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ABSTRACT: After a period of development and experimentation ranging over 20 years,  electronic  

throughput  

sequences.  

accuracy to extents unreachable with conventional  

in various applications.  
 The  main  objective  that  pushed  electronic  is considered as the Best Available Technology in  

milestone,  this  document  proposes  to  explain  
mid-nineties.  More  than  10  years  after  this     

 mid-eighties,  
detonators became commercially available in the  downstream  processes  indicators  (like  diggers  

safety  hazards.  

          be              

pyrotechnics.  At  first  this  highly  improved       environmental  as  mentioned  earlier  (vibrations),  
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detonators have now come to maturity and are becoming the first choice in many diverse applications like  

tunnelling,  civil  works,  demolition  works,  quarrying,  large  scale  open  pit  mining  and  underground  

mining. This paper demonstrates the versatility of electronic initiation systems by detailing a number of  

case studies in several applications as different as their geographical locations, and gives specific reasons  

explaining the popularity of electronics in each case.  

1.  INTRODUCTION  distributions  have  been  analysed  and  linked  to    

After a phase of development and experimentation  
 was           

performed with the onset of drill-to-mill projects  
electronic      evaluating  performance  

   productivity,  
    
successes achieved by high-technology initiation  initiation is often regarded as an insurance against  

performance and  Electronics  

detonators  development  was  improving  delay      initiation, a term employed in regulations dealing  
mitigation.  

             
accuracy  has  mainly  benefited  to  the  field  of     but  they can also relate to safety standards and     
vibration control, where it made it possible to have  
repeatable results. This repeatability ensures then  

financial matters.  
 In  terms  of  safety,  the  occurrence  of  out  of    

the  reliability  of  firing  sequence  optimisations.  sequence  firing  (one  of  the  main  causes  of       
Today  it  is  a  fact  that  electronic  detonators     projections) has been greatly reduced. Frequency  
combined with optimised firing sequences produce  

smoother seismic records.  
 This vibration-based approach has then been  

extended  to  the  fragmentation  field,  where  size  

components of vibrations are also better managed  

and  help  preserve  slope  stability.  Finally,  most   

initiation-related issues are now known before the  
blast thanks to elaborate testing procedures, thus  

crushers        draw).  

Nowadays  this  trend  continues  as  electronic  
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3.  VIBRATION-BASED  

improving  

accuracy  

overlapping  

pushed the development of electronic detonator is  vibrations  in  term  of  amplitude  of  the  Peak     

2.  IMPROVED  

initiation systems.  
 This  article  is  divided  into  two  main  parts,  have a total burning front safety.  

starting with fields and domains positively affected  

initiation  system  was  used  in  all  applications     firing energy contained in a capacitor are located  

giving  a  snapshot  of  their  main  fields  of      simultaneously  

of  a  specific  system.  This  paper  aims  at            
demonstrating the versatility of these systems by  detonators,  they  all  receive  the  coded  signal         

come, focusing on firing sequence designs.  
 The  development  and  implementation  of    
electronic initiation systems has been summarised  

in various papers (Cunningham 2000 and 2004;  

Mohanty 2004) and it is not the intention of the  

author to give another account of the development  

All  these  points  tracing  the  evolution  of     

happen, avoiding hazardous digging in presence of  

explosives.  
  Financial risks are mitigated in various ways,  

from diminishing the likelihood of dilution thanks  

to  a   better  muckpile  shape  control,  to  reducing  

loss  of  ore  through  increased  performance  in  

complex   blasts  (like  raise  shots   in  underground  

operations).  

allowing  measures  to  be  taken  before  a  misfire  blasthole  do.  This  avoids  surface  or  downline  

   

Quoted  

ACCURACY  
 proven  

magnitude  

undoubtedly  

electronic          

 
           

cut-offs  caused  by  movement  of  the  rock  mass  
 prior  to  the  signal  being  sent  to  the  downhole  

 detonator.   
  So,  on  the  one  hand  long  downhole  delays  
 have been introduced to increase the safety of a  
   blast, but on the other hand they create an inherent  

 cause of inaccuracy, that can lead to other safety  

 issues.  
    
electronic initiation are detailed through real life  improvement  in  delay  accuracy,  improving  the  
examples,  and  a  conclusion  forecasts  trends  to  precision of pyrotechnic delays by a factor of 100.  

 now  
   thousand to 0.1 per cent  

depending on the system.  
 Electronic detonators have thus succeeded in  
drastically  

electronic   

application.  
 Although  Daveytronic  

        
 digital clock, which releases the energy required to  

detonator.  
    
discussed thereafter, the aim of this paper is to be  

blast: all electronic blasts  

by  electronic  initiation  and  continuing  with  the  

types of applications that have benefited from the  

use of electronic systems.   

APPROACH  

The first area to have benefited from the gap leap  
delays  

control.  
Experience  

The  single  most  important  driving  force  that  predicting  

vibration      

blast-induced            
       
assuredly accuracy. Average accuracy of standard  Particle  Velocity.  This  very  basic  forecast  is     

figure can deteriorate with ageing of the products  

or if detonators from different batches are used    

together.  
 This means that for standard 400ms downhole  

delays,  even  with  a  very  high  accuracy  (2%),  

scatter can be +/- 8ms. This has been confirmed by  

several experiments (Reisz 2006), and shows the  

risk of using short surface connectors that could  

scaled distance formula.  

