits, the    

correcting action is often to modify the drill plan 

in order to reduce charge confinement. According 

to findings of this study, this action may not be 

correct and the confinement may not be the reason 

behind higher vibration levels. 

     On the other hand, the tests in this study were 

based on conditions that are not always applicable 

in normal blasting. The scale was smaller than that 

of common bench and tunnel blasting. Tighter 

drilling pattern and smaller charge weights have 

been used. Vibrations were measured within a 20 

m range from the blast hole and only single holes 

were detonated. However, the test was executed 

under  controlled  conditions.  The  quality  of data 

 

 

 
 

for charge weight, geometry, and vibration signals 

is high. The benefit of working within a small area 

is that the variations in geology and other        

structural features are limited, even though they 

may exist. 

     In this project both vibration data from normal 

tunnelling production and single-hole tests have 

been used. The overall result points in the same  

direction. No correlation is found between the   

degree of confinement and the vibration level. 

     This project has not been trying to explain this 

result or to verify the physical background to it. 

During the time of the project and afterwards    

different people have come up with explanations 

why the common opinion is that an increased   

confinement gives higher vibration levels. 

Figure 11. Histogram of all vibration data separated by confinement condition. 
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     Some of them are presented below: 
 

       some claim that this has been obvious in 

most cases by own experience 

       some believe that more energy travels into 

the rock behind the hole if the burden is  

larger 

       the charge weight is higher than planned and 

noted due to compensation by the charging 

crew for a wrongly drilled hole 

       the charge weight could simply have been 

higher than planned due to lack of 

knowledge, equipment failure or just       

carelessness 
 

     This project will not put an end to this common 

opinion among rock blasters, but hopefully it will 

contribute to the interest in the issue of charge 

confinement and vibration level. More people    

involved in rock blasting may be alert and more 

observations will be made to collect facts in order 

to come closer to the answer regarding a possible 

relationship between charge confinement and     

vibration level. 

     It is still too early to abolish the belief about 

confinement effect on vibration, but we are       

certainly on the path to explore it further and     

increase our understanding about it. 
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1 INTRODUCTION 

The Panama Canal has been playing a strategic 

position on economies of scale and international 

maritime trade since its inauguration. However,  

after almost a century of operations, forecasts  

predicted that the Panama Canal would soon reach 

its maximum sustainable capacity. Facing this  

scenario, the ACP (Panama Canal Authority)   

proposed a major expansion program which       

required the construction of a new set of locks to 

double the actual canal’s capacity. Now, the final 

phase of that expansion program, the largest       

infrastructure works since its inauguration, is end. 

The expansion program has created a new lane of 

traffic along the Canal through the construction of 

a new set of locks – one in the Pacific and another 

in the Atlantic -, increasing the Canal’s capacity 

and impacting the world’s economy even more.  

2 GEOLOGY 

The rock domains in the Expansion Program were 

dominated by Basalt, Pedro Miguel Agglomerates 

and La Boca Formation. However, the Third Set of 

Locks   project was  strongly  dominated by Basalt  

Controlled Blast Vibrations on the Third Set of Locks:               

Panama Canal Expansion Program 
 
P. Couceiro, M. Lopez-Cano & A. Jafa 
MAXAM Terra Solutions, Madrid, Spain 

 

 

 

 

 

 

 

 

 

 

ABSTRACT: The design and construction of the Third Set of Locks was the main component of the  

Panama Canal expansion program. The complexity and challenges of this project, in part due to their   

unprecedented size, was related to the tight schedule of the works, which combined simultaneous earth 

movement, rock excavation by blasting and construction of the locks, in a demanding work environment.  

This project required more than 2000 shots to excavate almost 18.6 million m3 of rock, consuming almost 

10 million kg of explosive in 5 years. In addition, a complex combination of blasting techniques was    

required in order to control undesired effects such as ground vibration, air-blast overpressure and         

flyrocks. In terms of ground vibrations, several challenges were faced along of all phases of the project, 

since most of the blasting operations were carried out close to structures with freshly poured concrete,   

offices and existing locks and other installations. Thus, a stringent control and study of ground vibrations 

was deployed in order to ensure safety of various sensitive structures and neighbourhood communities 

along of all excavation’s works of the Third Set of Locks. 
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and La Boca Formation, with typical calibrated 

rock factors (based on Lilly/Cunningham       

methodology) varying from 6.7 to 14. Basalt rock 

was the only material found in Aguadulce Hill, 

Upper and Middle Chamber whereas in the Lower 

Chamber, Basalt and La Boca formation were 

found (Figure 2). The basalt domain could be  

classified in two subdivisions according to its   

heterogeneity, lithology and geomechanical    

characteristics: massive and columnar basalt, both 

with medium hard to very hard hardness, dense 

and tough. In contrast, La Boca Formation was a 

sedimentary formation of volcanic origin and its 

hardness varied from very soft to medium hard 

rock composed mainly of consists of sandstones, 

siltstones, limestones and agglomerates. 

3 THE THIRD SET OF LOCKS 

The Design and Construction of the Third Set of 

Locks was the main component of the entire      

expansion  program,  consuming  up to 60% of the 

 

 

 

 

 

 

 

 
 

ACP’s budget. The project entails the construction 

of Neopanamax-dimension lock complexes on 

both oceans, one in the Pacific side and another in 

the Atlantic side. Each complex was designed to 

have three chambers, nine water-saving basins, a 

lateral filling and emptying system and rolling 

gates. However, most of the excavation works  

carried out in the Pacific side had demanded    

special combination of blasting techniques. Hence, 

in order to fully attend the Third Set of Locks    

design, excavations with special blasting        

techniques were carried out in order to open and 

shape the rock surface areas where the new locks’ 

channel, chambers and water-saving basins were 

settled. 

     The Third Set of Locks project required a  

complex combination of blasting techniques. On 

the one hand, the surface preparation for the new 

locks itself, which demanded a combination of 

production, buffer/caution and contour blasting in 

an almost sculptural form, in order to excavate 

chambers,     water-basing,     water-conduits    and      

Figure 1. The Third Set of Locks on the Pacific Side. 

 

Figure 2. General Overview of different project or component on the Pacific Complex works and simplified 

rock domains on the Panama Canal Expansion Program (based on ACP, 2006b). 
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Table 1. Blast Design Parameter for the Third Set of Locks (Production Blasting) 

Design  

Parameter 

Range of  

Value 

Average 

Value 
Comments 

Hole Diameter 
102/89/114mm 

(4.0/3.5/4.5") 
- 

The most common diameter was 102mm, 

followed by 89mm. 

Hole Length 0.5m - 27.1m 8.3m 
Depending of excavation design, Quarries 

or special blasting. 

Hole  

Inclination 
0º-10º-15º - According to the excavation design. 

Burden 1.0m - 5.5m 3.0m The most common pattern was 3.5x4.0m, 

followed by 2.5x3.0 and 4.0x4.0m. A total 

of 127 different grids were used in the 

project. 
Spacing 1.0m - 6.0m 3.4m 

Stemming 0.5m - 6.0m 2.8m - 

Subdrilling 0.0m - 6.0m 0.6m Most of the blasts had no Subdrilling. 

Stiffness Ratio 0.5 - 20.8 2.8 
The higher SR comes from long holes in a 

much-closed pattern. 

Powder Factor 
0.10-1.40 

kg/m3 

0.51 

kg/m3 

Lower powder factor in special blast and 

toe blasts. 

 

 

 

 

 

others. On the other hand, close to the chambers 

excavations, a quarry was opened in order to   

provide adequate aggregate material for the     

concrete plant. Furthermore, always under a strict 

control on the stemming and loading design and 

operation, due to the risks of flyrocks on the      

operating Panama Canal, most of the blasting    

operations were carried out close to maturing  

concretes structures, offices and existing 

locks/structures, demanding a severe control over 

the   maximum  instantaneous  charge  in  order  to 

 

 

 

 

keep ground vibrations levels under control. 

