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The future of the detonator

A. Ivanov & V. Molochkova
ISKRA Novosibirsk Mechanical Plant, JSC., Novosibirsk, RUSSIA

ABSTRACT: The article deals with the new generation of electronic initiation systems – Electronic Shock 
Tube Based Detonator. Designed for high precision firing of down-hole and in-hole charges in surface 
and underground mining, the new system is meant to provide simplicity and flexibility in blast design 
and control. Special distribution of explosives energy has been planned to ensure minimum explosives 
consumption while obtaining appropriate rock fragmentation, with the seismic and shock impact on the 
ambience greatly diminished. This paper will address the results obtained following industrial tests of the 
long-wanted product that clearly indicate the aforementioned benefits for the end-user.

1.  DETONATOR HISTORY

The development of detonator systems has always 
been relatively slow, each new stage involving major 
studies, research and introduction efforts. This 
is mainly due to the conservatism of the industry 
itself, and the cautious attitude of blasters, tending 
to stick to basics – or, rather, what has traditionally 
been considered the basics throughout the time.
 Traditionally for many years the safety fuse and 
the blasting cap have been used for civil blasting 
operations, in course of time partly ousted by the 
detonating cord system and the electric detonator 
(first instantaneous, later on, delay). Non-electric 
detonator technology has been the revolution in 

safety, efficiency and reliability of initiation systems.
 All the advantages and drawbacks of these 
systems so widely represented at the market 
are none of the secret for today’s blasters. Non-
electric detonators with their simple, flexible 
and reliable application techniques have long 
proven their value and gained the biggest 
market share amongst other initiation systems.
 The main disadvantage of the electric and non-
electric detonator, both containing a pyrotechnical 
delay element, is the instable burning speed of the 
delay powder. Therefore, firing time variation can be 
rather substantial (up to 10% off the nominal). This 
means a reduced control over the mass explosion, 
and as a result, lower quality of the rock extracted.
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2.  ELECTRONIC TECHNOLOGY 
 INTRODUCTION

Wired electronic detonators with programmable 
delay, being the upper tier of the detonator evolution, 
have helped to eliminate the aforementioned 
drawbacks and have demonstrated unsurpassed 
precision. The option of addressing each of the 
detonators separately and setting individual 
delay timing on-site, right before the blast has 
opened new flexibility prospects to the blasters.
 However the challenges to face 
have been and remain as follows:
− high cost
− extra time needed before the blast to 
 programme and test the electronic detonator
− highly qualified blasting personnel needed
− need of additional training and special 
 hardware & software
− meticulous and precise calculation of 
 programmable initiation timing that can 
 be done by qualified personnel only, following 
 detailed geological survey of the mining site, 
 which, in real life is not always performed.  
 Quite often when programming electronic 
 detonators the blasters set the delay timing 
 as per traditional delay scheme with standard 
 pyrotechnical delay detonators, thus 
 substantially limiting the system possibilities.

 The impact of the disadvantages listed is 
well seen when analyzing the market share of 
electronic detonators in Russia. The consumption 
by mining companies in Russia has been and 
so far remains way too low (see Figure1).

3.  HYBRID SOLUTION: NON-ELECTRIC 
 & ELECTRONIC

The solution sought was to combine the advantages 
of the two systems – non-electric and electronic – 
while eliminating the drawbacks revealed within 
the use. Such a solution came as a result of thorough 
studies and fundamental research and brought into 
light the ‘hybrid’ product: Electronic Shock Tube 
Based Detonator (commercial name: ISKRA-T®).

3.1  Practical Implementation

Practical implementation of the ‘hybrid’ idea 
has solved the paramount task: considerably 
increased firing precision owing to electronic delay 
control and cutting edge engineering solutions.
 Electronic Shock Tube Based Detonator 
is designed for firing both down-hole and 
in-hole charges in surface and underground 
mining. The components and general layout 
are given on Figure 2 and are as follows: 
1) Plain instantaneous detonator cap 

Figure 1. Detonators Market Chart.
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2) Electronic delay module
3) Magnetic pulse generator 
4) Bush/plug
5) Shock tube
6) Label 

3.2  Operation Principle

The operation principle of the Electronic Shock 
Tube Based Detonator is described below.
 The firing of shock tube causes the inlet signal in 
the form of the shock wave. Magnetic pulse generator 
transforms this signal into electric current in the 
form of two semi-waves. Standard 4 diode bridge 
scheme was chosen for rectifying and charging the 
capacitors. Extra small diodes with low current 
leakage under the maximum voltage of 50 V were 
used. The electronic module and the microprocessor 
are powered by the low voltage generated by 
the capacitors charged in the series circuit.
 The circuit has got temperature compensation 
function to avoid ambient temperature 
impact on the firing precision. Compensation 
is based on the correlation between direct 
voltage on the diode and the temperature.
 The microprocessor first takes measure of 

the voltage to calculate current temperature of 
the printed circuit board on the electronic delay 
module. The temperature value measured is used for 
temperature calibration of the reference frequency 
generator. Thin film fuse head has been designed 
to shorten the time before firing. Delay time with 
the tolerance of 1 (one) ms is programmed at the 
production stage with the actual shock tube length 
taken into account. Microcontroller programme 
algorithm makes it possible within existing 
production technology to assign identification 
number to each of the electronic delay modules, 
following the programming of the main software.
 ID-number can be assigned only once during 
testing or calibration, without the possibility to alter 
it later on. ID assignment is done via 1-wire interface. 
Same interface with a special linking is used to set 
and adjust delay timing. ID-number enables track 
and trace of the detonator throughout the product 
lifecycle and hinders illegal explosives trafficking.
 ID can be reduplicated on the lateral 
surface of the aluminium detonator case 
by laser bar-code application performed 
in the structure of RSS-code in 2D format.
 The electronic module is tested by using 
special commands. The data (ID-number, 

Figure 2. General layout of the Electronic Shock Tube Based Detonator.
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assigned delay time and measured delay) 
is recorded in the corresponding registers.

3.3 Field Tests

The Electronic Shock Tube Based Detonator 
was designed for the application in the 
ambient temperature range of -50 to +50 
ºC with the delays series of 1 to 3 000 ms.

The results of field tests 1 conducted under the 
temperature of 23±1 ºС are listed in Table 1

Field tests 2 were held under the temperature 
of +50 ºС. Table 2 shows the results.

Field tests 3 were intended to monitor the electronic 
module behavior under extreme cold. Actual delay 
time under the temperature of -50 ºС is given in Table 3.

As can be seen from the field tests data above, actual 
delay time varies within 0.2 ms + 0.2% from the 
nominal under the temperature range of -50 to +50 ºC.
 Another valuable remark: the delay time 
will be closer to the nominal when shock tube is 
fired close to the label application site (±10 cm).

4.  NEW STANDARDS OF SAFETY 
 AND RELIABILITY

Besides extreme accuracy the hybrid solution 

has helped to tackle certain safety and firing 
reliability issues which so far have remained 
either unaddressed or unavoidable in terms of 
existing designs and technological solutions. 
 The Electronic Shock Tube Based Detonator 
features the following functional characteristics:
− Protection from electromagnetic 
 waves by the metallic case
− Resistance to static electricity (the discharge 
 of 200±10 pF capacitor charged to 10±1 kV)
− Performance under the temperature of 
 80±5ºС when exposed within 12 hours; 
 no premature detonation at exposure 
 to the temperature of up to 120±5ºС within 
 1 hour.
− Water resistance and operation performance 
 when exposed: a) to water pressure of 20 N/
 cm2 with РН from 4 to 9 or diesel fuel pressure 
 within 14 days; b) to the pressure of 1 N/cm2 on 
 the free extremity of the shock tube within
 48 hours
− Resistance to the impact of a flat steel striker, 
 falling at an angel of 30º with the energy of 
 500 J both on the detonator cap and the 
 shock tube
− Resistant to static tension (minimum 80 N) 
 applied to the joint of the shock 
 tube and the detonator cap
− No premature detonation following 
 10 minutes shaking or 60 impacts of 
 a falling load from the height of 150 mm.

Table 1. Field Tests 1 (23±1 ºС).

Nominal Delay, ms 100 200 300 400 500 600 1000 1500 2000 3000 

 
Actual Delay, ms 100.2 199.8 300.5 401.0 501.1 598.8 998.0 1497.7 1998.3 3004 

 

Nominal Delay, ms 100 200 300 400 500 600 1000 1500 2000 3000 

 
Actual Delay, ms 100.3 200.5 300.7 400.9 501.1 601.3 1002.1 1501.4 2003.5 3005.7 

 

Table 2. Field Tests 2 (+50 ºС).

Nominal Delay, ms 100 200 300 400 500 600 1000 1500 2000 3000 

 Actual Delay, ms 99.6 199.5 299.3 399.1 499 598.9 998 1497.2 1990.8 2997 

 

Table 3. Field Tests 3 (-50 ºС).
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5.  BLASTERS' BENEFITS

As it was made clear earlier, the electronic 
technology provides more accurate timing than 
the conventional pyrotechnic detonators which 
rely on the combustion speed of a pyrotechnic 
composition. The electronic detonator so far has 
not excelled on the market due to several reasons, 
the primary one being the cost of the detonator, 
followed by the need of additional training of the 
blasters, again meaning extra costs and time needed.

5.1 Hybrid vs Conventiona - general advantages

The Electronic Shock Tube Based Detonator 
has open new benefits by combining the 
flexibility of the non-electric detonator and 
the accuracy of the electronic (see Table 4).

5.2 Economic Efficiency

Above all the benefits the most vivid and substantial 
one is the economic efficiency. Perfect accuracy in 
delay timing enables altering conventional drilling 
pattern. That is, increasing the distance between the 
holes in a row, the distance between the rows of hole, 
and therefore, decreasing the number of blast-holes 
to be drilled and filled with explosives. The efficient 
utilization and distribution of the explosive energy 
loaded into the blast hole implies a higher powder 
factor, i.e. more cubic meter of waste material 
blasted per kg of explosives used. Thus, with better 

and precise delay timings the explosive cost per blast 
block is reduced by 10 to 35 percent in mass blasts.
 Additionally, this kind of detonator offers 
new blasting options. Accurate delay timing 
makes it possible to apply reciprocal initiation 
of the explosive charge by using two boosters 
– top and bottom. This, again, allows to reduce 
the explosives consumption per blast-hole 
and to expand the drilling pattern by 10%.
 With this efficiency factors taken into account, 
another vital economic factor to be considered is 
the cost of the product itself. Fundamental studies 
resulting in the innovative design gave a feasible 
solution while saving up on the components and total 
cost of the product. For the miners and blasters this 
will be the offer of the new generation of detonating 
systems for a significantly lower price than already 
well-known but yet unaffordable electronic detonator.

6.  SOCIAL FACTORS

Besides functional, economic and operational 
advantages the new Electronic Shock Tube Based 
Detonator presents valuable social benefits, 
including:
− Reduced vibration and airblast with much less 
 seismic effect. This factor becomes even 
 more critical nowadays with construction 
 density ever-increasing, mining sites emerging 
 in close proximity to dwellings, villages 
 and towns, and environmental constraints 
 putting great pressure on the mining companies;

Table 4. Hybrid vs Conventional - comparative chart.

 Delay Timing Accuracy Electronic delay variation of ±0.2 ms vs conventional ±10% in 
  pyrotechnic delay

 Flexibility Any electronic delay, incremental of 1 ms vs limited delay timing scenarios 
  available by pyrotechnic composition combustion

 Predictability  Well designed blast pattern and total control during all steps provide for 100 
  % predictable behavior of the detonator

 Improved Fragmentation Visually evident and confirmed fragmentation improvement and size 
  uniformity, with less fly rock, due to appropriate blast energy distribution

 Combinability Variety of blasting patterns (*) vs limited conventional options

 Reduced Vibration Minimized adverse vibrations due to proper explosive energy distribution 
  within a well designed blast hole plan

(*) The wide range of delay timing enables using previously inapplicable blasting patterns, for e.g. combining non-
electric with hybrid detonators, or assembling surface blasting patterns with detonating cords without delay connectors 
while achieving the required in-hole delay by the hybrid detonator alone.
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− Improved public acceptance to blasting 
 thanks to lower sound effect and less 
 perceptible seismic impact;
− Eligibility of existing blasting personnel. The 
 new system does not require special qualification 
 of the blaster: any blast operator familiar with 
 shock tube assemblies can handle the Electronic 
 Shock Tube Based Detonator 
 by using standard tie-in.

7.  CHALLENGES

As any introduction of a new product the 
distribution of the Electronic Shock Tube 
Based Detonator will definitely face a 
series of challenges, among them expected:
− Conservatism of the blasters. This being 
 obvious due to previous experience of 
 transition from one system to the other (for 
 e.g. to non-electric detonators) that took time 
 and effort. This kind of not-willing-to-change 
 attitude is very specific to the industry, where 
 sticking to basics is perceived as 
 a synonym to safety.
− Cost. Still remains relatively high if compared 
 to conventional pyrotechnic systems. Rather 
 often the cost is taken as the given absolute, 
 without considering the value beneath the cost.

8.  SUMMARY AND CONCLUSIONS

The new generation of electronic initiation systems 
has offered not only new precision standards, but also 
valuable safety features, while playing an important 
role in the mine site economy. Saving up in explosives 
consumption and improving other relevant blast 
performance characteristics in line with an overall 
cheaper electronic solution can play a crucial 
role in subsequent development of the detonators 
and blast initiation systems market in general.
 The work and the analysis performed indicate 
the revolutionary potential of the new product. 
Unveiling this potential may be a long and hard 
journey which can be covered faster and easier 
by joint effort of the explosives manufacturers.
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A probabilistic analysis of vibration based on measured data and charge 
weight scaling.

D. P. Blair
TNL Consultants, Carine, West Australia.

ABSTRACT: The effects of blast vibration are problematic for many mining operations, especially when 
blasting near historic structures, urban dwellings or general infrastructure. Charge weight scaling and 
waveform superposition are the two methods generally used to estimate the peak level of vibration for any 
planned blast. However, estimates of peak levels give no direct assessment of crucial information such 
as the probability of getting an excessive level of vibration. A detailed review shows that simple charge 
weight scaling has distinct advantages over waveform superposition when considering vibration probability 
analysis. In this regard, the present work shows how the charge weight scaling method can be upgraded to 
predict the probability of exceeding a prescribed vibration limit for any planned blast. The method requires 
only a database of measured peak levels and corresponding scaled distances, it has no adjustable parameters 
and can be coded as a simple recipe for fast execution in standard spreadsheets.

1.  INTRODUCTION

The two broad categories of vibration prediction 
currently used in blasting operations are the simple 
charge weight scaling technique and the more 
sophisticated waveform superposition technique. 
As a first stage in the investigation of probability 
analysis for blast vibration, both these methods must 
be critically reviewed to appreciate their limitations 
as well as their applicability to such analysis. This 
is especially so for waveform superposition, which 
is often promoted without giving due consideration 
to its limitations.

1.1  Waveform superposition techniques.

As part of a recent review, Anderson (2008) gives 
an interesting coverage of the history of waveform 

superposition in its infancy, referring to ideas and 
implementations that go back as far as 1942. For 
example, Pollack (1963) gave a frequency domain 
solution to superposition (unknowingly re-derived 
by Blair 1987). Such solutions have particular 
relevance to the spectral control of ground 
vibration, a topic now of interest for the control 
of structural vibrations, including the response of 
pit walls to blasting. The rather long infancy of 
waveform superposition is not surprising because 
the basic idea is quite appealing and intuitive, and 
had probably occurred to many people over many 
years. In the simplest form of this technique, each 
blasthole is considered to emit a characteristic 
(seed) waveform that is time-delayed according to 
the blast delay sequence. The vibration waveform 
due to the complete blast is then mimicked as a 
summed and delayed version of all waveforms due 
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to all blastholes.
 Although the review of Anderson (2008) 
also raised some current issues on waveform 
superposition, it did not reflect the progression in 
technical developments, especially beyond the 
mid-eighties and through the following twenty 
years. At the beginning of this period, Anderson et 
al. (1985), Hinzen et al. (1987), Blair (1987) and 
Hinzen (1988) reported detailed approaches to 
superposition and employed in-situ measured seed 
waveforms in their models. In most cases, these 
models were then used to predict the peak vibration 
as a function of delay interval; the model of Blair 
(1987) also incorporated the influence of delay 
scatter, which is intimately related to probabilistic 
analysis.
 It is instructive to commence any discussion 
on probabilistic analysis by reference to Monte 
Carlo waveform superposition models, the first and 
most basic of which appears to be that reported by 
Blair (1987). These models have two components 
- a waveform superposition component and a 
Monte Carlo component. As a first step before 
the superposition process, it also makes sense to 
scale each blasthole waveform according to its 
charge weight and distance from the monitor. The 
delayed waveforms from all blastholes are then 
superposed in an entirely deterministic manner. 
The Monte Carlo component is non-deterministic 
because its variables continually change to account 
for variations in the delay times (due to scatter) 
and this generates different versions of the delay 
sequence. The Monte Carlo scheme was extended 
to include random fluctuations on a common seed 
waveform in order to mimic aspects of reality. This 
was achieved for time domain solutions as well as 
frequency domain solutions (Blair 1990, 1993).
 In these models, each Monte Carlo simulation 
of the blast design has a slightly different version of 
delay sequence and seed functions (via the imposed 
random scatter). This Monte Carlo process, in 
conjunction with superposition, thus generates 
different versions of the vibration due to a full-
scale blast, i.e. different realizations of the blast 
vibration. Simulating a number of blasts will then 
result in a distribution of simulated peak vibration 
levels. From this distribution, alone, the number 
of simulated levels exceeding a prescribed limit 
(such as 5 mm/s) can then be obtained. The ratio 
of this number to the total number of simulations 
is a direct estimate of the probability that the peak 

level will exceed the prescribed limit. Although this 
prediction is made with respect to a single planned 
blast, the Monte Carlo superposition approach 
can also be used to compare predictions between 
different planned designs.
 It is well known that, due to material attenuation, 
vibration waveforms broaden with travel distance. 
However, prior to 1990, the seed waveforms used 
in superposition models were unrealistic insofar as 
they had shapes that did not broaden with distance. 
In a strict sense, such seed waveforms are only 
relevant to modeling vibrations in the far field of a 
blast for which each blasthole is at approximately the 
same distance to the monitor. In order to overcome 
this limitation, Blair (1990) also developed a model 
that incorporated constant-Q (CQ) attenuation to 
broaden seed functions travelling over a known 
source-monitor wave path. It is important to note 
here that such a model is only applicable to a 
uniform geologic material that can reasonably be 
described as a linear viscoelastic solid. The CQ 
broadening model cannot be used to describe seed 
propagation in highly layered material such as 
coalmine strata. At sufficiently large monitoring 
distances in stratified media, the first arrivals from 
seed blastholes are high frequency body waves 
travelling a fast refractive path through the less 
attenuating material at depth; these waves then 
re-surface at the monitor. Due to the curved path, 
such arrivals typically dominate on the vertical 
component. Their travel path (usually unknown) 
is also much longer than the direct surface path 
travelled by the low frequency late arrivals in the 
low velocity and highly attenuating overburden. 
Quite clearly, it would make no sense to use CQ 
broadening of seed waveforms in such non-uniform 
media. Furthermore, it would be impossible to 
broaden the first arrivals in any meaningful way 
because all their curved travel paths are effectively 
unknown. Moreover, a different CQ-broadening 
would have to be applied to later surface arrivals, 
and arrivals in between would require a complex 
mix of broadening.
 As far as I am aware, prior to 1999, all 
superposition models for the prediction of time 
domain attributes (such as time waveforms and peak 
vibration) were solved directly in the time domain. 
In these solutions, each seed waveform with its 
appropriate delay had to be separately added in 
time to the total waveform. Assuming N blasthole 
seed waveforms, all of different delays, requires

320
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3N wave additions to generate triaxial component 
waveforms for each simulation. Unfortunately, for 
typical production blast designs and measured seed 
waveforms of typical length, this is a numerically 
intensive process, especially if many Monte Carlo 
simulations are required. It was for this very 
reason that Blair (1999) developed a superposition 
model based on the Fast Fourier Transform (FFT) 
to obtain a solution in the frequency domain 
followed by an inverse FFT to recover the required 
time solution. This model ran more than 20 times 
faster than an equivalent time domain model for 
blasts of moderate size. For larger blasts, the FFT 
model was typically more than 50 times faster. 
However, this model was limited to only three seed 
shapes (one for each component, and each still 
with random fluctuations), and so neglected seed 
waveform broadening with distance. Nevertheless, 
experience in measurement and modelling over the 
past 20 years or more suggests that there is no dire 
need to use CQ broadening for seed waveforms. 
It is much more efficient to record a number of 
triaxial sets of seed functions at varying distances 
and do a sensitivity analysis of model predictions 
for different sets. Such analysis invariably shows 
an insensitivity of the prediction to any reasonable 
seed shape. This approach is perfectly acceptable, 
considering that CQ broadening is only valid for 
uniform media, as well as the fact that there are 
large uncertainties with waveform superposition 
models. These uncertainties will be discussed later.
 In a series of articles with much in common, 
Yang and Scovira (2007, 2008), and Yang et 
al. (2008) also use the CQ broadening of seed 
waveforms with distance; the previous work of 
Blair (1990) was not referenced in this regard. 
Presumably, their superposition would also require 
a time domain implementation, which would be 
significantly slower than an FFT implementation. 
Yang and Scovira (2007, 2008) state that their 
CQ method was applied in (stratified) coalmine 
lithology, and the signature of seismic refraction is 
clearly seen in the seed waveforms of Yang et al. 
(2008) for travel distances over 440 m (their Table 
1). In this regard, high frequency first arrivals are 
quite apparent, and most have significant vertical 
components. This characteristic vertical signature 
is also seen in Figure 3b of Yang and Scovira (2008) 
for a seed waveform recorded at a distance of 194 
m. As discussed previously, it is not valid to use CQ 
broadening under such conditions.

 Nevertheless, any realistic models of 
superposition in the near field would require 
knowledge of waveform variations close to the 
source. In this regard, Reamer et al. (1992) presented 
a superposition model based on the behaviour of 
experimental sources as well as theoretical spherical 
explosive sources in the near field. However, 
spherical sources do not have the correct radiation 
patterns for realistic explosive sources in cylindrical 
blastholes. Recently, Blair (2010) gave an exact 
theory to represent explosive columns in the near 
field and used it to confirm experimental results for 
rise times and wave shapes close to single explosive 
shots. In principle, this theory could be used to 
represent seed waves in a superposition model. 
Models employing such sources would naturally be 
relevant to wall control programs, where blastholes 
are necessarily close to the wall, and where there 
is a large range in relative distances between each 
hole and the wall region of interest. For near field 
regimes, Blair (2008) also reported an FFT Monte 
Carlo superposition model that employed 24 triaxial 
sets of seed functions recorded at various distances 
from close-in monitors. This multiple seed wave 
model was used to predict open pit wall response 
to nearby blasting. More recently, in laying claim to 
a multiple seed approach, Yang and Lownds (2011) 
correctly noted that the model of Blair (1999) was 
limited to a single set of triaxial seeds, however they 
did not reference the multiple seed work of Blair 
(2008). Yang and Lownds (2011) also make liberal 
use of ideas and techniques previously detailed in 
Blair (1993, 1999); examples include the method of 
imposing delay scatter in terms of standard normal 
variates, as well as including charge weight scatter, 
and the superposition treatment of three-dimensional 
attributes for triaxial waveform components.
 Irrespective of all past work, large uncertainties 
remain in any vibration superposition model. As 
one clear and significant example, Blair (1999) 
has shown that it is difficult, if not impossible, 
to realistically model the observed transverse 
component of vibration because it has the hallmarks 
of randomness. In fact, this transverse component 
is zero in any axisymmetric theory for wave 
radiation from a blasthole. Thus, it is not clear 
how to assign the measured transverse components 
of seed waveforms to represent the transverse 
components of blasthole radiation. In fact, in a 
strict sense, this cannot be done. In promoting their 
approach, Yang and Lownds (2011) ignored this 
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significant issue with the transverse component. As 
another example, assigning characteristic triaxial 
waveforms to each blasthole introduces significant 
problems, irrespective of the dilemma regarding 
the transverse component. During any blast, there 
is a variation in waveforms radiated by holes as 
they initiate in ground dynamically altering in 
time and space. It is possible to view such ground 
variation in terms of screening and global damage 
mechanisms. Vibration screening occurs when 
previously initiated blastholes fracture the travel 
path between a hole about to initiate and the distant 
monitor. In this regard, Blair (1999) had previously 
developed a two-dimensional model of vibration 
screening that was based on field measurements, 
and demonstrated that it can be used to advantage 
in reducing the blast vibration travelling towards 
a given monitoring station. Although Yang and 
Scovira (2007, 2008) do give a passing reference 
to this screening model, they then replace it with 
a highly questionable model, not based on any 
measured data, and which simply assumes that a 
manifestly non-uniform, non-linear material, such 
as blast damaged rock, can be modelled as a uniform 
material with a linear viscoelastic response. This 
model is also applied in Yang et al. (2009).
 In an attempt to add more realism to Monte 
Carlo superposition techniques, Blair (2008) 
postulated three-dimensional models for screening 
and ground damage, which were used to simulate 
vibration due to the dynamic alteration of ground in 
time and space. These models selectively alter the 
waveforms radiated by each blasthole. However, it 
is fair to state that the mechanisms of screening and 
damage are not well understood, and so the models 
remain tentative only. Furthermore, this approach 
requires parameters for the screening and damage, 
adjusted such that the superposition model predicts 
a peak vibration similar to the measured peak. 
Although such a calibrated model, more often than 
not, predicts complete vibration traces that resemble 
the broad features of observed waveforms, the use 
of adjustable parameters is not ideal. Nevertheless, 
it seems that adjustable parameters would have to 
be an integral part of any current superposition 
approach purporting to model damage and/or 
screening.
 In his review, Anderson (2008) noted that there 
is now a large list of publications dealing with 
waveform superposition, and that most supported 
the technique. However, he made no distinction 

between the possible versions (i.e. deterministic 
or Monte Carlo; FFT-based or non-FFT, with or 
without screening, etc.). Anderson (2008) also 
raised some issues of concern, including that of 
seed waveform repeatability. For example, Yuill 
et al. (2002) reported disappointing results when 
they tried a simple subtraction to extract the seed 
waveform from the vibration record of a ‘blast’ 
of three holes. However, even if such a test was 
successful, the more powerful and standard 
deconvolution techniques would be required in 
any attempt to recover a source (seed) waveform 
from the vibration waveform due to a full-scale 
blast. Although this technique was fraught with 
difficulties itself (Ziolkowski 1983), there have been 
some notable improvements (Baziw and Ulrych 
2006). Nevertheless, deconvolution techniques 
can only be applied to source propagation through 
undisturbed lithology. This is clearly not the case 
in blasting, where the source significantly disrupts 
the lithology in time and space. In the late eighties 
and early nineties, I had spent considerable effort 
using deconvolution in an attempt to extract seed 
wave signatures from production blasts, even small 
ones. The persistent lack of success was partly 
due to dynamic alteration of the ground, and the 
unpredictable nature of the transverse component.
 Blair (2004) had previously noted that the 
Monte Carlo superposition model, perhaps more so 
than most models, is subject to the GIGO principle 
(garbage in – garbage out). The implementation 
of such a model requires significant experience to 
obtain appropriate seed waveforms, to determine 
the variability of their scaling relationship and to set 
the model parameters for time-dependent ground 
damage and screening. Unfortunately, waveform 
superposition models are too often presented without 
discussing or appreciating all their limitations. They 
are also being shoehorned into ‘black-boxes’ for 
general use, without consideration of the experience 
required for a meaningful implementation. For 
example, Goswami et al. (2011) recently applied 
the Monte Carlo superposition model of Blair 
(2008) to a large coal shot, but gave no discussion 
on model calibration. Presumably, they used a 
single triaxial seed version of the software, and their 
simulated vector waveforms appear contaminated 
by a low frequency and non-realistic tail. For an 
N-hole blast, such tails are invariably caused by N 
superpositions of a seed function that has either been 
inappropriately filtered and/or has an unrealistic 
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drift in its baseline. This contamination gets worse 
for large N, especially for blastholes spaced close in 
time, and could cast doubt on calculated waveform 
shapes and peak levels for the entire blast.
 In summary, this review of waveform 
superposition models has shown limitations in the 
approach, including the requirement for adjustable 
parameters and the fact that much experience is 
needed for any realistic implementation. However, 
perhaps the most significant limitations are with 
regard to the transverse component of vibration 
and the current lack of a detailed understanding 
of how each blasthole radiates in dynamically 
altering ground. There is little doubt that all these 
limitations are at odds with the promotion of such 
models. The superposition technique also requires 
expensive, time-consuming and sometimes difficult 
trials to obtain representative seed waveforms from 
single blastholes. Thus although the Monte Carlo 
waveform superposition method offers much 
potential, especially with regard to the influence 
of variable delay sequences, it is expensive to 
implement and has notable limitations.

1.2 Charge weight scaling techniques.

The basic idea of charge weight scaling is 
even simpler than the basic idea of waveform 
superposition. For a single blasthole it is reasonable 
to expect that the peak vibration will increase as the 
charge weight, W, increases. It is also reasonable 
to expect that the peak vibration will decrease as 
the distance, d, between blasthole and monitor 
increases. This is the main basis of charge weight 
scaling, even for a production blast, which consists 
of many blastholes.
 The standard practice of vibration prediction at 
most blasting operations is to use the charge weight 
scaling law. To construct such a law it is usual to 
assign a characteristic distance, d, from the blast to 
the monitoring station and a characteristic charge 
weight, W, to describe all the loaded blastholes. 
These two parameters are then used to define a 
scaled distance, S, given by:

S =d/Wn                                                                                             (1)

where n is a variable usually within the range
0.3 ≤ n ≤ 1.0. The charge weight scaling law is then 
given by:
Vp =aS-b                                                                                             (2)

where Vp  is the predicted (P) vibration peak level 
(usually the vector peak particle velocity, VPPV, in 
mm/s), a and b are site constants. The first part in 
any determination of the charge weight scaling law 
is to log-linearise equation (2) as:

log(Vp)=log(a)-b log(S)                                      (3)

Standard linear regression analysis then yields the 
best-fit estimates of the parameters log(a) and b. 
Perhaps the most popular version of scaled distance 
is given by n = 0.5, and results in the square root 
charge weight scaling law with S=d/√W, this 
version is used in the current analysis.
 Blair (1990, 2004) has noted many problems 
associated with the charge weight scaling law, 
especially the use of a single value of d and W to 
describe a blast that consists of many holes, each 
at varying distances to any monitor. Furthermore, 
this law does not embody any notion of time and 
thus cannot predict changes in vibration due to 
changes in delay sequences. Such limitations can 
only be resolved by using waveform superposition 
techniques. However, as noted earlier, it requires 
significant expense and experience to correctly 
implement a waveform superposition model, 
which also has limitations, including adjustable 
parameters.
 In distinct contrast, insignificant expense and 
little experience are required for using the charge 
weight scaling law; also, there are NO adjustable 
parameters in this approach. Although a and b of 
the scaling law are site parameters, their values 
are fixed by the linear regression analysis which 
is based solely on measured peak level data and 
known parameters (d and W, assessed in some 
consistent manner). The low expense and lack of 
adjustable parameters, as well as the simplicity and 
ease of use, are probably the main reasons why 
charge weight scaling remains the most widely used 
method of vibration prediction for site operations. 
Because of these advantages, charge weight scaling 
is certain to continue as a pragmatic approach, 
irrespective of its noted limitations, and irrespective 
of waveform superposition approaches. With this in 
mind, it is thus worthwhile improving the predictive 
capabilities of the charge weight scaling approach 
without introducing any adjustable parameters 
and without unduly increasing the complexity. 
One clear scope for improvement is with regard to 
probabilistic analysis.
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 The main aim of the present work is to develop, 
for any planned blast, a probabilistic analysis that 
relies only on the measured peak vibration levels 
and associated scaled distances recorded for all 
previous blasts. The first component of this work 
considers large databases of measured peak levels 
of blast vibration and determines the nature of 
the scatter and its dependence on scaled distance. 
The second component of this work illustrates 
how the Gaussian Probability Integral may be 
used to calculate the probability of exceeding any 
prescribed level of vibration due to any planned 
blast given only a history of scaled vibration data. 
The analysis is then applied to the collected data. 
The last component gives a simple, fast recipe 
to do the complete analysis within any standard 
spreadsheet.

2.  OBSERVED PEAK LEVELS OF 
 BLAST VIBRATION

In the present work the peak vibration level is the 
traditionally recorded vector peak particle velocity 
(VPPV) in mm/s. Figure 1 shows the number of 
data points of the measured VPPV for a total 
collection of 26 data sets. The first 17 sets of the 
collection consist of the VPPV values recorded for 
single blasthole firings, and the remaining 9 sets 
consist of the VPPV values recorded for full-scale 

blasts. There were approximately 1600 data points 
for single blastholes and 2200 data points for blasts; 
the minimum set size was 7 members (Set 5) and the 
maximum set size was 560 members (Set 19). All 
this data was collected in Australia, New Zealand 
and USA between 1994 and 2006 at surface coal 
operations, quarries, open pit iron ore and gold 
mines as well as construction blasting operations. 
The single blasthole data was invariably collected 
as seed wave input to waveform superposition 
models. Figures 2 and 3 show this data for the 
single hole and production blast sets, respectively, 
with both data sets plotted on identical scales. The 
regression lines (scaling laws) are also overlaid for 
each of the 26 sets.
 The single hole data is considered precisely 
because, unlike a full-scale blast, the distance, d, 
and charge weight, W, parameters are unambiguous. 
The results of Figures 2 and 3 show that there is a 
considerable overlap in the observed data between 
single hole shots and full-scale blasts. In other 
words, the peak vibration due to a single blasthole 
of given d and W is approximately the same as the 
peak level produced by a full-scale blast consisting 
of many holes, each of charge weight W, and having 
a drill pattern that is classified by some distance 
measure to the monitor, also given by d. This 
finding might appear anomalous because common 
sense suggests that, at similar distances, a multi-

Figure 1. The sizes of all data sets for single holes and production blasts.
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hole blast should produce a peak vibration level 
higher than that produced by an equivalent single 
hole shot. However, single hole shots are invariably 
fired in competent ground removed from any zones 
of previous blasting, and so are efficient radiators 

of vibrational energy. On the other hand, full-scale 
blasts are invariably fired in ground damaged 
by previous blasts and, furthermore, this ground 
damage increases further as the blast proceeds 
(Blair 2004).