PPV =  K ×   

 of             

sequence. This can potentially create flyrock, poor  

fragmentation and vibration exceedances.  
 These long downhole delays, sometimes called  

‘cooking time’, are used in order to create a total  

(or  limited)  burning  front:  all  (or  only  some)     

surface  connectors  detonate  before  the  first     

brought  a    Electronic  

       inside the detonator’s shell. Thus once the firing   
generic  in  terms  of  electronic  and  conventional  order  has  been  given,  all  lines  can  be  cut  off    

             

pyrotechnic  delays  is  around  2  to  5%,  but  this    usually performed using Chapot’s law, also called  

tremendous  

    
of the programmed delay,  

 while      

maintaining a total safety in terms of lines cut-offs:  

and the delay  

 Where K and G are site constants  

 Q is the charge per delay (in Kg)  
 D  is  the  distance  between  the  blast  and  the  

measuring point (in m)  
 This formula is mainly used to determine the  

Maximum  Instantaneous  Charge  when  no  other   

information is available on a new site. It is also  

used to plot historical records during the period of  
production on a log-log scale.  
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when  the  firing  order  is  sent  to           

is  counted  down  by a  

set  off  the  The  digital  clock  and  the     

without  any  effect  on  the  

accuracy  is  

the  

 of  
difficulty  of          

the  
  

the  

  (1)  



the  in  detailed  factors  

that  shows  and  lbs),  (265  Kg  120  of  Charge  

contributing  

105  Kg  (231  lbs)  when  using  90%  interval     

unfortunately  

This  shows  that  even  with  a  nicely  fitting     

  300     

  12 0     

  300     

  1 2 0     

  300     

  1 2 0     

vibration          in/s)  

knowledge  

 
Figure1. 90% confidence interval on PPV data.  
   
 In  the  graph  above,  data  from  a  limestone  

quarry are plotted and the trendline giving the best  

coefficient   of  correlation  (0.95)  gives   K=  1740  

and G=1.88. The two dotted lines enveloping 90%  

of the data have the same G (parallel lines) and  
K=1056 and K=2870.  
 This means that for a Maximum Instantaneous  

            

regression  analysis,  a  90%  confidence  interval  

gives a very broad range in the prediction: [-1.36  

mm/s ; +2.24 mm/s] or [-0.06 in/s ; +0.08 in/s]  

with respect to the nominal value of 3.45 mm/s  

(0.14 in/s), that is to say [-39% ; +65%]. This  

amounts to an overall variation of 3.60 mm/s (0.14  
 the  

prediction at 300m (980 ft) would be:  
   

 forecasts        
derived with this method are not very accurate (if  
only a trend line is used), or too broad to be of any  
practical use (if a 90% interval is used).  

PPV = 1740 ×   Similarly,  calculating  the  

=  3.45 mm / s  (0.14in / s)  
   
 But the same calculation repeated with values  

of the 90% confidence envelope gives:  
   

PPV = 1056 ×   

       
parameters.  This  amounts  to  only  59%  of  the  

original value and shows again the inaccuracy of  

the prediction formula.  
 This inaccuracy in prediction is due to several  

=  2.09 mm / s  (0.08 in / s)  
 next            

paragraphs, like shortcomings of the formula (in  
terms of confinement and timing), heterogeneity  

PPV =  2870 ×   

=  5.69 mm / s  (0.22 in / s)  

and anisotropy of the environment, and scatter in  
pyrotechnic delays.  
 Firstly, the formula does not take into account  
the  confinement  of  the  charge.  It  is  common  

important         
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 1.88  

         (4)  

for  instance  that  an  

 1.88  

         (2)  

 1.88  

         (3)  

 Maximum               

Instantaneous Charge (MIC) ensuring a PPV value  
below a threshold of 5 mm/s (0.20 in/s) at this   

distance of 300m (330 yds) would give a value of  

178 Kg (392 lbs) with ‘average’ parameters K and  

G. But the same calculation would give a MIC of  
   



hole  signature  a  of  record  seismic  In  

allows  

in  which  the  say  to  is  

of  basic  

 the  
displayed  

vibrations   the  
created and  

Electronic  initiation  has  brought  a  drastic     Following  graphs  

to  take  into  account  this  scatter  and  run  a          
probabilistic  statistical  analysis.  Unfortunately  superposition  of  signal  to  be  meaningful,  the     

lead  to  the  same  effects,  but  initiating  two       are  

assumption  

excessive burden will also cause high PPV values.  

But this is not properly taken into account into this  

basic formula.   
 Another main cause explaining the difficulty of  

accurately predicting vibration results is that the  

scatter in pyrotechnic delays is too large: strictly  

 medium  
through  

 
overdrilling will lead to high PPV. Similarly an  must be mentioned:  it is the  rock mass itself,  that  

 are  

which they are propagated.  
 The same rock mass cannot be blasted twice, and  

 only the most consistent rock mass offer a valid  

 environment for vibration studies. The quality of  

 records is also a major cause of non-repeatability  
speaking, blasts initiated with pyrotechnic delays  if  seismographs  and  sensors  are  not  coupled    
are not repeatable, which goes against one of the  properly to the ground.  
 any  
experimentation. We all expect the same causes to  

performing  
shock wave superposition analysis, where signals  

  sequence       

identical shots with identical non-electric surface  defined by the time taken by the P wave to go   
connectors and downhole delays does not really  from sources (blast holes) to the target (location of  
amount to causing the same phenomenon to the  the seismograph).   
rock mass, because of this large scatter.  
 As we have seen previously, the only scientific  
way of predicting vibrations with non-electrics is  

    

below, the time lag between the highest  
amplitude  

(equivalent  to  a  70  Hz  frequency).  So  for  

these analyses give such a large range in probable  
results that they are in effect of no practical use.  

          
accuracy  of  the  delay  between  two  detonations  
must be much less than half this value.  

    
improvement in vibration control by removing one  
of  the  causes  of  non-repeatability:  improved       with a time lag Mt varying between 0 and 10 ms.  
accuracy in delays offered by electronics allows a  

repeatability which in turns allows an optimisation  

of a firing sequence.  
 Note that to be fairly comprehensive, another  
cause  of  inherent   non   repeatability  in  blasting   
  

with the corresponding Mt. Note that the scale of  

the  horizontal  axis  representing  time  has  been   

reduced to a range between 1 and 1.1s (where the  

resulting PPV peak is present).  
  

Figure 2. Signature hole seismic record.  

scientific           Today              improved  

represent  superpositions  

accuracy  

superposed  following  

 of  

two identical signals (similar to the one above),   
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a  precise  

      

and  the  lowest  is  around  7ms       
a               

  

The  PPV  obtained  is  given  in   the  table  together  

   



nominal  

The  largest  unit  differential  (caused  by  a                   

difference in time lag of 1ms) happens between  
time  lags  of  5  and  6ms  with  a  difference  in            
velocity  amplitude  of  1.6mm/s  (0.07in/s).   This  
means  that  a  difference  of  superposition  of  2     

0.20in/s),   value  

reasonable.  