3.1 General Blast Design Description 

The complexity of blasting activities in the Third 

Set of Locks can be appreciated by the use 127 

different drilling patterns applied during the     

project. The most common pattern used was 

3.5x4.0m, used in around 13.3% of the shots; the 

patterns of 2.5x3.0m and 4.0x4.0m were used in 

12.8% and 10.9% of the shots, respectively. These 

Figure 3. (a) Blasting loading operation in the Upper Chamber area; (b) Bulk operation on the  

Aguadulce Hill quarry. 
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large number of blast patterns were needed for the 

excavation channel, chambers, water-basing     

configurations and quarries. Related to the charge 

configuration, the most common explosive used 

was a doped pumped watergel, as well as watergel 

and emulsion cartridges. Cartridges of smaller    

diameter were used in very restrictive blasts, for 

example in blasting near maturing concrete     

structures or in final walls. 

     In general, caution blasting design consisted of 

smaller diameter boreholes, generally 76mm, and 

on a smaller drill pattern when compared to     

production blasts. The loading was done with   

cartridge explosives to obtain a decoupling effect. 

The average borehole length was 6.3m and the 

maximum was, 13.6m. The most common caution 

pattern was 2.0x2.0m with an average powder   

factor of 0.83kg/m3. These configurations were 

normally used together with pre-split blasting, or 

when close to sensitive structures. 

     The almost sculptural use of the pre-splitting 

technique was common during the Third Set of 

Locks project and challenged due to the complex 

geomechanical state of the Basalt. In general, good 

results were obtained in massive basalt whereas 

the final state of the walls, in the columnar Basalt 

 

 

 

 

structures, was strongly dominated by the rock 

mass structure. The borehole diameter was 76mm 

with a spacing varying from 0.7m to 2.0m. The 

most common charge was composed of an 80g/m 

detonating cord as a column charge with one       

or two emulsion cartridges at the bottom,        

connected with 6-10g/m detonating cord.         

Pre-splitting blasting was shot alone, or together 

with production/caution blasting, delayed by     

90-120ms. 

4 GROUND VIBRATIONS  

The Third Set of Locks project demanded a strong 

assessment regarding to ground vibrations. As a 

result of complex operations’ schedule, where   

excavations by blasting should be conducted      

together with pouring concrete operations, a part 

of others existent surrounding structures such as 

ACP offices, Miraflores Locks and others, an    

exhausted monitoring and analysis program was 

deployed. A total of six tri-axial seismographs 

were installed around of the blasting areas in other 

to monitor vibration levels for each one of the 

2000 shots carried in this project. Therefore, some 

special  studies   were conducted  in order to better 

 

 

 

 Figure 4. Ground vibration formulas for different quadrants in the Third Set of Locks Project. 
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understand and control ground vibrations        

generated by blasting, such as bi-dimensional   

iso-velocity maps of vibrations, blasting near to 

maturing concrete structures, and others. 

4.1 Bi-dimensional Isomaps of Vibration 

Considering the heterogeneity behavior of the   

terrain, specific attenuation laws for different 

quadrants were stablished (Figure 4). The first and 

second quadrants referred to the south-west and 

north-west areas of the project whereas the third 

and fourth ones included the all east region in     

relation with the new channel axis. As              

consequence of this sectoring process, a              

bi-dimensional analysis could be conducted in   

order to understand the azimuthal attenuation of 

ground vibrations around of the project. These 

formulas were used to determine the maximum  

instantaneous charge for each blast (Table 2), by 

considering the location of the shot and main 

structures to be protected. 

     The  construction  of iso-velocity maps helps to 

 

 

 

 

understand how the terrain’s anisotropy affects the 

azimuthal attenuation (Figure 5). Thus, an          

iso-velocity map of vibration was generated based 

on the first four shots, which was used to stablish 

the first assessment of the site-specific attenuation 

law for maximum instantaneous charges of 25kg, 

50kg, 75kg and 100kg. Longer attenuations were 

observed on quadrants III and IV in comparison 

with quadrants I and II. These attenuation laws 

were constantly updated in order to better         

understand the behavior of vibration               

characteristics as the project progressed. On the 

other hand, as the project progressed, higher      

vibration’s scatter was observed, probably due to 

the constant modifications of the terrain, location 

and design of blasts, and others.  

4.2 Blasting Near to Maturing Concrete 

Structures 

After 8 months of intense blasting campaign, 

blasting activities started to be simultaneously  

carried  out  with  concreting  pouring  operations. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5. Isomap of vibrations based on the first shots. 
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Table 2. Site specific attenuations laws. 

I Quadrant II Quadrant III & IV Quadrant General 

    

 
 

These overlapping activities required specialized 

attention on blast design and execution in order to 

ensure safety and control of ground vibrations. 

The main blast design strategy was based on the 

definition of the maximum instantaneous charge 

by considering distances of surrounding concrete 

structures from blasting, their ages and properties, 

and the site-specific attenuation law. 

     In this line, the admissible peak particle         

velocity was established by taking into account the 

non-linear behavior of concrete properties during 

the maturing process, passing through a complex 

physical transformation. This non-linear behavior 

leads to different limits of Peak Particle Velocity 

(PPV) depending of the concrete’s age.           

Consequently, combining the elastic wave’s     

formula    and   elastic   failure   criteria,  a  simple 

 

 

 

 

 
 

 

 

 

 

 

 

formula for maximum admissible PPVadm was    

obtained: 
 

 
 
     Where Td is the dynamic tensile strength; Ed is 

the dynamics Young’s Modulus; and Cp is the 

elastic wave velocity of the medium. The Fresh 

Concrete (0-4 hours) has a favorable Td /Ed         

relationship that allows relatively higher PPVs 

limits. During the Earlier-age (2-24 hours), on the 

other hand, Ed increases faster than Td, leading to a 

lower PPV limits. Finally, the Hardened Concrete 

(after 7 days), Td increases faster than Ed,            

increasing the PPV limits up to a final value,     

independently of its age (Zhang et al, 2005). 

 

 

 

 

 

Figure 6. Some monitoring vibration on maturing concrete comparing with Oriard’s recommendation 

(Jimeno et al, 1995) and project limits (Abersten, 2010). 

 



 

 

- 101 - 

  
 

Maturing Concrete 

 

 

 

 

 

 

     Therefore, based on the concrete’s age, a range 

of PPV limits were stablished for the Third Set of 

Locks project (Abersten, 2010). These limits   

were used to define the maximum allowed           

instantaneous charge for each blast, which         

required special attention for charging and delay 

timing design. Thus, the following relationship 

was stablished 
 

 
 

Where Qadm is the maximum instantaneous charge 

(MIC); PPVadm is the maximum admitted peak 

particle velocity; D is the distance between      

concrete location to the blast; ,  and  are 

constants of the site-specific attenuation law. 

     Consequently, MIC restrictions required the 

use of decks techniques in several occasions.   

Figure 6 presents some of the vibration data  

monitored on maturing concrete structures with 

different ages, compared to the established project 

limit criteria (Abersten, 2010) and Oriard’s      

recommendations (Jimeno et al, 1995). 

4.3 Over confined Ground Vibration Control 

The final excavation’s works on the south access 

channel, located south-west of the new locks,  

connecting the Pacific Entrance to the entrance of 

the new locks, required special drilling and     

blasting technique with long PVC cased holes. 

The construction of a cofferdam permitted the   

excavation and construction of the locks structures 

in  dry  conditions.   The final  phase  for the south 

 

 

 

 

 

 

access was carried out by both dry and underwater 

blasting techniques. For the case of dry blasting 

operations, 31 shots were necessary to remove 

371,000 m3 of rock and filled material. 