Figure 2. The log-scaled results for all single hole data along with each scaling law.

Figure 3. The log-scaled results for all blast data along with each scaling law.



326

2.1 The scatter in measured peak vibration.

Let            represent the j th value of the measured (M) 
peak vibration in the k th set, where k ranges from 
1 to 26, and for each k, j ranges over all members 
of the set. Also, let        represent its scaled distance 
coordinate. The scatter in measured peak levels of 
the k th set can be classified by a residual, which 
is defined as the difference between the value of   
log(   ) and the k th regression line at the 
associated scaled distance value      Thus,  if        is 
the residual in log(       )   then:
   
                                                                        (4)

where log( ) and   are the site constants 
determined for the k th data set. Figure 4 shows 
the residuals,    , for all j and all k, as a function 
of log(d/√W). These residuals, determined for the 
single blasthole data as well as the production 
blasts, classify the scatter in the measured peak 
levels. A vertical offset of 3.0 has been added to 
the production blast residuals simply to clarify the 
graphical display; the double-headed arrow gives 
the vertical scale.
 The scatter can also be classified by the standard 
deviation, σk for each of the sets. For a linear 
regression fit to the k th set of scattered data there is 
uncertainty in the slope, bk , and intercept, log(ak), 

and both these uncertainties contribute to any 
prediction based on the fit. In particular, the linear 
regression fit will pass precisely through that point 
whose horizontal coordinate, xm , is the mean of the 
J values of  log(S   )and whose vertical coordinate, 
ym , is the mean of the J (measured) values of 
log(V    ). Thus at the point, (xm ,ym ) only intercept 
uncertainties contribute to the prediction, whereas 
on either side of this point both slope and intercept 
uncertainties contribute. This simple observation 
shows that the total uncertainty is a minimum at 
(xm ,ym ) and increases either side of this point. 
Thus, within each set, σk  will necessarily be 
dependent on log(S) = log(d/√W) , and the relevant 
treatment in this regard is given in standard texts 
such as Draper and Smith (1981), and Davies and 
Goldsmith (1972). Figure 5 shows the results when 
this treatment is applied to most of the single hole 
data sets and all of the blast data sets.
 It should be appreciated that the peak level data 
points are generally clustered and not uniformly 
spaced along the  log(d/√W) axis. Thus the minimum 
standard deviation, whilst clearly seen in most sets, 
is not necessarily at the mid-point of the set’s scaled 
distance range. It is also obvious from Figure 5 that, 
to a first approximation, σk , can be considered to be 
independent of  log(d/√W), and, for each set it can 
be estimated as the mean of all values within that 
set. Figure 6 shows a plot of σk as a function of the 
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Figure 4. The residuals in log(VM) for all the data sets.
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set number k. If Jk  is the number of data points 
in the k th set, then it is possible to estimate a 
single value of the standard deviation for the single 
hole data, the blast data or the combined data as a 
weighted average of all the appropriate set values, 
σk. This weighted average is given by:

Figure 5. The standard deviation within data sets as a function of log(d/√W)

Figure 6. The statistical properties of each set.

(5)
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For the single hole data σW =0.216 for the blast 
data σW  =0.229 and for the combined data σW 
=0.222.

2.2 Nature of the scatter.

The nature of the scatter in peak vibration levels, i.e. 
its distribution, can be visualized by a histogram of 
the residuals and can be quantified by the Shapiro-
Wilk Probability, PS, which is also shown in Figure 
6 for each data set. This probability is calculated 
using the algorithm of Royston (1982) and is a 
measure of the strength of the Null Hypothesis (i.e. 
the scatter within each set follows a random normal 
distribution). Accepted statistical wisdom decrees if   
PS > 0.1, then there is no evidence against the Null 
Hypothesis. Thus, this analysis shows that six sets 
(3, 8, 13, 19, 21 and 22) fail the test for normality, 
implying that the scatter within these sets might be 
due to fluctuations that are not entirely random.
 Nevertheless, it is possible to fit a normal 
distribution to the histogram of residuals for each 
set. This normal distribution, N(r), as a function of 
the residuals, r, is given by:

N(r) =             exp                                                (6)

where σ is the standard deviation of the particular 

set and A is the total area under its histogram. 
Figure 7a shows N(r) as a function of r, for all 26 
sets. It is instructive to examine the largest single 
blasthole set (11), which passed the normality test 
(PS = 0.139) as well as the two largest blast sets (19, 
26), for which Set 26 also passed the normality test 
(PS = 0.120), whereas Set 19 failed (PS = 0.070). 
These sets are also indicated in Figure 7a.
 Figure 7b shows the normal distributions 
overlaid on the histograms for Set 11 and Set 
19, and Figure 7c shows the results for Set 26. It 
is interesting to note that Figure 7b shows that, 
visually at least, there is little to distinguish between 
the normality attributes for the histograms of Set 
11 and Set 19, yet Set 11 has a significantly larger 
value of PS. However, this might simply imply that 
the size of Set 11 is small enough that the statistics 
indicates there is insufficient evidence to reject the 
Null Hypothesis. It is also for this reason that the 
analysis as applied to the smaller individual sets 
does not always rule out the Null Hypothesis, and 
shows that the data from 20 of the sets are consistent 
with normal variations within those sets (Figure 
6). These considerations illustrate that sufficiently 
large data sets are generally required to reach firm 
statistical conclusions. 
 Thus, in order to investigate the variability in 
blast vibration measurements in a global sense, 

A
σ/√2π

-r2

2σ2

Figure 7a. The normal distributions for all the 26 data sets.



329

it is worthwhile trying to assess the nature of 
vibration scatter using the entire data. One obvious 
solution is to sum all the 26 histograms to get a 
global histogram of residuals. It is then appropriate 
to compare such a histogram with the linear sum 
of all the normal distributions shown in Figure 
6. However, it should also be noted that a linear 
sum of normal distributions with varying standard 

deviations produces a distribution whose shape is 
no longer normal. In this regard, Figure 7d shows 
the global histogram together with the fit from 
summing the normal shapes from all the sets. This 
fit is seen to be a very good approximation to the 
global (and non-normal) histogram, and illustrates 
that it is reasonable to assume, from a pragmatic 
viewpoint, that the scatter within each set can be

Figure 7b. Normal fits to the histograms of Set 11 and Set 19.

Figure 7c. Normal fit to the histogram of Set 26.
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mimicked as a normal distribution, irrespective of 
set size.
 It is also interesting to fit the global histogram 
with a single normal distribution having the same 
area (A) and same standard deviation (σ) as the 
global histogram. This single normal fit is also 
shown in Figure 7d. According to equation 6, this 
is the only normal distribution that preserves the 
basic properties of the global histogram of observed 
data. Any attempt to alter A and/or σ in order to get 
an improved fit will result in a normal distribution 
that has statistical properties inconsistent with the 
total sum of observed data. Furthermore, reducing 
the value of σ for this normal distribution to get an 
improved fit in the mid-regions will significantly 
reduce the response in the wings, which, 
unfortunately, is the region where 5% exceedence 
values are critical for compliance monitoring.
 The Shapiro-Wilk probability for the global 
residuals is given by PS < 0.001, which clearly 
indicates that, as expected, the global histogram 
is non-normal. This finding is also consistent with 
the shapes shown in Figure 7d because the single 
normal distribution underestimates the histogram 
peak and overestimates the histogram in the 
mid regions. However, from another pragmatic 
viewpoint, it is quite apparent in Figure 7d that 
the single normal distribution is still a somewhat 
reasonable approximation to the global histogram.

Figure 7d. Approximations to the global histogram of all residuals.

 In summary, the analysis so far shows that, to an 
acceptable approximation, the global scatter can be 
assumed to be normally distributed and insensitive 
to changes in scaled distance; furthermore this 
scatter can be characterized by a single value of the 
standard deviation, σ, that is close to 0.22. However, 
there can be a considerable variation in scatter 
between various data sets, and thus it is always 
advisable to obtain some estimate of the scatter 
within any data set of interest. This issue will be 
raised in more detail within the following sections.

2.3 A model for the scatter as a function of 
 scaled distance.

Draper and Smith (1981) illustrate that any 
distributional form for the residuals can be overlaid 
on the linear regression slope in order to encompass 
the observed scatter in the data. This idea is now 
used to construct a single model that best describes 
all the vibration data lumped into a single set. The 
similarity between the single hole data and the blast 
data has already been discussed with regard to 
Figures 2 and 3, and so lumping the single hole data 
with the blast data is not an unreasonable approach 
to determine a global model. This lumped set will 
then be used to develop the probabilistic analysis 
based on the Gaussian integral. 
 The scatter in this set is given by a normal

!
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distribution having a standard deviation of σ = 0.22, 
which is the weighted best estimate of all combined 
(lumped) data. Furthermore, the site constants will 
be obtained by a linear regression analysis applied 
to this lumped (L) data set; this yields the charge 
weight scaling law:

log(VPL)=log(aL)-bL log(d/√W)                            (7)

where VPL is the predicted (P) vibration peak for 
the lumped data, with site constants log(aL)=2.843 
and bL.=1.445
 Figure 8 shows the distributional form of 
N(r) overlaid as solid lines on the lumped linear 
regression slope (dashed line) at scaled distance 
intervals of 0.5. Each normal distribution shape is 
characterized by σ = 0.22, and has been normalised 
at a peak level of 0.2 (along the horizontal axis) 
for display only. Synthetically generated (G) peak 
vibration levels,VG, that have a scatter given by 
the measured data are then obtained by adding the 
residual data of Figure 4 to the regression slope of 
the lumped data. This data, which has the global 
slope and real (observed) scatter, is also shown as 
the scatter points in Figure 8, thus completing the 
model.

Figure 8. A scatter model for all the vibration data.

3.  A PROBABILISTIC ANALYSIS

Although the probabilistic analysis will be 
developed with the model of Figure 8 in mind, 
it is applicable to any charge weight scaling 
data, even that for airblast. So far it has been 
necessary to clearly distinguish between measured 
(M), predicted (P), synthetically generated (G) and 
lumped (L) peak level data. However, for the sake 
of clarity, this terminology is simplified and V is 
now defined as the synthetically generated data of 
peak levels shown in Figure 8. Also,Vp becomes 
the predicted peak level data according to equation 
7, for which the L subscripts can be dropped. The 
normally distributed residuals, r, in log(V) are then 
given by:

r=logV - logVP                                                     (8)

As shown previously, it is reasonable to assume 
that the standard deviation, σ, within this model is 
constant, and that the residuals are approximately 
normal (though not strictly so as shown in Figure 
7d). Thus the probability density function for 
any peak value, V, is given by the lognormal 
distribution:



332

!

F(V)=               exp                                               (9)

where the constant log(e) is required to ensure 
that:

                                                                           (10)

The probability,P(V>VP), that any peak vibration 
level V will exceed a given (prescribed) value 
VP is:

                                                                            (11)

A new variable, z, is defined as:

z=     log             =             In                             (12)

where ln is the natural logarithm. Thus:

V = Vp exp(αzσ)                                                (13)

where α = 1/log(e). Also, from (13):

Figure 9. The probability,P(V>Vβ, as a function of  zβ.

dV = ασVp exp(αzσ)dz                                     (14)

Substituting equations (9), (12) and (14) into 
equation (11) yields:

                                                                 (15)

where:

                                                                          (16a)

Dropping the L subscripts in equation (7) then 
substituting into equation (16a) yields an alternative 
expression explicitly in terms of known (d/√W), 
calculated (a, b, σ) and selected Vβ parameters:

                                                                          (16b)

Equations (15) and (16b) yield the probability of 
exceeding a prescribed vibration limit,Vβ , at any 
specified scaled distance, d/√W . The integral term 
of equation (15) is the standard Gaussian (Normal) 
Probability Function dependent on zβ  only. Figure 9 
shows P(V>Vβ as a function of  zβ  in a plot lightly 
gridded for general ‘look-up’ convenience. 

-log(e)           -[logV -logVP]2

σV√2                        2σ2

1            V          log(e)          V

σ           VP            σ            VP
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Figure 10. The probability that the peak vibration will exceed 10 mm/s.

Abramowitz and Stegun (1972) give a polynomial 
expansion for the Gaussian Probability Integral that 
is accurate to better than 0.03 percent. Thus, there is 
no need to directly evaluate the integral of equation 
(15), or, for that matter, to use the ‘look-up’ graph of 
Figure 9. The required polynomial coefficients are:

                                                                          (18)

Then, if zβ≤0,the solution to equation (15) is given 
by:

                                                                          (19a)

And if  , the solution is given by:

                                                                          (19b)

Note that if zβ=0, both solutions yield P(V>Vβ) 

=0.5as is expected from Figure 9. The sum, cT, of 
the coefficients is 0.331919, and so(1+ cT ) 

4= 3.147. 
Thus, if zβ=1, then equation (19b) yields P(V>Vβ) 
= 0.1589, and if zβ=-1, then equation (19a) yields 
P(V>Vβ) = 0.8411  . These values are also consistent 
with Figure 9.

Equation (16b) can be re-arranged as log (d/√W)=(αzβ 
- logVβ+ logα)/b, and this enables a plot of P(V>Vβ) 
as a function of (d/√W) . For the particular model 
under consideration (Figure 8), log(a) = 2.843 and 
b = 1.445. Assuming a prescribed vibration level of   
Vβ = 10 mm/s (typical of compliance monitoring for 
blast operations) yields, for various values assumed 
for σ :

σ -0.22 ⇒ log(d/√W) = 0.125zβ + 1,275         (17a)

σ -0.15 ⇒ log(d/√W) = 0.104zβ + 1,275         (17b)

σ -0.30 ⇒ log(d/√W) = 0.208zβ + 1,275         (17c)

Restricting zβ to the range [-4, 4], Figure 10 shows 
the influence of varying σ on P(V>10 mm/s) as a 
function of  (d/√W). This figure is a compliance 
probabilistic model for the charge weight scaling 
law applicable to the lumped data set of peak 
vibration levels shown in Figure 8.

4.  A SIMPLE AND FAST RECIPE 
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probability curve shown in Figure 9. Furthermore, 
if σ(x) is assumed to be a constant independent of x, 
then equation (20) becomes

                                                                 (21)

It is also worthwhile noting that equation (21) 
is simply an equivalent form of equation (12), in 
which z has been replaced by zγ.
 According to equation (20) the charge weight 
scaling law for the specified confidence level is the 
standard charge weight scaling law, Vβ, modified 
by a variable factor that is dependent on scaled 
distance. Thus if there is a scant number of data 
points and/or a significant variation of σ(x) with x 
(unlike that shown in Figure 5) then equation (20) 
should be used. If σ(x) varies with x, then the scaling 
law given by log(Vγx versuslog (d/√W) will not be 
linear. Otherwise, however, the approximation 
given by equation (21) shows that the charge weight 
scaling law for the specified confidence level is 
simply Vpmodified by the constant factor,10σzγ.
 It should be appreciated that both the normal 
and t-distributions are symmetric, thus if γ=50% 
then t(N-2, 0.01γ)=zγ=0, and then equations (20) 
and (21) predict Vγx =Vγ=VP Equation (2) is the 
regression line through all the observed data, and is 
the 50% confidence line, i.e. there is a 50% chance 
that any data point will lie above the regression 
line. This can be seen from the overlaid normal 
distributions in Figure 8 at each of the four indicated 
values of log(d/√W )Alternatively expressed, V50% 
and thus   P(V>VP) = 0.5. The analysis has been 
used to determine any γ confidence line given by 
P(V>Vγ)=1-γ/100, for which a corresponding value 
of zγ can be calculated from equations (19a) or 
(19b), or read directly off Figure 9. However, using 
the equations requires a root-finding method, or 
using trial-and-error by varying zγ until the required 
P(V>Vγ) is found. For the sake of convenience, for 
γ values of 80%, 90% and 95%, the zγ values are

Equations (19a) and (19b) can be easily coded in 
any simple spreadsheet using the coefficients given 
in equation (18) and zβ calculated from equation 
(16b). As a verification aid for these equations, 
Table 1 lists a set of results for various values of the 
parameters. The first and second data row entries are 
relevant to compliance monitoring under the model 
of Figure 8. The third data row entry is relevant to 
construction vibrations induced in nearby industrial 
structures and the last row entry is relevant to wall 
damage for blasting at a particular iron ore mine. It 
can be seen that the data in the last two columns are 
consistent with the ‘look-up’ plot of Figure 9.

4.1 Vibration confidence curves

Although not directly related to the present 
probabilistic analysis, it is often required to plot 
the vibration confidence curves associated with a 
particular data set. As noted earlier in connection 
with Figure 5, the variable x can be defined as 
log(d/√W) and the variable y as log(Vβ). In a strict 
sense, the standard deviation within each set is a 
function of x, i.e. the standard deviation is given 
by σ(x), and these functions are shown in Figure 5 
for most of the data sets. Assuming a data set of 
N values, the general treatment given in Draper 
and Smith (1981), and Davies and Goldsmith 
(1972) shows that the predicted peak,VYX, at the γ 
confidence level for any x, can given by:

                                                                           (20)

where Vβ is the standard predictor,a(d/√W)-b, and 
t(N-2, 0.01γ) is the γ percentage point of a single-
sided t-distribution with N-2 degrees of freedom. 
For N > 30 or so, the t-distribution is a reasonable 
approximation to the standard normal distribution, 
which has a probability function given by equation 
(15). Under this condition, t(N-2, 0.01 γ)→zγ, where 
zγ corresponds to the γ percentage point of the 

Table 1. The probability results for 4 different sets of input parameters.
a  b σ  d/√W Vβ(mm/s) zβ P(V>Vβ)

696.6 1.445 0.220 25.0 5.0 -0.564 0.714
696.6 1.445 0.220 25.0 10.0 0.805 0.211
76.03 0.756 0.166 5.0 25.0 0.273 0.392
5954.0 2.137 0.197 3.5 570.0 0.730 0.233
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calculate the scaled distance, d/√W.

2. Log-linearise the past data set as per equation 
(3), then do a standard linear regression analysis to 
determine the constants, log(a) and b.

3. Calculate or estimate the standard deviation, σ. 
Spreadsheets can generally calculate this value from 
the linear regression analysis, and this is always 
the best option. Alternatively, σ can be estimated 
as 0.15 for data with moderately low scatter, and 
0.3 for large scatter. The influence of changing σ is 
illustrated in Figure 10.

4. Set the desired exceedence criterion, Vβ (mm/s). 
This value will typically be 5 mm/s or 10 mm/s 
for compliance monitoring, 25 mm/s for structural 
vibrations and significantly higher for blast 
damage.

5. Knowing log(a), b, log(d/√W), σ and Vβ, use 
equation (16b) to calculate zβ.

6. If zβ ≤0 then use equation (19a) to calculate the 
probability,P(V>Vβ), that the planned blast will 
exceed the prescribed level, Vβ. If  zβ >0 then use 
equation (19b) to calculate P(V>Vβ).

7. If any of the percentage exceedence laws are 
required, then simply modify the standard charge 
weight scaling law by the factor 10σzγ, where zγ = 
0.8416, 1.2816 and 1.6448, for the 80%, 90% and 
95% laws, respectively.
 As a final point, it should be noted that it is 
always unwise to extrapolate beyond the bounds 
of the measured data. Thus if the scaled distance 
of the planned blast lies outside the range of scaled 
distances stored in the vibration database, then the 
results of the probabilistic analysis should be viewed 
with caution. This caution regarding extrapolation 
also applies to any waveform superposition model, 
which relies on the experimentally determined 
scaling law for individual (seed) blastholes.
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0.8416, 1.2816 and 1.6448, respectively.

For the model of Figure 8, σ =0.22 and thus, for the 
approximations implied by equation (21), the 80%, 
90% and 95% prediction laws are given by:

                                                                           (22)

5. DISCUSSION AND CONCLUSIONS

The present probabilistic analysis was undertaken 
in order to improve the capabilities of charge weight 
scaling for vibration prediction. This approach 
requires a site-specific database of peak levels as a 
function of scaled distance. However, if such data 
is not available (e.g. at a green field site) then an 
approximate solution might be possible by using 
the combined model described in Figure 8, which 
uses realistic scatter and covers a broad range of 
ground types and blast designs.
 Of course, if there is a significant alteration to 
blast design parameters at any site, then the database 
of past peak levels might not be relevant. In this 
case, a waveform superposition model could be 
considered, despite its noted limitations, because it 
does, at least, mimic the influence of any new blast 
design. However, a better alternative might well be 
to use the present analysis once sufficient data has 
been obtained with the new design. After all, this 
method makes predictions based solely on observed 
data; it can be readily “black-boxed” as shown by 
the recipe and requires no specific experience. If a 
relevant database of peak levels is available, then 
the present probabilistic analysis would be more 
realistic and significantly less expensive than any 
equivalent probabilistic analysis based on Monte 
Carlo waveform superposition.
 In the present investigation, large data sets 
have been used to establish the nature of scatter 
observed in recorded levels of peak vibration as a 
function of scaled distance. Ultimately, this scatter 
can be classified as a standard deviation, σ, which 
then enables a probability analysis based on any 
database of peak level versus scaled distance. 
In particular, the probability of exceeding any 
prescribed vibration level for a planned blast can 
then be calculated by using the following simple 
recipe:

1. Set the distance, d, and charge weight, W, for 
the planned blast in any consistent manner, then 
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ABSTRACT: The methodology assumes that the heat of detonation of an explosive compound of composition 
CaHbNcOdLieMnf can be approximated as the difference between the heats of formation of the detonation 
products and that of the explosive, divided by the formula weight of the explosive. For the calculations in 
which the first set of decomposition products is assumed, predicted heats of detonation of slurry explosives 
with the product H2O in the gas phase have a deviation of 866 kJ/kg from results with the product H2O in 
the liquid state. Fine-particle lithium manganate has been prepared by the detonation of slurry explosives 
of the metal nitrates, M (NO3) x (M = Li, Mn) as oxidizers and glycol as fuels, at high temperature and 
short reaction time. The detonation soot was identified from X-ray powder diffraction (XRD) patterns, 
transmission electron microscope (TEM) and scanning electron microscopy (SEM) measurements. XRD 
analysis shows that nanoparticles of lithium and manganese oxides can be produced from detonation of 
slurry explosives due to fast quenching as well as appropriate detonation velocity, pressure and temperature. 
The XRD patterns of detonation soot calcined at 450, 550 and 650 °C were investigated. The results showed 
that the calcination temperature largely influenced the crystalline phase and size of the powders.

1.  THE RESEARCH OF EBLSC

We will demonstrate the method of calculating the 
heat of detonation, except we will use predicted 
heats of formation of the reactants and products 
rather than measured values. The method will be 
applied to special slurry explosives for the formation 
of spinel Lithium manganese oxides. Slurry 
explosives developed in the late 1950s became 
quite widespread in their use from the mid 1960s. 
Mohammad Hossein Keshavarz (2005) introduced 
a simple procedure by which detonation pressure 
of CaHbNcOd explosives can be predicted from a, 
b, c, d and calculated gas phase heat of formation 
of explosives at any loading density without using 

any assumed detonation products and experimental 
data. This class of explosive has now mainly 
replaced traditional nitroglycerine based dynamites 
and gelignites for commercial blasting. Slurry 
explosives offer many advantages over dynamites 
including being more economical, safer to handle 
and relatively insensitive to mechanical initiation 
and having a good shelf life. They are composed 
of aqueous solutions of inorganic oxidising salts, 
generally ammonium nitrate, held in a gelatinous 
matrix, using gelling agents such as highly branched 
polysaccharides, e.g. guar gum and starch. Density, 
and hence sensitivity, is controlled using a variety 
of materials including hollow glass microspheres, 
and surfactants such as laurylamine acetate to entrap 

Lisbon Conference Proceedings 2011, R. Holmberg et al
©2011 European Federation of Explosives Engineers, ISBN 978-0-9550290-3-5



340

[ΔHƒ (detonation products)-ΔHƒ (explosive)]
formula weight explosive

air into the explosive matrix. Further oxidants 
including lithium nitrate, manganese nitrate, and 
cyclotrimethylenetrinitramine are suspended in the 
gel to enhance sensitivity, along with combustible 
materials such as urea and ethylene glycol.
 Methods for predicting the performance of new 
energetic materials before synthesis or formulation 
are recognized to be cost-effective, environmentally 
desirable and timesaving capabilities to use in 
the early stages of the development process. 
Theoretical screening of notional materials allows 
for identification of promising candidates for 
additional study and elimination of poor candidates 
from further consideration, thus reducing costs 
associated with synthesis, test and evaluation of the 
materials. The heat of detonation is a quantity used 
to assess a candidate’s detonation performance. 
The heat of detonation, Q, defined as the negative 
of the enthalpy change of the detonation reaction, 
is the energy available to do mechanical work and 
has been used to estimate detonation parameters. 
This quantity can be determined from the heats of 
formation of the reactants and the products of the 
detonation through the relation.

Q=                                                                       (1)

 In order to evaluate the heat of formation of the 
detonation products, the equilibrium composition 
of the product gases must be determined. This 
determination can be made through experimental 
measurement, thermochemical equilibrium 
calculations, or by identifying an appropriate 
decomposition reaction.
 In this paper, we will demonstrate the method 
of calculating the heat of detonation, except we will 
use predicted heats of formation of the reactants and 
products rather than measured values. The method 
will be applied to special slurry explosives for the 
formation of lithium manganese oxides.

2.  THE THEORY AND APPLICATION OF 
 DETONATION

Also, as described, gas phase heats of formation 
of energetic materials can be predicted using the 
method of atom equivalents, represented as (kJ/mol).

C3H6O6N6 +62.0, H2O (g) -242.0, CO2 –393.7,CO 
–110.0.

In this work, we are reporting heats of detonation of 
novel slurry explosives only; thus, we require the heats 
of formation for the systems under consideration. 
Condensed phase heats of formation can be 
obtained from literature. The formula is as follows:

0.63mol LiNO3 + 1.26mol Mn (NO3) 2·10H2O + 
2.24mol C3H6O6N6 +0.09molCH2CHCONH2

) 
2→ 

xLi2O + y (2MnO2+Mn2O3) + zCO2 +u CO+vN2 + 
wH2O

∴ 0.63LiNO3+1.26 Mn (NO3) 2·10H2O+ 
2.24C3H6O6N6+ 0.09(CH2CHCONH2

) 

2→0.315Li2O+0.315 (2MnO2+Mn2O3) + 6.12CO2 
+1.14 CO+8.39N2 + 19.77H2O

If we consider the water of 
detonation products in liquid state,

Q [H2O (l)] = 0.315× (-595.8) + 0.315× (2× 
(-521.5) + (-959)) + 6.12× (-393.7) + 1.14×(-
110.0)+ 7.71× (-285.8) -0.63× (-482.2)-1.26× 
(-574.6)-2.24× (+62.0)   = - 4667.7 kJ/kg. 
 
 QP [H2O (l)] = - Q [H2O (l)] ×1kg = 4667.7 kJ

The Qv is the isochoric heat of detonation 
of 1kg explosive and is found from

 Qv = QP + nRT                                               (2)

 Where n is the mol number of detonation gas.

                                                                             (3)

 Where T(K) and t(oC) are 
 the detonation temperature.

                                                                             (4)

                                                                             (5)

                                                                             (6)

 
For double atoms in gas phase,
 Cv = 20.10 + 1.88×10-3 t
 For H2O,                    Cv = 16.72 + 8.99×10-3 t
 For CO2,                    Cv = 37.62 + 2.42×10-3 t
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For crystals,          Cv = 3R=24.94 (It’s the 
Dulong-Petit’s law)

So, a = (0.315×3) × 74.83 +0.315×124.71+ (1.14 
+ 8.39) ×20.06 + 6.12×37.62 + 19.77×74.83= 
70.71 + 39.28 + 191.17 + 230.23 + 1479.39= 
2010.78

b = (1.14 + 8.39) ×1.88×10-3 + 6.12×2.42×10-3 = 
32.73×10-3

Qv [H2O (l)] = 4667.7 kJ + (6.12 + 1.14 + 8.39 )× 
8.314×10-3×298.15 kJ = 4706.5 kJ

If we consider the water of detonation products in
vapor state,
Q [H2O (g)]   = -4667.7 + 866.0 = -3801.7 kJ/kg. 
QP [H2O (g)] = -Q [H2O (g)] ×1 kg = 3801.7 kJ
Qv[H2O (g)]   = 3801.7 kJ + (6.12 + 1.14 + 8.39 + 

19.77 )× 8.314×10-3×298.15 kJ 
= 3889.5 kJ

So, a = 70.71 + 39.28 + 191.17 + 230.23 + 330.55 
= 862.47

b = (17.92 + 14.81 + 177.73) ×10-3 = 210.46×10-3

 Clearly, the predicted heats and temperatures 
of detonation for State Equation of new slurry 
explosive are reasonable. Many of the reported 
values of the heats of detonation of the explosives 
described herein indicate that the experiments were 
analyzed assuming the H2O as being in either the 
vapor or liquid state. Those results in which H2O 
is assumed to be in the vapor state are typically 
denoted Q [H2O (g)], whereas the results in which 
H2O is assumed to be in the liquid state is denoted as 
Q [H2O (l)]. In order to compare our results against 
these, we have also used the Dulong-Petit’s values 
of the specific heat for liquid phase H2O in Eq. (1) 
in order to compare with those results in which the 
product H2O is assumed to be in the close-grained 
state. Heats of detonation were calculated using 
Eq. (1) in which the Chapman–Jouget (C–J) state 
is calculated for the designated explosive. In these 
calculations, the heat of detonation corresponds 
to the energy difference between the reactants 
and all products at the end of this expansion. We 

think that the results in which H2O is assumed 
to be in the actual liquid state condition. So, the 
calculated detonation temperature is 2555.8 K.

3. RESULTS AND DISCUSSION

The explosive charges were put into a thin plastic 
bag with an approximate 1800 kg/m3 density and the 
mass was fixed at 1.600 kg of explosive matter. For 
each charge an electric No.8 initiator and a 0.030 
kg plastic RDX booster were used. The detonation 
experiments were performed in an explosive chamber. 
This method provides a very fast quenching space. 
The air surrounding the charge provides efficient 
cooling of detonation products and thus reduces the 
reuniting of obtained nanoparticles. The detonation 
experiments were done in a steel tank of 14.1 m3. 
The explosive charge was placed in a polyethylene 
bag, which was suspended at the tank center. The 
detonation products contained some impurities 
such as fragments from the tank walls (Fe2O3, 
Al2O3), copper and steel from the detonator, and 
PE from the bag and the leg wires of the detonator. 
Large size impurities were eliminated by simple 
filtration of the suspension. The solid residue was 
washed thoroughly and dried. All the final products 
were analyzed by XRD [λCuKα=1.5406 A°] in the 
range 20–100° (2θ)]. So for all the experiments, 
the detonation of slurry explosives synthesized a 
black powder containing mainly ultradispersed 
composite oxides of Lithium and Manganese.
 Detonation wave synthesized Lithium Manganate 
was found to be polycrystalline powders. Most 
particles had a round shape, which ensures they can 
be used as an ideal active material. Figure 1 shows 
XRD patterns of detonation synthesized Lithium 
Manganese oxides. We obtained a nanosized texture 
containing spinel Lithium Manganate. It is obvious 
that the Bragg reflection peaks of the dynamically 
synthesized Lithium Manganate are broadened, 
which may result from small grain size and/or 
presence of microstrain. Here the mean grain size for 
detonation synthesized Lithium Manganate refers 
to the mean size of crystallites of polycrystalline 
particles. XRD analyses were conducted at a 
fixed temperature in the present study; a precise 
determination of the structural parameters need 
more experiments including both high temperature 
and low temperature experiments. Explosive 
detonation is strongly nonequilibrium processes, 
generating a short duration of high pressure and
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Figure 1. XRD patterns of detonation synthesized Lithium Manganese oxides.

Figure 2. SEM image of detonation synthesized Lithium Manganese oxides.
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high temperature. The structures were identified 
by means of powder X-ray diffraction (XRD) on 
an XRD-6000 Shimadzu XRD diffractometer 
with Cu Kα radiation at room temperature. 
The average grain size (D) was measured from 
the XRD peak using the Scherrer formula:

                                                                             (7)

Where λ=0.15406 nm, θ is the diffraction angle 
of the most intense peak, and β is defined as the 
experimental half-width. The calculated mean grain 
sizes were 6.47 nm for detonation synthesized Lithium 

Manganate. Here the mean grain size for detonation 
synthesized Lithium Manganate refers to the mean 
size of crystallites of polycrystalline particles.
 The shape and size of the as-obtained particles 
were observed by transmission electron microscope 
(TEM, Tecnai G2 20 S-twin). Figure 2 and Figure 3 
show morphologies by SEM and TEM respectively. 
Scanning electron microscopy was used to 
characterise the products. In the final analysis, 
LiMn2O4 with 0.5~2.0μm spherical morphology 
and more uniform secondary particles, but with 
smaller primary particles of diameters from 20 to 
40 nm and a variety of morphologies were found.
 Figure 4 gives the XRD curves for various 

!
Figure 3. TEM image of detonation synthesized Lithium Manganese oxides.
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temperatures. As showed in Figure 4, there existed 
a broad peak around 2θ = 20°, corresponding to 
the (111) peak. This result indicated that after the 
composite powders were calcined at 650 °C, it 
was observed that the crystalline peak of γ-Mn3O4 
increased and the crystalline (311) peak of spinel 
LiMn2O4 increased, along with some unknown 
metastable phase coming from the detonation soot. 
When calcination temperature increased to 650 °C, 
there are some phase change of spinel LiMn2O4 
because of the phase change point at 630 °C. The 
calculated mean grain sizes were 26.19 nm at 450 
°C, 24.87 nm at 550 °C, and 30.17 nm at 650 °C, 
Therefore, the calcination processing could produce 
needed diameters of primary particles of the spinel 
LiMn2O4. Furthermore, the spinel LiMn2O4 peaks 
became sharper with increasing calcinations 
temperature to 650 °C, which suggested that 
the crystallinity was higher and the grain size 
was larger at high calcination temperature than 
those obtained at low calcination temperature.