 
Figure 3. Superpositions of 2 signals with different Mt.  

Table 1. Resulting PPV of the superposition of 2 signals.  

(0.43in/s)  

(0.41in/s)  

(0.40in/s)  

(0.36in/s)  

(0.32in/s)  

    

signals of 1ms can cause an increase of 30% in  

PPV value.  
 But extrapolating this value with the precision  
of electronic detonators one can expect the scatter  
of  electronic  delays  to  be  responsible  for  a     

(0.27in/s)  

(0.20in/s)  

(0.19in/s)  

(0.20in/s)  

very           

This  shows  that  differences  between  PPV  

(0.22in/s)  

(0.23in/s)  

 The maximum PPV is of course obtained for a  

0ms  time  lag  (2  peaks  happening  at  the  same  

4.  FRAGMENTATION-BASED  

Once the vibration control field proved that the  
time). The minimum over this range is obtained  newly  achieved  accuracy  in  delay  allowed  an     
for a time lag of 7ms (when the negative peak is  
superposed  with  the  positive peak). This means  one of the results of the blasts (in this case blast  

that in this example a scatter of +/-3.5ms (7ms     induced vibrations), it was a simple step forward  

divided by 2) can cause the PPV value to vary    to attempt optimising the firing sequence but this  

between  10.9  and   4.8  mm/s  (0.43in/s  and  time with respect to another result of a blast: blast-  
0.19in/s).  induced fragmentation of the rock mass.  

    

variation in PPV value of only 5% (+/- 0.25 mm/s  
for a nominal value of 5mm/s, or +/- 0.01in/s for a  

    

forecasts and actual records are not due to delay  
scatter when using electronics.   

APPROACH  

    

optimisation of the firing sequence with respect to  

259  

  
  t    PPV   

0ms  10.9mm/s  

+1ms  10.4mm/s  

+2ms  10.1mm/s  

+3ms  9.2mm/s  

+4ms  8.1mm/s  

+5ms  6.8mm/s  

+6ms  5.2mm/s  

+7ms  4.8mm/s  

+8ms  5.2mm/s  

+9ms  5.5mm/s  

+10ms  5.8mm/s  
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the  select  to  

time  of  

an  

particle  grosser  a  that  project  mill’  

the  

of  ease  the  or  diggers’  

For          

its  hence  and  blast,  a  of  result  useful  

prioritise  them  in  order  

comminution,  fragmentation,  

6.  FINANCIAL  

As stated previously, the inherent total burning  indicators  usually  include  amongst  other:  face    

interferences,  stray  ground  currents  and  any     

5.  IMPROVED  

 size               

distribution actually yields better results. A typical     

fully             

productivity  

itself  or  another  physical  parameter,  but  the     

 key            
performance indicator, was not the fragmentation  

The  size  distribution  of  a  muckpile  can  be     provides  

     repeatability thanks to the accuracy) it would be  
unwise  to  expect  all  the  potential  benefits  of    

 the             
comminution process, that is to say an improved  
ability to recover a greater percentage of the metal.  
 This concept of assessing the performance of a  
blast not on physical properties but on the actual  

performance of downstream processes led to what  

is called ‘mine to mill’ optimisation projects. This  

means that an optimisation is still possible even if  

     to      

etc.),  and  one  must  first          

   location), fired  

downstream  performance  

 physics  

understood.  

 
         

determined  thanks  to  digital  image  analysis     
increased  dramatically  

software and compared to the distribution of other  

muckpiles where a different timing sequence was  

used.  If  the  rockmass  is  consistent  enough  this  

method allows optimising the firing sequence.  
 For metalliferous mines, another step in this  
optimisation direction was to acknowledge that the  

BENEFITS  

A lot has been said and written on the benefits of  

electronic  initiation:  improved  fragmentation,  

better   vibration  control,  increased    cast, etc. But  

while  some  benefits  are  inherent   to  the  system  

used (like the flexibility in firing sequence, and  

processes.  
instance what really matters to the profitability of a  
mine is not the size distribution of a muckpile but  

phenomenon  

 One can well have thought that a given particle  

size  distribution  was  the  optimum  feed  for  the   

performance of a mill, and realise after a ‘mine to  

    

electronic initiation to be reached every time for  

every application. It would equally be unwise to  

think that any of these benefits can be achieved  

without a great control of the two other factors    

influencing the results of a blast besides timing:  

energy distribution (accuracy and type of drilling  

pattern) and amount of energy (type and strength  

of explosives).  
 In some sites it might be necessary to go from a  

fragmentation-based  to  a  vibration-based  timing  

sequence as blasting operations come closer to a  

sensitive  location.  Or  a  vibration  based   timing    

sequence   may  well  lead  to  an   inappropriate     

example  illustrating  this  concept  is  the  micro  

cracks  theory:  a  mill  will  consume  less  energy    
reducing the size of a feed if the feed is coarser but  

pre  fractured  rather  than  smaller  but  extremely  

competent.  
 Mine to Mill concepts fully take into account  

the  vertical  integration  of  the  performance  of  a  

blast through the entire processing chain.  

   ease  

program  the  blast,  
 most            
appropriate timing sequence. In this respect there  
is no substitute for experience.  

7.  APPLICATIONS  

SAFETY  
7.1  Tunnelling  

frequency      identical  blasts (same drilling pattern, almost same  
at very short intervals (2 blasts per  

extraneous source of electricity. This is due to the  

electronic module basically acting as a fuse, with  

the fuse-head not being physically connected to  

the wires up to the very last moment. This is also  

due to the parallel configuration of most systems:  

no loop or dipole antennas are created, like it is   

the case when using standard electrical detonators  

connected in series.  performance  indicators.  These        

front ensures there is no consequence due to line  
cut-off once the firing order has been given. This  

    
advance, blast damage on tunnel walls, respect of  
vibration constraints and time to set up the blast.  

   
 day  

   reduces the occurrence of misfires.  