     The typical blasting cross section was        

composed by three different layers. The top    

overburden layer was formed mainly by filled   

material, with thickness varying from 0m to 5m. 

This layer was necessary to guarantee dry          

excavation conditions. Following the overburden 

layer, an intermediate layer of La Boca formation, 

with thickness between 7-10m, was found. The 

bottom layer was composed by basalt rock with 

thickness varying from 0m to 9m. Thus, as        

consequence of this structural composition, a     

selective layer blast design was applied in order to 

only break the basalt material, at the bottom, since 

all material would later be dredged by a cutter  

suction dredger. Thus, based on those                

circumstances, three main requirements were    

considered during the blast design assessment for 

dry overburden excavation:  
 

a)    The maximum allowed fragmentation size 

should be less than 300mm in the basalt layer 

due for efficient dredging operation. The top 

overburden material would be removed by    

alternative equipment; 

b)    The second requirement was related to the 

guarantees related to the final excavation level 

(to avoid toe formation), since the excavation 

levels had to be achieved in one single blast 

(no benches); 

c)    Lastly, the potential impact of ground           

vibration on nearby structures must be 

Figure 7. Blast TSL-BR-0321, near to maturing concrete structures. One deck per hole (split the charge 

in two parts) with maximum instantaneous charge of 4.5kg. 

 



 

 

- 102 - 

  
 

 

 

 

 
 

       minimized. The main nearby structures were 

the Cofferdam and Pillar structures of the dike 

approach, specially, Pillar #25 (Figure 8). 
 

     Depending on the structure’s type, specific  

limits were stablished by the ACP. The cofferdam 

and the dike’s structure respectively allowed a 

peak particle velocity of 140 mm/s and 50 mm/s 

with critical distances of 100m and 200m.     

Therefore, a part of technical specification in 

terms of fragmentation and excavation levels, 

ground vibrations were a constant concern due to 

the presence of sensitive structures around the area 

and the over confined conditions of the shot. 

These concerns required a massive monitoring 

program with at least six seismographs installed in 

strategic points around the excavation area to 

monitor the impact of these over confined long 

blastholes  shots.  Finally,  the dry overburden area 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9. Ground vibration results from over confined 

shots in Pillars #1 and 25, and Cofferdam. 

 

 

 

 
 

was successfully completed after 31 shots and    

vibrations were kept bellow project limits, as     

observed in Figure 9. 

5 CONCLUSIONS 

The third set of locks project has been successfully 

completed with the use of diverse blast techniques 

and solutions. More than 2,000 blasts have been 

safely carried out in order to shape the Pacific 

Third Set of Locks of the new Panama Canal, by 

excavating 18.6 million m3 of rock. Undesirable 

environment impact effects have been controlled 

as a result of a conscientious and comprehensive 

ground vibration monitoring and studying        

program, without disturbing the schedule of the 

works. Finally, this immense and challenging    

expansion program would not have been possible 

without specialized blasting solutions. 
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1 INTRODUCTION 

The ability to accurately predict run of mine 

(ROM) fragmentation is a well-documented and 

invaluable tool for blast optimisation, in particular 

within the context of mine to mill optimisation or 

‘throughput engineering’. Numerous case studies 

attest to this, for example, Renner et al. (2006), 

Dance et al. (2006) and Bennett et al. (2014). In 

these examples, improvements in concentrator 

throughput ranging from 10 to 15 percent were 

demonstrated, resulting in significant potential   

increases in revenue for the sites. 

     In the maturing field of Grade Engineering® 

(Bye 2011, Carrasco 2016, and CRC ORE 2017), 

grade by size metal deportment is utilised to      

upgrade marginal ores, allowing low grade ores to 

be processed economically by only processing the 

The development of a new geometrical blast fragmentation model 

and its application to Grade Engineering® 
 
D. La Rosa 
Cooperative Res. Cen. for Optimising Resource Extraction (CRC ORE), Brisbane, Australia 

 

 

 

 

 

 

 

 

 

 

ABSTRACT: The ability to accurately predict run of mine (ROM) fragmentation is a well-documented, 

invaluable tool for blast optimisation. In the maturing field of Grade Engineering®, grade by size metal 

deportment can be induced by differential blasting, and it is essential to be able to predict the size        

distribution of the differentially blasted ore in order to quantify the value of upgrading concentrator feed 

by screening. Generally, fragmentation models can be grouped into empirical and mechanistic categories. 

Empirical models include the common Kuz-Ram model variants and can be easily implemented in a 

spreadsheet. Mechanistic models are usually developed by research organisations or explosive companies, 

requiring significant computing power to deal with the complexities of the explosive detonation processes 

and rock mass descriptors. Each approach has advantages and disadvantages. The author has used the 

Crushed Zone Model for some time in mine to mill optimisation projects. While the results of the model 

can usually be calibrated to measurements of the actual ROM particle size distribution, there are          

limitations to its application, especially in finely structured rock masses. In addition, the output of the 

model applies to the entire blast and doesn’t allow for the size distribution of a particular region of a blast 

to be interrogated. A new fragmentation model, dFrag, has been developed that combines coarse       

fragments created by radial cracks fracturing a 2-D representation of the rock mass structure, with fines 

created around the blast hole to determine the final ROM size distribution. 
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higher grade finer particles after separating them 

with standard screening practices. The propensity 

of this deportment, defined as its Response    

Ranking, is not necessarily always strong enough 

to economically upgrade all ores. In this case,   

deportment can be induced by ‘differentially  

blasting’ the ore, where each blast hole is charged 

according to the grade of the ore it intersects. That 

is, high grade regions within the blast block are 

subjected to high energy, and low-grade regions to 

low energy. The goal of this charging strategy is to 

create a bimodal ROM size distribution which can 

be separated using screening to create a fine, high 

grade accept stream and coarse, low grade reject 

stream. This was presented by Bye in 2011 (Figure 

1). In this example, differentially blasted ore was 

screened and fed to the concentrator. Assays of the 

feed grade showed a marked and unmistakeable 

upgrade during the period when the differentially 

blasted ore was fed to the concentrator. 

     A perfectly bimodal distribution of            

fragmentation is the ‘Holy Grail’ for differential 

blasting. Due to the impracticability in separating 

blast energy between neighbouring holes, this is 

unlikely to be met using current blasting         

techniques. Nonetheless, the shortcomings of the 

inefficiency of separation between the high and 

low    energy   blast   holes   will   depend   on   the 

 

 

 

 

heterogeneity of the grade distribution, and hence 

the proportion of low and high-grade holes in 

proximity to one another. If there are clusters of 

holes being blasted in a similar fashion, the         

inefficiencies can be minimised somewhat, and 

value found using this Grade Engineering       

technique. 

     Considering this qualification, a fragmentation 

model is nonetheless required to quantify the value 

that differential blasting can bring to an induced 

deportment Grade Engineering scenario. 

     Prior to working in the field of Grade           

Engineering, for many years the author has used a 

modified Kuz-Ram model (Kanchibotla 1999), 

hereafter referred to as the Crushed Zone Model or 

CZM, in mine to mill optimisation projects. This 

form of the model includes a crushed zone around 

the blast where fines are generated and where the 

compressive wave radiating outwards from the 

bore hole wall exceeds the uniaxial compressive 

strength of the rock mass. While the results of the 

model can usually be calibrated to actual       

measurements of the ROM particle size             

distribution determined by careful image analysis 

techniques, there are limitations to its application 

especially in finely structured rock masses. In   

addition, in Grade Engineering applications, the 

output   of  the  model  applies  to  the  entire  blast 

 

 

 

 
Figure 1. Example of differential blasting potential (high grade fines stream highlighted by rectangle). 
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block, with singular inputs of burden, spacing and 

hole length for example. This does not allow for 

the size distribution of blast to be assigned        

spatially within the blast which imposes          

limitations on the evaluation of the impacts       

differential blasting can have on an operation. 