4.  CONCLUSIONS

Free metal atoms are first released with the 
decomposition of explosives, and then these metal 

and oxygen atoms are rearranged, coagulated and 
finally crystallized into Lithium Manganate during 
during the expansion of detonation process. For 
slurry explosive detonation, the detonation pressure, 
the detonation temperature and the duration were 
20–30 GPa, 2000–4000 K and 2–5 μs. The inherent 
short duration, high heating rate (1010–1011 K/s) and 
high cooling rate (108–109 K/s) prevent the Lithium 
Manganate crystallites from growing into larger 
sizes and induce considerable lattice distortion. 
The XRD patterns of lithium and manganese 
oxides in detonation soot calcined at 450, 550 and 
650 oC were investigated. The simple and efficient 
approach employed for the nano-LiMn2O4 products 
can be successfully used for the fabrication of 
LiMn2O4. Indeed, the advantage of the ability to 
induce surface modification of LiMn2O4 makes the 
method useful as well as usual high-technological 
methods. Further investigations of different cases 
may lead to new opportunity for the fabrication of 
LiMn2O4 powders with improved properties based 
on the simple method of detonation synthesis.

(1) Nano-lithium and manganese oxides are 
 synthesized via detonation of the 
 unconventional slurry explosive, and these

Figure 4. XRD images of detonation soot calcined at 450, 550 and 650 oC.
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 particles show spherical morphology with 
 average diameter about 30nm varied from 10 
 to 50 nm.
(2) Lithium and manganese oxides grow in the 
 detonation reaction section and agglomerate 
 directly from molecular state or ionic 
 state. During their agglomerating process, 
 there are not epitaxial growth phenomena.
(3) The detonation temperature largely influenced 
 the crystalline phase and size of the powders.
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ABSTRACT: Previous blasting vibration prediction methods which consisted mostly of empirical coefficients 
were founded on data statistics. The purpose of this paper is to provide a method based on the superposition 
principle of ground seismic waves to predict the waveform at a certain location. The waveform of a single 
blasthole was used in the calculation. The relative position between the recording site and each blasthole, 
delay time of each blasthole detonation according to actual initiation network, and propagation velocity of 
the seismic wave were also considered. This method can not only predict the PPV of blasting vibrations, but 
also forecast a complete vibration waveform, and that can get the time history of the blast and the frequency 
distribution. Deep hole blasting tests using electronic detonators show that the simulation waveform was 
identical with the recorded one. It has good reliability, and can be widely used in engineering.

1.  INTRODUCTION

Millisecond delay blasting has been widely used 
in rock and mine excavation engineering. With 
the expansion of blasting construction range, the 
human annoyance to the residents induced by 
blasting is increased. It badly hampers the smooth 
project progress, and affects social stabilization. 
In order to control the blast vibration and protect 
the interests of state and people, blasting vibration 
prediction at a special location is sorely needed. 
However, blasting vibration effects influenced 
by lots of factors is a complex problem. So 

far, reliable vibration prediction methods have 
not always been used in China and abroad.
 At present, Sadaovsk formula is
mostly used for predicting the attenuation:

(1)

where V is the peak particle velocity, cm/s; R 
is blast centre distance, m; Q is namely charge 
weight, the biggest explosive charge for the 
same delay time, kg; K and α are coefficients 
related to blasting condition and geologic 
site, sometimes determined by experience.

     !
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 Actually, the above formula proposed was 
based on experience and statistics of coyote blasts. 
For relatively reliable values of K and α, a series 
of data evaluated in blasting engineering field is 
necessary, and then the corresponding results could 
be obtained by regression analysis of collected 
data. Due to the influence by multiple factors, 
correlation coefficient is always lower. Calculation 
error of predictive PPV can reach 200-300% at 
close blasting area, and over 50% at a far distance. 
Moreover, when high precision Nonel detonator 
and in-hole and out-hole millisecond delay 
relay network are adopted in long hole blasting, 
hole-by-hole detonation technique is necessary, 
and the delay times along the rows are often 
less than 10 ms. With the continuous blastholes 
initiation, if former formula is used to predict the 
PPV, there is no way to calculate the explosive 
charge Q, so former PPV experience formula is 
incapable for small interval millisecond blasting.
 In recent years, Artificial Neural Network (ANN) 
with strong nonlinear dynamic data processing 
ability has been applied to predict the PPV. Its 
prediction results are better than Sadaovsk’s, but 
this method essentially based on large sample 
statistics of similar projects only improved 
statistical analysis method largely. These studies 
put forward the development of blasting vibration 
prediction technology to an extent, and deepen 
our knowledge of blasting vibration regulation, 
but some defects are still exit. ANN still uses 
experience coefficient method, can only forecast 
the peak value of blasting vibration, moreover, 
duration and frequency distribution of blasting 
vibration are inestimable. The key point of blasting 
vibration prediction aims at understanding the entire 
vibration process, but not a value. There are also 
such defects in blasting vibration evaluation system.
 With Lux. No.1 electronic detonator, precise 
control of blast can be realized to ensure little 
difference between design delay and actual 
initiation time, which provide the possibility 
for more precise prediction of blast vibration. A 
vibration waveform superposition method, which 
is different from conventional prediction method, 
was provided in this paper. It doesn’t need lots 
of tests data over a long period of time, mainly 
depending on blasting vibration records achieved 
by pilot single blasthole blasting at several 
locations, the utilization of software developed 
to analyze the recorded vibration signal and to 

predict the vibration waveform on different sites.

2.  BLASTING VIBRATION PREDICTION 
 METHOD

2.1 Theory of the methodology

The crucial point of the methodology is to use a 
pilot-blast signal. The pilot-blast is constituted 
of a single neighbouring blast in the vicinity of 
the group-blast. The signal embraces the seismic 
properties of all complex geology between the 
blast and the target locations. Therefore a single 
hole blast waveform recorded in field test contained 
geologic site condition and blasting vibration signal 
synthetically. The group-blast is made up of pilot-
blasts, i.e. a gathering of pilot-blasts representing 
the group-blast, which accords with theories.
 The vibration records obtained from pilot and 
group-blasts share the same blast-design properties, 
such as explosive types and amount, hole-
diameter and depth, etc. That blasting vibration 
wave initiated from pilot and group-blasts should 
travel along the same geological structures, such 
as lithology and tectonics. Since the pilot-blast 
carries all the information related to the above 
stated factors, there is no need to take in account 
all the details of the complex geology. The data 
analysis technique used in this work is based on 
linear system theory, which is feasible in theory. 
The blast vibration signal caused by a single hole 
blast is used to simulate the group-blasts vibration 
waveform based on the following theory, that is

(2)

Where Ti is arrival delay of blasting vibration 
wave induced by current single hole blast, 
ƒi(t) is vibration signal induced by current 
single hole blast, F(t) is the prediction results.
 Correlative studies have been carried out at home 
and abroad. Xu Quanjun et al. (2000) conducted 
numerical simulations with LS-DYNA3D software 
for ground vibration of single hole and double holes 
in rock near the source in bench blast, by which the 
starting position of delay blast superposition could 
be determined. Zhen Yucai and Zhu Chuanyun 
(2005) analyzed the relationship of the vibration 
superposition and influential factors by analyzing 
the characteristics of the single-section blasting

! 

F(t) = fi (t +Ti )
i=1

n

"  !
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vibration. Guo Xuebin et al. (2000) measured the 
vibration of single-hole blasting in homogeneous 
medium, through the experiments of the vibration 
effect of deep-hole bench blasting with millisecond 

delay, the stacking properties among the delay 
intervals of millisecond blasting were analyzed.  
 Above mentioned theories illustrated it is 
feasible to assume the blast duration is a linear 
system and utilize the vibration signal of a single 
source to simulate the multi sources. Because 
traditional detonators are limited with regards 
to firing accuracy and cannot meet the above 
simulation demand, most of studies still stay in the 
theory researching stage. Because of small scale 
of engineering test and poor prediction precision, 
it is unable to provide a specific executive method 
in actual engineering application. Such studies 
were affected seriously by these drawbacks, and 
credible results were attained difficultly. Lux. No.1 
electronic detonators made in China changed the 
situation. The firing accuracy is less than 1 ms 
can greatly enhance the delay time accuracy of 
initiation network. The new equipment opened the 
way to forward development of blasting technology.

2.2 Data acquisition

For prediction of blast vibrations, the blast vibration 
wave velocity is needed to acquire travel time of 
the vibration wave reaching the target. The blast 
vibration velocity reflects the geological condition 
to some extent. To get wave velocities, the three 
seismometers are used in combination with radio-
telecommunication units to provide external

Figure 1. The scheme of seismic wave superposition.

!

Figure 2. The scheme of wave superposition at a certain location.
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triggering. The aim of using external triggering 
is to make the seismographs start to record at the 
same time from which vibration wave reach time 
can be got. Wave velocity can be calculated through

(3)

where S is the distance difference between any two 
seismometers, as shown in Figure 3 S2-S1, Δt  is 
the time difference of delay time of vibration wave 
reaching target, Cv is the wave velocity between 
the two seismometers. More seismometers were 
arranged to obtain the wave velocity of each 
section, to improve the measurement accuracy, 
and also to get the base wave signals induced 
by single hole blast at different distances.

2.3 Implement step

 (1) One blast-hole near the production round 
is selected as a pilot-blast to record the blast 
vibration data caused by a single hole blast. The 
first initiation blasthole in the round can be chosen 
as the base wave signal, but the delay between the 
first and the others should be not less than 200 ms. 
 (2) More seismometers (not less than 
3) were arranged in measurement line 
direction, from the near to the distant, to 
cover prediction range as wide as possible. 

 (3) Collection of blasting engineering 
parameters, such as blastholes location, hole 
depth, charge weight, and blasting network, etc. 
 (4) Proper blast vibration signals of the 
single hole blast were selected as the base 
wave, and then analyzed through special 
development software based on this method. 
 (5) Blasting parameters of the production round 
and corresponding delay design were input to 
obtain the blast vibration wave prediction result. 
 (6) Delay design was altered according to 
former prediction until it fit the engineering 
standard, after that blast was carried out. 
 (7) Record the engineering blast vibration 
again, and compare with the prediction results 
to further improve design parameters. The 
prediction accuracy could be increased greatly 
by 2-3 this measurement and calculation loops.

2.4 Prediction software development

The Prediction software consists of three programs: 
 (1) Filter of vibration signal, 
 (2) Velocity calculation, and 
 (3) Blast vibration prediction.
 Owing to several factors influence, the blasting 
vibration signal would be polluted by high frequency 
noise during the record duration in test field, where 
the S/N (signal to noise) ratio decreases. Band-
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Figure 3. The measurement of seismic wave velocity.
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hole blast test. Assume that waveform of each hole 
is similar with the base waveform, just the charge 
weight and distances are changed within a small 
range, which changes the vibration accordingly.

That is to say

(4)

where  Ai is the charge weight scale coefficient,  is 
the distance scale coefficient, and ƒi (t) is the same 
with Formula 2.
Ai  can be calculated by

(5)

where Qi is the charge weight of the current 
hole, Q0 is the charge weight of pilot blast
The other coefficient  Bi is

(6)

where Li  is the distance from the current hole 
to measurement site, L0 is the distance from 
the pilot blast hole to the measurement site, 
and α is the peak value decay coefficient.
 Ti in formula 2 is the arrival time of vibration 
wave to reach the measurement site. It includes the 
detonator delay and its difference of travel time 
compared with pilot blast. That is

(7)

where ti is the design delay of the detonator in a 
blasthole, L0,  Li  and CV  are the same with above 
description. Figure 4 illustrates the prediction 
procedure.

3. ENGINEERING APPLICATION

Lux No.1 electronic detonators had been on trial 
on 10th December 2009 in Dexing copper and the 
engineering test using this method was conducted 
in Fu Jiawu diggings. Figure 5 illustrates blast 
holes arrangement. Bench height is 15 m, mining 
area width is 90 m, borehole diameter is 250 mm, 
depth is 15-17.5 m, and columns height of charge 
weight is 7.5-9 m. There are two boosters in which 

Figure 4. Prediction flow.

pass filter was applied in the analysis program to 
reduce the noise effect on blasting vibration signal.
 Time interval Δt can be evaluated from the 
arrival time difference of the first vibration 
wave peak reaching each measurement site. 
S is read through GPS survey. Thus the wave 
velocity Cv can be calculated by Formula 3.
 Blast vibration features mainly depend on 
charge weight, structure and field conditions. Rise 
speed and amplitude of wave-front were decided 
by charge weight which is the decisive factor 
of vibration intensity. Hole structure and field 
conditions affect the duration time and attenuation 
regulation. Therefore waveforms induced by 
a single hole blast is similar with each other at 
the same place, if above factors are the same.
 Hereby vibration waveform for each hole can be 
obtained by using the base waveform of a pilot single 
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Figure 5. Measuring point arrangement

!

      ×—seismometers   ○—blasthole

Figure 6. Base vibration waveform induced by a single blasthole shot at three measurement locations
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one detonator were placed in each blasthole. 
Hole pattern is 8m×8m, and there are 41 holes 
totally. Single hole charge weight is 500~700 kg, 
total sum of charge weight is 37 tons.
 Single hole blast test was conducted according 
to the implementation process of this method. 
Figure 5 shows the blastholes and measurement 
sites. Figure 6 shows vibration record of single 
hole blast in three measurement sites. In actual 

rounds, measurement sites locations are the same 
with pilot single hole blast test. 
Before the production blasts developed 
prediction software was used to simulate the 
blast vibration according to the designing 
parameters. Simulation results were compared 
with actual vibration records from the production 
blasts. Figures 7-9 illustrate the comparison 
of simulation waveform and actual waveform.

Table1. The comparison of PPV

Measurement site Vc  VS  |Vc-VS|
   [cm•s-1]  [cm•s-1]  [cm•s-1]
 Index Distance(m) positive negative positive negative positive negative
 1# 98 9.29 -8.28 9.33 -6.91 0.04 1.37
 2# 142 1.98 -1.67 1.8 -1.78 0.18 0.11
 3# 211 0.93 -1.40 0.88 -1.25 0.05 0.15

Figure 7. The prediction results and actual record at 1st site.
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Figure 8. The prediction results and actual record at 2nd site.

Figure 9. The prediction results and actual record at 3rd site.
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Figure 11. Base vibration waveform induced by a single blasthole shot at two measurement locations.
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Figure 12. The prediction results and actual record at 1st site.
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Figure 13. The prediction results and actual record at 2nd site.
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 From Figures 7-9 shown, fluctuation regulation of 
both prediction results and actual records are nearly 
uniform, and vibration intensity increase or decrease 
occurred at close time. Therefore the prediction 
results using this method reflect the blast vibration 
changing trend at the prediction target location. 
Table 1 respectively presented the vibration peak 
value of prediction VC and actual records VS  at three 
measurement points. Comparison analyses of them 
show that prediction accuracy has been improved 
greatly. The prediction error is no more than 10%.
 In the same year, the contractor of blasting 
tried to utilize electronic detonators to reduce 
the damage of surrounding residents in Guang 
Yuan of Si Chuang province. This method was 
also directly evaluated in engineering test. Figure 
10 illustrates blastholes and measurement sites 
arrangement. Figure 11 illustrates the vibration 
records of a single hole blast. The distances from 
the measurement sites to the single hole are around 
142.5 m and 172.2 m respectively. Figures 12 and 
13 show the vibration records and corresponding 
prediction results. Table 2 compares the vibration 
peak value of prediction with actual records.
 The results show that the vibration intensity 
and the wave fluctuation duration for the 
geological condition is changing slightly. It 
is obvious that there is a minimum amount of 
interaction among the blast-holes, so an earlier 
prediction may be used to modify the sequence 
of the later rounds to find the best vibration 
control effect through the best delay design.
 The engineering test verified that prediction 
results using single hole blast waveform 
superposition is close to real vibration waveform, 
and the tolerance is acceptable to engineering.
 Due to attenuation and dispersion along the 
path, the surface waves continuously assume 
different waveforms. In such a case, although the 
selected time-delays successfully minimize the 
vibrations at target locations, other locations may 
not be benefitting from those parameters, and 

may even result in an increase of the vibration. 
For opencast blast mining, selected delay times 
should also allow for improved rock fragmentation 
and ensure the blasting comprehensive benefit.

4.  CONCLUSIONS

The advantages of the new methodology 
with respect to conventional methods are: 
 (1) Vibration evaluation is not solely 
based on peak particle velocities, but also 
vibration waveform, frequency content, 
and time duration are taken into account. 
 (2) This method didn’t need experiential 
coefficient, avoid the artificial factors affection 
and is suitable for all the blast vibration 
prediction where high precision delay are used. 
 (3) The new method requires fewer measurement 
equipments during executive process in engineering 
field than conventional methods. Moreover, the 
prediction accuracy improved evidently. It is feasible 
to implement and suitable to extend in engineering.
 Although data from only two examples are 
given to justify the veracity of the method in this 
paper, results obtained from dozens of test blast 
engineering using Lux No.1 electronic detonators 
prove the validity of the methodology proposed. 
Certainly, as a new technique, further studies are 
needed to avoid insufficiencies and perfect itself.
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urban environments
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ABSTRACT: Blast vibration control is of vital importance for tunnel blasting in urban environments. 
Due to the expensive nature of urban tunnelling projects, it is always necessary to maximise 
excavation productivity while controlling blast induced vibration under prescribed limits. Using 
field tests to explore various design scenarios is time consuming and costly. It is worthwhile to 
use a reliable computer model of blast vibration to assist in selection of blast design options to 
maximise each blasting opportunity, given the increasing complexity afforded by new technologies 
such as electronic initiation, navigated drilling systems and variable energy charging systems.
 A project was conducted to test a blast vibration prediction model for tunnel blast vibration. A series of 
tunnel blast rounds were fired and triaxial vibration waveforms from the blasts were recorded with several 
seismographs at distances ranging from 10 to 100 metres from the blasts. Seed waveforms were obtained from 
the cut holes in each round. Over 60 seed waveforms were collected and the charge weight scaling law for the 
signature hole PPV were established. A vibration model with multiple seed waveforms (MSW) as input for 
a point of interest was developed in recent years by one of the authors. The MSW blast vibration model has 
been applied successfully in open cut and quarry blasting situations. From the literature, it appears that there 
may not be any seed wave-based vibration modelling work for tunnel blasting. In this paper the MSW model 
is applied to tunnel blasting and some specific issues associated with tunnel blast modelling are addressed. 
The capability of the model in terms of the PPV and frequency prediction is demonstrated in the paper.
 The paper demonstrates that the MSW blast vibration model is a useful tool for 
managing tunnel blast vibration with the potential to optimise round by round design in 
terms of managing the vibration below the limit while maximising tunnel advance rate.

1.  INTRODUCTION

Tunnelling is an important activity in both the 
mining and civil construction sectors. In the 
civil sector in particular, increasing population 
pressures are requiring more transport and service 
infrastructure to be constructed underground 
in the urban environment. Often drill and blast 

methods provide the most flexible and efficient 
method of excavation. However, these methods 
can present challenges in the management of blast 
induced ground vibration, especially in proximity 
to existing structures and facilities. Such structures 
can include domestic dwellings, industrial 
buildings, museums, churches and bridges amongst 
others. Underground facilities such as sewer,

Lisbon Conference Proceedings 2011, R. Holmberg et al
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power and subway tunnels can also be encountered 
providing for any number of interesting scenarios.
 Traditionally blast vibration prediction is 
achieved using charge weight scaling laws and 
management of vibration level by adjustment of 
charge weight. It is well understood that charge 
weights can be managed by the use of delay 
blasting techniques and adjustments to linear 
loading densities as well as adjustment to shot-
hole length to match achievable charge weight. A 
tunneller, however, will only use the latter method 
as the very last resort, as reduced shot-hole length 
means reduced advance rate which slows the overall 
excavation speed. In many urban civil construction 
projects the capitalisation costs are significant 
and therefore time to completion is critical for the 
economic success of the project. Any advantage 
to maximise charge weight can have significant 
impact on the overall economic performance of the 
project through maximising advance opportunities.
 The issue is further complicated by the 
introduction of new technologies such as computer 
aided blast design that can be downloaded to 
navigated drill rigs that offer almost infinite 
possibilities for blast pattern implementation. 
Explosive loading systems can offer a range of 
linear loading density possibilities and now, with 
electronic blasting systems, a new method of 
approaching blast timing and breakout sequences.
  It is evident that conventional charge weight 
scaling may not be the best tool to harness the 
benefits achievable with these new tunnel blasting 
technologies, and a method that factors in variables 
of charge position and breakout progression might 
provide an improved capability for optimisation.
 Seed-wave vibration prediction has seen 
application in surface blasting activities, however 
it appears that this method has not yet been adapted 
for modelling work in tunnel blasting. In this paper 
the MSW model is applied to tunnel blasting and 
some specific issues associated with tunnel blast 
modelling are addressed. The capability of the 
model in terms of the PPV and frequency prediction 
is demonstrated in the paper.

2.  MULTIPLE SEED WAVEFORM (MSW) 
 VIBRATION MODEL

The MSW blast vibration model differs from most 
existing blast vibration models in several aspects.
 Firstly, the MSW model uses multiple seed 
waveforms recorded at different distances as input 

to the model (Figure 1). For modelling a production 
blast with multiple blastholes, a different seed 
waveform may be selected for a different blasthole 
according to the relative location of the blasthole to 
the point of interest (Figure 2). Then the selected 
seed waveforms are extrapolated using a transfer 
function from the point where they were measured 
to the monitor location (in Figure 2, the transfer 
functions are applied for distances δ1, δ2, δ3). 
By employing multiple seed waveforms recorded 
at different distances, the combined effects from 
charges at different distances can be assessed in 
the model. Waveform changes that are due to a 
mixture of wave types and frequency attenuation 
over the distance are automatically taken into 
account. In addition, the geological effect encoded 
in different seed waveforms is input into the model 
via the multiple seed waveforms. The concept of 
the model is suitable for both near and  far field 
vibrations (Yang and Scovira 2010).
 Secondly, since the MSW model is three 
dimensional it simulates propagation and 
superposition of three triaxial vibration components 
from each blast hole. It also models the change of the 
ratio of the longitudinal over the vertical component 
with distance which improves the modelling 
accuracy for both near and far field vibration 
(see later). Additionally, in some applications, the 
vibration limit is often specified for an individual 
component, for example, requiring the vertical 
component to be below a certain limit. The present 
model is suitable for such purposes.
 At present, the MSW model has only been 
applied successfully to open pit and quarry blasts. 
To extend the model for prediction of tunnel blast 
vibrations, the algorithm for the broken ground 
screening (Yang and Scovira 2007) has been refined 
and is discussed below.

2.1 Change of the ratio among the triaxial vibration 
components due to distance

From blast vibration monitoring, it is commonly 
observed that the vertical component is the largest 
among the three components if the monitor is 
placed on the ground surface near a blast hole, 
whereas the radial component is the largest if the 
monitor is placed far away (e.g. the distance is 
much larger than the depth of the blast hole). This 
particular phenomenon is accurately modelled in 
the MSW model by applying well-known three 
dimensional coordinate transformations to the
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Figure 1. A sketch of multiple sets of seed waveforms measured at different distances from a signature hole.

Figure 2. A set of signature waveforms is selected for each charge according to the distance match – multiple sets of seed 
waves used at a point of interest.
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triaxial components of the seed waveforms (Yang 
and Scovira 2010). This effect is illustrated in Figure 
3, and is important because many applications have 
vibration limits specified for separate components. 

2.2 Modelling effects of broken ground, voids, and 
confinement

Earlier firing holes can cause ground damage in 
the vibration wave path of subsequent holes. The 
damaged path will result in more attenuation (due 
to screening) than the undamaged case in both 

amplitude and frequency. In the screening algorithm 
described in previous papers (Yang and Scovira 
2007), the total charge weight of the earlier-fired 
blastholes in the path area (shown in Figure 4) was 
taken into account. The amplitude reduction as well 
as the change in the waveform was then a simple 
function of the ratio - the total charge weight to the 
weight of the present firing charge. However, this 
algorithm sums all earlier firing charges within the 
path area (Figure 4) without a weighting function 
on any of the charges and hence does not take into 
account the relative location (di and ci in Figure 4) 

Figure 3. Change of the ratio among triaxial components with distance that the MSW models.
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 presently-firing charge.
− location deviation of an earlier firing hole to the 
 centre line (ci) - the smaller the deviation, the 
 more screening of the vibration due to the 
 presently-firing charge.

Simple functions to model these three major trends 
can be advanced as:

                                                                                (3)

Where ƒ1(di) is the weighting function accounting for 
the distance (di) from the present firing hole to the 
earlier firing hole. When di=0, the coefficient of the 
earlier firing hole for screening is  (e.g. assuming 
=2) and when di=B (nominal design burden), 
the coefficient is /eAssuming /e =1,γ=κ, 
therefore,

                                                                                (4)

The function above provides negligible screening 
when the distance from an earlier firing hole 
to the present one is large. For example, when 
di=3B, ƒ1(di) =  1

2. Since a radius of a half burden 
at the back of the presently-firing hole (i.e. at the 
opposite direction of the presently-firing charge to 
the monitor) is included in the screening area (refer 
to Figure 4), the function (4) also models the effect 
of variable burden to different holes during a tunnel 
blast round. The graph of function (4) is displayed 
in Figure 5a.
 ƒ2(Δti) is the coefficient accounting for the delay 
time (Δti) of the present firing hole from the earlier 
firing hole. T is the delay time per unit distance 
required for sufficient relief of the overburden 
in the blast design, for example, for a large open 
pit blast with soft rock, 20 ms/m is regarded as 
sufficient time relief. At the sufficient relief: Δt 

=1 , it 
is assumed that ƒ2(Δti)≈0.98, then η = 4. Therefore,

                                                                                (5)

The function above also assumes that there is no 
screening effect if an earlier firing hole is fired 
very close to the present hole in time (ti=0, 
ƒ2(Δti)  =0). The graph of the function (5) is displayed 
in Figure 5b.

and firing timing (ti in Figure 4) to the presently-
firing charge (Figure 4).
 Recently, the screening algorithm has been 
improved to remedy this situation thereby rendering 
the MSW model suitable for modelling tunnel blast 
rounds, as well as accurately modelling open pit and 
underground blasts.

2.3 Improved screening functions to model broken 
ground, void, and confinement

The improvement over the previous screening 
algorithm involves the introduction of weighting 
functions to calculate the total effective charge 
weight in earlier-fired blast holes in the path area.
 As in the previous algorithm, the improved 
algorithm assumes that the vibration amplitude A1 
is reduced by a screening factor s to A2, such that A2 
=sA1, where s is an exponential function

s(Ø) = λ Ø
                                                                                (1)
Ø = wte

wte is the total effective charge weight in earlier fired 
blastholes in the path area and w is the weight of 
the presently-firing charge. The previous algorithm 
obtained the total effective charge weight by simple 
summation of the weights of earlier firing charges 
within the path area without a weighting function 
for any single charge, whereas, the improved 
algorithm employs a weighting function for each 
charge weight within the path area according to its 
relative location (di and ci in Figure 4) and timing 
(ti in Figure 4) to the present firing charge, i.e.

wte = Σ ƒ1(di) ƒ2(Δti) ƒ3(ci)
-wi                                              (2)

            
m

where ƒ1(di), ƒ2(Δti), ƒ3(ci)
 are weighting functions 

for the ith previously fired charge wi. and m is the 
total number of previously fired charges in the path 
area. The weighting functions are used to model the 
following effects:
− the distance from the present charge to the 
 earlier firing charges (di) –an earlier firing 
 charge closer to the presently-firing charge 
 causes a greater reduction in amplitude of the 
 vibration from the presently-firing charge.
− advance time (ti) of an earlier firing hole to 
 the present hole – the smaller the advance time, 
 the less screening of the vibration due to the 

w

ƒ1(di) = κe 
γdi
B

ƒ2(Δti) = 1-e   
ηΔti
Tdi

ƒ3(ci) =cos   πci

B

ƒ1(di) = κe di 
In κ
B

κ

Td

ƒ2(Δti)≈1-e  
4Δti
Td
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ƒ3(ci) =cos   πci

B

Figure 4. Path area where the earlier firing charges are accounted for screening the blast vibration.

signature seed waveforms. Over 60 seed waveforms 
were collected at different distances and the charge 
weight scaling law for the signature hole PPV were 
established. The modelling results from the MSW 
model were compared with vibration recorded for 
the blast rounds.
 The shot-holes were 4.2 m deep on average 
and 48 mm in diameter. The rock was competent 
hard granite. Figure 6 shows the pattern for one of 
the three test blast rounds. Each of the three rounds 
varied in the delay time allocation as opportunity 
was taken to test some other theories related to 
electronic tunnel blasting. The cross section shown 
in Figure 6 is 7.5 m in width and 7.9 m in height. 
The delay starting with the cut holes in this example 
were 150 ms speeding up to a constant 40 ms within 
the face. The perimeter (through earlier experience) 
was designed to fire on 5 ms increments to help 
control vibration, with right side first then left side 
meeting at the crown. All holes were designed to 
fire on unique delay times and all shot-holes were 
primed with an eDev™ electronic detonator and a 
25 g Pentex primer.
 Loading was conducted with string charging 
throughout the face. Three different string types 
were used dependent on location in the face with 
floor holes fully charged.

ƒ3(ci) is the coefficient accounting for the deviation 
distance (ci) from the line joining the charge centre 
to the monitor.     
                                                                           (6)

It is assumed that the coefficient equals 1 if the earlier 
firing charge is at the joining line and the coefficient 
equals 0 if the earlier firing hole is at the edge of the 
path area in Figure 4. The graph of function (6) is 
displayed in Figure 5c.
 As described above, functions (4), (5), and (6)
model the three major trends of the blast hole 
screening phenomenon. However, future field data 
is necessary to refine the functions and their 
parameters. 

3.  MODELLING CASE STUDY

An exercise was conducted in an urban tunnelling 
environment in Sweden to test the MSW blast 
vibration model for tunnel blast vibration prediction. 
Three tunnel blast rounds were fired and triaxial 
vibration waveforms from the blasts were collected 
from both the existing NCVIB vibration monitoring 
network and additional recorders at distances ranging 
from 10 to 100 metres from the blasts. Vibration 
recorded from cut holes in the rounds were used as 
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Figure 5. Graphs of the three weighting functions.
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Figure 6. Shot-holes and timing in a complete blast round.

m, and 48 m) is significant. This effect is obviously 
important and, as discussed earlier, is incorporated 
in the MSW model.
 In Figure 9 PPVs from different cut holes are 
plotted against the charge weight scaled distances. 
The graph shows that the PPVs from different cut 
holes are not significantly different for such a hard 
rock although the confinement for each shot-hole 
within the cut may vary. A total of 64 signature 
hole waveforms were collected with monitors 
from three production blasts. Figure 9 displays the 
regression of the signature holes data in Figure 8. 
The regression parameters from the signature hole 
vibration are used without alteration as input to the 

 Figure 7 is a vibration trace recorded from a 
blast round. The vibration from each individual 
cut hole at the beginning of the blast can be 
clearly identified. As stated earlier, the vibration 
traces from cut holes were used as signature hole 
vibrations for the MSW modelling. The peak 
particle velocity (PPV of vector sum from triaxial 
components) of the blast vibration from the rest of 
the blast holes, as shown in the trace in Figure 7, 
was used to compare with the model prediction.
 Figure 8 shows a comparison of the waveforms 
recorded at different distances from the cut holes. 
It can be seen that even in the hard granite the 
waveform change with distance (e.g. at 33 m, 40 
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Figure 7. Vibration trace from a complete blast round.

Figure 8. Comparison of the waveforms recorded at different distances from the cut holes.
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Figure 9. PPV versus scaled distance for the site.

Figure 10. Modelled PPV compared with measured results from the blast rounds.
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Figure 11. Comparison between the measured and predicted power spectra.

MSW model for predictions of production blasts.
 Figure 10 shows the modelled PPV compared 
with the measured PPV from the blast rounds. This 
demonstrates that with parameters from signature 
hole blast vibration and multiple waveforms at 
different distances the MSW model provides 
acceptable predictions.
 Figure 11 compares the measured and predicted 
power spectra. In both cases 100 Hz is the dominant 
frequency with no vibration energy beyond 380 Hz 
although the sampling rate of the monitors was 
set to 4096 samples per second with a Nyquist 
recording frequency of 2048 Hz. In addition, both 
spectra show a 33 Hz interval from 0 Hz to 150 Hz, 
which is dictated by the 30 ms delay interval in this 

blast round. The blast rounds were initiated with 
electronic detonators, therefore the signature from 
the delay time interval is clearly shown from the 
measured power spectrum and is consistent with 
the model prediction.

4. CONCLUSIONS

This paper represents a first attempt to model tunnel 
blast vibration with seed waves. The MSW model 
simulates propagation of triaxial components of 
blast vibration, uses multiple seed waveforms to 
represent shot-hole contributions, and models the 
effect of broken ground, voids, and confinement 
by taking into account the delay time, and relative 
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hole locations. It shows that the MSW model 
provides reasonable predictions with seed 
waveforms and parameters from signature hole 
vibration as input.
 The improved screening algorithm renders 
the MSW model suitable for accurately modelling 
tunnel blast rounds, as well as other types of blasts 
such as open pit and underground. The screening 
functions model the major trends associated with 
the blast hole screening and interaction phenomena. 
However, future field data is necessary to refine the 
functions and their parameters.
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Development and study of low sensitive and ecologically 
clean coarsely dispersed explosive

V. Mitkov
University of Mining and Geology “St.Ivan Rilsky”, Sofia

ABSTRACT: This study presents scientific and technical research financed by the Agency for Small and 
Medium Enterprises under the Bulgarian Ministry of Economics and Energetics. The aim is to develop 
and study a new kind of coarsely dispersed explosives on the base of technical ammonium nitrate and fuel 
emulsion. The concept for its development is based on obtaining micro emulsion that penetrates into pores 
of agricultural ammonium nitrate and keep it there, this makes it possible to replace used porious ammo-
nium nitrate (PAN) with agricultural ammonium nitrate (AAN) in all instances. The process considerably 
increases the competitiveness of the product and reduces its prime cost. 
 The emulsion as a fuel phase contains 70-85% vegetable oil and its mixture with mineral oil and fuel 
oil consists of: 4.4-95% ammonium nitrate, 4.5-9% water, 6-12% carbomid and 0.1-0.5% surface active 
substances (SAS) delivered to the water solution. Microparticles of this emulsion have an outer shell which 
consists of a water mineral an organic solution and an inner dispersed phase containing liquid fuel. The latter 
may be of oil or plant origin.
 The explosive contains an SAS derivate of polyethilene oxide or polypropelene oxide with a hydrogen-
lipofill balance of 8 to 13. The research showed that the fuel emulsion has qualities of electrolyte and 
blasting compositions on its base which are not prone to collect static electricity on their surface while being 
produced, transported or charged. This makes the new developed explosive safe for work on every stage of 
its exploitation especially with mechanical charging.