 Tunnelling applications are specific in the sense  

Safety of electronic detonators is of the highest  that  they  usually  consist  in  a  large  number  of   

    
              

muckpile shape for the type of machinery being  

used. There are many outcomes of a blast that are  

influenced  by  the  timing  sequence  (vibrations,  

air-blast,  back  break,  damage  control,  throw,  

 is common). In these conditions it is fair and  

relatively easy to compare the outcomes of two  

260  

  
safety  and        

blasts.  It  is  then  possible  to  develop         an               

experimentation  phase  over  the  first  few  blasts,  
and change the firing sequence until an optimum  

design is achieved. This optimum design being the  
1    ranking  alternative  according  to  a  set  of  st  

weighted  key  

of  

of  a  is  not  

   

standard  with  respect  to  radio          

   

   



mines,  In  

in  holes  (165ft)  50m  For  

metalliferous  

length it is not uncommon to have 2 tonnes of     

explosives (PF 0.4Kg/m , or 0.69 lb/yd ). So this  
is  equivalent  to  1  detonator  for  1  tonne  of           

explosives.  
 Similar statistics are true in iron ore where 17m  
(55ft)  holes  in  a  7.5x7.5m  (25ft)  pattern  are    

per cubic yard)! In 270mm (10  
0.0004 detonator per cubic metre (0.003 detonator  

10mx10m  

use of electronics largely outweighs the increase in  
price compared to conventional systems. This is  pyrotechnic  long  period  delays.  As  previously  
maybe  most  true  in  coal  mining  where  large      stated  in  the  tunnelling   section,  wall  damage    

Open pit mining is the application where the unit  
cost of initiation (that is to say that the cost of    achieves best results in terms of clean cut of the  

initiation  per  cubic  metre  or  per  tonne)  is  the    wall. These contour holes often go with a very  

available          

densely populated areas, the use of electronics has  

found a wide acceptance. This is due to very strict  

vibration  constraints  for  quarries  in  close     

shot.  This  is  extremely  valuable  information,     

 The wall quality achieved by electronic blasts  

in tunnels is also a strong incentive. Wall damage  
control  means  less  support  to  install,  and  the     

5/8  

 the  
flexibility  of  electronic  allows  

 a  
(33ftx33ft) pattern (5000 m or 6500 yd  

   sequences  for  a  better  segregation  

      
especially in urban environments where misfires  

can have critical consequences. If it is decided to  

go through with the blast, the problematic area can  

be marked for a safer retrieval of the undetonated  

charges.  

3  3  

      
waste, hence minimising ore loss and dilution.  

simultaneous  

 
 per hole),  
    and  2  detonators  per  hole,  this  amounts  to  1    

respect of the tunnel profile is crucial in reducing  

the cost of concrete.  

7.2  Civil Works  
 in) holes of this  

Electronic  initiation  has  been  judged  the  best  
available alternative in many civil work operations  
mainly for safety reasons. The presence of external  
sources of electricity is common in civil works,   
and  this  limits  heavily  the  use  of  conventional  

electric detonators. Non-electric initiation solves  

this issue but may lack in flexibility when it comes  

to complex geometries or changing the sequence  

for better vibration control.   
 Moreover, thanks to their comprehensive test-  

ability, electronic systems offer the ability to know  

if a misfire could happen before actually firing the  

    
common. Still for 2 detonators per hole this gives  
1 detonator  for  500  cubic  metres  (625  yd ),  or  

0.002 detonator per cubic metre -0.0016 det per  
yd -. In 381 mm holes (15 in) it is common to  
have 1.5 tonnes of explosives per hole (PF of 1.6  
Kg/m ,  or  0.44  Kg/t  -2.64  lb/yd -).  So  this  is  

equivalent to 1 detonator for 750Kg (1670 lbs) of  
explosives.  

7.3  Quarrying  

 These numbers are to be compared with similar  

statistics for other applications like quarrying or  

civil works, where 1 detonator is used to initiate  

only a few Kg of explosives.  
 In coal mining, electronic initiation is mainly  

used to increase cast performance and for highwall  

control.  By  controlling  the  blast  frequency,  the  

displacement  of  particles  is  minimised:  a  given  
The  use  of  electronic  detonators  in  quarries  is  particle  velocity  at  high  frequency  create  less    
highly  variable  depending  on  the  country.  In  displacement than at low frequency.  

precision  
using  specific       

proximity to houses. Quarry operators are required  

by regulations and codes of best practice to use the  

best  available  technology  in  order  to  mitigate     
environmental  
technology clearly is electronic in initiation.  
 But  the  use  of   electronics  is  not  ‘imposed’  

upon operators by external constraints: nowadays  

large  quarries  are  even  applying  mine  to  mill  

concepts (Chavez 2007) in order to take the full  

advantages out of electronic systems.  

7.4  Open Pit Mining  

Underground mining is at the other extreme on the  

range of detonator density when compared to open  

pit  mining.  The  unit  cost  of  initiation  is  much  

higher, and this means that electronic detonators  

are only used where it is an absolute necessity.   

These types of extremely demanding applications  

include amongst others long holes in block caving  

and blind raises in open stopping.  
 The  accuracy  of  electronics  is  also  used  in   
contour  holes,  simultaneous  detonation  

lowest. This means that benefits provided by the  long delay, and the accuracy required to produce  
detonation  achievable  

patterns and very high benches are used (typically  
for cast blasts).  