     Considering these requirements, a new      

fragmentation model has been developed, dFrag. 

This attempts to model blast induced              

fragmentation by combining coarse fragments 

from the rock mass structure with fines created 

around the blast hole to determine the final ROM 

size distribution. 

2 MODEL DESCRIPTION 

2.1 Motivation 

Fragmentation models can be grouped into two 

categories; empirical and mechanistic. Empirical 

models include the common Kuz-Ram          

(Cunningham 1983 and 1987) and Swebrec 

(Ouchterlony 2005) model variants, and are often 

implemented in a spreadsheet. Mechanistic models 

are usually developed by research consortia or  

explosive companies, requiring significant     

computing power to deal with the complexities of 

the explosive detonation processes and rock mass 

descriptors. Each approach has advantages and 

disadvantages.  

     During the implementation of an application to 

 

 

 

 

evaluate various Grade Engineering scenarios in a 

common, non-spreadsheet based platform, it was 

decided to investigate whether a 2-D mechanistic 

model might give results which were comparable 

to those measured in the pit. This would allow 

spatial variations in geotechnical characteristics 

such as strength and structure to be considered 

when modelling the response of the rock mass to 

the blasting processes. The approach hypothesises 

that coarse fragments in the ROM fragmentation 

are generated from the in situ rock mass structure 

where radial cracks from the blast hole wall broke 

some particles, and others were simply loosened 

and then ended up in the post blast muckpile. The 

modified Kuz-Ram model only utilises the     

mean in situ block size which can be a limitation 

to its use. With regards to the fine material       

created during blasting, the same method utilised 

in the CZM was applied. That is, a crushed zone  

is created around each blast hole with the           

radius dependent on the bore hole pressure and  

the compressive strength of the rock mass.     

These two mechanisms are shown graphically in 

Figure 2. 
 

     Note that in this implementation the entire    

star shape will contribute to the volume of       

fines created in the blast, that is, the fines           

are created in the annulus around the               

blast AND in the arms of the star. This           

technique is also employed by Onederra et al. 

(2010). 

 

 

 Figure 2. Representation of breakage mechanisms. 
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2.2 Breakage descriptions 

The radial cracks and crushed zone that form 

around a blast hole due to the high pressures that 

arise from the explosive detonation in the hole are 

well-known and readily evident in small scale 

tests. For example, Figures 3 and 4 show both 

phenomena around a 25 mm blast hole in a test 

that was conducted in grout in a 200-litre drum. 

 
 

Figure 3. Cracking around a small diameter hole. 

 

 

 

Figure 4. Closer view of cracking and crushed zone 

around hole. 

 

 

     For these phenomena to be used in the        

proposed blast fragmentation model, they must be 

able to be predicted using parameters that define 

the rock mass and explosive characteristics. 

2.2.1 Radial cracks 

 

The radial cracking around the blast hole is a well-

accepted phenomenon and can be defined simply 

by the number of cracks around the hole, the angle 

at the tip of each crack, and the crack extension. 

These create the ‘star’ shape shown in Figure 2. 

     Katsabanis (1996) proposed that the number of 

near field radial cracks, nc, around a blast hole can 

be estimated by the following equation. This     

approach was also used by Onederra et al. (2010): 
 

                                         (1) 

 

Where  is the radial strain at the blasthole wall, 

Td is the dynamic tensile strength of the rock, and 

Pb is the pressure exerted on the borehole wall by 

the explosive detonation, the borehole pressure. 

This calculation is discussed separately below. 

     An approximation of the strain at the blasthole 

wall was also estimated by Katsabanis (1996) and 

is given by: 
 

                  (2) 

 

Where  is Poisson’s ratio for the rockmass,  is 

the P wave velocity of the rock mass (ms-1) and  

is the adiabatic exponent of the detonation     

products. 

     A method to determine the distance the crack 

extends from the crushed zone is discussed by Liu 

and Katsibanis (1993), where it is assumed that the 

crack propagation will cease when the induced 

stress is equal to the static tensile strength of the 

rock mass. The following equation is used to     

describe the crack extension distance from the  

centre of the blast hole, C1: 
 

                                               (3) 

 

Where  is the static tensile strength of the 

rockmass (Pa),  is the radius of the blasthole 

(m), rc is the radius of the crushed zone (m),  

is the pressure experienced at the limit of the 

crushed zone and  is the pressure decay factor. 
 

                                            (4) 

 

The pressure decay factor, , is a function of the 

rock and explosive properties. Its value has been 
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found to lie in the range of -1.24 and -1.65 over a 

wide range of explosive and rock combinations 

(Onederra et al. 2010). 

      is the radius of crushing around the blast 

hole as described by Esen et al, (2003) and is   

given by the following equation: 
 

                              (5) 
 

CZI, the Crushed Zone Index, is also described by 

Esen et al. (2003) and is calculated by: 
 

                                                       (6) 

 

Where  is the borehole pressure (Pa), E, is the 

stiffness of the rock mass (Pa) and  is the     

uniaxial strength of the rock mass (Pa). Using 

Esen’s estimate of rc in the calculations resulted in 

a more sensitive crack length than if the crushed 

zone radius utilised by Kanchibotla et al. (1999) 

were used. 

     For the purposes of the model development, the 

angle at the tip of each crack was left constant      

at 2°. 

2.2.2 Crushed zone volume 

The crushed zone (CZ) volume comprises the   

annulus of rock around the blast hole where the 

unconfined compressive strength of the rock is 

less than the exponentially decaying pressure     

radiating from the explosive-rock interface. In   

addition, the CZ volume also includes the arms of 

the star. Various calculations exist for the radius of 

the annulus, but that of Kanchibotla et al. (1999) 

was considered during this implementation due to 

previous experience and confidence in this         

estimation in the CZM. 

     The Kanchibotla et al. (1999) model of the 

crushed zone is simple, with the radius of the 

crushed zone, rc, being defined by the following 

equation: 
 

                                                     (7) 

 

Where r0 is the borehole radius (m), Pd is the     

detonation pressure (Pa) and  is the unconfined 

compressive strength (UCS) of the rock (Pa).   

Discussion by Esen et al. (2003) describes this 

calculation as an empirical tool to determine the 

volume of fine material around the blast hole, as 

opposed to an accurate prediction. For the       

purposes of the development of this model, this 

limitation was deemed to be acceptable. 

2.2.3 Borehole pressure calculations 

As discussed in the previous calculations, the 

borehole pressure is an important factor in the  

calculation of the radial cracking and volume of 

the crushed zone around the blasthole. By its very 

nature it is a difficult parameter to measure         

directly and therefore must be inferred from other 

measurements. These are usually the density of the 

unreacted explosive,  (kg.m-³), and the velocity 

of detonation, DCJ (m.s-1). Calculating the      

borehole pressure is described by Esen et al. 

(2003), and considers the differences between  

ideal and non-ideal detonation. 

     The ideal detonation pressure, that is the    

pressure at the detonation front of the explosive, 

can be estimated by: 
 

                                                     (8) 

 

This is equivalent to Pd used in Equation (7). As 

discussed by Persson et al., the borehole pressure, 

Pb, for fully coupled explosive in a blast hole, can 

be estimated by the following expression: 
 

                                                           (9) 

 

2.2.4 Fines 

In the CZM, the fines are defined by a single  

maximum size (around 1 mm). The overall        

distribution is governed above the fines size by the 

standard Kuz-Ram relationship, and below, by a 

factor related to the fine size. This gives the CZM 

model more sensitivity at small sizes to explosive 

and rock mass characteristics when compared to 

the original model. In the new model, the fines 

size distribution is defined by an x50 and           

uniformity factor, n, using the well utilised      

Rosin-Rammler cumulative size distribution   

equation below: 
 

                                        (10) 
 

where xn is the percent passing size n, x50 is the 

median or 50% passing size, and n the uniformity 

exponent. 