1. INTRODUCTION

The studies are part of the work done under а contract 
for development of new environmentally clean 
explosives, financed by the BSMEPA. The most 
common explosives for industrial blasting are those 
that contain in its composition ammonium nitrate 
and diesel oil – ANFO. The simple technology 
of production and low pricе of raw materials 

used to produce them, made them indispensable 
when working in dry drilling and blasting 
holes in rocks with low and medium hardness.
 As a rule, porous granulated ammonium nitrate 
(PAN) is used in the production of ANFO. The main 
technological feature of PAN is its ability to absorb 
DF. According to known proportions this item should 
be 5.5% and depends on the porosity of the granules. 
The bulk density, the static strength of granules and 

Lisbon Conference Proceedings 2011, R. Holmberg et al
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fluidity etc, have an important role for the quality 
of the ANFO. Production of PAN is organised in 
many parts of the world, but everywhere the value 
is 1.3-1.5 times higher than that of ammonium 
nitrate which is intended for agricultural purposes.
 The disadvantage of ANFO mixtures produced 
with ordinary (agricultural) AN is in the low 
detonation ability, and in many cases, low levels 
of physical stability of the charge associated with 
the attenuation of combustible grain phase of AN 
and the removal of the DF by the airflow at the air 
blast loading holes. The use of such mixtures for 
open blasting leads to migration of the DF from the 
surface of the granules of AN to the bottom of the 
drilling, which leads to a reduction of fuel content 
in the upper part of the drilling and its satiating 
at the bottom. Both of them though reduce the 
power of the explosion, increasing the content of 
harmful gases and generally reducing the quality of 
blasting. When using low quality PAN, technical or 
agricultural and after loading drilling DF we found it 
runs down to the bottom of the drilling and violates 
homogenеity of the explosive along the boreholes. 
An excess of DF accumulates at the bottom of the 
drilling, while in its upper part there will be deficits. 
This increases the risk of insufficient ignition and 
detonation velocity so power emission is changed 
along the boreholes. The total energy emitted 
will be less than when working with high quality 
PAN. Lastly we must note the increased release 
of toxic gases from the bottom of the boreholes. 
They are a cloud containing CO and soot, and 

at the top of the holls -NOx – a yellow smoke.
 The energy of the explosion at different 
contents of fuel is shown in Figure.1.
 The type of fuel (mineral or vegetable oil, DF) 
affects product quality and especially the explosive 
properties, such as: sensitivity to detonation, 
explosion velocity, composition and quantity of 
leaking gas during the blast. The fuel must have flash 
points above 60°C. Viscosity of the fuel also affects 
the ANFO explosives. The increase in viscosity of 
the fuel reduces the absorbing capacity of the AN.
 In low viscosity absorption of AN increases. 
Mixing of AN and fuel is carried out mechanically 
and an even distribution of fuel is intended. 
Bad mixing results in unexpected initiation, 
reduction of blast power and increased quantity 
of poisonous gas leaking in the explosion.
 Figure 2 is a graphic illustration of the impact 
of the content of fuel on the amount of 
leaking poisonous gas. Another problem with 
ANFO mixtures is the strong electrification 
of the particles of the nitrate and the fuel in 
the airflow during pneumatic loading of blast 
holes and drillings. Electrification is caused 
by the dielectric properties of nitrate and fuel.
 The concentration of charges of static electricity 
on the surface of the explosive material could 
lead to emergency situations. The separation and 
removal of the combustible phase by the airflow 
during pneumatic loading is due to low adhesion 
of DF to the surface of the granules of AN.
 In order to remove deficiencies listed so far, 
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Figure 1. Energy loss in cases of improper dosing of fuel.
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a new explosive has been developed and created 
based on ordinary ammonium nitrate and fuel 
micro-emulsion prepared by special technology.

2.  CREATING A NEW MICRO-EMULSION

The structure of the combustion phase is a micro-
emulsion of the (oil in water) type. The micro-
particles of that emulsion have an outer shell 
comprising of an aqueous mineral-organic solution 
and a dispersed internal phase which includes liquid 
fuel. The latter may be oil or vegetable origin.
 Because of the high penetrating power of this 
type of emulsion, there is no need for porous 

ammonium nitrate to be used. The dispersion phase 
of the emulsion permeates throughout its whole 
volume, this consists of a liquid fuel at the expense 
of a capillary effect and through micro-pores and 
micro-granules, or crystals of ammonium nitrate.
 Figure 3 is a visualisation of the studies that 
have been carried. For tracking even distribution 
of fuel in the pores of the AN, 5-10ppm of 
colouring agent is added (ppm - one part per 
thousand parts). Both graduated cylinders are 
filled with agricultural AN. In the first cylinder 
was added micro-emulsion type O/W with an 
amount of 5.5% and in the second cylinder – the 
same amount of DF.

Figure 2. Quantity of toxic gas formed in an explosion, depending on the content of fuel in the explosive. 
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Figure 3. Comparative study of absorbing ability of the AAN;  a) – mixed with 5.5% emulsion, 
b) – 5.5% mixed with diesel.
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 Experimentally it has been proved that 
attenuation of ammonium nitrate, concerning 
the fuel emulsion, is a mass of about 7.5%. 
Such quantity of fuel phase is enough to obtain 
explosive draw with zero oxygen balance.
 In the course of studies we found that the fuel 
emulsion has the properties of an electrolyte, 
and that blasts build up on its basis are not likely 
to collect charges of static electricity on their 
surface, this is in the production process as well 
as in the transportation and immediate loading.
 Electric-conductivity of the newly developed 
model was determined using the following method: 
In a measuring cup were placed 70-80 cm3 of 
explosive, this is consolidated by gentle tapping 
the container to the rubber seal. In the compact 
sample are placed the sensor electrodes (see figure 

4) this measures the relative electrical resistance 
LCR, paying attention to the isolation of the sensor 
which should fit tightly to the surface of 
the sample.
 The measurement of the electric resistance 
between the electrodes was conducted in accordance 
with the instructions of the appliance LCR. 
Relative electrical resistance ρ, Ω.m is given by:

ρ = R.S/L ,

where: 
 R = U/I – measured electrical resistance 
 between the electrodes Ω;
 S – area of the electrodes – 
 (60x60 mm), m2;
 L – distance between electrodes – 
 (40-60 mm), m;

Figure 4. Sensor for measuring the relative electrical resistance: 1 - housing (dielectric), 2-insulator (dielectric), 
3 stainless steel electrodes, 4 - pin, 5 - plate, 6-Nut, 7-Nut, 8 - plate, 9 -line.

!



377

 Three consecutive tests were carried out. It 
is believed that the model has stood the test if 
its relative resistance does not exceed 104 Ω.m.
 Key components of the micro-emulsion 
type (water in oil) contains as a %: a mixture of 
petroleum and vegetable oil 75-80; ammonium 
nitrate - 4-9; urea - 8-12; surface active 
materials - 0.1 to 0.5 and water - 5.9 to 8.5.
 The micro-particles of that emulsion have 
an outer shell comprising of an aqueous mineral-
organic solution and a dispersed internal phase, 
which includes vegetable oils or their mixtures with 
petroleum. The use of vegetable oils in emulsions 
is determined by the fact that they are lighter than 
liquid petroleum products and create sustainable 
water-oil emulsions. The above is explained by 
the fact that vegetable oils reduce the inter-phase 
surface tension in emulsion. This requires additional 
cost of an emulsifier to create an emulsion, at the 
expense of polarity and the presence of hydrophilic 
functional groups (CO, COOH) in the molecules.
 Studies on the physicochemical properties and 
the characteristics of combining such explosives, 
have shown that the main indicators developed 
and presented under the trademark “Videxan” are 
superior to known analogues.

3. TECHNICAL CHARACTERISTICS OF THE 
NEW EXPLOSIVE

Test results of the research on “Videxan” and all 
known so far explosives of this kind for civil use 
are given in Table 1. 
 The data in table 1 show that “Videxan” has a 
greater density, a smaller diameter of open charge 
in the polyethylene sheath and a higher detonation 
velocity. The high detonation ability of the explosive 
mixture is determined by the fact that the emulsion 
type water oil (oil in water) penetrates the internal 
structure of the AN. Solids of the AN, as a result 

of their impact on fuel water-oil phase, acquire the 
ability to absorb and retain components of water-
oil emulsion. Thanks to an even distribution of 
liquid fuel in the structure of the oxidation stage, 
maximum conditions are provided for completeness 
of reaction in the explosive transformation.
 The high safety and low toxicity of the 
developed explosive mixture is determined by the 
use of water-oil emulsion type O/W, in which the 
liquid fuel phase is dispersed in the large volume of 
water-mineral solution, this is an electrolyte with 
high power conductivity.
 During the storage period of six months we did 
not observe any changes in its physical properties 
and explosive characteristics. What's more, there 
are no changes in its appearance, no signs of 
sintering of the material and no separation of the 
liquid phase, while the strength of the granules 
remains.
 For the described blasting composition an 
application has been made for a patent in Bulgaria. 
The conducting of industrial trials in open and 
underground mines with non dangerous gas and 
coal dust are planned.

4. CONCLUSIONS

− ANFO – explosives represent about 70% of all 
 explosives in the industrial blasting. Along 
 with many advantages which they possess, it 
 should be noted that the porous ammonium 
 nitrate, with which they are produced is 
 significantly more expensive than agricultural.
− A new technology has been developed using 
 hydro-scopic of ammonium nitrate that allows 
 it to absorb and retain the necessary amount of 
 sustainable fuels in the form of an emulsion. 
 The emulsion has the properties of the 
 electrolyte. The received explosives do not 
 become electrified and can be

Product Name Bulk Critical diameter, Velocity of Specific Harmful
 density, diameter, detonation electrical gases
 g/cm3 mm кm/s Ω.m l/kg
Videxan 0.95 – 0.98 60 - 70 3.4 – 3.6 150 - 200 60
GDA 79/21 0.85 – 0.90 50 – 70 3.2 – 3.6 10 5 70
ANFOL 0.92 – 0.96 60 - 80 2.8 – 3.2 10 4 80

Table 1. Comparative characteristics of “Videxan” and other coarse-dispersed explosives.
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 used for pneumatic (mechanical) load.
− A new technology has been developed for 
 obtaining a micro-emulsion of the type (oil 
 in water) (O/W) based on nanotechnology. 
 This allows deep penetration and retention and 
 includes the grains of ammonium nitrate. 
− The newly developed explosive has a small 
 critical diameter – 50-57 mm. This makes 
 it convenient for use not only in open mines 
 and quarries, but for the loading of blast holes 
 in underground conditions and special blasting 
 works too.
− Some more studies are planned for more 
 in-depth knowledge on all the properties of the 
 new explosive and studying  opportunities for 
 its combined use with other components in 
 order to increase its explosive characteristics. 
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Development of an electric discharge impulse crushing system

K. Sasaki, R. Sakamoto, M. Tanaka, K. Hidani & S. Iizuka
Hitachi Zosen Corporation, Osaka, Japan

 

ABSTRACT: The Electric Discharge Impulse Crushing System (EDICS) is a novel technology for splitting 
concrete and rocks by using electrical power and nitromethane. In recent years, EDICS has been widely used 
in Japan because of its good performance and favourable features. EDICS:

−	 Is	very	safe	and	easy	to	use.	Therefore,	it	is	not	subject	to	legal	restrictions	in	Japan. 
−	 Can	efficiently	split	concrete	and	rocks	because	it	can	generate	a	gradual	rise	in	pressure	without	 
 resulting in detonation. 
−	 Can	control	initiation	at	microsecond	level.	Therefore	it	can	be	used	for	controlled	splitting. 
−	 Can	split	targets	that	are	located	at	high	or	narrow	places. 
 
In	this	paper,	we	introduce	the	configuration	of	the	EDICS	and	the	mechanism	by	which	it	generates	high	
pressure. Further, we show its performance and the results of splitting concrete and rocks.

1. INTRODUCTION

In recent years the demand for a method for partial 
and controlled splitting without dismantling the 
whole structure has been increasing. Therefore, 
a new method that has high safety and control 
is expected to become of practical use. The 
use of EDICS is one such effective method.
 Figure 1 shows EDICS. This system uses a 
commercial power supply or a power generator, 
and consists of an electric discharge generator, a 
cartridge to generate impulse force, and cables. The 
electric discharge generator can generate a pulse of 

3000 V. The diameter of the cartridge ranges from 
10 mm to 30 mm, and its length ranges from 50 mm 
to 100 mm. The length of the cable connecting the 
electric discharge generator to the cartridge ranges 
from 20 m to 200 m. The electrical energy stored 
in the capacitor (charged to 3000 V) is pro-duced 
in the electric discharge generator and is supplied 
to the cartridge through an electronic switch. The 
pressure produced by the reac-tion in the cartridge 
is slightly less than that produced by explosives. 
In Japan, EDICS is being increasingly used for 
splitting rocks, rein-forced concrete structures, 
excavating tunnels and deep foundations, etc.

Lisbon Conference Proceedings 2011, R. Holmberg et al
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380

!Figure 1. Electric Discharge Impulse Crushing System (EDICS).

!

Table	1.	Specification	of	EDICS.
Electric discharge generator
Input voltage AC100 or 200 V
Discharge voltage 3000 V
Discharge energy 2250 J
Number of cartridges 3
Charging time 40 s
Total weight 139 kg
Cartridge
Volume of Nitromethane 2, 5, 12, 25 cc

Figure	2.	Configuration	of	the	EDICS.
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delay blasting at each high voltage generators.

2. CHARACTERISTICS OF EDICS

Table	2	lists	the	specifications	of	the	equipments	and	
the test sample used in the experiment performed 
in order to understand the splitting mechanism. The 
pressure	 was	 measured	 using	 a	 piezo-film	 gauge	
that is used to measure the detonation pressure of 
explosives, and the vision of the splitting process 
was obtained using a high-speed video camera 
that is capable of taking frames in microsecond 
intervals. The EDICS used in the experiment 
was one that was used in actual construction.
 Figure 3 shows the experimental pressure-
measurement device. The cartridge was loaded into 
a stainless steel cylinder with a thickness that is 
sufficient	to	prevent	any	damage	that	it	may	suffer	due	
to	the	impulse	force,	and	the	piezo-film	gauge	was	
placed through a po-lymethylmethacrylate (PMMA) 
block under that. The PMMA block was installed 
to	 decrease	 the	 interference	 with	 the	 reflected	
wave.	 It	 is	 fixed	 to	 the	 pressure-measurement	
device	at	the	top	and	bottom	by	means	of	flanges.

Figure 3. Pressure-measurement device.

	 Figure	 2	 shows	 the	 configuration	 of	 the	
EDICS. The electric discharge generator converts 
commercial AC 100V into DC 3000V, and the 
electrical energy is accumulated in the capacitor 
of the generator. The electrical energy stored in the 
capacitor is supplied to the cartridge within several 
hundreds of microseconds through a semiconductor 
electronic switch. A capsule-type cartridge is used. 
The cartridge has a pair of electrode lead wires 
through which the electrical energy is supplied to 
the cartridge. The cartridge contains nitromethane 
and a thin metal wire that connects the two lead 
wires. When electrical energy is supplied from the 
electric discharge generator to the cartridge, the thin 
metal wire evaporates within several microseconds, 
and the temperature and pressure increase due to 
the plasma resulting from the evaporation of the 
metal wire. As a result, the nitromethane in the 
cartridge	deflagrates,	and	a	large	force	is	generated.
	 Table	 1	 shows	 the	 specification	 of	 a	 standard	
EDICS. 3 cartridges connected in parallel can 
be used at one time. The EDICS system can 
be expanded. The control box can connect 2. 
up to 6 high voltage generators. Therefore the 
EDICS can use 18 cartridges one time or for 

Table	2.	Specifications	of	the	equipment	and	test	sample	used	in	the	experiment.

Equipment	 Specification

High-speed video camera HPV-1 (Shimadzu Corp.), 1 Mfps

Pressure-measurement device OD 120 mm/ ID 20 mm × H 70 mm, Stainless steel

Specimen size for splitting test 100 mm × 100 mm × 100 mm, PMMA

Pressure	gauge	 Piezo	film,	PVF211-125-EK(Dynasen	Inc.)

!
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nitromethane	deflagrates	when	EDICS	is	used.
	 Figure	5	shows	the	pressure	wave	profiles	of	the	
EDICS	and	of	an	emulsion	explosive.	The	time	0	μs	
in	 this	figure	corresponds	 to	 the	 time	at	which	 the	
electric discharge to the cartridge begins. With the 
EDICS	 explosive	 at	 approximately	 120	 μs,	 rising	
pressure was observed. This pressure is attributed 
to the evaporation of the thin metal wire in the

Figure 4. Reaction in the cartridge (images obtained at intervals of 10 µs).

 Figure 4 shows the images of the reaction 
occurring in the cartridge; these images were 
obtained using the high-speed video camera. 
First, the thin metal wire evaporates, resulting in 
the formation of plasma. Next, the nitromethane 
burns. The observed burning velocity of ni-
tromethane was several hundreds of meters 
per	 second.	 Thus,	 it	 can	 be	 confirmed	 that	

!
1 3 2 4 
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!

Figure 5. Pressure wave of the EDICS and explosive.
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into the crack; thus, the crack propagates further, and 
as a result, the splitting pro-gresses. Moreover, it is 
confirmed	 that	 the	 compressive	 fracture	 observed	
when crushing is performed using explosives does 
not occur, and that the part of the block that is in 
contact with the cartridge is split due to tensile stress.
 One advantageous feature of the EDICS is that 
accurate control of splitting can be achieved. Figure 
8a and b shows the result of controlled blasting 
carried out with EDICS. The targets to be split 
were concrete cubic blocks with sides of 150 mm, 
and three cartridges with a vol-ume of 2 cc were 
simultaneously used. The burden and depth of the 
target to be concrete cubic block were 30 mm and 
50 mm, respec-tively. As a result of splitting, three 
boreholes connected to each other in straight lines 
were obtained, and it became possible to split the 
block according to planed fracture plane. Further, it 
was observed that the boreholes were not damaged. 
When an explosive is used, com-pressive crushing 
zone is created in the borehole. However, such a 
zone is not seen when EDICS is used. The reason is

Figure 6. Splitting of the PMMA block (images obtained at intervals of 32 µs).

cartridge by the electric discharge. The maximum 
pressure of approximately 1.1 GPa was measured 
at	 approximately	 270	 μs,	 and	 this	 maximum	
pressure	is	attributed	to	the	deflagrating	reaction	of	
the nitromethane in the cartridge. The detonation of 
the emulsion explosive generated a high pressure 
of several GPa within several microsec-onds. 
However, in the case of the EDICS, a gradual 
rise in pressure occurred and no rapid shock wave 
was generated because detonation did not occur.
 Figure 6 shows high-speed video-camera images 
of a PMMA block being split, and Figures 7a and 7b 
show the split PMMA block. The images shown in 
Figure	7	were	obtained	at	intervals	of	32	μs,	and	the	
progression of a crack from the center of the block 
toward its outer edges can be seen in these images. 
The images show that the rate of propagation of 
the crack (approximately 500 m/s) was less than 
the velocity of the elastic wave in the PMMA 
block (approximately 2500 m/s). Therefore, it is 
believed that at a high pressure, the combustion gas 
produced	by	the	deflagration	of	nitromethane	flows	
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Figure 7a. Parts of the split PMMA block.

!

!

Figure 7b. Part of the PMMA block in contact with the cartridge.
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Figure 8a. Controlled blasting carried out by using the EDICS. Top View.

!

!

! Planned fracture 
plane 

depth of 300 mm. The procedure was as follows: 
(1) the borehole was drilled; (2) The cartridge was 
placed in the borehole and the borehole was tamped; 
(3) the cartridge was connected to the electric dis-
charge generator; (4) an anti-scattering cover 
was installed; (5) electrical energy was supplied 
to the cartridge, and the splitting fragments and 
reinforcing steel were removed. One cycle could 
be completed in approximately one hour. The noise 
produced during the splitting of the reinforced 
concrete	had	an	equivalent	sound	level	of	70.9	dB	
(background noise level: 55 dB), and the maximum 
sound level was 95.3 dB at a point 10 m from the 
location at which the concrete was being split. 
The vibration measured at a point 5 m from the 
splitting area was 66.8 dB (background vibration 
level: 44 dB). Neither the noise nor the vibrations 

that	the	burning	velocity	of	EDICS	is	deflagration.		
 Figure 9 shows an X-ray CT image of a cross 
section	 of	 figure	 8b.	The	 resolution	 of	 the	X-ray	
CT image is 0.1 mm. The X-ray CT image shows 
that cracks are not observed. EDICS can be used 
for controlled splitting through the partial control 
of crushing without dismantling the structure.

3. APPLICATION OF THE EDICS

EDICS can be easily used in urban areas because 
it is non-explosive and its only effects on people 
in the surrounding area are slight and momentary 
vibration and noise. Figure 10 shows the splitting 
of reinforced concrete in a residential area. This 
splitting was carried out by simultaneously using 
five	12	cc	cartridges	for	creating	boreholes	with	a	
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! Cross section scanned by X-ray 

CT 

!

!

Borehole

s 
Figure 8b. Controlled blasting carried out by using the EDICS. Front View.

!Figure 9. X-ray CT image of split concrete. This image was taken at X-Earth Center, Kumamoto University.
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Figure 10. Reinforced concrete splitting.

Figure 11. Splitting removal of boulder.

!
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Boreholes of cartridge 

Direction of splitting 

Figure 12. Splitting of rock

!Figure 13. Splitting and removal of rocks located on a slope. Left image – Before; Right image – After splitting.
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Figure14. Splitting around the bridge support.

 Figure 13 shows the images of the area before 
and after the above-mentioned splitting of rocks 
was carried out. The portion of the slope over 
which a huge rock existed was cleared. The rock 
splitting progressed at a rate of approximately 8 m3/
day when an EDICS with two electric discharge 
generators was used and was completed in 29 days. 
The splitting speed achieved by using the EDICS 
is considered to be at least three times the splitting 
speed achieved when hand breakers are used.
 Figure 14 shows a case applied to splitting 
around the bridge support. Conventionally, a 
water	 jet	 has	 been	 used	 for	 such	 purposes.	 How-
ever, the EDICS is suitable for splitting such 
a narrow part since it can facilitate splitting 
according to the planned fracture plane, without 
damaging the rest of the structure. Using EDICS, 
a	significant	reduction	in	costs	was	achieved.

4. CONCLUSION

EDICS is a practical technology for splitting 
concrete and rocks by generating an impulse force

caused serious problems during the splitting.
 Figure 11 shows the case of splitting removal of 
the boulder on the slope. These rocks were located at 
a height of 30 m above the ground and at a distance 
of 20 m from the road. These were hard rocks (e.g., 
quartz	porphyry)	and	had	a	volume	of	approximately	
230 m3. Since a work stand cannot be located on the 
steep slope, it was not possible to carry out splitting 
by using construction machinery. It was important 
to accurately control this splitting. Therefore, three 
cartridges were used simultaneously in boreholes 
with a depth of 450 mm. Figure 12 shows a split 
rock. The diameter and depth of the boreholes were 
30 mm and 450 mm, respectively. The burden was 
300 mm on the side, and 450 mm on the front side. 
 As a result of splitting, the three boreholes were 
connected to each other in straight lines, and it was 
possible	 to	 split	 the	 rock	 according	 to	 a	 specific	
design. As for the fracture plane, its formation 
was	 confirmed	 by	 watching	 and	 by	 noting	 the	
shock sound. The volume of the rock split using 
the three cartridges was 0.27 m3, and the time 
required	for	splitting	it	was	approximately	20	min.
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that is slightly smaller than that generated by 
explosives.	Since	it	is	a	safe	and	efficient	technology,	
its use is steadily increasing in Japan. Moreover, it 
is being used for carrying out controlled blasting.

The results of this development are as follows:
−	 The	 images	 of	 the	 reaction	 occurring	 in	 the	
 cartridge were obtained using the high-speed 
 video camera. First, the thin metal wire 
 evaporates, resulting in the formation of plasma. 
 Next, the nitromethane burns. The 
 observed burning velocity of nitromethane 
 was several hundreds of meters per 
	 second.	 Thus,	 it	 can	 be	 confirmed	 that	
	 nitromethane	deflagrates	when	EDICS	is	used.
−	 The	 maximum	 pressure	 of	 the	 EDICS	 was	
 approximately 1.1 GPa. In the case of EDICS, 
 a gradual rise in pressure occurred and no rapid 
 shock wave was generated because detonation 
 did not occur. Thus this maximum pressure 
	 is	attributed	to	the	deflagrating	reac-tion	of	the	
	 nitromethane	 in	 the	 cartridge.	 It	 is	 confirmed	
 that the compressive fracture observed when 
 crushing is performed using ex-plosives does 
 not occur, and that the part of the block that is in 
 contact with the cartridge is split 
 due to tensile stress.
−	 We	 introduce	 the	 case	 of	 splitting	 removal	
 of boulders on a slope, splitting around the 
 bridge support and splitting of reinforced 
 con-crete in a residential area. EDICS is easy 
 to use in narrow spaces, urban area and on 
 slopes.
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ABSTRACT: A better understanding of the detonation performance of an explosive charge can be gained by 
directly measuring pressure, temperature and velocity of detonation (VOD). This is particularly important 
with explosives used in the mining industry because their performance is directly influenced by the degree 
of confinement given by the borehole diameter and the surrounding rock mass. A project funded by the 
Australian Coal Association Research Program (ACARP) was initiated in early 2009 with the view to design 
and build cost effective prototype instrumentation to measure the relative differences in detonation pressures 
and temperatures of explosives used in the Australian coal mining industry. The project’s primary focus 
was to obtain data from low shock (low density) explosives because of their poorly understood detonation 
performance. This paper gives a general description of the prototype instrumentation developed and reports 
on the results obtained to date in both laboratory and full scale conditions.

1.  INTRODUCTION

Instruments to measure VOD with techniques such 
as continuous resistive wire are now considered 
industry standard and have been available 
for several years. Not the same can be said of 
instrumentation to measure explosive detonation 
pressures and temperatures in situ. As has been 
noted by Mencacci and Chavez (2005), detonation 

pressure measurements are a step forward compared 
with traditional VOD measurements. As expected 
the development of instrumentation for these 
purposes is not trivial as the pressures experienced 
are extremely high and rapidly applied. Theoretical 
estimations of pressure and temperature can be 
made with the use of ideal detonation codes. Ideal 
detonation theory can help us define the maximum 
attainable performance of a given explosive 
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formulation however this output is somewhat 
limited when dealing with commercial explosives 
as the influence of confinement is neglected. Two 
dimensional non ideal detonation models have been 
developed to address this limitation, there is however 
limited field data that allows a complete validation 
of such codes. In an effort to provide the necessary 
data to begin the validation of non-ideal codes and 
a way of providing direct input into breakage and 
fragmentation models used in mining applications, 
a research project funded by ACARP was initiated. 
The objective of this project was to design and build 
prototype instrumentation to measure detonation 
temperatures and pressures in production scale 
blasts. Key engineering requirements of the 
prototype instrumentation not only included 
producing low cost sensors but having the capability 
to enable direct connectivity with existing off-the-
shelf blast monitoring data acquisition systems. 

2.  DETONATION TEMPERATURE AND 
 PRESSURE

Little has been published with regards to measuring 
detonation temperatures in full scale production 
blasting. Measurements on explosives charges 
have been confined to highly controlled laboratory 
experiments such as those reported by Tarasov 
et al. (2007). This is due to the velocity of the 
detonation front, a field transducer would require 
microseconds to respond to the temperature 
change and operate before being destroyed. Shock 
tunnels are used to generate shock waves with 
temperatures and pressures of similar magnitudes 
as explosives. Temperature measurement in shock 
tunnels is commonly achieved by using thin film 
metal gauges (Ready 1978). The thin film has a 
low thermal mass and hence is able to experience a 
temperature rise when subject to the short duration 
exposure to a shock wave (Schultz & Jones 
1973). Initial experiments were conducted with 
thin film gauges with no success due the gauges 
being destroyed before a detectable temperature 
could be measured. Thin metal film gauges are 
able to operate in shock tunnels because of the 
significant mechanical protection provided by 
mounting of the gauges in the substantial steel 
wall of the tunnel. Field explosive applications 
provide no mechanical protection of the sensors.
 An alternate method to measure temperature is 
to use optical detectors to measure the brightness of 

the detonation front. The light from the detonation 
front is transmitted to photomultiplier tubes by 
fibre-optic cable (Tarasov et al. 2007). Attempts 
to measure the detonation temperature of emulsion 
explosive samples using large spectral range 
pyrometers have been documented by Le Francois et 
al. (2002). The major advantage in using the optical 
detectors is that the sensor is able to respond prior to 
being destroyed by the shock wave. After reviewing 
the above techniques, the use of pyrometers to 
measure the luminance temperature was viewed 
as the most cost effective and robust way of 
inferring the temperature of the detonation reaction.
 Different type of gauges and data acquisition 
systems with potential for use in detonation 
pressure measurements in situ have been developed 
over the years with various degrees of success. 
The most cost effective system is based on carbon 
composition resistors. Carbon composition resistors 
have been used to measure shock energies of 
commercial explosives. Its principle of operation 
is similar to the manganin gauge. As the resistor 
is compressed by the shock wave, the spacing 
between the carbon particles forming the body of 
the resistor decreases thus reducing the resistance 
of the gauge. Static pressure tests on potted gauges 
have indicated that they have a linear response 
up to about 500MPa and are useable up to about 
800 MPa. This range has shown to be a limitation 
with current commercial explosives, however 
limited tests conducted by Hopkins et al. (1988) 
in a low density composition consisting of a 50/50 
mix of ANFO/bagasse appeared to be successful 
in measuring peak amplitudes of the detonation 
pressure pulse. The introduction of carbon resistor-
based sensors for measuring detonation pressure 
has greatly reduced the cost of in-hole pressure 
measurements, which has in turn permitted 
much more extensive use of this technology.
 Wieland (1993) used a carbon resistor-based 
sensor to measure inter-hole blast pressures, which 
he believed to be the cause of observed explosives 
malfunction in underground coal blasts. Katsabanis 
& Yeung (1993) used carbon gauges to explore 
detonator and explosives malfunction, as well as 
pressure transmission through various inert decking 
materials. Most recently, a system based on carbon 
gauge technology called EXPRESS (EXplosive 
PRESSure) has been introduced by Mencacci 
and Chavez (2005). Clear improvements have 
been made in the usable range of pressures that 
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can be measured with this type of gauge (a range 
of 5 to 140Kbar has been reported). However, 
as a proprietary system, its application and rapid 
deployment to Australian conditions was limited. 
It has been argued by Silva and Katsabanis (2003) 
that the use of carbon resistors could be limited as 
unacceptable discrepancies can be expected from 
detonation pressure measurements in condensed 
high-density and low density commercial explosives. 
However, preliminary laboratory tests conducted by 
the authors using carbon-resistor based sensors have 
demonstrated an acceptable degree of repeatability 
in measurements for a range of explosive charges.
 It is important to report on the application 
of Polyvinylidene Fluoride (PVDF) film gauges 
documented by Silva and Katsabanis (2003). PVDF 
gauges consist of a polymeric film that has been 
mechanically stretched to a 25mm thickness and 
poled to a remnant polarization by application of 
high voltage. These gauges are self-powered, have 
a stress range over 400 kbar, have an extremely 
fast response (nanosecond range resolution) 
and their output is stress-rate dependent. It is 
important to note that the use of PVDF film gauges 
was cost prohibited in this particular project. It 

should also be noted that PVDF transducers are 
not mechanically robust and are prone to failure 
when used in field applications (Tadic et al. 2011). 

3.  PROTOTYPE TEMPERATURE & 
 PRESSURE SENSORS

As shown in Figure 1, a pyrometer based sensor was 
developed to infer the temperature of the detonation 
reaction. Low intensity calibration was performed 
using an electric light bulb and varying the voltage 
and current to change the temperature according to 
the relationship. The response of the sensor to high 
intensity heat was determined by subjecting the 
sensor to a welder flash at a range of electric currents. 
The results showed a linear relationship between 
electric current (which is directly proportional to 
temperature) and sensor output. The sensor was used 
to detect the detonation temperature of a pentolite 
booster. The first test showed that the sensor output 
went to full scale and hence was not able to measure 
the temperature; consequently a series of tests were 
conducted with the aperture size decreased for 
each test. An optimum aperture size of 1mm was 
determined to prevent the sensor from saturating.

 Figure 1. Photograph of prototype temperature sensor.
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Figure 2. Photograph of prototype pressure sensor.

 A number of prototype gauges were developed 
as part of this research project in order to provide 
a robust and cost effective way of measuring 
pressure in full scale conditions. Figure 2 shows a 
diagram of the simplest and most recent prototype. 
The sensor consists of a carbon resistor embedded 
in an epoxy filled 20 mm diameter plastic tube. 
 One of the key objectives of the prototype 
instrumentation was to enable direct connectivity 
with off-the-shelf and proven blast monitoring 
data acquisition systems. The authors had access 
to the MicroTrap system from the MREL Group 
of Companies Limited (Canada). One of the 
advantages of this data acquisition system is its 
ability to function as a digital oscilloscope to record 
DC voltage signals from a wide range of gauges. 
This allowed the simultaneous measurement of 
pressure, temperature and VOD from multiple 
blastholes. Another key advantage is the high 
sampling rate which is essential for this type of 
measurements. The MicroTrap system allows for 
recordings of up to 2MHz (2 million data points/
sec), this translates to one data point for every 0.5 
microseconds. Part of the system includes a purpose 

built junction box which provides a constant voltage 
to the gauges and the necessary link between 
the transducers and the data acquisition unit.

4.  LABORATORY TESTING OF 
 TEMPERATURE AND PRESSURE GAUGES

Three separate campaigns were conducted under 
controlled conditions to test the robustness of the 
proposed temperature and pressure sensors. The 
tests were conducted at Homebush Bay Sydney, 
Australia in collaboration with Applied Explosives 
Technology Pty Ltd. Figure 3 shows a typical set 
up of the temperature gauge. These gauges were 
always oriented along the axis of the explosive 
charge. In contrast pressure gauges were tested in 
two different orientations, along the axis (parallel) 
and perpendicular to the explosive charge. 
Figure 4 shows a typical set up with the sensor 
oriented along the axis of the cylindrical charge.
 Three explosive types were used during 
the laboratory tests: Pentolite, TNT and 
ground ANFO. The characteristics of these 
explosives are summarised in Table 1.
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 Figure 3. Temperature sensor mounted along the explosive charge axis.

Figure 4 Configuration test showing pressure sensor oriented along the axis of the explosive charge.