   7.5  Underground Mining  

           

detonator  for  2500  cubic  metres  -3250  yd -,  or  
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is  not  with    

   
control  
   

also  means  that  less  support  to install.  

issues.  This  best  

   

3   3  

3   

3  

3  3   

   

and     

of  ore  and  

where  a  
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professional  reproduced,  

For instance it seems more sensible to use blast   

design software applying a burden relief vector in  

millisecond per metre rather than fixed intervals in  

order  to  define  delays.  This  method  ensures  a  

consistency between spatial and time components,  

which  keeps  smooth  contour   lines  even  if  the     

technology  

systems offer a total freedom in terms of firing    Dozolme, P., Bernard, T. 2006. Ultimate Technological  

were  forcing  their  users  to  conform  to  a  few       of  

improvements  
drastic      Chavez,          

Combination in Electronic Blasting, Proceedings  
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assumptions  and  objectives  are  clearly  defined,  Reisz, W., Goldberg, J., Zadra, S. 2008. Minimizing risk  

           

as-drilled coordinates of the holes are not the same  
as  the  design  (Higgins  2004).  This  truly  takes    

 by         

electronic detonators must now be followed by a  

from these two factors.  
 Where  non-electric  and  electric  detonators  
           

arbitrary  standard  timings,  electronic  initiation  

Electronic  
      and          

programmability  (ability  to  choose  any  delay).  

Most of the benefits of electronics systems derive  
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sequence. But this freedom only is a progress if  

one knows what to do with it!  
 Arbitrary intervals between holes and rows are  

hardly liable to be the optimum alternative for a  

given  expected  outcome.  And  even  if  a  given  

combination actually is the best (or ‘least worse’)  

alternative, there is no way of knowing it is.  
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some  with  along  

Many blasts around the world are now initiated by  

means of remote firing i.e. where no wires or other  

lead-ins are used to connect between the blasting  

point (place of safety) and the blast bench.  Wires  

are therefore replaced by radio waves which are in  

fact  electromagnetic  waves  that  transfer  the     

 
 Budapest Conference Proceedings 2009, P. Moser et al  
© 2009 European Federation of Explosives Engineers, ISBN 978-0-9550290-2-8  

The influence of electromagnetic waves in blasting with specific  

reference to wireless remote firing  

R.L. van Wyk, N.E. Bird  
DetNet, Johannesburg, South Africa  

ABSTRACT:  In large scale mining operations, where the point of safety for blasting can be several   
kilometres from the blast, the need to eliminate long lead-in wires is a critical requirement. Remote firing  
was introduced many years ago to overcome this problem and has been successfully initiating shock-tube  
blasts around the world. With the advent of electronic detonators, the same remote firing capability was  
required and several manufacturers now offer this option.  
 However, the more extensive use of remote firing has not removed much of the scepticism and   

concern that still exists among those who believe the system raises the risks of a premature initiation of  

the blast through some form of interference trigger.  
 To understand how remote firing systems work, what features protect data transfer and what safety  
systems ensure the safety of mine personnel, the paper provides an explanation of:  

Electromagnetic waves  
The general influence of radio energy on the detonator  
Interference of the radio wave paths between blasting equipment  
The protection of radio communication used by remote firing equipment  

The safety protection features built into remote firing equipment  

HOW DOES REMOTE FIRING WORK?   potential  
electromagnetic interference.  

 WHAT ARE ELECTROMAGNETIC (EM)  
WAVES?  

 EM waves span a wide range of frequencies and  
                are classified according to their specific frequency.   

commands  and  signals  backwards  and   forwards  Frequency is measured in Hertz (Hz), which refers  

between  a   transmitter  and  a  receiver.  Figure  1  to the number of oscillations the wave completes  
shows a typical remote firing situation in a mine  per  second;  the  higher  the  frequency,  the  more  
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Figure 1. Remote firing layout.  

Figure 2. EM wave spectrum.  
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the  in  are  bands  ISM  

the  from  the  

have  mediums  Different  

frequency  

distance increases  in space; as  

control systems for blasting. The easiest way to  equipment  to  detonators.  When  RF  radiation     

densities.  

   Visual light  

simplify this is to use the fact that visual light and  impinges  upon  (collides  with)  a  conductor,  it  

 different         

influences on EM waves. In general, the higher the  

density of the medium in which the wave travels,  
the higher the attenuation (reduction of power) in  
the  wave.  In  a  uniform  medium,  the  EM  wave    

      
   Radio  waves  (including  microwave     However with very moist air, like fog, mist and  

radio  waves  are  both  EM  waves  and  that  they  couples  to  the  conductor,  travels  along  it,  and     

    

energy will reduce by the square of the distance it  

needs to travel.  
 Another  important  property   of  EM  waves  is  

that they bend around objects. It is easier for low  

frequency EM waves to bend around objects than  

EM waves with a higher frequency. For example,  

low frequency radio waves as used for community  

AM radio transmissions are able, to an extent, to  

bend  around  hills  while  the  higher  frequency    

and     
 clouds  

share similar properties. A non-electronic expert  induces  (generates)  an  electric  current  on  the    

                      

visual light waves won’t be able to bend around   

objects.  For   this  reason,  broadcasters  use  AM  

transmission  at  a   lower  frequency  to  broadcast  

over larger areas. On the other hand, cell phone  

networks  use  higher  frequencies  which  do  not  

bend so easily in order to limit the extent of a cell  

tower’s reach. This allows the same frequency to  

be used in another cell area a few 100 kms away.    
 Another property of EM waves is that they can  

reflect  or  bounce   off  objects  with  a   different    
density  than  the  medium  in   which  they  are     

can better understand the ‘magic’ of radio waves  
by substituting the RF source with a visual light  of the conducting material. If the detonator has a  

    
             

travelling. For example, visual light reflects off a  

mirror because a mirror is nothing but a smooth  

high-density  medium  for  visual  light  to  bounce  
off.  
 All these properties of EM waves can make it  

difficult to understand the influences of EM waves  

on detonators from radio frequency (RF) sources,  

like  handheld  radios,  cell  phones  and  remote    

 
oscillations the wave completes in a second. The  of how the  
EM  wave  frequency  range  is  referred  to  as     surroundings and other objects will impact  
spectrum (Figure 2).  
  energy carried by EM waves is spread out  

Well known parts of the EM spectrum are:  

   X-rays  

           EM  

source  the  available  energy  has to fill up more  

space. The medium that carries the EM wave will  

also absorb some of the EM wave’s energy. In dry  

air,  this  absorption  can  mostly  be  ignored.     

general broadcasting signals)  the  absorption  factor  increases  and  can   

 All EM waves can travel through space without  

a carrier medium while on earth they are able to  
travel through a range of mediums with different  

become an influence. For EM safety and influence  

calculations, EM wave energy dissipation in the  

transfer medium will be ignored, since this is the  

worst-case scenario. It is important to understand  
that EM energy reduces according to the square  

of the distance from the EM source and we will  
see what influence this has on wired detonators.  