     The overall volume of fines in the final particle 

size distribution is determined by the sum of the 

crushed zone areas, with an option to generate 
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fines from around the perimeters of the defined in 

situ particles. This would mimic fine generation 

from rock breakage and the infill between each 

unbroken in situ block. The fines are added       

according to the volumetric representation of the 

crushed zone areas, to the size distribution of the 

broken and unbroken in situ blocks to determine 

the final ROM size distribution. 

2.2.5 In situ blocks 

The intrinsic rock mass structure has a significant 

impact on the coarse end of the ROM             

fragmentation. In this initial implementation of the 

model the in situ blocks are represented in two 

dimensions and created by defining the joint    

spacing in the x and y directions, each with a mean 

and standard deviation, and distributed normally. 

This results in a block distribution graphically 

shown in Figure 5. 

 

Figure 5. Example of in situ structure. 

 

 

     This example applies the x and y spacing across 

the entire blast block but there would be no      

limitation to linking the in situ blocks to            

parameters found in the geotechnical block model 

such as Rock Quality Designator (RQD) or      

fracture frequency to allow the structure to vary 

across the blast volume. This also applies to the 

previous calculations (crushed zone volume, crack 

number and extension) that rely on the rock UCS, 

which is also generally found in the geotechnical 

block model. 

2.3 Calculation of run of mine particle size 

distribution 

There are several steps required to setup and    

subsequently run the model, and these are         

discussed briefly below.  

2.3.1 Create holes 

The holes that define the explosive distribution 

throughout the rock mass are either loaded from an 

as-drilled comma separated value (csv) file, or are 

created programmatically from the burden and 

spacing, and number of rows and holes per row. 

This gives the flexibility to analyse a theoretical 

pattern, or actual as-drilled pattern based on high 

precision coordinates downloaded from the      

dispatch system. Other parameters can also be 

loaded here such as length and grade of the blast 

hole as determined by assay or downhole sensing 

technology. 

2.3.2 Load holes with explosives 

Each hole is loaded with explosive. If the analysis 

is a grade engineering scenario, then the explosive 

type could be varied according to the grade of the 

blast hole. The pertinent parameters that are       

required are the downhole density of the            

explosive, the length of the column or mass of  

explosive, and the velocity of detonation of the 

explosive in the hole. 

2.3.3 Create crushed zones and radial cracks 

The overall crushed zone is created by combining 

the circular crushed zone and the star shape as 

shown in Figure 2. If a geotechnical block model 

is available, the variables required to create this 

shape, such as UCS, can be automatically assigned 

to each hole. Alternatively, global parameters can 

be used for the entire blast block. 

2.3.4 Create in situ structure and extend cracks 

In situ structure is assigned to the blast block. The 

structure is limited to an area one burden around 

the perimeter of the blast. This is calculated      

dynamically for each set of blast holes using a    

Delaunay triangle mesh (Delaunay 1934). The   

radial cracks are then extended outwards from the 

centre of each hole to the nearest block boundary. 

This removes the potential for any odd shaped 

broken blocks to be created, as demonstrated in 

Figure 6. 

2.3.5 Break in situ structure 

This is the most time consuming, processor        

intensive step of the modelling process and uses 

proprietary geometrical techniques to break each 
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in situ block which has one or more crushed zone 

or radial crack intersections. After this is complete, 

the resulting collection of polygons are converted 

from 2-D shapes to 3-D volumes. This is achieved 

by calculating the minimum and maximum axis of 

each particle, estimating the third, unseen         

dimension from the square root of the two     

measurements, and then the volume of the          

resulting ellipsoid. This is described in more detail 

in Bennett & La Rosa (2016). 

 

 
Figure 6. Extending cracks to in situ block boundary. 

 

 

     The volume of fines is then calculated and  

added proportionally to the overall size             

distribution. Finally, the best fit Rosin-Rammler 

and Swebrec function curves are calculated for the 

 

 

 

distribution to generate a smoother curve. Note 

that the raw size distribution is always available to 

the user. Examples of the graphical and numerical 

outputs are shown in Figure 7 and 8. The resulting 

fragments are coloured according to their size, 

with dark grey being the largest blocks. 

     The four curves shown in Figure 8 are the size 

distributions of the fines on the left in pale grey, 

the size distribution of the in situ blocks on the 

right, and then the raw model output and Swebrec 

fitted function in the middle. As the Swebrec   

function parameters allow the top size to be      

limited, it has been used later in this paper to     

create smoothed curves of the raw size              

distribution. 

2.4 Some calibration studies 

As was mentioned previously, the author had     

access to CZM models that had been calibrated as 

part of Mine to Mill campaigns. That is, a      

combination of image analysis (for the coarse end 

of the distribution) and physical sampling of 

crusher product material (to determine the       

proportion of fines material in the images) was 

used to generate the final ROM particle size      

distribution. A number these scenarios were used 

to  determine  whether  the  methodology proposed 

 

 

 

Figure 7. Graphical representation of the model results. 
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Table 1. Blast Designs for simulations. 

 

Parameter Case 1 - Moderate Case 2 - Hard Case 3 - Soft 

Orebody type Greenstone Gold Iron Oxide Copper 

Gold 

Copper Porphyry 

Bench height (m) 10.0 15 15 

Burden (m) 3.5 5.7 9.5 

Spacing (m) 4.5 6.5 10.5 

Sub-drill (m) 1.0 1.5 1.5 

Hole diameter (mm) 152.0 311 270 

Explosive type Emulsion Emulsion Emulsion 

Explosive length (m) 7.5 11.5 9.5 

Explosive density (kg/m3) 1200 1250 1000 

VOD (m/s) 5000 5200 3700 

 

 

 

 

 

for the new model had merit and these are        

presented in Tables 1 and 2. 

2.4.1 Model Inputs 

 
The three case studies were chosen to represent 

soft,  moderate  and hard orebodies with respect to 

 

 

 

 

the hardness of the rock. The blast design input 

parameters for each of the three are given in      

Table 1. 
     The rock was characterised by the parameters 

in Table 2. 

     Note that these case studies utilised historical 

projects  that  did  not  include  some  of  the  more   

Figure 8. Example of model results. 
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Table 2. Rock mass characteristics for simulations. 

 

Parameter Case 1 – Moderate Case 2 – Hard Case 3 – Soft 

UCS (Mpa) 170 240 24 

T (Mpa)*  17* 20* 2.4* 

E (Gpa)* 84* 40* 31* 

Vp (m/s) 5000* 6731 5000* 

Rock density (kg/m3) 2700 3700 2700 

Poisson’s Ratio* 0.25 0.25 0.25 

Gamma* 3 3 3 

Pressure decay factor* -1.5 -1.5 -1.5 

In situ block size (m) 0.3 ± 0.3 0.89 ± 0.25 0.2 ± 0.2 

Fines x50 (mm) 5 5 5 

Fines n 0.7 0.7 0.7 

Crushed Zone Calculations 

Crushed zone diameter,  

rc (m) 
1 2.2 3.2 

Number of cracks, nc 7 10 14 

Crack extension, C1 (m) 1.7 3.2 4.4 

 

  Figure 9. Model results for Case 1 – Moderate. 
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Figure 10. Model Results for Case 2 – Hard. 

 

Figure 11. Model Results for Case 3 – Soft. 
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particular rock mass parameters that are              

infrequently measured, such as tensile strength, 

Poisson’s ratio and Vp. Considering this, some of 

these parameters were set to generic values or    

estimated from other parameters. These are 

marked with an asterisk in Table 2. Future work 

will investigate the sensitivity of the results to the 

inherent uncertainties in these measurements. 