Table 1. Explosives used at the Homebush Bay 
experiments.
Product Density VOD
Pentolite 1650 7400
TNT 920 3850*
Ground Anfo 850 2500*
**VOD measurements made using Dautriche Test.

 Results of temperature readings for TNT, 
Ground ANFO and Pentolite are shown in Figure 5. 
The data shows a marked difference in luminance 
temperature between the three basic explosives. 
The Pentolite test indicated temperatures of the 
order of 4300 K or 4027ºC, this was comparable 
to the calculated value of peak temperature of 
approximately 3800 oC using an ideal detonation 
code. The relative difference between TNT and 
ANFO was also captured by this technique and 

confirmed its potential application in production 
blasting environments.
 Experimental results with pressure sensors 
indicated that the configuration of the test and 
hence the orientation of the carbon resistor with 
respect to the charge had a clear impact on the 
intensity of the pressure pulse estimated from the 
change in resistance. This is consistent with the 
laboratory work conducted by Rosenberg et al. 
(2007). Relative differences were also attributed 
to the decoupling effects and this was difficult to 
quantify. Given the uncertainties associated with 
the effect of the coupling, the configuration where 
the sensor is placed directly along the axis of the 
charge was chosen for calibration purposes. The 
adopted calibration equation is based on the two 
parameter function proposed by Rosenberg et al. 
(2007):
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Figure 5. Temperature measurements from three explosive products.

 P (GPa) = (1 – (R/Ro))/((R/Ro) + )

Where R/Ro is the ratio of the final and original 
resistance value and  &  are the fitting/
calibration parameters.
 The Pentolite charge was used because of its 
close to ideal characteristics as a secondary high 
explosive. Using an ideal detonation code the peak 
pressure of this Pentolite product was determined 
to be 24GPa, together with the peak measured ratio 
of resistance values (R/Ro) the  parameter was 
calculated for the resistors used and a calibration 
function defined and applied to the all data sets. 
Figure 6 gives the peak pressure measurements 
along the axis of the charge for TNT and Ground 
ANFO. As shown, the measured relative difference 
in pressure between the two products is consistent 
with theoretical estimates.

5.  FULL SCALE FIELD TRIALS

Full scale trials were conducted in the Hunter 
Valley Operations (NSW, Australia) and at the 
Curragh mine in Central Queensland, Australia. 
The tests were conducted on conventional Heavy 
ANFO at a density of 1.2 g/cc and a proprietary 
low shock product (i.e. XLOAD) at a density of 

approximately 0.9 g/cc.
 In the first field trial (Hunter Valley Operations) 
two holes were instrumented with the prototype 
pressure, temperature gauges and velocity of 
detonation probe cables. The results obtained in 
270 mm diameter holes using conventional heavy 
ANFO are shown in Figures 7 and 8. As shown in 
Figure 7, maximum pressures of 2.8 GPa in hole 
1 and 2.1 GPa in hole 2 were recorded in these 
tests. These lower than expected values were 
attributed to the position of the pressure sensors. 
These were hung from the collar and pushed to the 
side of the borehole wall during loading. It was 
recommended that subsequent tests be conducted 
with a centralising tube to enable readings at the 
centre of the borehole. The relative differences in 
pressures recorded were however consistent with 
velocity of detonation measurements of holes 1 
and 2 (e.g. 5100 m/s and 5000m/s). With regards 
to temperature, values of 2700 K and 3300 K were 
measured in holes 1 and 2 respectively (see Figure 
8).
 Pressure and Temperature results from the 
second trial (Curragh Mine in QLD) on 270mm 
diameter, 37 m long hole charged with the 
XLOAD are given in Figures 9 and 10. In this 
case a centralising tube was used with the pressure 
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Figure 6. Pressure measurements of TNT and ground ANFO.

Figure 7. Pressure measurements of Heavy ANFO in holes 1 and 2.
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sensors. As shown, the recorded peak pressure is 
of the order of 4.5 GPa with a peak temperature of 
3964 K. Both pressure and temperature values are 
relatively high when compared to the conventional 
heavy ANFO product. However, reports and 
observations from the supplier were consistent 
with the possibility of achieving these higher 
temperatures and pressures. Velocity of detonation 
measurements for this product were not conducted 
during these trials but data from previous field tests 
indicate that this product would achieve velocities 
of the order of 3,800 m/s under similar conditions. 
Further tests are being planned to better understand 
the behaviour of these products and improve the 
reliability of the prototype sensors developed.
 XLOAD is a product that contains approximately 
60% emulsion phase and 40% ANFO. The bulk 
density of the final product is modified by the 
introduction of a small amount (up to 0.6% by 
weight) of expanded polystyrene beads. This 
reduces the density of the emulsion rich product to 
below 1.00 g/cc and provides excellent sensitisation 
to detonation. The VOD of these products has 
been demonstrated to be stable and significantly 
lower than equivalent gas sensitised products.  
This is in part due to the lower density achieved 
as well as the larger void volumes introduced by 

polystyrene beads. Field observations of the overall 
performance of these products is generally superior 
to that indicated by theoretical thermodynamic 
modelling, particualry using ideal detonation codes. 
The increased temperature observed is thought to 
be related to improved overall detonation due to the 
greater proportion of voids in this explosive type.

6.  SUMMARY AND CONCLUSIONS

Prototype instrumentation to measure detonation 
temperatures and pressures in production scale 
blasts has been built and tested in laboratory and 
full scale conditions. One key advantage of the 
proposed prototype instrumentation is the ability to 
be used with existing off-the-shelf blast monitoring 
data acquisition systems. These sensors are being 
developed with the view to provide supplementary 
information (other than velocity of detonation) 
to make relative comparisons between explosive 
performance in situ.
 In laboratory scale trials using Pentolite, TNT 
and ground ANFO; differences in peak pressure 
values were measured when gauges were mounted 
parallel and perpendicular to the explosive charge, 
this indicated that the orientation and positioning 
of the carbon resistor gauge with respect to the

Figure 8. Temperature measurements of Heavy ANFO.
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Figure 9. Pressure measurement of XLOAD product in 37 m long hole.

Figure 10. Temperature measurement of XLOAD in 37 m long hole.
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direction of the detonation front was an important 
factor when deploying the sensors in the field. A 
decoupling effect was associated with the large 
differences in pressure, which were consistently 
lower when the sensor was mounted perpendicular 
to the charge. It was however noted that 
measurements were repeatable. The application of a 
simple calibration equation derived from a Pentolite 
charge in combination with previously published 
data may be limited, however experimental results 
indicated that the simple calibration adopted did 
provide a reasonable starting point to compare the 
relative performance of different explosives.
 Full scale trials were conducted in the Hunter 
Valley Operations (NSW, Australia) and at the 
Curragh mine in Central Queensland, Australia. 
Peak pressures of 2.8 GPa in hole 1 and 2.1 GPa in 
hole 2 were recorded in the first field trials (Hunter 
Valley Operations) using conventional heavy 
ANFO. These lower than expected values were 
attributed to the position of the pressure sensors. 
These were hung from the collar and pushed to 
the side of the borehole wall during loading. The 
relative differences in pressures recorded were 
however consistent with velocity of detonation 
measurements of holes 1 and 2 (e.g. 5100 m/s and 
5000m/s). With regards to temperature, values of 
2700 K and 3300 K were measured in holes 1 and 2 
respectively. Pressure and temperature results from 
the second trial (Curragh Mine in QLD) using the 
XLOAD product were of the order of 6 GPa and 
3900 K respectively. Both pressure and temperature 
values are relatively high when compared to the 
conventional heavy ANFO product. However, 
reports and observations from the supplier were 
consistent with the possibility of achieving these 
higher temperatures and pressures. Further tests are 
being planned to better understand the behaviour 
of these products and improve the reliability of the 
prototype sensors being developed.
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ABSTRACT: This contribution addresses advanced blasting technology which is based on classical wave 
propagation theory and fracture mechanics. The recently introduced concept of sonicity and the principle 
of maximizing sonicity in blasting as well as the energy or work of a blast operation will be presented and 
discussed. It is shown that the Mach number, i.e. the ratio between the velocity of detonation and the wave 
propagation speed controls the efficiency of a blast. Numerous practical works support the new theoretical 
concepts.

1.  INTRODUCTION

The use of high precision timing, e.g. via electronic 
detonators in commercial blasting, provides the 
blasting engineer with an enormous capability in 
terms of improving the efficiency and accuracy 
of production blasting operations. However, the 
successful implementation and exploitation of 
advanced blasting carries a price: knowledge of 
the mechanics and physics of blasting is required 
and this calls for knowledge in shock and elastic 
wave propagation as well as in fracture mechanics. 
Terms such as wave speed, arrival time, acoustic 
impedance, etc., well known to physicists for 
ages, suddenly enter the realm of blasting.
 A first change of paradigm (very short delay 
timing) was called for in advanced blasting when 
techniques of precise initiation were mistaken for 
solely reducing the scatter in delay timing. Short 

delay times were not fully appreciated because 
the majority of blasters could not perceive its 
physical importance and they did understand how 
to turn into profit the new possibilities offered.
 During a second period of investigations by the 
two authors the relationship between the detonation 
speed (often called the velocity of detonation (VOD), 
cd) and the wave speeds (cP for the longitudinal 
wave and cS for the shear wave) turned out to be 
crucial. Hence, the physical action along the third 
coordinate (perpendicular to the blast pattern) is of 
importance; so the two directions (horizontal and 
vertical) must not be treated in isolation but need 
to be handled simultaneously as a blast wave is 
spreading out into the volume of the rock mass. In a 
series of theoretical studies in blasting the first author 
and his coworkers classified blasting processes 
according to the ratio between detonation velocity 
and wave speeds. Adopting techniques invented
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by Mach in his pioneering work on supersonic 
flow, Rossmanith et al. (1997) and Uenishi & 
Rossmanith (1998) were able to classify the blasting 
process into subsonic, transsonic and supersonic.
 Recently, Mueller et al. (2008, 2009, 2010) 
discovered some fundamental pattern when he 
classified a large number of earlier blast jobs from 
various European rock formations in terms of 
sonicity. Suddenly the subdivision into subsonic, 
transonic and supersonic blasts made sense and 
gained practical importance. Müller’s findings 
were that every time he had designed a blast in a 
hard rock formation (unknowingly!) according 
to supersonic conditions the blast result was 
favorable and the results were highly appreciated 
by the customers. Likewise, each time he designed 
a blast in a softer rock according to subsonic 
requirements he was also successful in his work. 
However, each time he would (again unknowingly) 
violate the (then unknown) principle of sonicity, 
the result of his blast was not sufficient and often 
not acceptable, neither to him nor to his clients.
 In this contribution the principle of 
sonicity in blasting will be introduced and 
its favorable application not only in blasting 
in mining and quarrying but also in other 
fields of applications will be demonstrated.

2.  SOME BASICS OF BLAST 
 WAVE PROPAGATION

If an explosive charge is ignited in a rock volume, 
stress waves propagate from the source into the 
medium in all directions. The detonation gives 
rise to shock, plastic and elastic stress waves. The 
radiation patterns obtained depend on the type of 
charge (spherical, cylindrical, conical or other) and 
the material behaviour (liquid, plastic, elastic, etc.). 
If the rock formation is homogeneous and isotropic 
the stress waves propagate in all direction with 
the same speed. Inhomogeneities such as layers 
of rock with different mineral composition causes 
the stress waves to change, accelerate or retard 
and the radiation patterns become rather complex. 
Homogeneity is usually found in bed rock or 
competent rock. Rock, however, is hardly isotropic 
and structural geological features such as jointing, 
faulting etc. have a decisive influence on waves.
 In a solid material (e.g. highly competent rock) 
several types of waves will be transmitted, but the 

most important of them for blasting are the primary 
or longitudinal waves (P-waves) and secondary 
or shear waves (S-waves). The P-waves are the 
fastest waves and propagate typically at speeds of 
cP = 2500 m/s for weak rock up to cP = 6000 m/s 
for highly competent rock, whereas shear waves 
(cS) travel at about half the speed of the P-waves.
 The stress σ (in rock mechanics: compression 
positive, tension negative) and the particle 
velocity vP = duP/dt are related by σ = ρ cP vP= 
Z vP, where the product of the density ρ and the 
wave speed cP is termed acoustic impedance ZP, 
which turns out to be the central parameter in 
wave propagation theory. In fact, reflection and 
transmission coefficients can be written entirely in 
terms of the acoustic impedance, Z of the material.
 The main representative of surface waves is 
the Rayleigh-wave, which decays exponentially 
with depth, i.e. with distance from the free surface. 
Rayleigh waves carry 90 % of their energy in a 
very shallow material layer just beneath the free 
sur-face; and it is exactly this property which 
makes us feel the Rayleigh waves (and not the 
volume waves!) when a blast has been set off.
 Since the detonation velocity is always finite 
and, moreover, the linear charge is of finite length, 
conical wave fronts preceded and succeeded by 
hemispherical wave fronts will be generated. 
Geometry dictates that the energy density in the 
conical section diminishes much slower than 
the one in the end caps (Rossmanith et al. 1997; 
Rossmanith & Kouzniak 2004). The shape of 
the conical waves depends on the ratios of the 
detonation speed to the wave speeds, i.e. cd/cP and 
cd/cS. Obviously, cd/cP = 0 for a pocket charge, 
0 < cd/cP < ∞ for a cylindrical charge with finite 
detonation speed, and cd/cP = ∞ for the ideal case 
of a cylindrical charge assuming detonating at once.
 When a plane (one-dimensional) wave (front) 
hits a plane interface between two dissimilar rocks 
such as sandstone and granite, then part of the input 
energy is reflected and part of it is transmitted. In 
terms of acoustic impedances, Zi, the reflection 
(RPσ) and transmission (TPσ) coefficients of two 
perfectly jointed materials, for normal P-wave 
incidence for the stresses, are given by RPσ  =  
(ZP2 – ZP1)/(ZP2 + ZP1) and TPσ  =  2 ZP2 /(ZP2 
+ ZP1), respectively. The situation becomes very 
involved for oblique wave incidence, and RPσ 
as well as TPσ depend on the angle of incidence.
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 For a monolithic material with cP > cS > cR > cc , 
where cc is the velocity of a running crack, the inter-
relationship between the various wave speeds and 
the crack speed can be graphically demonstrated 
in the so-called Lagrange diagram (time versus 
position) (Rossmanith 2002) shown in Fig.1 with 
the supersonic case (highest wave speed: shallow 
black line), subsonic case (lowest wave speed; 
steepest black line), transsonic case (in between), 
and velocity of detonation (red lines labelled cd). 

3.  EXPLOSIVE DETONATION IN ROCK 
 AND ROCK MASS

In practical work with cartouche-style explosive 
charges the explosive mass is inserted into 
a cylindrical borehole of defined size with 
given ratio of filling coupling ratio. On the 
explosive’s side, the most important characteristic 
parameters are the density ρexpl and the stationary 
detonation velocity cD, with the acoustic 
impedance of the explosive, Zexp = ρexpl cD.

 For a homogeneous and isotropic rock 
mass there are basically three different modes 
of sonicity (Rossmanith et al. 1997, 1998):
− Supersonic detonation:  cD > cP > cS ; two conical 
 Mach fronts MP and MS 
 form (see Fig.1, bottom right).
− Transsonic detonation:  cP > cD > cS ; only 
 one Mach front MS forms (Fig.1 center), 
− Subsonic detonation:  cP > cS > 
 cD ; no Mach cone (Fig.1, top right).

4.  THE PRINCIPLE OF SONICITY

The most important conclusion that can be drawn 
from the sonicity classification is the realisation 
that the mode of detonation of an explosive is 
not a priori pre-determined. In other words: The 
same explosive can detonate supersonically, 
transsonically and subsonically, the mode 
depending on the wave propagation speeds of 
the rock mass in relation to the detonation speed 
of the explosive. This is called the principle of 

Figure 1. Traces of stress waves and cracks in the time-vs-position diagram and associated wave propagation Mach mode: 
two Mach cones (P and S) for supersonic blasting; one Mach cone (S) for transsonic blasting and no Mach cone for 
subsonic blasting (the inserts show patterns of maximum principal shear stress = isochromatics).
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sonicity or principle of relativity of detonation.
 For a given rock mass all three modes of 
blasting are always present: once a specific 
explosive is selected for a blasting job, the sonicity 
has been set! Blasting in a very competent rock 
(high cP) with ANFO (low cD) (most likely no 
rational blaster would try to do this) the ratio cD/
cP will yield a subsonic blast. Vice versa, blasting 
weak rock (cP low) with a fast explosive (cD 
high) will result in a supersonic blast. There is a 
wide range of cD/cP ratios for which transsonic 
conditions would apply. By changing from one 
type of explosive to another in the same rock mass, 
blasting conditions will change from one mode 
of sonicity to another. The authors claim already 
at this point that changing the type of explosive in 
an unfavorable pairing of rock mass and explosive 
opens the avenue to improvement with respect to 
increased fragmentation and reduced vibrations.
 In the past, the selection of the explosive as well 
as the initiation and delay times and intervals for a 
blast was based on experience and trial and error. 
The introduction of electronic detonators caused a 
change of paradigm towards shorter delay times. 
The introduction of the principle of sonicity will 
lead to a second change of paradigm in blasting, the 
selection of the type of explosive based on issues of 
wave propagation and detonation speed. It turns out 
that the selection of the proper explosive merely 
on the basis of the velocity of detonation, in view 
of quality of the blast, is not the whole story. The 
present work shows that it is the relativity of the 
speed of detonation cD, with respect to the wave 
speeds cR and cS of the rock mass to be blasted, 
that is decisive. The value of VOD itself is not a 
characteristic, only in combination with the wave 
speeds of the rock mass, i.e. the dynamic qualities 
of rock mass, does cD rise to full importance.

5.  THE PRINCIPLE OF 
 MAXIMUM SONICITY 

The situation becomes increasingly more complex 
in jointed and faulted rock, where the rock mass 
properties may strongly vary in space. Blasting in 
jointed rock mass with a single or several interfaces 
with dissimilar layering was extensively studied 
by Uenishi & Rossmanith (1998) within the scope 
of sonicity. In a dissimilarly layered rockmass the 
sonicity of the blast may change from one layer to 

the next. In other words, in one layer conditions 
of supersonic blasting may apply, whereas in the 
next layer, where different conditions may prevail, 
the mode of sonicity has changed. Hence, for a 
dissimilar layered rock mass and explosive chosen, 
each layer will be associated with a possibly 
different mode of sonicity. As a result, a 
sequence of sonicity modes will be generated and 
a sonicity mode mixity may be defined as shown 
in Rossmanith & Müller (2010). A blast might 
then be termed supersonic/transsonic/ subsonic on 
average if the upper bound sonicity is larger/
around/smaller than unity. The selection of 
the appropriate explosive should be made 
on the basis of maximizing the sonicity. This 
is called the principle of maximum sonicity.
 When a linear charge which runs across one 
or more interfaces in a layered rock formation 
is detonated, a variety of sonicity modes may 
be established (Uenishi & Rossmanith 1998). 
Figures.2a and 2b show the formation of
Mach cones associated with an interface and a layer, 
respectively. The various Mach cones can clearly 
be identified (s = acoustically soft, h = acoustically 
hard).

6.  DETONATIONS, VIBRATIONS, 
 THROW AND MUCKPILE

Every detonation is accompanied by vibrations, 
most often an unwanted waste of energy and 
a nasty affect to the environment. Excessive 
vibrations are to be avoided because of the 
possibility of structural instability such as 
rock falls, slope instability, stope and tunnel 
failure, etc. Only a small part of the explosive 
energy is usually utilised for achieving optimal 
fragmentation and to throw the fragmented rock 
in a precise manner to form a muckpile of pre-
determined and adequate shape and distribution.
 Recent practical investigations by Müller et al. 
(2008, 2009, 2010) have conclusively confirmed 
earlier findings that with increasing sonicity, i.e. 
with the transition from subsonic across transsonic 
to supersonic blasts, the vibrations are being suc-
cessively reduced (from a high level for subsonic 
blasts to relatively low level vibrations with 
supersonic blasts) while the degree of fragmentation 
increases. Table 1 gives relevant information on a 
few typical rocks in the Saxony region in Germany.
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 It was found that in gneiss and rhyolith/
pyroclastic rock the blast results (reduced 
vibrations and improved fragmentation) were by 
far better than in limestone and meta-greywacke, 
where the blasts were in a transsonic mode. Figure 
3 combines actual blast design data from the 
field, in particular the selection of the explosive 
with respect to the rock type in terms of sonicity.
 It should be kept in mind that, in the past, 
nobody was paying any attention to the fact, that 
sonicity plays a dominant role in blasting. The blue 
line/range indicates the velocity of detonation, the 
red region is the region between the wave speeds, 
i.e. the range [cS < cP], and the beige regions pertain 
to regions outside the wave speed interval. The 
velocity of detonation cD is scaled on the right hand 
side with ANFO being the lowest and gelatinous 

explosives the highest. Data in Figure 3 show that in 
the case of Leukersdorf (rhyolite/pyroclastic; third 
column from right) a clear-cut supersonic blast 
situation was achieved, because the velocity of 
detonation cD was way above the P-wave velocity cP 
of the rhyolith/pyroclastic rock. The use of gelatinous 
explosives in limestone also creates a supersonic 
situation. From a vibration and fragmentation point 
of view the use of ANFO in limestone is highly 
discouraged because one may encounter a subsonic 
blast situation which by experience is acompanied 
by large vibrations and poor fragmentation.
 In addition, in all blasts the P- and S wave 
velocities as well as the density of the rockmass 
were experimentally determined on site. The 
data are shown in Figures. 4a and 4b; and they 
confirm that rocks of higher density exhibit higher

Figure 2a. Blasting across a discontinuity in a rock mass: a) interface: explosive column charge detonates from an acousti-
cally hard into a soft rock: supersonic case (cS,s < cS,h ≈ cP,s < cP,h < cD).
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wave propagation speeds for both, the shear and 
longitudinal waves. Typical ranges of detonation 
velocities are also given for a few commercially 
available explosives. If the P-wave speed is 
known, the sonicity results automatically from 
the particular choice of the explosive and can 
easily be read off in Figure 4a. The experimental 
data fall astonishingly well within a straight band. 
Completing the diagram by plotting the detonation 

velocity of the explosives (this ought to be done for 
ANFO, emulsions, etc.), allows the identification 
of the regions of subsonicity, transsonicity and 
supersonicity. Considering the information about 
vibration and sonicity the practicioner will be 
able to identify, in the same diagram, regimes 
characterised by strong and low vibrations as well 
as poor and excellent fragmentation, results which 
form the basis for the optimisation of a blast.

Figure 2b. Blasting across a discontinuity in a rock mass: b) thin layer: explosive column charge detonates across an 
acousti-cally soft layer between a hard rock with intact interfaces: supersonic case. (cS,s < cS,h ≈ cP,s < cP,h < cD).

Location Rock Sonicity  

Lueptitz Rhyolite Transsonic 
Elbingerode Limestone transsonic 
Görsdorf Gneiss supersonic 
Winterberg limestone  subsonic/transsonic 

Leukersdorf rhyolite/pyroclastics supersonic 
Koschenberg meta-greywacke transsonic  

 

Table 1. Quarry and mining locations and sonic conditions of trial blasts in Germany.
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Figure 3. Mode of sonicity resulting from the various combinations or explosives and rocks; borehole diameter of the trial 
blasts between 80-110 mm.

Figure 4a. S-wave speed versus density of various types of rock.
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Figures 4a and 4b are quintessential for practical 
work in modern advanced blasting (using 
precise initiation timing such as made available 
by electronic detonators or detonation cord). They 
enable the blast designer to quickly estimate, 
in a sufficiently approximate way, the P and S 
wave velocities cP and cS, respectively, for the 
rock to be blasted if the density of the rock is 
known. One should keep in mind, that, for all 
practical reasons, it is much easier and less costly 
to determine the density of rock than to perform 
an adequate measurement of the wave speeds! 
Nota bene: Figures 4a and 4b also allow the 
blast engineer to bypass and avoid any patent 
violations in terms of wave speed measurements 
in quarries and mining and last but not least, 
these figures are extremely advantageous if one is 
only interested in an estimate of the wave speeds 
for the sonicity-based selection of the explosive.
 In short: The practical way to follow 
would be to determine the density of the rock 
(which can easily and inexpensively be done 
on site), then check for the wave speed using 
Figures 4a and 4b and select the explosive 
to achieve a supersonic mode situation.

7.  THE CONCEPT OF ENERGY OR WORK  
 OF A BLAST OPERATION

In many countries the authorities require the blast-
induced ground vibrations to be limited, i.e. the 
blast must be designed and performed such that 
the maximum amplitude of the vibration is below 
a certain pre-set value. In order to study the effect 
of sonicity on the optimisation of the blast in 
view of reduction of blast-induced vibrations, it is 
advantageous to represent in a double-log diagram 
the peak particle velocity PPV as a function of 
the energy or work of a blast operation,WBO. This 
concept has been developed over the last two 
decades by the second author, B. Müller, and his 
associates and they define WBO in the form:

WBO  =  VSB ζ (ρexp cD2/4) (r/ro)-n   [Nm], (1)

where VSB = volume of the explosive column in 
the blasthole [m3], ζ = degree of filling (coupling), 
ρexp = density of explosive [kg/m3], cD =  detonation 
velocity of explosive [m/s], r = distance from blast to 
site where PPV is measured [m], ro = normalisation 
distance = 1 [m], and n = empirical constant.

Figure 4b. P-wave speed versus density of various types of rocks.
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Attention: The blast operation energy or work WBO 
is neither identical with the (chemical) energy of 
the amount of explosive detonated in the blast nor 
is it the work performed by the detonation products, 
i.e. the gas and the waves. In fact, WBO combines 
characteristics of the explosive (density), of the 
performance of the explosive (detonation velocity) 
and of the blast geometry (volume of explosive, 
degree of filling, distance to PPV measurement site, 
etc.) in such a way that its dimension is energy-like.
 The parameter n characterizes the damping 
quality of the section of the rock mass which is 
in-between the blast and the measurement site. 
Hence, WBO is a combination of appropriate 
blast operation parameters, which yield an easily 
measurable quantity and nicely characterises a 
blast operation. Of course, numerous other similar 
parameters may be defined and utilized and there 
is nothing wrong in doing this as long as the 
parameter is a useful quantity to characterise a blast 
operation. It is, however, possible to extend this 
parameter by inclusion of other physical quantities 
of interest which work towards improvement 
and facilitation of decisions associated with blast 
design and selection of explosives. One possible 
extension could incorporate the shape and length 
of the detonation pulse and/or the wave pulse in the 
rock. Finally, the authors are not denying the fact 
that a scaled distance is apparent in equation (1).
 A great deal of physical insight is unveiled 
when equation(1) is rewritten in the following form:

WBO = VSB ζ ¼ (ρexp/ρrock) ZP cD (cD/cP) (r/ro)-n  (2)

where ZP is the acoustic impedance of the local 
rock mass section and ρrock is the density of the 
rock mass. Now, looking at equation (2) one finds 
that the energy or work of the blast operation 
depends on the dynamic characteristics of the 
explosive as well as of the rock and the geometry 
of the site. Once again, the linearity of the PPV 
versus work of blast operation depends on the 
acoustic impedance and the sonicity expressed 
by the P-wave Mach number MP = cD/cP.
 Figure 5 shows the peak particle velocities as a 
function of the work of blast operation WBO for the 
production sites listed in Table I. The experimental 
data of each site were regression analysed and the 
resulting straight lines are plotted in the PPV versus 
WBO diagram shown in Figure 5. The line at the 

far left pertains to ANFO (1a), all other straight 
lines are associated with emulsion explosives.
 Based on practical work and theoretical 
considerations it is found that for a given value of 
WBO the farther the lines lie to the right, the smaller 
the resulting peak particle velocities become. 
Moving along a vertical line means replacing a slow 
detonating explosive by a fast detonating explosive 
and thereby the sonicity increases which in turn is 
accompanied by a considerable reduction of the 
peak particle velocity, i.e. a reduction of the level 
of vibration. It should be mentioned at this point 
that all blasts performed and cited in this work 
are characterised by the fact that 4 holes in a row 
were simultaneously initiated and the delay time 
between these quadruples was 20 milliseconds, 
the delay between rows was appreciably longer. 
Considering the fact that the diagram shown in Figure 
5 is log-log-scaled, one can easily see that going from 
subsonic to supersonic corresponds to a reduction 
of vibrations of about one order of magnitude.
 The case of the quarry in Winterberg (Lower 
Saxony) will be used to demonstrate the relationship 
between work of blast operation, peak particle 
velocity and sonicity. The regression equations 
given in the inserts in Figure 6 have been calculated 
on the basis of experimentally determined data. 
They reveal that when ANFO (with low detonation 
velocity) was used a subsonic situation associated 
with extremely poor fragmentation and unacceptably 
high vibration amplitudes was obtained. When, 
however, on the same site, the low speed ANFO 
was replaced by an emulsion explosive (of much 
higher velocity of detonation) the vibrations 
were considerably reduced in amplitude and the 
fragmentation, i.e. the quality of the muckpile, 
turned out to be considerably better. This statement 
is absolutely confirmed in Figure 6 by the transition 
from the straight line on the left hand side (ANFO) 
to the straight line on the right hand side (emulsion).
 Figure 6 also unveils immediately that – leaving 
the work of blast operation constant – the use of 
explosives with higher brisance reduces the peak 
particle velocities. The replacement of ANFO by 
emulsion explosives led to a drastic reduction of the 
PPV. In addition, keeping the peak particle velocity 
constant, the use of an explosive with higher brisance 
allows to increase the work of the blast operation!  
The increase of the work of blast operation via 
employing emulsion explosives not only yields
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Figure 5. Comparison of the regression line of the relationship between the peak particle velocity PPV versus work 
of blast operation for the open pit quarry and mining locations investigated (1a = Winterberg: limestone/ANFO,1b = 
Winterberg: limestone/emulsion, 2 = Elbingerode: limestone/emulsion, 3 = Luepitz: rhyolite/emulsion, 4 = Leukersdorf: 
rhyolite-(calcareous) tuff/emulsion, 5 = Koschenberg: metagreywacke/emulsion, 6= Goersdorf: gneiss/emulsion).

Figure 6. Relationship between peak particle velocity (PPV) versus work of blast operation (WBO) for the open pit quarry 
Winterberg in Germany (left red line: ANFO, right blue line = emulsion explosive).
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a transition from subsonic (or transsonic) to 
transsonic (or supersonic) but also renders improved 
fragmentation and reduction of boulder size.

8.  FRAGMENTATION IMPROVEMENT BY 
 MEANS OF SONICITY

One the basis of Figures 5 and 6 one may 
conclude that a blast can be optimized if drilling, 
initiation and blasting has been tailored for the 
particular needs, e.g. throw and muckpiling, 
for the particular rock mass to be blasted. In 
the light of sonicity thirty years of blasting 

Figure 7a. Cumulative frequency versus grain size equivalent diameter distribution for various blasts: a) supersonic blasts 
in competent limestone with little jointing and faulting.

Figure 7. Cumulative frequency versus grain size equivalent diameter distribution for various blasts: b) transsonic blasts 
in a heavily jointed and faulted greywacke rock mass.
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experience boil down to the following statements:
− Subsonic conditions (velocity of detonation is 
 smaller than the wave propagation speeds) 
 lead to inferior fracture network development, 
 i.e. to poorer fragmentation in the nearfield of 
 the charge (blasthole) and to increased 
 vibrations.
− Transsonic conditions (velocity of detonation 
 lies between the P-wave velocity and the 
 shear wave velocity or is approximately equal 
 to either one) yield acceptable fracture network 
 formation and fragmentation in the nearfield 
 of the charge and generate fair to small 
 vibrations.
− Supersonic conditions (velocity of detonation 
 is higher than the P-wave speed) 
 guarantee optimal, even excellent 
 fracture network development and 
 are associated with the least vibrations.
 These statements will be tested by investigating 
two different sites in Germany: competent 
limestone (supersonic blast) and heavily 
jointed and faulted greywacke (Koschenberg; 
transsonic blast). Figure 7 shows the fragmentation 
of the muckpiles in terms of cumulative 
frequency. The outer black lines characterise 
the rock mass before blasting; blocky with the 
50% size in the range of 600-700 mm for the 
limestone compared to 110-120 mm for the g
reywacke. Aiming for high sonicity dictated the 
use of emulsion explosives and one can easily 
see that the muckpiles contains a favorable 
distribution of blast material with little fines and 
the 50% line at approximately 110 mm and 90 
mm, respectively, rock particle size. The wide 
shaded area in Figure 7a indicates excellent 
fragmentation due to maximizing sonicity, i.e. the 
use of a fast explosive. Whenever, for whatever 
reason though, a transsonic or subsonic situation 
occured the blasts did not yield the results 
expected; by changing to supersonic conditions 
the results were always markedly improved.
 It is questionable whether the fragmentation in 
the heavily jointed and faulted greywacke could 
considerably be improved by the use of a faster 
explosive to create supersonic conditions. The reason 
lies in the fact that any cracks generated would very 
quickly be arrested in the joints and crushing might 
be the primary physical mechanism to achieve 
better fragmentation in terms of smaller fragments.