 The RF segment of the EM spectrum is strictly  
controlled  by  authorities.  This  is  to  ensure  that  

everybody gets fair access to the spectrum and that  

different  users  do  not  negatively   influence   one    

another. For this reason, a transmitter source will  

have to be licensed to use a particular frequency in  
a particular region. To allow wider access to the  

RF  segment,  a  few  frequencies   are  marked  as  

unlicensed and as long as products operating in  

these  frequency   bands  comply  with   the  power  

output, the end users of these devices do not have  

to apply for a license. These RF bands are referred  

to  as   Industrial,  Scientific  and  Medical   (ISM)  

bands and are shown in Table 1.  
      higher           

frequency spectrum of the RF segment. Maximum  

output power is also limited in these bands. These  

higher frequencies and the limitation of the output  

power ensures that signals transmitted in the ISM  

bands  only  travel  short  distances,  typically  less  
than 10 kilometres. This allows for more users to  

have low interference access to the same bands.  

INFLUENCES OF RF ON WIRED  
DETONATORS  

 It is important to understand what happens when  

 an  RF  signal  reaches  your  blasting  equipment,  
 more specifically the wires in blasting equipment  
   and  the  harness  wires  connecting  blasting     

    
surface of that conductor by exciting the electrons  
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a  
source  and then  build  a  mental  picture  

on  this  
light.  

 The  

   
   

  
  

  

  

3.  

   
   



Different  these  

levels  of  field  normal  

between  distance  the  and  required  

or  electric  either  with  occur  

with  and,  casing  the  penetrate  

commands.  

strength  

   Induced  power:  Induced  currents  carry  a  

conductive  metal  shell,  RF  energy  will  not     practice,  

 
Table 1. ISM frequencies available for industrial use including blasting.  

915 – 928MHz  

Region 1: Europe, Africa, Middle East, Persian Gulf including Iraq, Soviet Union and Mongolia.  
Region 2: Americas, Greenland and some of the eastern Pacific Islands.  

         electronic          

detonators,  will  therefore  not  interfere  with  the  

electronics.   These  induced  currents  on   the  wire  

harness can have two major effects:   

    

certain amount of energy. If this energy is high  

enough it can cause the micro-initiator (fuse  

head) in a detonator to heat up and cause an  

unplanned initiation. This is very unlikely to  
 electronic        
detonators. DetNet South Africa undertook a  
test to initiate an electric detonator with a 20  

Um fuse head and only succeeded using field  

strength  of   800  V/m  in the 900 MHz band  

(GSM  cell  phone  band)  and  a  lead-in  wire  

tuned for optimal reception. To generate this  

type of electric field, a 1 kW transmitter was  
 the       

transmitting antenna and the fuse lead-in wires  

needed to be less than 2m. A very unlikely  

scenario if you consider the physical size of     
such a transmitter. In this case, the transmitter  
unit  was  900x900x1800cm,  could  only  be  

moved via forklift and needed to be powered  

by mains. For reference, a typical microwave  

oven found in a home generates about 200V/m  
field strength inside the oven to boil water. In  

    
transmission are never more than 30 V/m in  
areas where it can radiate on humans. Standard  

electric detonators use a thicker fuse wire and  

will require even more RF energy to cause an  

initiation.  Electronic   detonators  are   further  

protected by having an intelligent microchip  

placed  between  the  harness  wires  and  fuse  

head and as such, pure RF energy is even less  

likely  to  initiate  the  detonator   compared  to  

standard electric detonators. In the same test  

detailed above, DetNet was unable to initiate  

electronic detonators. As such, everyday radio  

waves that are present on all blasting sites are  

at such a low level that they cannot induce   

sufficient current into any wired systems. With  

remote   firing  systems,  the   output  of   the  

transmitters  is  limited  to  low  output  levels  

(DetNet systems are all less than 1W) and its  
transmissions  are  therefore  no  danger  to    
detonators.  

Signal corruption: Electronic detonators use  
an encoded signal that carries commands to  
the  detonator.  The  induced  currents  form  a  
powerful  RF  signal  that  can  interfere  with  
    electronic         

detonators  react  differently  to   corrupted        

commands and most electronic detonators will  
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Frequency  Region  
6.765-6.795 MHz  All  
13.553-13.567 MHz  All  

26.957-27.283 MHz  All  

40.66-40.70 MHz  All  

433.05-434.79 MHz  
Region 1 except: Germany, Austria, Bosnia, Herzegovina,  
Croatia, Former Yugoslav Republic of Macedonia, Liechtenstein,  
Portugal, Slovenia, Switzerland and Yugoslavia.  

868-870 MHz  Most of Europe  
902-928 MHz  Region 2, South Africa  

 Australia  

2.4-2.5 GHz  All  
5.725-5.875 GHz  All  

24-24.25 GHz  All  

 

   

   

   



far  become  have  

and  phones  cell  move  

of  for  

Table  in  Note:  The  

might  blasting  or  

designed  

 more  
widely  used  to  initiate  

electronic  detonators,  blasting  equipment     as  secure  as  possible  against  interference  

equipment  detonator  

EM  source.    This  is  very  important  when  you    

consider the influence of equipment emitting EM  

energy  on  blasting  systems.    For  instance,  a    

 solve most of these potential issues.  
   