     Using the equations described above, and the 

blast design and rock mass characteristics, the 

crushed zone, number of radial cracks and length 

of cracks were calculated. These are shown at the 

bottom of Table 2. 

     The models were run and the fines distribution 

and in situ block size were adjusted in order to get 

a reasonable match with the image analysis results. 

The final output curves are displayed in the       

following three figures and include the image 

analysis results, the raw particle size distribution 

and the smoother fitted Swebrec distribution. 

     A magnified view of the broken region around 

several blast holes from Case 1 is shown in Figure 

12. Note that the white areas represent the fines 

zones. The resultant fragments have been grey-

scaled from hot to cold according to their area. 

  

 

 
 

2.5 Discussion of results 

The curves show, that apart from Case 2 which is 

an exceedingly hard orebody, the raw size         

distributions (PP (Final) curve) indicate a           

bi-modal particle size distribution which follows 

the hypothesis of the model development (i.e. 

fines being created around the blast hole, and 

coarse particles being generated by both in situ 

structure – both intact and broken). The histogram 

of the raw model output (PP (Final)) for Scenario 

3 is presented in Figure 13 which demonstrates 

this bimodality. 

     The coarse end of the curve is primarily      

governed by the in situ block size, and the number 

of radial cracks and their length. The average 

block size for each scenario were copied from the 

initial inputs to the CZM as a start point for each 

scenario and it transpired that this did not need to 

be changed. The standard deviation was modified 

however to get a fit at the coarse end of each size 

distribution. 

     When a best fit Swebrec curve was              

subsequently calculated for each scenario, there is 

good  agreement between it and the image analysis  

Figure 12. Breakage around several holes in Case 1. 
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results. Note that the size distribution of the fines 

in the crushed zone was set the same for all three 

scenarios. There may have been scope to better fit 

the fine end of the size distributions as part of the 

body of work, but the main purpose was to prove 

(or disprove) whether there was any potential to 

this approach. Given the results above, there     

appears to be promise in this technique of      

modelling the ROM particle size distribution, 

though more validation work still needs to be 

done. 

2.6 Processing Time 

With regards to the amount of time required to do 

a model run, each blast was set up with 10 holes 

by 5 rows. The model was executed on a higher 

end laptop with an Intel i7 processor running a  

64-bit version of Microsoft Windows. The     

software creates 8 subsets of the in situ particles 

and then carries out the breakage routines on them 

concurrently on each of the 8 processor cores of 

the computer. For the scenarios described above, 

the processing times were 70, 50 and 330 seconds 

respectively. This is proportional to the size of the 

in situ particles, and hence the number of breakage 

calculations that must be conducted. 

 

 

 

 

3 USE IN THE GRADE ENGINEERING 

CONTEXT 

Many ore types show a natural propensity for high 

grade material to deport to the finer size fractions 

in the ROM during blasting. This is referred to as 

natural deportment and has been extensively     

discussed in the literature (Carrasco 2016). A 

thorough understanding of natural deportment and 

the costs associated with Grade Engineering, such 

as re-handle and screening, allows marginal grade 

ore blocks to be economically exploited by       

upgrading a proportion of the block using     

screening at an appropriate size to meet a specific 

mass pull target. If the natural response is not 

strong enough to allow this, the deportment can be 

augmented using differential blasting. As was   

previously discussed, in this scenario, blast holes 

that represent ore above a certain cut-off grade are 

charged with significantly more energy than those 

below the cut-off. When the resulting blast block 

is screened at the appropriate size, this should    

result in a high grade undersize stream that can be 

economically processed. 

     A restriction of the CZM, and motivating factor 

for developing dFrag, is that the model outputs a 

single size distribution for a given blast pattern 

Figure 13. Histogram of results for Scenario 3. 
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based on an overall design. There is no real   

mechanism to determine the size distribution    

spatially across a blast, or bench. This is often 

done at CRC ORE to determine the lost             

opportunity using historical blast hole data on a 

bench by bench basis. 

3.1 The roxel 

To allow the fragmentation to be assigned to a 

volume around the blast hole, a technique of    

programmatically determining this had to be     

developed. As historical data is often considered 

with blasts of varying burdens and spacings, these 

parameters could not be applied globally. The 

concept of the ‘roxel’ was therefore developed. 

The term roxel is similar to the word ‘pixel’, with 

ro representing "rock" and el representing         

"element". The shape of each roxel is calculated by 

traversing outwards from a blast hole and storing 

the point where the nearest hole is no longer the 

start hole. The algorithm then rotates the traverse 

line   by   a   user-defined   angle,  and  repeats  the 

 

 

process. This is done until the traverse line has 

completed a full 360° around the hole. This results 

in a set of polygons as shown in Figure 14. 

     In this example the boundary hole roxel’s are 

coloured grey as they are not bounded on all sides 

and parts of the polygon have been constrained to 

a maximum value. 

3.2 Loading the holes 

In most situations where Grade Engineering is a 

consideration the blast hole grades are unknown 

until after they are drilled. This limits the changes 

that can be made to the blast design to explosive 

loading only, that is, charge length and explosive 

type. Depending on the ore body, grades from the 

bench above may be used as a guide to the grade 

on the current bench, but if grade heterogeneity 

exists laterally, it most likely will also exist       

vertically, so cannot be relied on. In general, in 

dry conditions, the high-grade holes will be loaded 

with as much high density, high VOD explosive 

that  the  stemming  can  contain to ensure as much 

 

 
Figure 14. Roxel calculation example. 
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energy as possible is available to fragment the 

rock. For the low-grade holes, low density and 

VOD explosive is loaded with the aim to produce 

as coarse fragmentation as possible that the       

excavator can comfortably dig. 

3.3 A simple case study 

Consider the blast block shown in Figure 14, 

where the metal of interest is copper. The blast 

hole grades range from 0.09% to 0.59% with an 

overall grade is 0.29%. Considering the scenario 

where the entire blast is sent to the processing 

plant, and using an average processing cost of 

$12.26/t, recovery of 87.7% and sale price of 

$6000/t, the base case value (excluding mining 

costs) would be $527,401. 

     In a differential blasting scenario, it is assumed 

that two particle size distributions can be created 

around blast holes above and below a specific 

grade, the differential charging grade. The final 

run of mine material can then be screened to create 

high and low-grade streams, with the low-grade 

stream being sent to waste, and the high grade sent 

to the concentrator. In addition to this, an upgrade 

in  metal  will occur in the undersize stream due to 

 

 

 

 

the natural deportment of the ore. This             

phenomenon is described in detail by Carrasco et 

al. (2016). There are extra costs associated with 

the application of Grade Engineering to the        

differentially blasted material, and in this case, it 

was estimated to be $0.30/t. 

     By running an optimisation algorithm over the 

possible combinations of the differential charging 

grade and screen size that drives the mass pull to 

the under and oversize streams, a differential 

charging grade of 0.28% and screen size of 90mm 

was chosen as the best value combination. This  

resulted in a mass pull of 86.4% for the high-grade 

holes and 50% for the low-grade holes. The     

economic value of the material at the concentrator 

would have been $588,231 (an increase of 11.5%), 

with a 15.4% increase in feed grade and 31.9%  

reduction in feed tonnes. This extra capacity in the 

mill would allow more metal to be processed per 

unit time. 

     If it can be proven that the dFrag methodology 

can be applied to differential blasting scenarios, a 

much higher level of confidence can be attained in 

the calculations that underpin their economic 

evaluation. This is something that CRC ORE is  

actively working on, as shown in Figure 15. 

 

 

 

 
Figure 15. dFrag applied in a differential blasting simulation. 
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     The application of differential blasting       

techniques show that significant value can be      

realised in ore blocks with marginal grades. It is 

acknowledged that there will be inefficiencies due 

to the interaction of the energy from the various 

holes. For example, it may be difficult to get a 

coarse size distribution from a lone low-grade hole      

surrounded by higher grade holes. This limitation, 

and ways to ameliorate it, is being further           

investigated by CRC ORE and one of its partners. 