9. CONCLUSIONS AND RECOMMENDATIONS

Advanced Blasting Technology refers to blasting 
as a science-governed field of engineering and 
not a playground of arts and craft with experience 
and trial and error as the working tools. A first 
step in the move from art to science was forced 
by the introduction of precise initiation timing via 
electronic detonators. A second change of paradigm 
is the introduction of the new concept of sonicity 
and its generalisation as a decision criterion for 
effective blasting. The velocity of detonation is 
not solely responsible for the quality of the blast 
job, but it is the relation between the velocity of 
detonation to the wave velocities in the rock mass. 
Hence, the pairing between explosive and rock 
mass controls the blast efficiency and the results, 
most often vibrations and fragmentation. One of 
the most important conclusions is the realisation 
that in (acoustically) soft rock or rock mass the use 
of ANFO may still lead to supersonic conditions, 
while in an (acoustically) hard rock mass the same 
explosive (here ANFO) does lead to subsonic 
conditions and therefore creates an adverse or non-
optimal situation. In this way the dynamic properties 
of the rock mass to be blasted achieve a rather high 
level of importance in blast design and performance. 
The sonic effect of explosives (i.e. the sonicity or 
detonation dynamics as well as rock dynamics), 
which in classical work did not even appear in 
blasting theory, now becomes a fundamental decision 
criterion for optimal blasting and turns out to be 
instrumental and of fundamental importance 
in terms of fracture network development, 
fragmentation, vibration, the formation of fly-rock, c
ompaction, muck piling, etc. It should be mentioned 
that all this is also valid for detonations and blasting 
within the non-mining or non-quarrying related 
fields, reaching into the military field where 
penetration of shape-charges etc works in
the same way.
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ABSTRACT: At present, the society has enhanced the understanding to the damage of blasting, and paid 
more and more attention to the vibration measurement. The vibration measurement industry has faced a 
tough problem: how to obtain a more real, objective and credible measurement result. Digitalization is a new 
turning point of the whole industry. Digital vibration measurement is a practical application of computer 
technology, network technology and grid technology in the field of engineering vibration measurement. 
This paper has proposed a remote calibration and vibration measurement platform (RCVMP) oriented to 
the blasting industry based on the grid technology. It consists of Digital Archives of Blast (DAB), Vibration 
Measurement Grid (VMG), a port software system, an expert system. The platform has realized the remote 
calibration of vibration measurement devices, the parallel analysis of vibration measurement data, the remote 
analysis of vibration measurement experts, the standardised generation of vibration measurement reports. 
All the vibration measurement devices can be calibrated remotely using the port software system, which 
is much more convenient than ever before. The massive data of vibration measurement can be processed 
concurrently in the vibration measurement grid consisted of plenty of low cost PCs, which can improve the 
computing efficiency and reduce the cost. The computing result from the computing platform will be seen by 
experts through the expert system, and manually processed by experts. Finally, the vibration measurement 
reports can be generated at the digital vibration measurement archive with a standard format. A series of 
file standards and interface protocols have also been defined, which has accelerated the sharing of vibration 
measurement information.

1.  INTRODUCTION

At present, the society has enhanced the 
understanding to the damage of blasting, and paid 
more and more attention to the vibration measurement. 
The vibration measurement industry has faced a 
tough problem: how to obtain a more real, objective 
and credible measurement result. Digitalization 

is a new turning point of the whole industry.
 For decades, digitalization has helped many 
industries going out of its troughs, and it is helping 
more and more. The vibration measurement 
industry is facing many problems, including non-
unified standards, unreliable measurement results, 
etc. Using computer technology and defining a 
series of unified standard of the industry is a good

Lisbon Conference Proceedings 2011, R. Holmberg et al
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Figure 1. The Design Diagram of RCVMP.

!



417

way for the industry to deal with these problems.
 Digital vibration measurement is a practical 
application of computer technology, network 
technology and grid technology in the field of 
engineering vibration measurement. This paper 
has proposed a remote calibration and vibration 
measurement platform (RCVMP) oriented to 
the blast industry based on grid technology. It 
consists of Digital Archives of Blast (DAB), 
Vibration Measurement Grid (VMG), Vibration 
Measurement Data Centre (VMDC), a port 
software system, an expert system. A series 
of file standards and interface protocols have 
also been defined, which has accelerated the 
sharing of vibration measurement information. 

2.  BACKGROUND

For a long time, the vibration measurement 
technology has developed slower than the basting 
engineering technology did. This situation forces 
us to make a change in order to catch up with the 
pace of the blasting industry. The construction 
of the RCVMP will accelerate the developing of 
vibration measurement technology, and promote 
the evolvement of the whole basting industry.
 There have been lots of problems 
in the vibration measurement industry. 
− Each company and institute uses different 
 devices. Some devices are sophisticated and 
 accurate and calibrated frequently; meanwhile 
 some are simple and crude, and 
 never calibrated.
− The vibration measurement industry, 
 including the devices and the calibration 
 procedure, does not have a unified standard.
− There are no operation rules about how to 
 measure. Hence, different staffs from different 
 companies do not measure in the same way, 
 which makes the measurement 
 result incomparable.
− The professional level of operators is extremely 
 uneven, and the difference of data
  analyser is huge.
 The RCVMP provides a unified 
management of devices, defines a standard 
for the measurement procedures, saves cost 
of hiring data analysis experts, and enhances 
the social confidence of the measurement 
results. Thus, the construction of RCVMP will 
bring potential economic and social benefits.

3.  THE MAIN DESIGN OF RCVMP

The platform has 3 main parts, as shown in Figure 1.
Vibration Measurement Data Centre (VMDC)
− The VMDC receives and stores all the 
 vibration measurement data from users, 
 and the processing result from 
 VMG. It can also launch VMG jobs.
Vibration Measurement Grid (VMG)
− The VMG realizes the parallel analysis of 
 vibration measurement data. The massive 
 data of vibration measurement can be processed 
 concurrently in the vibration measurement grid 
 consisting of plenty of low cost PCs, which can 
 improve the computing efficiency and 
 reduce the cost.
Digital Archives of Blast (DAB)
− The DAB is a storage centre of the whole 
 industry. It contains Digital Vibration 
 Measurement Archive (DVMA), Digital 
 Equipment Archive, etc. The DVMA realises 
 the storing of all the vibration measurement 
 data and the standardised generation of vibration 
 measurement reports. The vibration measurement 
 reports can be generated at the digital vibration 
 measurement archive with a standard format.
 Additionally, the platform provides 3 tools 
for users to communicate with the system.
− The portal site of DAB, where users can access 
 data of all Digital Archives. For instance, users 
 can search for historical calibration records of 
 devices and vibration measurement 
 reports in DVMA.
− The Port Software system, which is used for 
 Remote Calibration of all vibration 
 measurement devices. Vibration measurement 
 operators can also use it for vibration 
 measurement.
− The Expert system, through which 
 experts can see the computing result from 
 the VMG remotely and process it manually.

4.  THE ALTERATION OF DEVICES

Devices have to be altered to work in the platform.

4.1  The Unified Device Mark

Every device will be assigned a Unified Device 
Mark (UDM), which has to be preset in the device. 
The UDM will be burned on devices and not 
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Table 1. Format of DEV_PARA

Field Factory No. Sort Type Class 

Width (bits) 16 2 2 2 

Range 0~65535 0~3 0~3 0~3 
Field Serial No Year Month Day 
Width (bits) 16 7 4 5 

Range 0~65535 10~127 1~15 1~31 

 Table 2. Defined Data Structures

Name Description 

DEV_PARA Unified Device Mark (UDM) 

SAMPLE_PARA Calibration Information 
COLLECT_PARA Collection Parameters 
VIBRATION_PARA Vibration Parameters 

FILE_INFO File Information 
MESSAGE Carrying strings or integers or 

structures that transfer between 

devices and PC.  

 
Field Type Description 

Type Integer Type of message: 

1. Getting UDM; 2. Calibration; 
3. File Transfer; 4. Disconnect. 

Content Char[256] A string, an integer or a struct 

 

Table 3. The Struct MESSAGE

modifiable, but can be read using a communication 
protocol. The UDM is stored in a struct DEV_
PARA, which has a format as shown in Table 1.

4.2  Data Structures

As shown in table 2, besides DEV_PARA, we’ve 
also defined several data structures to store 
information and transfer it between devices. In 
particular, MESSAGE is used to carry data that 
transfer between devices and PC. Struct MESSAGE 
has two fields, which are shown in Table 3.

4.3 The Communication between PC and SI

First of all, PC communicates with SI through a 

CAT5 cable with RJ45 connectors. Secondly, we’ve 
defined a protocol based on TCP/IP to transfer data 
between PC and Secondary Instrument (SI). The 
process of the communication is shown in Figure 2. 
 SI runs a socket server, waiting for a connection 
from a PC at port 5005. PC and SI send a struct 
Message to each other to communicate. There 
are two situations when PC communicates 
with SI: To set collection parameter and to transfer data.
 Before every collection, devices have to set 
several collection parameters. These parameters 
will be read from a configuration file on PC, then 
adjusted manually and sent to SI. The communication 
between PC and SI is shown in Figure 2. The 
second situation is to transfer a file from SI to PC. 
The communication detail is shown in Figure 3.
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Figure 3. The communication of file transferring.

!

!

Figure 2. The communication of collection parameter setting.
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Figure 5. Procedure of Remote Calibration.

Figure 4. The Communication between PC and Vibroplatform.
!

!
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Figure 6. Remote Calibration.
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Figure 7. Format of measurement output file.

4.4 The Communication between PC 
 and Vibroplatform

Similar with SI, the vibroplatform also runs a socket 
server, which waits for connection from a PC at 
port 5006, receives messages and gets responses 
to it. The communication detail is shown in 
Figure 4.

5.  THE REMOTE CALIBRATION

Remote Calibration is an invention to improve the 
efficiency of calibration. It calibrates devices with 
a standard procedure and automatically uploads the 
result to the DVMA, and the history calibration 
results of devices can easily be searched on the 
website. Last, the vibration measurement reports 
automatically contain the latest calibration status 
of devices, thus the credibility of the vibration 
measurement result is highly enhanced.
 The schematic drawing of remote calibration is 
shown in Figure 5. The detail of the local procedure 
is defined in Figure 6.

6.  VIBRATION MEASUREMENT

6.1 The procedure of vibration measurement

Vibration measurement is the core function of the 
platform. The procedure of vibration measurement 
of RCVMP is shown in Figure 1. Specially, the path 
of the procedure is labelled with bold numbers.
(1) At first, vibration measurement operators must 
 configure the information of the blast project in 
 the port software, including blast summary, 
 status of devices and environment, etc. After 
 the vibration finishes, the port software will 
 read data from the vibrometer. The collection 
 data and the blast information will be sent to 
 the VMDC.
(2) VMDC receives measurement data and 
 generates Vibration Measurement Jobs (VMJ), 
 which will be then submitted to VMG. The 
 processing result of VMJs will sent back 
 to VMDC.
(3) Data analyzers will see the processing result 
 by using Data Analysis Software once a 

Amount of channels (normally 3)
Name of channel 1 (C1)
Name of channel 2 (C2)
Name of channel 3 (C3)
Unit of C1
Unit of C2
Unit of C3
Amount_of_data Collection_speed Collection_delay
Range_of_C1 Range_of_C2 Range_of_C3
Offset_of_C1 Offset_of_C2 Offset_of_C3
Sensity_of_C1 Sensity_of_C2 Sensity_of_C3
Time_point data_of_C1 data_of_C2 data_of_C3
 … … … …

Date and time of collection

Version of data
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 VMJ finishes.
(4) Data analyzers can analyze the data remotely 
 on their own PCs.
(5) The analysis result will be sent to the DVMA.
(6) Finally, a legally valid Vibration Measurement 
 Report (VMR) will be generated automatically 
 and standardised, containing the information 
 of the blast project, the calibration status of 
 devices, and the analysis result of vibration 
 measurement data.

6.2 The format of measurement output file

We’ve defined a format of measurement output file 
as shown in Figure 7. The format of file is txt. Data 
in the file is separated using one or more spaces.

6.3 The format of JobID

Every VMJ will be assigned a JobID which is 
unique in the whole platform and make the VMJ 
identifiable. The format of JobID is shown in Table 
4.

7.  THE VIBRATION MEASUREMENT 
 GRID (VMG)

The VMG is a new kind of grid combining grid 
technology with the vibration measurement industry. 
All the measurement data of each measurement 
will be sent here for processing, and the VMG uses 
plenty of low-cost PCs to provide high performance 
computing power.

Field Year Month Day Hour Minute Random 
No. 

Width 4 2 2 2 2 4 

Example 2011 03 09 15 56 1234 

 

Table 4. Format of JobID.

!
Figure 8. A Hierarchy Chart of VMG.
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 As shown in Figure 3, the VMG has several 
components of three levels: a national control 
centre, several provincial control centres and 
several provincial computing centres.
 The first level contains a national control centre 
and a national data centre. The national control 
centre receives job submissions from data centre, 
and selects an appropriate provincial control centre 
according to the job information. Finally, it submits 
job to a provincial control centre.
 The second level contains several provincial 
control centres, which receive job submissions 

from the national control centre. After receiving a 
submission, they obtain the measurement data from 
the data centre. In order to take advantage of the 
Condor pool that containing plenty of computing 
nodes to shorten the computation, the job will be 
divided into many small-scale jobs here. All small-
scale jobs will be added into a job queue. Finally, 
they will be submitted to the provincial computing 
centre.
 The third level contains several provincial 
computing centres, which contain thousands of 
computing nodes. Each computing node will start

Figure 9. Digital Archives of Blast.
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the small-scale jobs individually. The assignment 
of the jobs will be automatically done to maintain 
a load balance of the whole system. The provincial 
computing centres complete the computation, and 
send the result back to the control centres.
 More detail of VMG is on paper ‘A Research 
of Critical Technology of Vibration Measurement 
Grid’.

8.  THE DIGITAL ARCHIVES OF BLAST

Digital Archives of Blast (DAB) realises the 
digitalisation of collection resource of blast industry, 
providing a mechanism for the sharing of blast 
databases all around the country and an approach 
for users to pick up information conveniently.
 As the informatisation influences the archives 
management deeper and deeper, the construction of 
digital archives is inevitable. There are more than 
20 countries announce their plan of constructing 
digital archives by the end of 2001. However, the 
construction of digital archives of blast is still blank 
in China.
 At present, the blast industry has not yet built 
up a digital archives manage system. Moreover, 
governments and blast associations of different 
places have built their own digital archives without 
sharing data with others, and these databases are 
heterogeneous. This makes the island effects of 
data more and more serious. In other words, the 
data transferring and sharing of these systems 
would be very difficult.
 As shown in Figure 4, the DAB integrates 
databases of the blast industry all around the country 
using data grid technology, and eventually present 
some logical digital archives to users, such as the 
vibration measurement archives, the equipment 
archives, the staff archives, etc. Users can easily 
search information on these digital archives through 
a portal site without worrying where the data stored 
exactly.

9.  CONCLUSIONS

The vibration measurement data of all blast 
projects every day is massive. As the preciseness 
of measurement rises, the size of this data is 
increasing sharply. Thus, a fast storing mechanism 
for this massive data is needed, and it will be solved 
in the future.
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ABSTRACT: The completion of rock excavation at the NL35 section of the Northern Link (Norra Länken) 
Project in Stockholm was completed two months ahead of schedule and required the underground drilling 
and blasting of 420,000 cubic metres of rock. The project represented a number of technical challenges 
including a wide variety of cross sectional dimensions, low rock cover and vibration restrictions.
 The challenge to maintain productivity rates was met by making use of a number of technologies to 
maximise advance opportunities within compliance limits. These technologies included web-based vibration 
reporting capabilities, drill navigation and electronic initiation systems.
 The case study of NL35 is used as a basis of discussion to explore how improved integration of digital 
drill and blast technologies can be harnessed, to give the next edge to optimising tunnel project economics. 
In this case the strategy was taken to optimise each blasting opportunity to achieve the highest possible 
blast volume and advance. This had the effect of minimising the total number of blasts and hence overall 
excavation time, thereby delivering the rock excavation phase ahead of schedule. The discussion points to 
further possibilities to optimise tunnel project economics through the integration of digital drill and blast 
technologies including drill navigation data, Measure While Drilling and vibration seed-wave modelling. 

1.  INTRODUCTION

Tunnellers have always been quick to adopt 
technologies. Each generation has taken 
developments as they arise and applied them to 
deliver economic benefit to both the tunnel owners 
and tunnel builders. Some technologies, such as 

the introduction of pneumatic drills and dynamite 
explosives, could be described as revolutionary, 
whilst others have combined to deliver similar 
economic impact.
 Increasingly sophisticated tools are allowing 
more complex projects to be constructed as 
pressure mounts from rising levels of urbanisation. 

Lisbon Conference Proceedings 2011, R. Holmberg et al
©2011 European Federation of Explosives Engineers, ISBN 978-0-9550290-3-5
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Proximity to surface and subterranean structures 
will only increase as planners seek solutions to 
population needs.
 Tunnelling principles, however, still remain 
constant. A tunnel is commissioned by an owner 
to meet a specific need and the owner engages 
designers and builders to deliver the project. The 
project requires funding and, whether through state 
coffers or private equity, needs to be completed in 
the shortest possible time to deliver returns on the 
original investment. Many of these projects run to 
multiple billions of Euros and even the slightest 
delays can have significant impact on financing and 
future profitability. 
 It is therefore within the interests of the project 
to ensure that every avenue is explored to ensure an 
early completion, naturally whilst complying with 
requirements of safety, community and facility 
owners.
 Particularly in urban tunnelling the traditional 
cycle of drill, blast, dig, support, is often interrupted 
by other circumstances such as restricted working 
time and environmental constraints. The concept 
of rapid cycle time is therefore not necessarily 
most appropriate in these circumstances and 
can be replaced by a philosophy of ‘maximising 
opportunity’. This means that for every opportunity 
to advance the face, it should be the maximum 
possible for each given circumstance. This 
philosophy requires a high level of commitment to 
the plan - execute - evaluate cycle.
 Tunnel builders have always used some form 
of plan, execute and evaluate methodology to 

optimise their efficiency. This is the skill of the 
tunneller and intuitive to their job. Refining the 
process in increasingly complex environments, and 
to achieve the highest level of efficiency, requires 
some additional aids. This is where digital drill and 
blast technologies can assist.
 Digital technology, in this context, can mean 
elements containing computing or electronics 
that are involved in the plan – execute - evaluate 
cycle that deliver benefit to the process. These 
include possibilities with blast design software, 
navigated drilling systems, explosive charging and 
electronic initiation systems, as well as web-based 
environmental reporting systems.
 This paper discusses the hypothesis that 
increased usage and integration of digital systems 
will provide the next edge to the drill & blast 
tunneller and provide tunnel projects with the best 
opportunity to optimise their economics through an 
early completion. 
 Firstly we will explore a case study from the 
Norra Länken NL35 project in Stockholm, Sweden, 
before detailing some of the digital technologies 
used in this example. The paper will then discuss 
progress with the integration of digital technologies 
before highlighting opportunities for the future. 

2.  EXPERIENCE AT NL35

2.1 Background

NL35 is one section of the Northern Link (Norra 
Länken) Project in Stockholm. The Norra Länken

Figure 1. Location of NL35.  

! km 

!

Figure 1. Location of NL35. 
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Figure 2. 3D Schematic of NL35 section. 

project was commissioned to provide an integrated 
road junction to improve the flow of city circular 
traffic and the main northern route. The project 
consists of a network of tunnels and road works 
that has been let as several contracts. 
 The NL35 contract was awarded to the 
joint venture Hochtief-Oden. The tunnelling 
required underground drilling and blast removal 
of approximately 420,000 m3 of rock. Oden was 
responsible for the rock excavation of the tunnel 
cross-sections varying from 15 to 320 m2 these 
were completed 2 months ahead of schedule. 
 Blasting operations at the project presented 
a number of technical challenges with a wide 

range of tunnel cross sections, large face areas, 
and at times low rock cover. One of the tunnels 
(no. 512) was driven for 250 metres parallel to a 
vibration-sensitive facility only 10 m away where 
a maximum vibration level of 100 mm/s was 
permitted. 
 The risk analysis of the project had identified 
this section of Tunnel 512 and provided 
instantaneous charge weight limitations in the tender 
documentation. This 250 m section was also time 
critical for the project and intensive effort was put 
into maximising the advance rate in this area. The 
cross-sectional area in the section varied between 
110 and 125 m2.

Figure 2. 3D Schematic of NL35 section.

!

Figure 3. Section 512 charge weight restrictions. 

"# m!

Figure 3. Section 512 charge weight restrictions.
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Figure 5. Matching vibration events to the blast plan. Figure 4. Vibration waveform from NCVIB. 

!

Figure 5. Matching vibration events to the blast plan. Figure 4. Vibration waveform from NCVIB. 

Figure 4. Vibration waveform from NCVIB.

Figure 5. Matching vibration events to the blast plan.
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2.2 Solution options 

Traditional methods for dealing with such a 
situation would include: 1) reducing instantaneous 
explosive charge weights and thus round length. 
2) Segment the face and fire as separate pilot 
and stross (stripping) blasts. 3) Use the surface 
off-set (blocking) delays to extend the available 
pyrotechnic detonator delay range, or 4) any 
combination of the above.
 The desire was to maintain, as far as possible the 
full face firing and to achieve a maximum advance 
at 6 metres per round. The worst case scenario 
would be to reduce the round length to 3 metres 
and to fire the face in three segments. This would 
result in 6 blasts to achieve the same advance, as 
one full face with full depth.
 A number of trials were performed starting 
with firing segmented blasts as pilot and stross. 
This was abandoned after finding a temporary rock 
support was required between blasts for the safety 
of subsequent operations. For safety, time and cost 
reasons this method was discarded.
 The use of face off-set delays (blocking) was 
found to be effective, however, due to the inherent 
scatter with pyrotechnic delay detonators, it could 
not guarantee true single hole firing. Both the 
complexity of deploying off-set delays in faces of 
more than 250 holes and the reliability of such an 
arrangement were found to be limiting factors.
 The last option was to reduce charge weight 
and hence advance per round. Clearly the situation 
would have adverse impact on the project schedule 
and required some novel thinking for a solution. 
 It was here that full face firing using electronic 
initiation systems was considered. 

2.3 Experience with full face electronic initiation 

The i-kon™ VS system was used with the most 
obvious benefit being, that any delay time could be 
programmed to the detonators up to a total time of 
8000 milliseconds. This allowed the flexibility to 
apply individual firing time to each shot hole. 
 This feature by itself was sufficient in most 
instances, to comply with vibration targets. In 
some cases, limits were exceeded, however it was 
noticed that vibration records could be analysed 
and matched to the initiation design. It was possible 
to identify each shot hole firing and gauge their 
position in the blast and their individual vibration 

levels. It was also possible to compare the charging 
records from the charging units, which recorded the 
explosive weight delivered into each shot hole.
 Using a combination of the available data, it 
was possible to perform a diagnosis of the design 
and instigate changes to the shot hole design, 
charging and initiation plans to ensure maximum 
advance for each firing. In particular, it was noted 
that advancements could be maintained by making 
adjustments to the drilling, charging and initiation 
sequence in the closest holes of the face.
 Adjustments to the drill plan could be easily 
achieved through computer aided design being sent 
to the Atlas Copco drill jumbo, to allow accurate 
shot hole placement using the drill navigation 
system.
 In total 21 i-kon™ VS blasts were fired and 
provided significant benefit through this critical 
section of the project. Some learning was taken 
from the application of the system which required 
the application to be adapted to the tunnelling 
environment and training with blast crews, however, 
short term draw backs were kept in context of the 
overall goal.

3. DIGITAL DRILL AND 
 BLAST TECHNOLOGIES 

The NL35 case study highlights the possibilities 
of making use of digital technologies to provide 
an economic benefit to the project, by allowing 
maximum opportunity for advance with each blast. 
Following is a brief description of the technologies 
involved in the NL35 case example. 

3.1 NCVIB environmental monitoring network 

The environmental monitoring for this project was 
conducted by Nitro Consult AB who was contracted 
directly by the project owners Trafikverket. The 
NCVIB system, developed by Nitro Consult AB, 
allows for web-based reporting of events such as 
vibration, air blast, noise, water levels, and crack 
extensions, among others. NCVIB makes extensive 
use of Sigicom INFRA measurement sensors and 
recorders. 
 Nitro Consult provided a total environmental 
monitoring service which included the establishment 
of sensors at locations specified in the project risk 
assessment and the reporting of results through their 
NCVIB web-based system. A network of vibration
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Figure 6. Proximity of blasting operations to sensitive 

structure. 

  Figure 7. INFRA equipment used for monitoring. 
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Figure 6. Proximity of blasting operations to sensitive structure.

Figure 7. INFRA equipment used for monitoring.



433

!

Figure 8. Ability to determine individual hole firing from 

vibration Waveform. 

Figure 8. Ability to determine individual hole firing from vibration Waveform.

!

Figure 9. Comparison of vibration result with timing design in SHOTPlus-T. 
Figure 9. Comparison of vibration result with timing design in SHOTPlus-T.
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sensors were placed along the critical infrastructure 
to provide compliance measurements. 
 This meant that the vibration results from the 
blasts were available to all project stakeholders 
within minutes of firing and allowed for rapid 
assessment of results and planning for the next 
round. 

3.2 Electronic Initiation System 

The system used was the i-kon™ VS series 
programmable electronic blasting system, it provides 
both the benefits of flexibility and accuracy. It also 
allowed any delay time to be programmed to the 
detonators and for those delay times to be delivered 
accurately during the firing process. The system 
consists of detonators containing microchips and 
electronic control equipment to allow logging, 
programming and firing. In effect this is a true 
digital system, that also provides a degree of 
integration with the SHOTPlus® planning and 
design software.
 The most obvious benefit for this application, 
is the ability to provide almost limitless delays for 
up to 8000 milliseconds and provide each shot hole 
with a unique firing time for vibration control.
 The interesting feature of the NL35 study, is the 
use of the detonator timing accuracy in conjunction 
with the NCVIB system to perform blast 
diagnostics. The ability to identify individual holes 
firing in the vibration trace added a new dimension 
to both the use of the electronic initiation system 

and the environmental compliance network. In this 
case the data was used to add value to the project 
by optimising the performance for the next round. 
This allowed for modification of the drill pattern, 
shot hole charging and initiation sequence. The 
speed of feedback was also critical in that decisions 
needed to be implemented prior to the start of the 
next cycle. 
 Subsequent to the experience at NL35, a new 
capability has been added to the Orica SHOTPlus 
Tunnel software to enable comparison between 
the recorded waveform and the designed initiation 
sequence. This capability allows for rapid blast 
diagnosis and adjustment for the next round, by 
allowing interaction between the imported vibration 
waveform and the original timing design.

3.3 Drill navigation systems

Digital drilling capabilities were introduced by 
Atlas Copco more than 10 years ago, as the CAN 
bus system was used for the first time on tunnelling 
drill rigs. This system was originally developed 
for the automotive industry and had proven to be a 
reliable and accurate system for sending commands 
and information.
 During these 10 years the development has 
progressed in the drill rigs with increasing functions 
and features all based on digital communication 
systems. One of the first functions was to enable 
computer designed drill plans to be sent to the 
rigs. This allowed the rig to automatically, or

!

Figure 10. Total Station Navigation with Atlas Copco Boomer E2 C drill rig. 

Figure 10. Total Station Navigation with Atlas Copco Boomer E2 C drill rig.
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Figure11. Deviations from targeted collar and toe points for drilled holes with laser beam positioning - round no. 20 at Äspö test site 

for nuclear waste. 

semi-automatically perform drilling of blast holes 
according to a computer generated drill design. In 
mining applications the drill rig can be given the 
capability to generate the drill plan itself, if required. 
These capabilities have delivered a multitude of 
operational benefits based on the ability to achieve 
accurate drill design in production. 
 The digitised guiding systems on booms and 
feeds have drastically improved the accuracy of 

the location of the blast holes. The incorporation of 
total stations in the navigation of the rig has further 
reduced the deviation of the blast holes from their 
intended positions. The position of the rig itself 
can also be established with an accuracy of 1 cm 
whilst traditional navigation gives a less accurate 
position and normally the deviation is within some 
7 cm. The results of a study provided by SKB from 
a tunnel at their test site at Äspö, Sweden is shown

Figure11. Deviations from targeted collar and toe points for drilled holes with laser beam 
positioning - round no. 20 at Äspö test site for nuclear waste.
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in Figure 11. It shows a comparison between 
the actual collar and toe position and the design 
locations. In this case the rig was navigated by use 
of traditional laser beam assistance. 
 The “Total station” navigation is the latest 
feature for navigation of the drill rigs. This system 
manages to establish the location of the rig with 
an accuracy of 1cm as mentioned above. If this 
navigation system had been applied at the Äspö 
tunnelling site it is most likely that it would have 
been a smaller deviation. 
 It should though be mentioned, that a client 
at the Äspö requested the best precision that 
could be achieved. An additional mean to check 
the collaring operation was to use a self targeting 
upfront mounted camera. The Äspö figures 
consequently show what can be achieved. They are 
probably not representative for regular tunnelling 
though. An exchange of laser-line navigation to the 
total station will most probably bring accuracy on 
regular projects to the Äspö standard.
 The intended and the actual recorded location 
of the holes are stored in the onboard computer and 
can easily be transmitted to the site office when 
the site has installed a “Rig Remote System”. This 
system can transfer data from the rig to the site 
network either in batches, or on line depending on 
the proximity WLAN antennas (see Figure 13).
 Drilling data that includes drill performance 
and actual hole locations, can be transferred 

to other software packages for evaluation and 
inclusion in improvement processes. To simplify 
the digital communication between operating units 
and software packages we used a common standard 
that was created some 9 years ago, called IREDES 
(International Rock Excavation Equipment Data 
Exchange Standard). This method of data transfer is 
the first step in allowing integration between digital 
tunnelling technologies.
 One application foreseen in the near future, is 
the transfer of information from the actual location 
of the blast holes to the charging unit for adjusting 
the charging and detonating plans. If necessary it 
will also send back requests for additional blast 
holes to the drill rig. 
 You can measure while drilling by digitally 
monitoring the drilling performance. This has 
been in operation for a number of years. It can be 
stated that the experienced user will have great 
confidence in the method. The method is based on 
the monitoring of a number of drilling parameters 
which are all listed in Figure 13. From these 
recordings anomalies in the rock-mass can be traced. 
These anomalies normally indicate variations in the 
rock quality. The anomalies may indicate that the 
rock support or the pre-grouting procedure has to 
be altered, but also that the charging pattern should 
be changed. The first two applications are presently 
in use, while the latter one is still in the cradle of 
development. It is foreseen that the MWD input

Figure 12. Principle sketch on the digital communication between operating units in underground application.
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Figure 12. Principle sketch on the digital communication between operating units in underground application. 
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on the charging pattern will reduce the damage 
of the rock wall as well as give better control of 
the vibrations generated by the detonations in the 
individual holes. Anomalies as they may appear are 
exhibited in Figure 13.

4.  DISCUSSION

The case study and technologies presented make 
for some interesting possibilities for the overall 
performance of tunnelling projects. It is also evident 
that there are a number of capabilities currently 
available that can produce data for round by round 
optimisation.
 The use of digital technologies however will 
only be of value if they can be used on a practical 
basis within the timeframe allowed by the production 
cycle. To some extent this may require additional 
resources in terms of personnel, but will also 
benefit from higher levels of integration between 
independent capabilities to deliver solutions within 
a production timescale.
 The adage that ‘time is money’ is especially 
true to both tunnel owners and tunnel builders. The 
tunnel contractor often carries high daily fixed costs 
which will be borne regardless of the production 
rate. It is within the interests of the contractor to 
minimise the duration of fixed cost expense by 
completing the contracted task within schedule.

 Similarly the tunnel owner has significant 
investment in the overall project, which may also 
carry a fixed cost element as well as the overall 
project financing. Total project completion will 
require numerous tasks to come together, however 
completion of the excavation works is usually a 
critical path that can effect timely completion of the 
total project. Delays in completion may carry the 
burden of additional interest costs which can have 
significant consequence to the financial success of 
the project.
 In the NL35 case study, a number of digital 
technologies were used to optimise successive 
blasts and maximise each opportunity. This strategy 
led to firing the least possible number of blasts to 
complete the rock excavation phase. The benefits 
of this are many fold and can be viewed in several 
ways. Certainly taking maximum opportunity 
meant that an end point could be reached sooner 
by ensuring maximum advance for each round. 
Reducing blasting events also allows for a more 
continuous operation of other concurrent functions 
such as digging, bolting, and grouting activities in 
adjacent headings, by minimising blast clearances.
 Other features of the technologies described 
include: More accurate drilling, which can result 
in a higher compliance of the profile dimension 
to minimise excess material movements that have 
been created by over-break, or rework, associated

Figure 13. Measure While Drilling (MWD is another digital platform where up to eight parameters are recorded:
Penetration rate, Percussive pressure, Feed pressure, Rotation pressure, Rotation speed, Damper pressure, Flushing 
water pressure, Flushing water flow. A graph of the digitised recordings from reading every 2 cm along the drilled hole 
is shown to the left. A map on the evaluated anomalies is exhibited to the right.
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with under-break. Fragmentation and looseness 
of blasted rock also play a part in the digging rate 
and can be provided by delay timing flexibility 
of electronic blasting systems. A more precise 
location of the blast holes, at least along the tunnel 
periphery, is expected to generate less unwanted 
damage to the tunnel perimeter. This damage may 
generate more over-break, but also a demand for 
increased placement of shotcrete or concrete.
 It could be argued, however, that there is nothing 
new to these technologies, have already evolved 
for a number of years and found their roles within 
the tunnelling industry. The focus of this paper is 
however to explore how better integration of digital 
technologies can provide the next edge by making 
better use of both their data and functionality.
 The process of integration is to some extent 
underway, as has been previously mentioned. For 
example, Atlas Copco Tunnel Manager software 
can communicate with Orica SHOTPlus software 
using the IREDES protocol. This allows for 
an improved capability to manage the drill and 
blasting processes and deployment of electronic 
blasting systems. Orica tunnel software can make 
use of the waveforms from the NCVIB system to 
perform blast diagnosis, by matching with the delay 
sequence applied to electronic detonators. Atlas 
Copco drill navigation systems can then deliver the 
changes in design to optimise the next round.
 The future possibilities are almost limitless, 
provided that the data collection and reporting 
systems can work together to provide useful 
information for decision making on the next 
production cycle. Work underway includes better 
use of the drill navigation data to provide actual 
spatial positioning of blast holes, coupled with 
charging information to pinpoint the exact source 
of vibration events. It is possible by using these 
higher level techniques that using blanket charge 
weight restrictions may be superseded by a more 
flexible round by round capability to modify the 
design.
 Taking this one step further, it will be possible, 
given the higher level of drill accuracy, charge 
placement and timing control, that multiple seed 
wave vibration modelling can be used to assess and 
optimise a design before being utilised in sensitive 
areas. Tools such as these will allow the tunnel 
constructors to optimise each opportunity, whilst 
providing project owners with the added assurance 
of correct engineering practice. 

 Beyond this, integration with survey scanning 
techniques and MWD data has many more 
possibilities to optimise the drilling and blasting 
processes.