 As  mentioned  above,  EM  energy  reduces      system.    
according to the square of the distance from the  

communications  

either  the  programming,  arming  or  firing     strengths up  

designed  electronic  detonator,  to  cause  an    passed  the  relevant  CEN/TS  13763-27  tests  

    
be   

    
signal    

 
just ignore a corrupted command. Thus an RF  

signal is extremely unlikely, even in a poorly  
recommendations  

unplanned  initiation.      (European  
 electronic  

qualification  

key communication signals, which can affect  terms, requires equipment to fail-to-safe for field  
      
sequence that can result, in the worst case, to  

30V/m and to  

misfires  or  a  fully  misfired  blast.  A  well        general rule  Allow cell  
 protocol  
section 5 for details) between the electronic  connected. Do not touch the blasting equipment or  
detonator  and  the  control  equipment  with  a  the detonator harness with the cell phone. If the  
high  level  of  data  integrity  verification  will  user experiences trouble communicating with the  

detonators,  handheld  

           
unaffected at a distance of 1m from a handheld    Recently,  wireless  remote  RF  blasting  systems  
radio with a 5-Watt output power and be impacted  

by it at a distance of 0.5m from the same radio.  In  

general, any handheld radio device, including cell  

available  
blasts.  Due  to  the  risks     

phones,  can  be  used  in  close  proximity  to         it is important  RF blasting  
 and  

harnesses, but should never be used within a 1m  
distance  of  them.    Electric  detonators  are  more  RF links used to communicate between blasting  
vulnerable  than  electronic  detonators  and  in     
general, the safety distances are greater.    
  

vulnerable  interference  

 standard  
detonator  

 the  
systems),  

 However,  
corruption can cause a detonator to not receive  

(see      the  bench,  while  the  blasting  equipment  

   boxes  

 2  
made based on electronic detonator systems  

    
which  in  general  

field strengths less than 10 V/m.    
phones on  

 radios  

at least 10m away from any part of the blasting  

4.  INFLUENCE  ELECTROMAGNETIC  

  INTERFERENCE (EMI) 

ON REMOTE  

  FIRING SYSTEMS  

         

associated  with  unplanned  and  premature  blast  

 that  
might cause a premature trigger of the blast. The  

RF,   electrical   and   even    moving    mechanical  
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 are  

that  

     

Table 2.  DetNet’s    

  
         

   
       

  

  recommended distances from an RF source to an electronic blasting system in order  
to minimise interference.  

 Blasting State  25 W truck  
radio  

Distance for 5W   
2-way radios  

Distance for cell  
phone (2W)  

Electronic detonator and blast  
harness with NO blasting  
equipment connected.  

2m  1m  1m*  

Electronic detonator blasting  
equipment connected but not  
armed and still at inherently safe  
voltage levels.  

15m  5m  5m  

Electronic detonator blasting  
equipment connected and  ready to  
blast  

20m  10m  5m  

 
* calculated at 0.5m but, as this is difficult to control, 1m is prescribed in the table.  

 

to  operate  normally  for  

The  best  is:  
is  not  

OF  

and  far  more  

events,  that  an  system is  

are  to  from  other  



etc.)  
 man  

seismic  
systems  

very  a  remains  CRC  receiver,  a  to  through  

good  are  and  

 detect   
during  

    
   

value)   to  
data  

a   

RF  of  sources  

at  signals  RF  generate  that  sources  

 tracking,  

monitoring  
 (e.g.  

communication,  

receives  the  data,  calculates  the  CRC  and  

checksum of  

at detecting  particularly  

checksum  

accidental  

transmission.  

mathematical formula,  produces via  

If unsecured RF links are unsafe, what is required  

to secure wireless remotes systems? Luckily, the  
techniques  to  protect  or  secure  electronics     

data can corrupt the correct data in the link and     With  most  electronic  detonators  systems,  a  

RF  interference  is  when  another  frequency    

interference.  troublesome  

a   

 the  

communication  

 
      similar          

frequencies  as  the  blast-link  frequency.  Electric  

sparks, like lightning, brushed electric motors and  

unsecured electric connectors are one of the most  

 value  
of a specific length as output. This specific  
CRC output value represents all the data of the  
input string. A CRC can thus be used as a  

            The      

reason for this is that they cause interference on all  

frequencies, due to the square wave and impulse  

shapes   of  their   waveforms.  Further  explanation  

would  become  too  involved  but  it  relates  to     

(verification  
 alteration  

      common  
errors  caused  by  noise  on  transmission  

frequencies that can match the blast-link frequency  

and then cause interference.  
 Other sources of RF interference are:  

   Power lines  

then          
   
compares it with the received checksum. If the  

two  CRCs  do  not  match,  the  data  was     

   Large radio transmission towers  

   Terrain scanning radar  

   Military radar and jamming equipment  

   Large electric driven mining equipment  

   The Sun  
  
           

injects  data  from  other  sources  (noise)  into  the    

receiver of the blasting equipment. This injected  

    
secure  technique  if  there  are  bi-directional  

communications between the blast boxes and  

when more than just a single command is used  
to  set  a  blast  box  from  a  safe  state  to  an     
initiation state.   

cause the receiver equipment (bench box) to, at  

best, reject the data as inconclusive or at worst,   

recognise the injected data as valid data and react  

to it. A worst-case scenario would be that the data  

would be recognised as a fire-signal and initiate  

the  blast  prematurely.  Unprotected  RF  links  to  

control blasting equipment are therefore extremely  

unsafe and not recommended.  

PROTECTION OF RF BLAST  

COMMUNICATION LINKS  

whole     sequence  of  commands  need  to  be  

transmitted  to  the  blasting  box   in  order   to  

move the electronic detonators through all the  

states until it receives a fire command. High  

levels   of  system  integrity   are  enabled  when  

CRC checks are undertaken on commands at  

every  stage  and   blasting  cannot  take    place  

unless   all  stages    are  successfully   navigated.  

CRCs are not only used in the remote RF blast  

link, but also in the wired connection between  

blasting box and detonator.  

       

communications are well known in the military,  

banking and commerce world. These techniques  
can be implemented to secure RF blasting links.  