4 FUTURE WORK 

As was mentioned earlier, more validations will be 

necessary to have full confidence in the modelling 

technique described. CRC ORE are currently  

conducting several differential blasting bulk field 

trials that will allow the models to be validated 

with respect to the particle size distributions. As 

these blasts will be processed through mobile 

screening plants and the output streams sampled 

and assayed, this will give another angle with 

which to determine the robustness of the model 

hypothesis. The grade and mass flows of the     

undersize, middlings and oversize will be analysed 

to support the dFrag approach. 

     Once the modelling technique is validated,    

extra functionality will be added to the software to 

allow the roxels to be applied to the calculated 

fragments to determine the size distributions of the 

high and low grade streams, as well as the grades 

of each particle as determined from the blast holes 

or block model. 

     Block models are often populated with     

comminution parameters to predict the              

performance of the rock in downstream processing 

units, such as Semi-Autogenous Grinding (SAG) 

mills. The SAG mill models utilise the energy    

input into the feed stream (measured in kWh/t or 

J/t) to determine how a single particle will produce 

progeny of smaller sizes. Rough calculations      

indicate that the energy around the blast hole are 

within an order of magnitude of those found   

within the mill. It would therefore be worthwhile 

to apply these techniques to the crushed zone   

volume to predict the post-blast fines distribution, 

instead of manually adjusting it as part of the    

calibration process. 

5 CONCLUSIONS 

The new fragmentation model, dFrag, was         

calibrated against three blasts that had previously 

been rigorously audited. The results showed that 

good fits between the image analysis of the ROM 

material and model outputs were achievable using 

estimates of the mechanical characteristics of the 

rock mass as inputs. The approach will allow for 

spatially varying particle size distributions to be 

obtained throughout the blast volume which can 

be modified with the strength, structure and grade 

parameters found in the mine’s block models. 

     Further work is required to ensure that the 

model will respond appropriately to rock masses 

of varying hardness and in situ structure, and to 

ensure that its outputs vary as expected to changes 

in parameters such as burden and spacing. 
     Once the fragmentation model is fully          

validated, it will be able to be applied to            

differential blast evaluations, to better understand 

and assess the benefits that natural and induced 

grade by size deportment can bring to an operation 

within the Grade Engineering® context. 
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1 INTRODUCTION 

In coal mining, usually after an open-pit mine   

excavation is done, a high wall will remain which 

is either abandoned or reclaimed. With the        

development of high wall miners, the high walls 

are not reclaimed immediately, and they are left to 

recover the coal in the future to justify the         

ever-increasing high stripping cost or in some  

cases to support any underground excavation. 

These two facts have resulted in larger high walls 

that are left standing for increased periods of time 

before reclamation. These long standing high walls 

with constant exposure to weathering and another 

natural process like rain, snow, etc. have resulted 

in a risk for miners and with an elevated          

probability of serious accidents which have    

sometimes turned out to be fatal. Figure 1 shows a 

typical high wall mining operation in the          

Appalachian region in the USA. 

     The total number of surface mining fatalities 

has always been a concern and remains the top 

priority for the mines. The modernisation, and 

change of mining practices and the increased focus 

on safety have helped in reducing the numbers of 

accidents and fatalities as compared to the past, 

but it is still away from the coveted target of zero 

fatalities. As shown in Table 1, in the last five 

Estimating the effects of blast vibrations on high wall stability 
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ABSTRACT: The stability of high walls is one of the major concerns for open pit mines. Among the   

various factors affecting the stability of high walls, blast vibrations can be an important one. In the USA, 

the established government regulations are used as guidance to determine the maximum recommended 

levels of peak particle velocity and frequency from the blast to avoid any effects on structures around the 

mining project. However, most of the regulations are meant for buildings or houses and do not concern 

high walls. This paper investigates the response of high walls under the effects of vibrations from mine 

blasting. In this research, the relationship between the high wall response, the geometry of the slope, the 

frequency and the amplitude of the ground vibration produced by blasting is explored using numerical 

models in 3DEC. The numerical models were calibrated initially with data collected using seismographs 

installed in a surface mine operation, recording vibrations produced by an underground mine operation. 

Once the calibration was accomplished, a parametric study was developed to explore the relationships  

between various parameters under study and its impact on the stability of high walls. 
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Table 1. High wall fatalities compared with total 

surface mining fatalities (MSHA 2017). 

 

Year High wall 

Failure  

Fatalities 

(Nos.) 

Total  

Surface  

Fatalities 

(Nos.) 

 

2017 1 10 

2016 1 10 

2015 0 12 

2014 0 14 

2013 1 10 

Total 3 56 

 

years, the fatalities related to high wall failures are 

a little over 5% of the total fatalities in surface 

mining. Most of the modern surface mining         

fatalities are associated with machinery and     

haulage. 

 

Figure 1. Typical high wall mining operation  

(Source Internet). 

 

 

     High wall stability is a problem that is affected 

by various factors like geology, discontinuities in 

the rock mass, stresses, mining operations        

procedures, standing time, the intensity of     

weathering due to natural processes and many  

others. However, of them all, one important factor 

that is relatively less analysed is the blasting      

induced stress, which over time can result in    

devastating outcomes for miners and mining     

operations. 

2 BLAST VIBRATIONS 

Blasting of rocks using explosives remains the 

cheapest, simplest and most widely used method 

to fragment and excavate rock for the construction 

and mining industries. Part of the energy released 

in the process of blasting is used for fragmenting 

or moving the rock, and a part of the energy       

released during the chemical process is wasted in 

the form of heat, vibration, sound, etc. Out of 

these various parts of energy that are not utilised 

for the rock fragmentation and movement,          

vibrations and sounds are the most studied and  

observed parameters. Sound and vibration effects 

as a consequence of a mining blast are more     

perceptible to humans and can have significant 

damaging effects on both humans and structures. 

     Based on the damaging effects and human   

perception studies, various leading government 

organisations across countries established       

maximum recommended levels of vibrations and 

sound generated from mining and construction  

operations to operate and to safeguard structures. 

One such organisation was the United States     

Bureau of Mines (USBM). After years of research 

a Report of Investigation (RI) 8507 of USBM was 

released, which the main contribution to the 

mining industry is shown in Figure 2 and is known 

as the Z curve. 

 

 

Figure 2. USBM RI 8507 Safe blasting levels. 

 
 

     According to the Z curve, any ground vibration 

(peak particle velocity or PPV) produced by a 

mining operation above the line, will generate 

damage to structures. If the PPV is below the line, 

the safety and no-damage of the structure are 

guaranteed. Another important concept according 
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Create a high-wall model in 3DEC with 

boundary conditions 

Calibrate the model using the vibration  

data collected from the field 

Input the wave in the model with variable 

frequencies and observe the displacements 

at the crest of high wall 

Observe the effects of various parameters 

such as height, angle and amplitude of   

vibrations on the natural frequency of the 

high wall 

Table 2. Properties of limestone assigned in model. 

 

Properties of  

limestone 

Values 

Density  5.5 slugs/ft^3 (2834 

kg/m^3) 

Bulk modulus 6e8 lbf/ft^2 (28 GPa) 

Shear modulus 2.4e8 lbf/ft^2 (11.5 

GPa) 

 

to the Z curve is that mining operations can       

operate at higher PPV values if the generated blast 

vibration is composed of a high-frequency content. 

So, usually, it is a general practice in mining to 

‘shift’ the ground vibration frequencies produced 

by blasting to higher levels to prevent damage to 

structures. However, as mentioned before, the Z 

curve was developed for the safety of structures 

(one story rural houses) under certain blasting 

conditions and cannot be applied to high walls. 