5. CONCLUSIONS

The modern day tunnelling industry continues 
to utilise technology developments as they 
arise to meet demands of increasingly complex 
environments. This has been particularly evident in 
the development of mechanical tunnelling methods 
in recent years.
 Drill and Blast tunnelling may be viewed as a 
mature technology, but still represents the majority 
of global tunnel advances due to its inherent 
flexibility and low capital set-up. It is hoped that 
this paper represents that Drill and Blast tunnelling 
is still on the technological edge and has plenty 
more opportunities to explore. The use of digital 
technologies may not provide the revolutionary 
impact of pneumatic drills, or dynamite high 
explosive, but rather a combined effect to take the 
industry into a new dimension. 
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Advanced techniques for high vibration reduction (up to 75%)

T. Bernard
Thierry Bernard Technologie, DNA-Blast Software, Nice, France

ABSTRACT: The signature hole method was developed in the nineties, together with electronic delayed 
detonators (EDD). The latter have only been a common initiation system for 10 years and computers 
powerful enough to run advanced efficient simulation models to apply this theory were also not available 
until then. This paper reviews the use of the signature hole principle via case studies. The basic principle of 
the signature hole theory in the far field is analyzed and compared to the advanced principle in the frequency 
domain applicable in the near field. The paper also analyses the de-convolution theory that allows us to 
obtain a virtual signature hole, derived from the vibration record of a full blast, and can provide a vibration 
level reduction up to 75%. Finally, this paper uses case studies to demonstrate the benefit of the theory 
applied in the field.

1  INTRODUCTION

Today, there are several methods currently 
used to predict the vibration level created by a 
blast, at a given point. Firstly, let us review the 
most frequently used, i.e. the charge per delay 
method and then discuss the advantages and 
disadvantages of various signature hole methods.

2  THEORY OF VIBRATION SIMULATION

2.1  Review of the charge per delay method

The first, so-called charge per delay, or reduced 
distance method, recommends the theory that the 
vibration level at a given point is solely a function 
of the distance between the blast and the point in 
question and the charge per delay of the blast. The 
charge per delay is defined as being the maximum 
instant charge measured for all the blast charges. It is 

generally accepted that two charges are separated in 
time if the interval is over 8 ms (this value is doubtful 
and very controversial; moreover, the paragraph 
analysing the single hole method reveals its limits).
 The expression retained to estimate the 
maximum vibration level at a given point is of the 
form              where K, α,β are constants that 
distinguish the blast and the site configuration. This 
equation is also more frequently known in the form of

as brought to light by CHAPOT in France
in the 1980s.
 It should be noted that:
− The vibration level presents an axial 
 symmetry around the blast
− The initiation sequence has no influence on 
 the calculation
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− The number and the position of the holes has 
 no influence on the calculation

2.2 The signature hole method

The second so-called signature hole or timing, or 
seed waveform method is based on the seismic 
signature of a charge measured at a given point.
 The seismic signature of a charge is defined 
as the recording at a given point of the vibrations 
created by an isolated explosive charge (without 
any interaction with other charges).

 This seismic signature has the advantage of 
integrating the modifications of the source trace 
caused by its crossing different geological layers 
and the morphology of the site.
 How does the signature hole method work?
 A blast is made up of a series of charges delayed 
in time, so all you have to do, for each blast charge 
is to delay the elementary seismic signature of the 
charge, by the delay of the latter (time delay), and 
add together all the delayed seismic signatures, to 
obtain the overall seismic signature of the blast 
(Figure 1). Working from this, it is easy to obtain

Figure 1. Signature hole method principle.
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the maximum vibration level of the blast.
 It should be noted that:
− The method takes the initiating sequence 
 into account.
− The method requires a seismic signature per 
 type of charge.
− It is possible to take into account the relative 
 position of the holes amongst themselves 
 compared with the measurement point, by 
 correcting the time delay between the charges 
 by the travel time between the charge and the 
 measurement point.
− The vibration level is only estimated at a 
 distance equal to that separating the single 
 hole blast from the measurement point of the 
 elementary seismic signature.
− By applying this principle, the rule of 8 ms 
 previously mentioned no longer makes sense, 
 because each time delay corresponds to a 
 different vibration level, even though the rule 
 of 8 ms insists that beyond 8 ms the vibration 
 level is constant.
 Mathematical formulation:
The seismic signature of a blast, measured at a 
given point, is the sum of all the seismic signatures 
generated by all the blast charges delayed by timing. 
This can be mathematically written as follows:

(1)

where:
− SG(t): represents the seismic signature of a 
 blast (expressed in the time domain)
− si (t): represents the elementary seismic 
 signature of each blast charge (expressed in 
 the time domain)
− N: the number of charges in the blast
 If we consider that each charge 
creates a seismic signature that is almost 
identical, the expression (1) becomes:

(2)

where:
− S(t): represents the elementary seismic 
 signature of a typical blast charge (expressed 
 in the time domain)
− Δti: represents the time delay of a charge in 
 the sequence
 This method is called the signature hole 
method in the time domain because we apply a 
linear superposition of waves recorded versus time.

2.3 Far field versus near field

The signature hole method, as described previously, 
assumes that we add waves delayed by timing 
sequence. As waves are 3D, we measure and process 
waves on a referential composed of 3 axes or 
channels called LTV (Longitudinal, Transversal and 
Vertical). To make sense, this waves adding process 
has to be strictly the same for the 3 channels (L, T, 
V). This requires the signature hole to be recorded at 
a distance from the blast where whatever the charge 
considered, the L,T,V channel recorded is the same. 
In other words, we are far from the blast so, from the 
seismograph ‘perspective’, any wave comes from 
the same point. We call this situation: the far field.
 On the other hand, if the seismograph is 
located at a distance from the blast, where from 
its ‘perspective’, waves from different charges 
are seen coming from different directions, the 
principle of linear superposition could not be 
applied. We call this situation the near field.

2.4  Near field vibration modelling in 
 the time domain

We will now deal with how we can model the 
vibrations in a reliable manner in the near field, 
in the area surrounding the blast, applying 
the superposition model in the time domain.
 To do so, we will start with the principle already 
mentioned in the previous paragraph, equation (2).
If we consider that each charge creates a seismic 
signature that is almost identical, barring 
the amplitude, the expression (2) becomes:

(3)

− S(t): represents the elementary seismic signature 
 of a typical blast charge (expressed 
 in the time domain)
− Δti: represents the time delay of a 
 charge in the sequence
− ti:represents the amplitude coefficient of the 
 elementary seismic signature
 If we consider the 3 channels L,T,V we have a 
system of 3 corresponding equations:

(4)
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 In the near field, as waves are coming from 
different directions, we need to adjust these 
equations taking into account the angle between 
the direction of the waves from the charges and the 
direction of the recorded signature hole.

(5)

− Ө: represents the angle between the direction 
 of the waves from the charges and the 
 direction of the recorded signature hole.
− Δti: represents the time delay of a charge in 
 the sequence, to which the travel time of the 
 wave from the charge to the seismograph has 
 been added.

2.5  Near field vibration modelling in the 
 frequency domain

We will now deal with how we can model the 
vibrations in a reliable manner in the near field, in 
the area surrounding the blast, whilst taking into 
account all the key parameters (geology, position 
of the holes, the charges in the holes and, of course, 
the initiation sequence) but using the frequency 
domain.
 (Note: the frequency domain is a pure 
mathematical concept where events are not 
described versus time but versus frequency. This 
technique means little to us as it has no physical 
link with the real world, but it is used in physics as 
it helps to solve problems.)
 So equation (2), written in the frequency 
domain becomes:

(6)

where
−	 SG(ƒ): represents the amplitude of the Fourier 
 transform of SG(t)
−	 S(ƒ): represents the amplitude of the Fourier 
 transform of S(t)
−	 F(ƒ):	represents	an	amplification	function
with 

(7)

 In addition if we call D0 the reference distance 
between the charge per delay and the measurement 
point of the seismic signature and by applying the 

classic attenuation law

of the decrease in the amplitude for a single hole, 
we obtain:

                               and                                so

                                                             hence      (8)

It should be noted that                                 with:

- Δi  :represents the time delay of the initiation 
 sequence
−    :represents the time delay of the trajectory 
  of the seismic wave between the charge 
  and the point of measurement.
 On the assumption that the frequency domain 
of the seismic signature of a charge is identical for 
all charges, it is therefore possible to calculate a 
seismic amplification factor at any point around the 
blast.
 It should be noted that:
− The amplification factor takes into account the 
 position of the holes, the initiation sequence 
 and the charge in each hole
− The amplification factor is solely dependent 
 on the arrival time of the trace at a given 
 point, the position of the charges and the 
 frequency.
 This amplification factor will be used in a 
 numerical model with several aims in mind:
− Find the vibration level at a given point by 
 multiplying it by the spectrum of the seismic 
 signature and then carry out an inverse 
 Fournier transform
− Look for an initiation sequence leading to a 
 minimum vibration level in an area
− Enable an easy de-convolution of the trace and 
 the obtention of an elementary seismic 
 signature hole from the overall seismic 
 signature of a blast.
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3   WAVEFORM DE-CONVOLUTION

This word means the reverse calculation of a 
waveform simulation of the blast from a signature 
hole. In other words, having a record of a full blast, 
it offers the capability of obtaining an average 
signature hole of the blast. The main advantage of 
this method is to obtain a signature hole without 
shooting a single hole in the pit, which is a not very 
easy for the site to implement.
 Moreover this method allows us to refresh 
the signature hole on a continuous basis, and 
consequently benefit from more accurate data 
everyday, to minimize vibrations.
 We have seen that there are two ways to process 
a signature hole: one in the time domain and one 
in the frequency domain. Consequently, there are 
two ways to do the de-convolution of the signature 
hole.
 Let’s start with the time domain that is 
summarized by the equation (4) or (5):
 This is a system of equations with p variables 
where p is greater than n. In a normal situation, this 
system has no solution. Fortunately, the fact that 
between the first two detonations there is only one 

wave propagating (the beginning of the first single 
hole) this allows us to find a solution using a gauss 
pivot method. The same principal applies starting 
at the end of the global waveform. Nevertheless, by 
experience, this technique fails to provide a good 
result as any noise on the recorded waveform is 
amplified by the pivot method and consequently 
provides a result that makes little sense.
 Once again, the frequency domain provides an 
elegant solution for this problem.

Equation (6)

can be written as follows:                                    (9)

 Equation (9) directly gives the solution in the 
frequency. Then S(t) is obtained by an inverse 
Fourier transform of  S(ƒ).

4  CASE STUDIES

Let’s see how these theories work in the field 
looking at two typical case studies. The first 
describes the single hole theory applied in the far 

Figure 2. Plan view of the quarry and the village.
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field and the second, the theory applied in the near 
field combined with the de-convolution process.

4.1 Case study one

Chateauneuf les Martigues quarry in the south of 
France, provided by TBT.
 The quarry is located in the south of France, 
north east of the city of Marseilles. The village of 
Chateauneuf les Martigues is located at 850 m from 
the quarry (Figure 2) and the average vibration 
level was 0.9 mm/s. Even with this very low 
level, there were still a lot of complaints from the 
inhabitants. There was no low frequency identified 

whether in the ground vibration or in the air blast. 
The manager of the quarry decided to tentatively 
further reduce the vibration level. It was decided 
to use the signature hole method combined with 
electronic detonators to reduce vibration level, as 
the column of explosive had already been cut-off 
into two charges to reduce the charge per delay.
 The first stage was to conduct signature hole 
measurement. A set of 8 single holes were shot 
in various places (Figure 3) in the pit to cover all 
the different geology and wave travel paths. These 
single holes were decked with the same inter deck 
delay used by the quarry.
 The DNA-Blast model and the I-Blast

Figure 3. Signature hole location.

Figure 4. Screen shot of I-Blast far field timing optimization.
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software (Figure 4) was used to simulate the 
effect of inter row timing using the advanced far 
field signature hole module (850 m is considered 
as far field). Two types of timing were selected 
corresponding to two different sections of the pit, 
with 47 ms between holes in the north part and 96 
ms between holes in the south part
 These delays provided a significant vibration 

level reduction of about 40%, bringing PPV from 
0.9 to 0.45 mm/s and were used for the following 6 
months (Figure 5).
 The bench was ‘moving’ toward the village 
so the vibration level started to increase (that is a 
normal situation). When they reached 0.7 mm/s, it 
was decided to conduct a second analysis and to 
optimize the inter deck delay.

Figure 5. Electronic blasts for 6 months

Figure 6. Vibration history during the optimization process.
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 The same process was applied, shooting a 
single deck instead of a single hole. According 
to the single deck record and I-Blast process, the 
inter deck delay was set to 45 ms and the inter row 
delay to 35 ms. Vibration moved back to 0.5 mm/s 
(Figure 6)
 To conclude, we can say that the signature hole 
method in the far field, combined with electronic 
detonators, provides very good results. It reduces 
the vibration level without changing the charge 
per delay. The number of blasts below the seismic 
trigger also increased considerably (Figure 6), 
providing a huge benefit with regard to inhabitant 
complaints.

4.2 Case study two

Culpeper quarry, USA, provided by STS.
 STS provides advanced technical services 
to the drilling, blasting, construction and mining 
industries in the U.S. The STS customer in this 
case was a quarry in Virginia. The previous shot 
was carried out at 6-10 inches in this part of the 
quarry close to power lines. (Less than 200 feet) 

 The challenge was to reduce the vibration level 
below 2.00 inch/s at the power lines (Figure 7). 
The next shot was located close to the power lines 
(less than 150 feet). Quarry management stipulated 
that STS could NOT do a signature hole. The blast 
configuration had to be: full column 74 foot face 
with 6.5 inch holes and no decking.
 “I took one of their blasts from two years ago 
(with digital detonators) and a seismic waveform 
recorded at the power lines. I entered all the data 
including some very detailed rock info that the 
quarry obtained for me. I ‘de-convoluted’ the 
signature hole, based on the blast using DNA-Blast 
software corresponding module. I shot the next 
shot at the Quarry using the Derived Signature 
Hole Waveform and the optimized timing provided 
by I-Blast software.” (Figure 8)
 “The derived signature waveform was picture 
PERFECT – I was blown away by how good it 
looked (AWESOME). I timed the next shot (which 
was the closest yet) based on the simulation, and 
I got a 50% reduction at double my Hertz. So, I 
won’t be doing a signature hole at that quarry 
which saves me a lot of time and work.” said John

Figure 7. Top view of the power line close to the pit.
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Figure 8. Screen shot of the I-Blast PPV optimization module.

Figure 9. Shot number 1.
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Babcok, blasting specialist at STS. (Figure 9).
 Then a second shot was made, in the same area 
close to the previous one.
 I just shot the second shot at the Quarry 
using the Derived Signature Hole Waveform. I 
re-analysed the data using the seismograph info 
from the previous shot (when the readings were 
reduced by 50%) and the shot today the readings 
were reduced another 50% compared to previously, 
and this shot was closer with more holes. Pretty 
awesome!” said John Babcok, blasting specialist at 
STS.
 To conclude, we can say that the signature hole 
method in the near field, combined with electronic 
detonators, and an advanced modelling capability 
is able to provide awesome results. It reduces the 
vibration level without changing the charge per 
delay. The signature hole can also be obtained 
by a de-convolution of a full blast record saving 
considerable time and work in the field.

5  CONCLUSIONS

The signature hole method is not only an 
interesting theory, it works in the field. Combined 
with electronic detonators and advanced modelling 
software, it provides a huge benefit in vibration 
level reduction. Without changing the charge 
per delay, results between 30% and 70% of PPV 
reduction can be achieved.
 Moreover recent developments and powerful 
computers allow us to obtain a signature hole 
record by a de-convolution from the record of a full 
blast. This is a great opportunity to automate timing 
sequence optimization by processing seismic 
records on a daily basis.
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Soft computing approach to evaluate and predict blast-induced 
ground vibration

M. Khandelwal
Department of Mining Engineering, College of Technology and Engineering, Maharana Pratap University of 
Agriculture and Technology, Udaipur – 313 001 India 

ABSTRACT: In this paper, an attempt has been made to evaluate and predict the blast induced ground 
vibration by incorporating explosive charge per delay and distance from the blast face to monitoring point 
using artificial neural network (ANN) technique. A three layer feed forward back propagation neural 
network with 2-6-1 architecture were trained and tested using 130 monitored blast records from one of the 
major producing surface coal mine in India. Twenty new blast data sets were used for the validation and 
comparison of the peak particle velocity (PPV) by ANN and conventional vibration predictors. Results were 
compared based on coefficient of determination (CoD) and mean absolute error (MAE) between monitored 
and predicted values of PPV.1.

1. INTRODUCTION

Drilling and blasting is still one of the major 
economical operations to excavate a rock mass. 
The consumption of explosive has increased many 
folds in recent years. These explosives are mainly 
used for the exploitation of minerals in mining 
industry or the removal of undesirable rockmass 
for community development. The amount of 
chemical energy converted into mechanical energy 
to fragment and displace the rockmass is minimal. 
Only 20 to 30% of this explosive energy is utilized 
for the actual fragmentation and displacement 
of rockmass, the rest of the energy is wasted in 
undesirable ill effects, like, ground vibration, air 
over pressure, fly rock, back break, noise, etc. 
(Hino 1956, Dowding 1985, McKenzie 1990).
  Ground vibration induced due to blasting is 
very crucial and critical compared to other ill 
effects due to involvement of public residing in the 

close vicinity of mining sites, regulating and ground 
vibration standards setting agencies together with 
mine owners and environmentalists and ecologists 
(Khandelwal and Singh 2006, 2007, 2009). Also, 
with the emphasis shifting towards eco-friendly, 
sustainable and geo-environmental activities, 
the field of ground vibration has now become an 
important and imperative parameter for safe and 
smooth running of any mining and civil project. 
  Ground vibration is a wave motion, spreading 
outward from the blast, like ripples spreading 
outwards due to impact of a stone dropped into a 
pond of water. As the vibration passes through the 
surface structures, it induces vibrations in those 
structures also. Sometimes, due to high ground 
vibration level, dwellings may get damaged and there 
is always confrontation between mine management 
and the people residing in the surroundings of the 
mine area (Wiss and Linehan 1978).
  There are a number of vibration predictors 
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available suggested by different researchers. All the 
predictors estimate the PPV based on mainly two 
parameters (maximum charge used per delay and 
distance between blast face to monitoring point). 
However, few predictors considered attenuation/
damping factor too. For the same excavation site, 
different predictors give different values of safe 
PPV vis-à-vis safe charge per delay. There is no 
uniformity in the predicted result by different 
predictors (Khandelwal 2010). All vibration 
predictor equations have their site specific constants. 
Therefore, they cannot be used in a generalised 
way with confidence and zero level of risk.
 To overcome this aspect new software 
computing tools like artificial neural network 
(ANN) has attracted attention. ANN has the 
ability to learn from patterns acquainted before. 
It is a highly interconnected network of a large 
number of processing elements called neurons in 
an architecture inspired by the brain. ANN can be 
massively parallel and hence said to exhibit parallel 
distributed processing. Once, the network has been 
trained, with sufficient numbers of sample data sets, 
it can make reliable and trustworthy predictions on 
the basis of its previous learning, about the output 
related to new input data set of similar pattern. 
 This paper deals the application of ANN for 
the prediction of ground vibration by taking into 
consideration the maximum charge per delay 
and distance between blast face to monitoring 
point. To investigate the appropriateness of this 
approach, the predictions by ANN have been 
compared with other vibration predictor equations.

2. STUDY AREA

The study was conducted at Jayant opencast mine 
of Northern Coalfields Limited (NCL), which is 
a subsidiary company of Coal India Limited. It is 
located at Singrauli, Distt. Sidhi (M.P.), India. The 
area of NCL lies geographically between latitudes 
of 24° 0’ to 24° 12’ and longitudes 82° 30’ to 82° 
45’ and belongs to Gondwana super group. The dip 
of the strata is gentle and varying from 2° to 5°.
 The coalfield can be divided into two sub basins, 
Moher sub-basin (312 sq. km.) and Singrauli Main 
basin (1890 sq. km.). The field is divided into 11 
major mining blocks namely Kakri, Bina, Marrack, 
Khadia, Dhudhichua, Jayant, Nighahi, Amlohri, 
Moher, Gorbi and Jhingurdah (Singh 2004). 
 The overburden in this area is mostly medium 

to coarse-grained sandstones, carbonaceous shales 
and shaly sandstones. The mine uses large dragline 
(24 m3 bucket size and 96 m boom length) in 40 m 
benches. The bench is drilled with 311 mm diameter 
holes. Normal blast consists of firing 50-60 holes; 
consuming 150-200 t of explosive. Each hole of 35-
40 m length is charged with 300 kg of explosive and 
the maximum charge per delay is about 6000 kg. 
Nonel and MS connectors are used for initiation. 
The inter-hole delay was 17-25 ms, whereas, 
inter-row delay was 2-4 times the inter-hole delay.

3. THE PHILOSOPHY OF ARTIFICIAL 
 NEURAL NETWORK 

The technique of artificial neural networks 
(ANNs) is an effective alternative methodology. 
The artificial intelligence information-processing 
structures are still very primitive compared 
to biological ones (Fausett 1994). There is a 
wide scope to solve problems by using ANNs 
particularly to approximate nonlinear behavior 
without a prior knowledge of interrelations among 
the elements within a system (Haykin 1999). 
Moreover, it has been proven that a feed-forward 
ANN with an arbitrary number of processing units 
is a universal function approximator (Hornik 1993).

3.1 Feed forward back propagation neural network

Feed forward neural networks are being widely used 
for solving various ticklish problems, such as pattern 
recognition, function approximation, dynamic 
modeling, data mining, time series forecasting, etc. 
Feed forward networks have one or more hidden 
layers of sigmoid neurons followed by an output 
layer of linear neurons. Multiple layers of neurons 
with nonlinear transfer functions allow the network 
to learn nonlinear and linear relationships between 
the input and the output vectors (Demuth and Beale 
1994). In light of Kolmogorov’s theorem, multilayer 
feed forward network can be viewed as an exact 
representation of input-output mapping. Further 
modification over Kolmogorov’s theorem is made 
by Lorentz (1977) to obtain the exact representation 
equation. To overcome the difficulty of exact 
mapping, approximate representation is obtained. 
Multilayer feed forward found its mathematical 
form here. A multilayer feed forward network learns 
by back propagation, in which error propagates 
back is called feed forward back propagation 
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(FFBP). Kolmogorov’s theorem however, fails to 
provide not only the number of layers but also the 
number of neurons necessary in each hidden layer.

3.2 Learning of feed forward back 
 propagation network

Training of the network is basically a process 
of arriving at an optimum weight space of 
the network. The descent down the error 
surface is made using the following rule:

(1)

Where, 
 η is the learning rate parameter.
 wη is the weight of the connection between the 
ith neuron of the input layer and the jth neuron of 
the hidden layer. 

The update of weight for the (n+1)th pattern is 
given as:

wη (n+1) = wη (a) + Δ wη (n
)                               (2)

Similar logic applies to the connection between the 
hidden and the output layer. 
 The error E is the mean squared error and is 
determined by the following relation:

E = Σ [Ok (n) – Ok’ (n)]2                                    (3) 
  
Where, 
 Ok (n) is the output determined by the network 
for the nth pattern and Ok’ (n) is the corresponding 
output given in the training data set.
 The weight change rule is a development of the 
perception learning rule. Weights are changed by an 
amount proportional to the error at that unit times 
the output of the unit feeding into the weight.
 The output unit error is used to alter weights on 
the output units. Then, the error at the hidden nodes 
is calculated (by back – propagating the error at the 
output units through the weights), and the weights 
on the hidden nodes altered using these values.
 For each data pair to be learned a forward pass 
and backward pass is performed. This is repeated 
over once again until the error is at a low enough 
(or is given up). The input and the hidden layers 
consists of linear processing units as neurons, 
whereas, the output layer consists of non-linear 

processing units as the neurons. The non-linear 
function used is the logarithmic sigmoid function 
and is defined as: 

                                                                             (4)

Where,
 ƒ (net) is the weighted sum of the inputs for a 
processing unit.
 Thus, the outputs are determined for each 
epoch, the mean square error calculated and the 
weights updated till a user specified error goal or 
epoch goal is reached successfully. Fig. 1 shows 
the four layered back propagation neural network 
having one input layer, two hidden layers and one 
output layer.

4. DATA SET

One of the most important stages in the ANN 
technique is data collection. In the present study, 150 
blast vibration records were monitored at different 
vulnerable and strategic locations in and around 
the mines as per ISRM (1992) standards. Among 
which, 130 blast vibration data sets were chosen for 
the training of the network and the other 20 data 
sets were used for the testing of the ANN network. 
The data was divided into training and validation 
datasets using sorting method to maintain statistical 
consistency. Datasets for validation were extracted 
at regular intervals from the sorted database and 
the remaining datasets were used for the training 
and testing of ANN model vis-à-vis to determine 
site constant of various conventional vibration 
predictors. The range of distance of monitoring 
point from blasting face and explosive charge used 
per delay (QMAX. ) is 35 – 8400 m and 75 – 6000 kg 
respectively, whereas range of PPV is 0.31 – 92.30 
mm/s. 

5. NETWORK ARCHITECTURE

Feed forward back propagation neural network 
architecture (2-6-1) is adopted due to its 
appropriateness for the identification problem. 
Pattern matching is basically an input/output 
mapping problem. The closer the mapping, the 
better the performance of the network is.
 A three layer feed-forward back-propagation 
neural network was developed to predict the 
QMAX. The input layer has 2 input neurons and the 
output layer has 1 neuron, whilst the hidden layer 
comprises 6 hidden neurons (Figure 2).



 All the input and output parameters were scaled 
between 0 and 1. Equation 5 was used for the 
scaling of input and output parameters. 

6. TESTING AND VALIDATION OF 
 ANN MODEL

To test and validate the ANN model, data sets were 
chosen, which were not used while training the 
network.
 The results are presented in this section to 
demonstrate the performance of the networks. 
Coefficient of determination (CoD) and mean 
absolute error (MAE) between the predicted 
and observed values is taken as the measure of 
performance. 
 As Bayesian interpolation (MacKay 1992) 
has been used, there was no danger of over-fitting 

or under-fitting problems. Figure 3 illustrates the 
measured and predicted PPV with CoD of as high as 
0.887. The MAE between monitored and predicted 
PPV by ANN is 0.416. 

7. PREDICTION BY 
 CONVENTIONAL PREDICTORS 

Table 1 illustrates the various available conventional 
vibration predictor equations proposed by different 
researchers (Duvall and Petkof 1959, Langefors and 
Kihlstrom 1963, Davies et al. 1964, Ambraseys and 
Hendron 1968, Bureau of Indian Standard 1973, 
Ghosh and Daemen 1983, Pal Roy 1993). The
site constants were determined from the multiple 
regression analysis of the previously mentioned 130 
cases. The calculated values of site constants for the 
various predictor equations are given in Table 2.

Figure 1. Back propagation neural network (Monjezi and Dehghani 2008)
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Figure 2. Suggested ANN for the case study.

The architecture of the network is tabulated below:
1.  No. of input neurons:  2
2.  No. of output neurons:  1
3. No. of hidden layers:  1
4. No. of hidden neurons:  6

5. No. of training epochs:  435
6. No. of training datasets:  130
7. No. of validation datasets:  20
8. Error goal:  0.0

Scaled value = (max. value – unnormalised value) / (max. value – min. value)           (5)

PPV

QMAX

Distance
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Table 1. Different conventional predictors.

Name  Equation

USBM (Duvall & Petkof, 1959)
  
Langefors – Kihlstrom (1963)
  
General Predictor (Davies et al, 1964) v = K R-B (QMAX) A

Ambraseys – Hendron (1968)  

Bureau of Indian Standard (1973)  

Ghosh – Daemen Predictor (1983)  

CMRI Predictor (Pal Roy, 1993)  

Where,
 v = Peak particles velocity (PPV), mm/s, 
 QMAX = Maximum charge per delay, kg,
 R = Distance between blast face to vibration monitoring point, m, and
 K, B, A, α and n = Site constants.

Figure 3. Measured vs. predicted PPV by ANN.

y = 0.9815 x +2.8925
R2 = 0.8876
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Table 2. Calculated values of site constants.
Equation                 Site Constants
    K B A α n
USBM   179.3081 1.0904   
Langefors – Kihlstrom 44.43242 –1.1795   
General Predictor  212.27 1.0949 0.5203  
Ambraseys – Hendron 329.3063 –0.9702   
Bureau of Indian Standard 6.328489 0.2118
Ghosh – Daemen Predictor 780.36 1.2588  0.0004 
CMRI Predictor  168.91    1.5669

Figs. 4 – 10 illustrate the relationship between 
measured and predicted PPV by conventional 
predictor equations with their respective coefficient 
of determination. Here, CoD is varying between 
0.130-0.540 and maximum for the USBM predictor, 

while minimum for the Langefors – Kihlstrom 
predictor. MAE is varying between 0.600 – 1. 
511, which are maximum for the Ghosh – Daemen 
predictor, while minimum for the USBM predictor.

Figure 4. Measured vs. predicted PPV by USBM predictor.
8. RESULTS AND DISCUSSION

Figure 11 shows a comparison between predicted 
PPV by ANN and conventional predictor equations. 
Here, prediction by ANN is closer to the measured 
PPV, whereas prediction by conventional predictors 
has wide variation. 
 All the conventional predictors have site 
specific constants and these are not able to predict 
the safe charge for even other similar geo-mining 

conditions. The value of site constants also varied 
as the ground conditions changed. Moreover, 
these empirical predictors are based on linear 
relations between scaled distance and PPV. If 
the safe charge of explosive is calculated based 
on the above predictors, certainly one can face 
problems to control the ground vibration. This may, 
sometimes, result in either under estimate or over 
estimate of the explosive requirement. The uses of 

y = 0.2294 x +5.8581
R2 = 0.5409
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Figure 5. Measured vs. predicted PPV by Langefors – Kihlstrom predictor.

any predictor without validation causes damage to 
the surroundings and hinders the mine’s smooth 
working.
 It can be seen that ANN demonstrates 
superiority over conventional vibration predictors. 

Table 3 shows the CoD and MAE of PPV predicted 
by ANN and conventional predictors. It can be said 
that prediction capability of ANN is quite remarkable 
and compares well to field observations.

Figure 6. Measured vs. predicted PPV by General predictor.

y = 0.1494 x +15.998
R2 = 0.1306

y = 0.2156 x +5.9665
R2 = 0.4866
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Figure 7. Measured vs. predicted PPV by Ambraseys – Hendron predictor.

Figure 8. Measured vs. predicted PPV by Bureau of Indian Standard predictor.

y = 0.1262 x +6.846
R2 = 0.2027

y = 0.0635 x +9.6169
R2 = 0.325
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Figure 9. Measured vs. predicted PPV by Ghosh – Daemen predictor.

Figure 10. Measured vs. predicted PPV by CMRI predictor.

y = 0.6927 x +12.277
R2 = 0.4781

y = 0.2458 x +8.9102
R2 = 0.5319
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Figure 11. Comparison of PPV.

Table 3. CoD and MAE of PPV by various models.
Model CoD MAE
ANN 0.887 0.416
USBM 0.540 0.600
Langefors – Kihlstrom  0.130 1.433
General Predictor 0.486 0.605
Ambraseys – Hendron 0.202 0.634
Bureau of Indian Standard 0.325 0.937
Ghosh – Daemen Predictor 0.478 1.511
CMRI Predictor 0.531 0.810

9. CONCLUSIONS

Based on the study, it is established that the 
feed forward back propagation neural network 
approach seems to be the better option for close 
and appropriate prediction of PPV to protect the 
surrounding environment and structures. The use 
of any predictor without validation may invite 
further complications for the smooth conduct 

of mining operations. This study indicates that 
all conventional predictors used in the paper are 
either over estimating or under estimating the safe 
explosive charge to keep the PPV under the safe 
limit. Both the predictions are not appropriate for 
the site, where populations are residing in the close 
vicinity of the mine. ANN results indicate very close 
agreement for the PPV with the field data sets as 
compared to conventional predictors. By adopting 
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ANN technique, PPV can be predicted prior to the 
blast. The blast design can be modified accordingly, 
so that, blast nuisances can be minimized as well 
as higher utilization of explosive energy can also 
be achieved. If a greater number of data sets are 
fed into ANN, the prediction will be more accurate, 
because it does not follow the over fitting and under 
fitting law of curves as in the case of vibration 
predictors.
 Considering the complexity of the relationship 
among the inputs and outputs, the results obtained 
by ANN are highly encouraging and satisfactory. 
ANN can learn new patterns that are not previously 
available in the training dataset. ANN can also 
update knowledge over time as long as more training 
data sets are presented, and can process information 
in parallel way. Therefore, the technique results in a 
greater degree of accuracy than any other analysis 
techniques. Hence, the technique proves to be 
economical and easier in comparison to tedious 
expensive experimental work.
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On loader productivity, rock strength and explosive energy 
in metal mining

J.A. Sanchidrián, P. Segarra & L.M. López
Universidad Politécnica de Madrid. ETSI Minas, Ríos Rosas 21, 28003 Madrid, Spain

ABSTRACT: Twenty production blasts in two open pit mines were monitored, in rocks with medium to very 
high strength. Three different blasting agents (ANFO, watergel and emulsion blend) were used, with powder 
factors ranging between 0.88 and 1.45 kg/m3. Excavators were front loaders and rope shovels. Mechanical 
properties of the rock, blasting characteristics and mucking rates were carefully measured. A model for the 
calculation of the productivity of excavators is developed thereof, in which the production rate results as 
a product of an ideal, maximum, productivity rate times an operating efficiency. The maximum rate is a 
function of the dipper capacity and the efficiency is a function of rock density, strength, and explosive energy 
concentration in the rock. The model is statistically significant and explains up to 92 % of the variance of 
the production rate measurements.

1. INTRODUCTION

The knowledge of the parameters with a major effect 
on the production rate of excavating equipment is 
useful in order to optimize the operation, to achieve 
a production target or to plan the purchase of new 
machines. Mining manuals provide loading cycle 
times or production rates of excavators as a function 
of the volume of the bucket and a qualitative 
description of the ease of excavation of the rock, 
or its diggability (Sweigard 1998, Atkinson 
1998). Kuznetsov et al. (1997) use a measure of 
rock strength to estimate the diggability of non-
blasted rocks. Productivity of excavators has been 
analyzed from the explosive concentration angle by 
Eloranta (1995) and McKenzie et al. (1998), with 
contradictory results and remarkable scatter in the 
data. Other efforts in this area worth mentioning 

include the analysis by Brunton et al. (2003) of the 
influence of the 80 % passing size on the dig time. 
 Segarra et al. (2010) developed a model of the 
productivity of excavators as the product of an 
optimum mucking rate value times an operational 
efficiency, a function of rock properties, blast 
design and bucket capacity. In that model, the 
optimum mucking rate is tied to the efficiency in 
a site or data-dependent manner, in the sense that 
the optimum mucking rate does not depend on any 
scale parameter – such as some variable related with 
the size of the excavator – as it should obviously 
do. This paper revises the model of Segarra et al. 
using the same data, in an attempt to make it more 
meaningful by incorporating a scale-dependent 
variable in the maximum mucking rate.

Lisbon Conference Proceedings 2011, R. Holmberg et al
©2011 European Federation of Explosives Engineers, ISBN 978-0-9550290-3-5
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2. MEASUREMENTS AND DATA

Data belong to two Brazilian mines: Conceição 
(iron) and Sossego (copper). They comprise 
20 blasts in rocks with medium to very high 
strength, with three blasting agents, covering a 
powder factor span between 0.88 and 1.45 kg/
m3. The excavators used to dig and load the rock 
were front loaders and rope shovels with nominal 

bucket payloads of 38, 45.4 and 81.6 tonnes. 
The truck capacity was 240 tonnes in all cases. 
 The levels, rock types and mechanical properties 
are given in Table 1. The rock samples were taken 
in the bench so that their strength is probably lower 
than the in-situ, undisturbed rock. Point load 
strength is the size-corrected value, Is(50) (ISRM 
1985, AENOR 1996).

Table 1. Rock properties.
     Point load strength Density
 Mine Bench Rock type MPa (*) kg/m3 (*)
 Conceição 820 Hematite 4.8±1.7 3556±576
   955 Itabirite 3.1±1.0 2880
   970 Itabirite 4.0±1.4 3470 
   985 Itabirite 5.6±1.0 3725

  Sossego 136 Ore 9.3±2.1 3349±212
   168 Waste 7.1±1.3 2814±270
   184 Waste 7.0±2.1 2793±173
   200 Ore 9.4±1.0 3349±212
    Waste 7.0±1.9 2530±  56
(*) Mean and standard deviation.

Table 2. Characteristics of the blasts.
Blast Bench Rock Explosive qt, kg/m3 q, kg/m3 tI-R, ms tR, ms
1 955 Itabirite Watergel 1.02 0.86 42 100
2 985 Itabirite Watergel 1.28 1.13 42 100
3 820 Hematite Watergel 1.03 1.03 42 100
4 955 Itabirite Watergel 1.09 0.86 42 100
5 985 Itabirite ANFO 1.01 0.82 Det. cord. 200 
6 970 Itabirite ANFO 0.98 0.90 Det. cord. 200
7 955 Itabirite ANFO 1.06 0.99 Det. cord. 200
8 985 Itabirite Watergel 1.31 0.99 42 100
9 970 Itabirite Emulsion blend 1.45 1.45 42 100
10 970 Itabirite Watergel 1.00 0.79 42 100
11 970 Itabirite Watergel 1.17 0.77 42 100
12 200 Ore Watergel 1.21 1.10 30 75, 100
13 184 Waste Watergel 1.03 0.88 20, 30 75
14 184 Waste Watergel 1.11 0.98 20, 30 75
15 200 Waste Watergel 1.21 1.07 0, 20, 30 100
16 136 Ore Watergel 1.03 0.95 30 75
17 200 Ore Watergel 1.05 0.93 20, 30 50, 75
18 184 Waste Watergel 1.06 0.94 20, 30 50, 75
19 184 Waste Watergel 1.00 0.88 30 50, 75
20 168 Waste Watergel 0.88 0.75 30 50, 75
qt: total powder factor; q: powder factor above grade; tI-R: in-row delays; tR : inter-rows delays
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et al. 2003) but, at the same time, it brings some 
inconsistency between the mass loaded onto a 
truck, MT, and the actual time for it, since the 
truck is loaded in PT passes and the time measured 
corresponds in fact to PT -1 passes (see Figure 1). 
The actual time for a complete truck loading can 
thus be estimated as PT/(PT -1)·tT, and the volume 
loading rate is (bank cubic meters, BCM, per unit 
time, Q):

(1)

where ρR is the bank density of the rock.

For the purpose of establishing a relation between 
the excavator rate and the characteristics of the 
rock and the blasting, the rate is assumed to be the 
product of an ideal (maximum) rate Q0 times an 
operating efficiency η:

(2)

Q0 must necessarily depend on some scale parameter 
such as the dipper capacity. The following forms 
have been tested:

Table 3. Excavator productivity data.
Blast Excavator BM, t BV, m3 MT, t PT tT, min 
1 Bucyrus 295 38.0 21 240 6.9±0.3 3.6±0.1
2 CAT 994 38.0 15 240 6.6±0.1 5.7±0.5
3 CAT 994 38.0 15 240 6.9±0.3 4.3±0.7
4 Bucyrus 295 38.0 21 240 6.7±0.5 3.4±0.4
5 CAT 994 38.0 15 240 8.1±0.6 9 ±0.6
6 Bucyrus 295 38.0 21 240 6.9±0.4 7.1±0.6
7 Bucyrus 295 38.0 21 240 6.7±0.5 6.9±0.8
8 CAT 994 38.0 15 240 7.7±0.1 5.9±0.2
9 Bucyrus 295 38.0 21 240 6.0±1.0 6.4±1.1
10 Bucyrus 295 38.0 21 240 5.3±0.7 3.3±0.3
11 Bucyrus 295 38.0 21 240 6.1±0.2 3.9±0.2
12 CAT 994 38.0 19 242±5 8.7±0.6 7.0±0.7
13 P&H 4100 81.6 50 236±8 4.3±0.6 2.5±0.4
14 P&H 2300 45.4 30 234±6 6.7±1.5 4.2±0.9
15 P&H 2300 45.4 30 244±6 6.3±0.6 4.0±0.3
16 P&H 2300 45.4 30 242±8 7.0±1.0 6.6±0.7
17 P&H 2300 45.4 30 244±5 7.3±0.6 5.8±0.4
18 P&H 2300 45.4 30 237±4 6.3±0.6 4.4±0.2
19 P&H 2300 45.4 30 239±8 6.7±0.6 4.5±0.1
20 P&H 2300 45.4 30 241±3 7.0 4.4±0.1
BM: Bucket payload; BV: Bucket volume; MT: mass loaded into the truck; PT: passes required to load a truck; tT: truck 
loading time.

The main characteristics of the blasts are given 
in Table 2. Additional data are reported in the 
work by Segarra et al. (2010). Blasts 1 to 11 are 
Conceição’s and 12 to 20 Sossego’s. Explosives 
used were ANFO (three blasts), emulsion/ANFO 
70/30 blend (one blast) and watergel (sixteen 
blasts). The blast-holes were bottom-initiated 
(cast boosters, 450 g in Conceição and 1000 g 
in Sossego). Non-electric detonators were used, 
except blasts 5, 6 and 7, where detonating cord 
was used in the rows and 200 ms relays inter-rows. 
 Mucking operations were manually 
monitored in both mines for about 30 minutes 
per day during three days following the blast. 
The excavator and mucking data are shown in 
Table 3. Truck loads are nominal for Conceição. 

3. ANALYSIS AND DISCUSSION

The unit operations of a complete loading cycle 
are: dig, swing, dump, return swing and bucket 
spot (Sweigard 1998, Hall 2003). The total time 
required to fully load a truck, tT is measured 
from the first bucket dumping to the last one; this 
prevents including in this time the non-productive 
lapse in which the excavator waits for the truck to 
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Figure 1. Unit operations of an excavator.
     

(3a)
      
 (3b)
     

 (3c)

where BM and BV are dipper payload and 
volume respectively. Type of excavator, truck 
capacity, excavator/truck matching, loading 
technique (single or double sided), etc. are also 
variables influencing the maximum rate (Bohnet 
1998) but they are not analyzed in this work. 
 The efficiency depends, according to previous 
work (Sweigard 1998, Atkinson 1998), on the 
dipper capacity and the diggability of the rock. 
The latter is a function of the rock properties 
(Sweigard 1998, Atkinson 1998, Awuah-Offei & 
Frimpong 2007, Chung & Katsabanis 2008) and of 
the fragmentation and heave achieved by the blast 
(Williamson et al. 1983, Hendricks et al. 1990, 
Chung & Preece 1999, Brunton et al. 2003, López-
Jimeno et al. 2003, Osanloo & Hekmat 2005, Singh 
et al. 2005). In order to account separately for the 
rock characteristics and the blasting effect, the total 
efficiency η has been split in two components,  
ηR and ηB:     

(4) 

A concept similar to the rock component of the 
efficiency has been used by Kuznetsov et al. (1997) 
as follows:

    (5)

Where fR is the Protodyakonov rock hardness ratio. 
In the present work, a combination of the two rock 
properties available, density and strength, has been 

used in a weighted form taken from Lilly (1986) and 
the Kuz-Ram model’s (Cunningham 1987) density 
and hardness term of the blastability index:  
 
 (6)

UCS being uniaxial compressive strength (MPa). 
There are a number of relations to estimate the UCS 
from the point load value (ISRM 1985, AENOR 
1996, Kahraman 2001, Sulukcu & Ulusay, 2001); 
using the ISRM one, UCS ≈ 22I s(50):

(7)

Figure 2 shows a plot of the rock factor fR with the 
density in abscissa and the UCS as parameter of the 
lines. The points show the data values (Table 1).

Figure 2. Rock factor. The labels of each line are UCS 
(MPa). 

The dipper volume, as in Equation 5, has turned out 
to be an irrelevant predictor of the rock part of the 
mucking efficiency; hence ηR has been formulated 
simply as:
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(8)

k being a factor to be determined from the data.
The effect of blasting in the mucking productivity 
has been investigated by a number of authors. 
The productivity is low at low explosive energy 
concentration in the rock, since the digging then is 
hard (López-Jimeno et al. 2003, Swanepoel 2003); 
as the concentration increases, the material flows 
more easily, the muckpile becomes flatter and the 
productivity increases (McKenzie et al. 1998), until 
a maximum is reached at a critical concentration. 
Beyond that point no further improvement takes 
place since the angle of repose of the smaller 
fragments diminishes and the throw increases, 
resulting in flatter piles in which more than one 
pass may be required to fill the bucket (Singh et 
al. 2005). In order to account for this behavior, a 
bell-shaped function of the explosive concentration 
EE has been used for the blasting component of the 
efficiency:    

(9)

 
where EE is the explosive concentration at which 
the efficiency is maximum, and σ is a shape factor, 
both to be determined from the data. The value of the 
critical concentration depends on the rock charac-
teristics (i.e. different energy inputs are required to 
achieve similar muckpiles in different rocks) and on 
the loader type (e.g. rope shovels or wheel loaders, 
Williamson et al. 1983, López-Jimeno et al. 2003, 
Swanepoel 2003). A dependence of EE on the rock 
factor fR has been tested but no such dependence has 
been observed from the data used. Other blast design 
parameters, such as the delay time between rows, 
have an apparent influence in the muckpile shape 
(Konya 1995), but they have not been analyzed. 
 The explosive concentration can be expressed 
in a variety of ways, the classical and more common 
one being the mass of explosive per unit volume 
or unit mass of rock, usually called powder factor. 
Since rock blasting is a matter of energy delivery 
in the form of stress waves, the energetic value of 
the explosive is commonly included in blast design 
formulae (e.g. Langefors 1963, Cunningham 1983, 
1987 and Chung & Katsabanis 2000). Segarra et al. 
(2008) have reviewed different energy values (heat 
of explosion, useful work down to several cut-off 
pressures, and ideal vs. partial reaction models) in 

the calculation of mucking rates and concluded that 
the best energy description to fit mucking rate data 
is the useful work to 100 MPa calculated with a 
partial reaction model that uses the experimental 
velocity of the explosive to determine the degree of 
reaction (Sanchidrián & López 2006). These ener-
gies, EP

100, are: ANFO: 987 kJ/kg; emulsion blend: 
1621 kJ/kg; watergel: 2147 kJ/kg (Segarra et al. 
2008). Energy concentration per unit volume of 
rock is calculated as the product of these energies 
times the powder factors in Table 2. Both factors, 
total and above grade, have been tried, with a better 
fit obtained using the powder factor above grade, 
q; this is consistent with the observation that the 
subdrill has a relatively small influence on the frag-
mentation (Cunningham 1983), the rock movement 
(Sanchidrián et al. 2005) and the muckpile shape 
(Chiappetta & Mammele 1987). The energy con-
centration or energy powder factor is, then:

(10)

Replacing (8) and (9) in (4):

    (11)

The three forms in Equation 3 have been tried for 
Q0. The coefficients c1, c2, k, eE

0 and σ have been 
determined from the data in Tables 1 to 3 by a non-
linear least squares fit using a reflective Newton 
method (Coleman & Li 1994, 1996) to minimize 
the sum of squares; the programming has been 
done in Matlab. The results are given in Table 4 for 
the three Q0 forms. The units of the variables are Q, 
m3/h (BCM/h); BV, m3; BM, tonnes; ρR, kg/m3; fR, 
calculated from Equation 6, with rock density kg/
m3 and point load strength MPa; EE, kJ/m3.
 The determination coefficient is also given in 
Table 4. The results are of similar quality for the 
three forms of Q0, with slightly better result for the 
one in Equation 3a. With this, the model is, finally:

(12)

The coefficients are all significant at a 95 % level, 
as the p-values lower than 0.05 tell. However, it 
should be pointed out that the leading factor, c1, 
is the least significant one, meaning that the ideal 
mucking capacity of the excavator should probably 
require a model with more parameters than the 
dipper capacity alone. The ideal mucking capacity 
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Q0 ranges from about 2000 to 4000 BCM/h. The 
optimum energy factor is consistently close to 1900 
kJ/ m3.
 Figure 3 shows the plot of measured vs. 
calculated values. The slope of the linear fit is close 
to unity; the residuals are normally distributed as 
from the Lilliefors test, and homoscedastic as from 
Engle’s Lagrange multiplier test.
 Figures 4a and 4b show the rock and the blasting 
components of the efficiency, ηR, a function of the 
rock factor (Equation 8), and ηB, a function of 
the energy powder factor (Equation 9). The total 
efficiency, η, is plotted in Figure 5. Circles in 
Figures 4a, 4b and 5 show the location of the data.

4.  CONCLUSIONS

The production rate of the excavators is a good 
indicator of the performance of a blast. Such rate 
can be easily determined, with acceptable accuracy, 
either manually or from dispatch data. A model has 

Table 4. Parameters of the models and determination coefficients.

Coefficients Mean p-value Mean p-value Mean p-value
c1 223.6 0.027 592.1 0.017 20882 0.018
c2 0.656 2×10-5 0.450 6×10-4 0.531 3×10-5 
k 0.0189 1×10-5 0.0180 3×10-5 0.0152 3×10-5
 1878 <1×10-6 1884 <1×10-6 1853 <1×10-6
σ 868 <1×10-6 883 9×10-6 861 <1×10-6
R2 0.917  0.877  0.913

Figure 3. Production rates measured and 
predicted by the model.

Figure 4a. Components of the mucking efficiency - rock
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been developed to estimate the mucking production 
rate in bank cubic meters per hour, as the product 
of an ideal, maximum rate, times an efficiency that 
accounts for the rock strength and the energetic 
powder factor. 
 The rock strength term of the efficiency uses 
a factor that combines density and strength in 
the same way as the Lilly/Kuz-Ram blastability 
index. The blasting term of the efficiency is a bell-
shaped function of the energetic powder factor.  
 The model has been fit to rock, blasting and 
loader productivity data of twenty blasts in two, 
iron and copper, mines. Mucking rates ranged from 
378 to 1537 BCM/h; point load strength of the 
rock ranged from 3.1 to 9.4 MPa and density from 
2530 to 3556 kg/m3. ANFO, emulsion blend and 
watergel blasting agents were used with powder 
factors from 0.88 to 1.45 kg/m3. Excavators in the 
blasts monitored were rope shovel excavators and 
front wheel loaders with nominal payloads between 
38 and 81.6 tonnes; truck capacity was 240 tonnes. 

EE
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The model explains 92% of the variance of the 
production rate and is statistically significant. 
 The ideal, maximum productivity has 
been modeled as a function of the nominal 
dipper payload; additional data should help 
to include the effect of variables such as 
rock strength and loader type in the model. 
 The explosive energy value that has shown 
to better explain the influence of the blast on the 
mucking rates is the useful expansion work down 
to 100 MPa, obtained from a non-ideal detonation 
point meeting the experimental detonation velocity. 
The efficiency is maximum at an optimum value of 
the energy powder factor close to 1900 kJ/kg. No 
general claim is made on that figure; on the contrary, 
a relationship must exist between the optimum 
energy powder factor and the rock strength, though 
this has not been found with the limited variability 
of the data used.
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ABSTRACT: Explosive densification with cylindrical configuration is a promising technology that can 
be used to produce nanocrystalline ceramic and metallic materials. In this paper was shown the cases of 
α-alumina and copper. Emulsion explosives were used due to their linear relationship between detonation 
velocity and density when the detonation wave propagates in a circular crown. After processing, the products 
were characterized regarding the density, microstructure, grain size, and hardness using Archimedes 
method, scanning electron microscope, X-ray diffraction and depth-sensing indentation, respectively. For 
the copper, it was necessary with a lower velocity and lower E/M to achieve a higher density than the one 
of α-alumina.

1.  INTRODUCTION

Explosive densification makes use of shock 
waves generated by detonation of explosive to 
densify powders. This process achieves extreme 
high pressure in a very short period of time. It is 
suitable for producing nanocrystalline materials 
from nanopowders. The duration of this process 
is so short that nanograins have no time to 
promote the diffusion necessary for their growth. 
Consequently, the explosive densification is an 
alternative to process nanostrutured materials 
(Zhang et al. 2008). These materials may exhibit 
an increase of the relationship strength/hardness, 
improving toughness, but reducing elastic modulus 
and ductility, enhancing diffusivity, specific heat 

and thermal expansion coefficient. Moreover they 
can present superior soft magnetic properties in 
comparison with conventional polycrystalline 
materials (Meyers et al. 2006).
 The explosive densification has already been 
applied to several pure nanometric particles like 
alumina (Prümmer & Weimar 2002), silver (Zhang 
et al. 2008) and tungsten (Wang et al. 2011). In the 
explosive densification of alumina the raw material 
was γ-alumina with traces of δ-alumina. The full 
density was achieved at pressures exceeding 8 
GPa. The phase transformation from γ-alumina to 
α-alumina occurred at this pressure and the grain 
size increased from 16 nm to 250 nm (Prümmer & 
Weimar 2002). As for the silver, an explosive with a 
detonation velocity of 3000 m/s was used, making 

Lisbon Conference Proceedings 2011, R. Holmberg et al
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it possible to achieve full density with a very small 
increase of average grain size (from 34 to 46 nm). 
The authors of this work presented as the main 
advantage of explosive densification the possibility 
of manufacturing larger scale nanomaterials with 
homogeneous density (Zhang et al. 2008).
 The main purpose of this paper is to compare 
the explosive densification of nanoparticles with 
different properties (α-alumina and copper). The 
main characteristics of the explosive, like detonation 
velocity and pressure, are also presented.

2. MATERIALS AND METHODS

Ceramic and metals used in this comparative 
study were alumina and copper, respectively. The 
alumina powder was produced by Nanostructured 
& Amorphous Materials, Inc. (USA) with a purity 
of 99 %, a particle size of 30-40 nm and a spherical 
shape. The copper nanopowders were supplied 
by Argonite Corporation, Stanford (USA) and 
were described by the manufacturer as a macro 
agglomeration of particles with an upper size limit 
of 100 nm and a copper content of over 99 %.
 One of the simplest and cheapest ways to 

promote powder densification using shock waves 
created by the process of explosive detonation is 
the cylindrical configuration (Prümmer 1973). A 
metallic tube containing the powders is surrounded 
by a selected explosive composition. When the 
explosive detonates from upwards, a ring-shaped 
detonation front starts and advances in the axial 
direction driving the container wall inward and 
originating a shock wave which proceeds into the 
powder inducing compaction and/or consolidation, 
as schematically described in the Figure 1.
 The container of powders was filled by pouring 
small amounts of the powders into the steel tube, 
uniaxial pressed. In the case of copper powder, the 
tube’s filling was performed in an argon atmosphere 
in order to minimize oxidation. The weight of the 
tube filled with powders was evaluated and initial 
density was determined.
 The explosive composition was an ammonium 
nitrate based water-in-oil emulsion, provided by 
SEC – Sociedade de Explosivos Civis, Aljustrel, 
Portugal sensitized with different amounts of hollow 
perlite microspheres (average particle diameter 
of 70 µm). The composition of the emulsion used 
in this work was based on ammonium nitrate (84

Figure 1. Explosive densification using a cylindrical configuration.
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 %wt), water (10 %wt), and oil plus emulsifiers (8 
%wt) and had a density of 1.4 g/cm3.
 This explosive material was used in explosive 
densification given its ability to change its 
detonation behaviour as a function of explosive 
density. Explosive density was measured by 
gravimetric methods with a maximum error 
estimated in 1 %. The average detonation velocity 
(D) was measured by ionization probes connected 
to a digital oscilloscope (Tektronix DSA 602) with 
a time resolution of 1 ns.
 Powder density was evaluated by Helium 
Picnometry (AccuPyc 1330, Micromeritics) 
Instrument Corporation); the powders, before 
and after explosive densification, were observed 

using a Scanning Electron Microscope [SEM] 
(400FG, Quanta). Crystallite size was calculated 
using a variant of the Williamson-Hall method with 
Cauchy-Gaussian relationship using the results of 
X-ray diffraction [XRD] (X-Pert Phillips) with 
a Bragg-Brentano configuration and Co (Kα) 
radiation (Zhang et al. 2003). Final density was 
measured using Archimedes’ principle. Hardness 
was evaluated by the depth-sensing indentation 
technique with a Vickers indenter and an indentation 
load of 0.5 N.

3.  EXPLOSIVE DENSIFICATION

3.1 Explosive characterisation 

Figure 2. Detonation velocity as a function of initial density of explosive.

Experimental results for the circular crown confinement. 

Linear fitting for circular crown confinement. 

Linear fitting for cylindrical copper confinement (Mendes et al. 2007). 
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Emulsion Explosives (EX) are classified as non-
ideal explosives because their  real detonation 
behaviour - evaluated by the detonation velocity, 
detonation pressure, detonation front curvature or 
isentropic expansion - manifests itself in a much 
greater dependence with the material and size of 
explosive confinement, when compared with high 
explosives. Another evidence of the non-ideal 
characteristics of EX relates to the detonation 
velocity as a function of porosity, which presents 
a non-monotonic behaviour, whereas this same 
behaviour is not observed in high explosives.
 In the case of non-ideal explosives, the 
detonation velocity can be affected by the type of 
confinement; so two confinements with 
different shapes and materials were compared. 
In experiments of explosive densification, 
the detonation velocity was measured in the 
region of the circular crown of the experimental 
powder compaction setup, which had 12 mm 
of thickness. The external diameter of the 
powder container was 16 mm and the 
internal diameter of the EX confinement 
was 40 mm and was made of PVC.

 Figure 2 presents the detonation velocity of 
EX as a function of initial density in the case of 
explosive densification; these values were compared 
with detonation velocities obtained in copper tubes 
with 25 mm of diameter (Mendes et al. 2007). 
When the initial density of EX changes, between 
0.73 and 1.06 g/cm3, the detonation velocity as 
function of density could be described as a linear 
function, regardless of the confinement. In the case 
of explosive densification process, the detonation 
velocity is closer to the values obtained in copper 
confinement. For densities higher than 1.10 g/cm3, 
the detonation velocity starts to decrease, leading to 
detonation failure (Mendes et al. 2010).
 In the process of explosive densification 
of powders, detonation pressure, among other 
detonation parameters, is also important. The 
detonation pressure was evaluated by measuring 
the shock wave (generated by the detonation wave) 
induced in a standard material, as is described by 
Mendes et al. (2007). The detonation pressure as a 
function of the initial density of the EX is shown 
in figure 3, and presents a linear behavior with the 
initial density of the explosive.

Figure 3. Detonation pressure as a function of the explosive density (Mendes et al. 2007).
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3.2 Powders characterisation

The properties of the raw powder materials 
are very important to understand for the 
explosive densification process. Density of 
alumina and copper were 4080 and 8800 kg/m3

respectively. The copper density was slightly 
below the value for bulk copper due to the presence 
of oxide in its surface. In the case of metallic 
nanoparticles avoiding oxidation is very difficult 
due to the high reactivity of the surface, even in a 
protective atmosphere.

Figure 4 illustrates the alumina powders, 
these powders had spherical agglomerates 
composed by individual nanometric particles. 
In the case of copper (Figure 5), the particle 
size had a bimodal distribution with nanosized 
powders mixed with agglomerates of nanometric 
particles. In some cases, the agglomeration occurred 
with interparticle bonding, so these particles seem 
microparticles (Figure 5 c). The agglomeration 
happened during the powder transportation, even 
more severe for ductile materials, if it does not have 
a liquid medium.

Figure 4a. SEM micrograph of alumina.
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Figure 4b. SEM micrograph of alumina.

Figure 5a. SEM micrograph of copper.
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Figure 5b. SEM micrograph of copper.

Figure 5c. SEM micrograph of copper.
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Figure 5d. SEM micrograph of copper.

3.3 After explosive densification

The main parameters of the explosive densification, 
like ratio between the mass of explosive to powder 
(E/M), detonation velocity (D) and initial density, 
and results (final density and hardness) are 
summarized in Table 1 and 2. Figure 6 exemplifies 
the cross section of the tubes after explosive 
densification for both materials.
 In alumina, the increase of detonation velocity 
promotes an improvement in the final density and 
hardness. Nevertheless, the detonation velocity 
cannot be increased due to the creation of cracks in 
the compact after a 4700 m/s detonation velocity. 

At this detonation velocity the hardness presents 
the highest value in the centre, which shows that 
the compression was more efficient in that region. 
The density and hardness values are very low 
when compared with the values for the micrometer 
alumina produced by conventional sintering.
 The micrography of the compact (Figure 7) 
presents a good compaction, but no significant 
inter-particle consolidation. XRD let to conclude 
that the particles retained their nanometric size 
after explosive densification with a reduction in 
crystallite size.
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Table 1. Characteristics and results of explosive densification of alumina (* TMD- theoretical maximum density) 
(Farinha et al. 2008).

Density [% TMD*] 
 [%TMD*] 

Hardness [GPa] 
Test 

E/M 
D 
[m/s] Initial Final centre periphery 

A1 3.3 4000 47 70.1 1.77±0.13 1.93±0.19 

A2 4.0 4700 49 84.4 11.3±1.33 7.18±1.59 

 

Density [% TMD] 
Test 

E/M D 
[m/s] Initial Final 

Hardness 
[GPa] 

C1 2.0 3300 56 94 2.39 ± 0.08 

C2 2.0 4800 52 94 2.10 ± 0.09 

C3 2.4 4300 38 95 1.55 ± 0.08 

C4 2.6 4800 39 91 1.82 ± 0.07 

C5 3.1 4800 50 80 1.91 ± 0.04 

 

Table 2. Characteristics and the results of explosive densification of copper (* TMD- theoretical maximum density) 
(Farinha et al. 2009).

Figure 6a. Alumina (A1) after 
explosive densification.

    
3 mm 

Figure 6b. Alumina (A2) after 
explosive densification.

Figure 6c. Copper (C2) after 
explosive densification.

Unlike what happened in the case of alumina, 
increased detonation velocity and the parameter 
E/M does not lead to improved densification in the 
case of copper. Too high detonation velocities lead 
to the creation of a central hole due to the Mach 
stem caused by melting the centre where energy 
accumulation occurred. In terms of density, it was 
possible to produce compacts with 95 % TMD 
using a detonation velocity of 4300 m/s. With 
the same detonation velocity, copper micrometric 
powders achieved almost the full density (99 
%TMD) (Farinha et al. 2009), probably due to a 
high initial density. In case of silver, it was shown 
that nanometric powders need a lower pressure 
to consolidate than in micrometric powder due to 

the higher surface energy of nanometric powders 
(Zhang et al. 2008). However, this did not occur in 
the case of copper since it was possible to achieve 
a much higher initial density for the micrometric 
powder than for the nanometric one and, therefore, 
the loss of energy due to the porosity was much 
lower.
 Figure 8 shows that the bimodal size 
distribution of powders was retained with 
some porosity. Using XRD it was possible to observe 
that the nanocrystaline character of powders was 
maintained in the bulk material. Hardness values 
were higher than conventional copper due to the 
small grain size in accordance with the Hall-Petch 
relationship.
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Figure 7. SEM micrograph of alumina (A2) after shock compaction.

Figure 8a. SEM micrograph of copper (C2) after shock compaction.
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Figure 8b. SEM micrograph of copper (C2) after shock compaction.

4. CONCLUSION

Emulsion explosives with densities between 0.73 
and 1.06 g/cm3 present a linear relationship between 
detonation velocity and density when the detonation 
wave propagates in a circular crown. Therefore, the 
use of such explosives makes it easier to control one 
of the most important parameters for the explosive 
densification, the detonation velocity. Additionally, 
the detonation pressure also increases linearly with 
the explosive density.
 Explosive densification with cylindrical 
configuration for alumina and copper allows 
producing nanocrystalline compacts. For the 
metallic material, it was necessary a lower velocity 
and lower E/M to achieve a higher density than the 
ceramic material.

5. ACKNOWLEDGMENTS

The authors would like to thank the Portuguese 
Foundation for Science and Technology (FCT) 
thought SFRH/BD/41214/2007 for financial 
support, and to the LEDAP – Laboratory of 
Energetics and Detonics where the compaction 

tests were realized.

REFERENCE

Farinha, A.R., Mendes, R., Baranda, J., Calinas R. and 
 Vieira, M.T., 2009. Behavior of explosive 
 compacted/consolidated of nanometric copper 
 powders. Journal of Alloys Compounds 483:235-
 238.

Farinha, A.R., Mendes, R., Baranda, J. and Vieira, M.T., 
 2008. Shock compaction of nanometric alumina. 
 7th Biennale Int. Conf.: New models and hydrocodes 
 for shock wave processes in condensed matter, 
 Lisbon, Portugal, 174-176.

Mendes, R., Ribeiro, J., Plaksin, I. and Campos, J., 2007. 
 Features of the detonation behaviour of the emulsion 
 explosives. 10th Int. Seminar NTREM: New Trends 
 in Research of Energetic Materials, Pardubice, Czech 
 Republic, 792-801.

Mendes, R., Ribeiro, J., Plaksin, I., Campos, J. and 
 Farinha, R., 2010. Non monotonic detonation 
 velocity and pressure behavior of emulsion 
 explosive. 13th Int. Seminar NTREM, Pardubice, 
 Czech Republic, 221-228.



480

Meyers, M.A., Mishra, A. and Benson, D.J., 2006. 
 Mechanical properties of nanocrystalline materials. 
 Progress in Materials Science 51: 427-556.

Prümmer, R., 1973. Latest results in the explosive 
 compaction on metal & ceramic and their 
 mixtures. 4th Int. Conf. on Center for High 
 Energy Forming, Colorado, USA, 9.2.1-
 9.2.27.

Prümmer, R.A. & Weimar, P., 2002. Explosive 
 consolidation of nanopowders. Interceram 
 51(6): 394-398.

Wang, S.-M., Yang, Q.-Z., Shen, W.-P. and Ge, 
 C.-C., 2011. Explosive Consolidation and 
 its application on preparing of ultra-fine 
 grained tungsten plasma facing material. 
 Advanced Materials Research 181-182: 
 842-845.

Zhang, L., Elwazri, A.M., Zimmerly, T. and 
 Brochu, M., 2008. Fabrication of bulk 
 nanostructured silver material from 
 nanopowders using shockwave consolidation 
 technique. Materials Science and Engineering 
 A 487: 219-227.

Zhang, Z., Zhou, F. and Lavernia E. J., 2003. On 
 the analysis of grain size in bulk 
 nanocrystalline materials via X-ray diffraction. 
 Metallurgical and Materials Transactions A 
 34A: 1349-1354.



481

Authors Index

Lisbon Conference Proceedings 2011, R. Holmberg et al
©2011 European Federation of Explosives Engineers, ISBN 978-0-9550290-3-5

Antunes D.  211

Baranda J.  469
Barbas P.  211
Bauer V.  25
Beňovský M.  25
Bernard T.  439
Bin J.  415
Blair D.P.  319
Breeds C.  49

Campbell T.  3
Cavanough G.  391
Chaminé H.I.  271
Couvrat J.  169

Dernoncourt J.  169
Di S.Y.Y.  339
Domingo J.F.  79

Eriksson P.  427

Farinha A.R.  469
Faritas R.  223
Ferreira C.  203
Finsteen Gjødvad J.  119
Fonseca L.  271
Framooshi M.A.  71 
Freire F.  203

Galiza A.C.  271
Góis J.  211
Guangjian Q.  415
Guanyao L.  415
Gumede X.  191

Hidani K.  379

Iizuka S.  379
Ivanov A.  313

Jern M.  91
Jha A.K.  229
Jianlin Z.  415
Jungová M.  291

Kaga N.  281
Kato Y.  281

Kay D.  427
Kay D.B.  361
Khandelwal M.  449
Kondela J.  35
Kotze M.  245
Krogh Lauritzen E.  119

Lafiton R.  211
Langen M.  49
Lewandowski T.  3
Liu S.  339
López L.M.  79, 461  

Martareche F.  169
Memeteau M.  211
Mendes R.  203, 469
Mitkov V.  373
Molochkova V.  313
Müller B.  401
Muller M.  245
Murata K.  281

Nasirinejad A.  71
Němec O.  291
Nguyen S.  3
Nilsson E.  137
Nord G.  427
Nouri N.  71
Novotný M.  291
Nygaard E.C.  159

Onederra I.  391

Pachocka K.  35
Pandula B.  25, 35 

Ramalho F.  223
Ramos L.  271
Ramulu M.  229
Randle H.  137
Rhoton Q.  179
Ribeiro J.B.  203
Rossmanith H.P.  401
Roy M.P.  301

Sakamoto R.  379
Sanchidrián J.A.  79, 461  
Sasaki K.  379

Segarra P.  79, 461
Sellers E.  191, 245
Singh P.K.  301
Sinha A.  229, 301
Svensson E.  143

Takahashi K. 281
Tanaka K.  281
Tanaka M.  379
Tao L.Q.  149
Tavares de Melo F.  61
Torrance A.  391

Valentim L.  245
Ventress J.  49
Vieira M.T.  469

Wallace J.  49, 179
Wallin H.  137
Wylie S.  3

Xie J.  339
Xie X.  339

Yan J.  347
Yan X.  339
Yang N.  347
Yang R.  361
Yanglin M.  415
Ye Q.  415
Ying G.  415
Yu Y.L.  149

Zeman S. 291
Zhang L.  347
Zhou H.  339
Zhu J.  339
Zhulikov V.V.  259