The levels of vibrations and frequencies which   

affect high walls could be different from mine to 

mine, and damaging effect might not govern from 

the usual blasting standards set for human      

structures. 

 

 

 

 

 
Figure 3. Experimental setup process of the research. 

 

 
3 EXPERIMENT SETUP 

An experiment was designed to understand the   

effect of blast vibrations on a high wall and       

observe the safe levels of frequency and velocity 

levels to operate under given conditions. A       

numerical model was implemented in 3DEC, a 

three-dimensional numerical program based on 

distinct element method. As shown in Figure 3, 

this study also attempts to understand the effects 

of various parameters such as the height of the 

high wall, the angle of the slope and the amplitude 

of the vibrations and the natural frequency of the 

high wall. 

3.1 Design of the model 

A numerical model was implemented in 3DEC, 

and for design and simplicity, the model was      

assumed to be made of a single material with    

elastic properties. Table 2 details the properties of 

limestone that were assigned to the model. 

 

 

 
Figure 4. 3DEC Numerical model with boundary  

conditions. 

 
 

     Initially, for the numerical simulation a 100ft 

model was implemented. Figure 4 shows the 

boundary conditions of the model. For the         

dynamic input the velocity recorded from the field 

was converted to a stress history using Equation 1. 

Also   in   the  model,  a  viscous  boundary  at  the     
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bottom of the model was used to avoid reflection 

of the outgoing stress wave back into the model. 
 

                                                   (1) 
 

 = applied shear stress 

 = mass density 

 

 

 

 

 

 

 
 

 = speed of s-wave propagation through medium 

V = shear velocity 

3.2 Calibration of the model 

Before using the 3DEC model for parametric 

studies,  the  model  was calibrated using vibration  

Figure 5. Velocity record data collected in the field. 

 

Figure 6. Calibration of the model by using field vibration data. 
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data collected from the field in a surface mine   

operation. Figure 5, shows one of the velocity  

records collected from the field. The properties    

of the rock material were adjusted and, as shown 

in Figure 6, the resulting Fast Fourier            

Transformation (FFT) comparison between      

numerical output and field data gives a reasonable 

correlation. 

 
 

 

 

 

 

 

 

 

 

4 PARAMETRIC STUDY 

The calibrated model was used as the base for the 

parametric study of the effects of height, slope, 

and amplitude of the vibrations on the high wall. 

The calibrated model was shaken with the help of 

a decaying artificial sine wave as shown in        

Figure 7. The sine waves with a wide range of  

Figure 7. An artificial decaying sine wave with a frequency of 5 Hz. 

 

Figure 8. Displacement vs frequency, with 38 Hz natural frequency of the 100 ft high wall. 
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Table 3. Change in natural frequency with height of 

the high wall. 

 

Height of the high 

wall  
Natural frequency (Hz) 

100 ft (30.5 m) 38 

200 ft (61 m) 35 

300 ft (91.5 m) 32 

400 ft (121.9 m) 30 

500 ft (152.4 m) 29 

 

frequencies varying from 1 Hz to 60 Hz were used 

to shake the model and observe the displacements 

of the point of concerns. 

4.1 Determining natural frequency 

The natural frequency is the frequency of the 

structure at which it starts to resonate. At this   

frequency the displacement of the structure in 

some selected points is the highest, and it starts to 

decay as we move away from that frequency level. 

As mentioned before, the calibrated model was 

shaken with a range of frequencies at a given   

amplitude. Initially, a 100ft model was used and 

the response of the model on the crest of the high 

wall was recorded to observe the effect of the   

frequency of the blast vibration on the              

displacement at the crest. As can be seen from 

Figure 8, based on the results of this model the 

natural frequency of the high wall was 38 Hz. 

4.2 Effect of height on natural frequency 

Based on the results of the 100ft model, the study 

was extended to understand and observe the effect 

of changing heights on the behaviour of the high 

wall. As detailed in Table 3, it is seen that for  

similar properties and vibrations levels, the natural 

frequency starts to shift gradually to lower        

frequency levels with the increase of height of the 

high wall. 

 

 

 

 

4.3 Effect of slope of the wall on natural 

frequency 

The slope of the high wall left in the mine depends 

on various parameters, like economic viability, the 

stability of the overall pit-slope angle. As part of 

the parametric study, as shown in Figure 9, the 

slope of the 100ft models were varied to various 

angles to see the effect of changing slope on the 

natural frequency of the high wall. 

     Table 4 details the results as the slope of the 

high wall moves towards more flatter angles, the 

natural frequency of the wall shifts to higher     

frequencies. 
 

 Figure 9. Displacement of the 65 degree-100ft model at frequency of 40 Hz. 
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Table 4. Effect of slope angle on the natural  

frequency of the high wall. 

 

Slope of the 100 ft 

(30.5 m) High wall 

(degree) 

Natural Frequency 

(Hz) 

90 38 

65 42 

45 44 

30 46 

 

Table 5. Effect of change in amplitude on natural 

frequency of high wall. 

 

Height of 

the high 

wall 

Peak amplitude 

of velocity 

Natural  

frequency 

100 ft (30.5 

m) 

 

1 in/s (25.4 

mm/s) 

38 Hz 
3 in/s (76.2 

mm/s) 

5 in/s (127 mm/s) 

300 ft (91.5 

m) 

1 in/s (25.4 

mm/s) 

32 Hz 
3 in/s (76.2 

mm/s) 

5 in/s (127 mm/s) 

 

4.4 Effect of increase in amplitude of vibration 

on natural frequency 

All the vibrations standards across countries      

include the amplitude of the vibration as one of 

the key parameters. As part of this parametric 

study, the change in amplitude of the blast 

vibration shaking the high wall in the natural    

frequency was observed. 

     Table 5 shows that the changing amplitude of 

the vibration does not have any effect on the     

natural frequency of a high wall. However, it was 

observed that the amplitude of the displacement of 

the particle for varying frequencies increased by 

the similar factor as the vibration levels. 
 

 

 

 

 

     Figure 10 shows the effect change in             

displacement by corresponding factor of three but 

no change in natural frequency. 

5 SUMMARY & CONCLUSIONS 

Based on the outcomes of the parametric study 

done it can be observed as expected that the     

natural frequency of the high wall varies with the 

geometry, more specifically with the height and 

slope angle of the high wall.   It was observed that, 

 

 

 

 
Figure 10. Comparison of displacement and frequency with amplitude of 1 in/s & 3 in/s. 
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with an increase in height, keeping all other   

properties the same, the natural frequency of the 

high wall shifts gradually to relatively lower     

frequencies. A trend of lower natural frequencies 

was noted for more vertical slopes as compared to 

the higher ones with flatter slopes. Another       

important observation was that there is no effect of 

the change in amplitude of the blasting vibrations 

on the natural frequency of the high wall. 

However, a corresponding increase in the         

displacement of the particles was noted. 

     The Z-curve given by USBM gives safe limits 

of peak particle velocity and frequency from  

blasting vibrations for buildings. It shows that 

blasting vibrations at low frequency could be more 

damaging than those at higher frequency. 

However, unfortunately they are restricted to   

specific cases of household structures and do not 

throw light on the limits for high walls, a         

permanent and crucial structure to the safety of a 

mine. 

    As the perception of the moving away from 

lower frequencies to higher frequencies goes 

stronger for buildings of one story and houses. It is 

required that other types of structures be 

considered like high walls. 

     A fundamental step in the analysis of ground 

vibrations produced by blasting and its effects on 

the stability of high walls is first to determine the 

natural frequency of the high wall and make sure 

that, in the process of shifting to different 

frequencies, either higher or lower frequencies, the 

natural frequency is a way of possible damage 

frequencies and the safety of high wall and miners 

are not compromised. 
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