Two well-known techniques to help ensure data  

integrity during transmission are described below:  

   Data integrity monitoring schemes. The best  

  know of these is the Cyclic Redundancy Check  

  or CRC. CRC is a type of function that takes,  
 as  input,  a  data  stream  of  any  length  and     

 use  
the same transmission media (e.g. leaky feeder,  
PED, modem). Good encryption systems on a  

             

Fourier transforms and how a square wave is built  

up  out  of  an  infinite  amount  of  sine  waves  of  
higher  frequencies.  It  is  one  of  these  higher     

       
corrupted during the transmission. If the CRCs  

match  it  is  highly  likely  that  the  data  was     

   Data  encryption.   Data  encryption  is  more  

  complex to implement compared to CRCs and  

  for  this  reason,  encryption  is  used  almost     

 of  
 CRCs are popular because they  

are simple to implement, are easy to analyse  

    
 channels. As illustrated in Figure 3, the source  
      (transmitting blasting box) calculates a CRC  

      

received correctly. However, matching CRCs  
do not guarantee message integrity. Although  
it  is  still  possible  to  get  ‘false’  messages  

         

exclusively  in  areas  of  higher  vulnerability,  

like RF links and network systems that share  

the same carrier media with other systems. The  
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voice               

data  link  will  ensure  that  no  external  source  

5.  

   

data   it  
link.  

wants  
 The  

to  send  over the  
receiver  

   

  

      

latter  is  mostly  found  in   networked               

underground blasting systems where a range of  



bits,  and  well  corrupt  

on  

schemes  CRC  proper  with  

Since  

(FHSS)  Spread  Hopping  

on  

    

frequency  

corrupted communication, the medium that carries  
the data stream needs to be improved upon. CRCs  

implemented  

data  stream,  but  the  receiver  unit  will  be     channel frequency RF link as used by most current  

  blasting  

 powerful processors.  
  

      
unable to interpret the corrupted message and  

the message will just be rejected. Encrypted  

 
Figure 3. How CRC’s are implemented in data transmission.   

can inject or tap into a data stream between the  
blast boxes. Noise sources can still corrupt the  

Spectrum  

  of         

 transmitting radio signals by rapidly switching the  
data communication links ensure that spurious  data  stream  among  many  frequency  channels,     

commands. The larger the encryption key, the  
less likely data streams can be compromised.  corrupt  that  part  of  the  data  stream  that  was    

the chance of such an occurrence is less than  
5x10-20. Encrypted RF blast links can thus be  
seen  as  fully  secure  and  safe  to  use.           

frequency.  hopping is  

specialised  
Encryption can thus ensure that no unplanned  
initiation will occur, but it cannot guarantee  able to receive the correct data. Where this level of  
that a blast command will reach the receiver  robustness is built in, remote firing systems will,   
box. A failed blast is thus still a possibility and  
cannot be completely solved with encryption  at  a  lower  and  hence  slower  rate)  even  if  the     

amounts of processing power and can only be  environmental  completely  
with       jam (stop) data transfer.  

FHSS  and  non-FHSS  
  FHSS         
To lessen the chance of a failed blast due to  transmission, 9 bits of data were lost as a result of  

interference  transmitting  CRC will  
    picking up and correcting these  

and encryption just ensure that false commands  corrupt  bits.  Where  as  in  case  B,  with  FHSS  
cannot  be  sent  but  do  not  improve  the  link           that was corrupted as a  
reliability.  Any  source  of  RF  radiation  that     of interference totalled only 3 bits. One bit  

match the frequency of the radio link can severely  
limit the links capability to transfer a data stream.  
An  RF  transmission  scheme  named  Frequency-  corruption.  

designed  

            
noise  or  other  transmissions  on  the  same     using a pseudo-random (nearly random) sequence      
frequency  cannot  modulate  valid  blasting  

single  

that  

and,  
data  

pick  up  these  

  known to both the transmitter and receiver blasting  

     
With 64 bit and higher encryption schemes,  transmitted during the time that the RF link was on  

            

systems.  Encryption  systems  use  large  interference is severe. Only in very extreme cases  

    
transmits  or  that  has  harmonic  frequencies  that  from the E/F, G/H and I/J bytes. CRC will easily  

 is  
vulnerable  to  interference  than  a  simple  

equipment.  

frequency  

 very  

rapid only a small amount of data can be disrupted  
 and  
correction schemes, the receiver  

able to transfer  data (albeit  

   
Figure  4  illustrates  

transmissions.  In  case  A,  

 the  
have a tough time  

transmission  

    
correctional protocols will be able to repair the  
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each  

  

systems  

less       
single  

        

blasting  FHSS  is  a  method  

boxes.  Thus  noise  on  a  will  only  

will  still  be  

in most  cases,  still be  

will  noise  be  able  to  

with  non  

medium.  

the  data  result  



blast  systems,  linked  RF  With  

make  t o   wire  remove   a   
blast box  

The  safety  systems  built  into  most  detonating  
systems  are  based  on   energy  control.  In  most  involved  and  time-consuming  qualification  and  

cases,  this  is  actioned  by  controlling  voltage  at    risk assessment process. An added complication  
with  
that  

 the  
will have to make  

 
Figure 4. The effect of data corruption on non-FHSS and FHSS transmissions.    

 With CRCs and encryption to ensure that only  

valid data is received by the blasting boxes and a  

frequency hopping scheme to ensure reliable data  

transfer, RF blasting systems are extremely safe  

and reliable.  During field use with FHSS based  

communication, DetNet has experienced only one  

instance where an external source interfered with  

communication. The source was an aviation radar  

that interrupted the radio link precisely 8 times a  

minute, which matched the rotational speed of that  

particular radar.    

         itself safe if the RF  

link is unreliable or faulty. The other problem with  

RF linked blasting systems is how the user can be  

sure it is safe to approach a bench if problems     

occurred   after  the  blast   was  armed.  To  ensure    

certainty  in  the  blasters  mind,  some   RF   linked  

blasting systems insist that the blast box is located  
at  a  point  of  blast  safety.  In  most  cases,  this         

approach defeats the original purpose of why an  
RF link was introduced.  

RF LINKS AND ENERGY MANAGEMENT  
FOR DETONATORS  

 energy          
management in the blast box is mostly controlled  
by  embedded  electronic  systems  and  firmware  
(software). Ensuring that such software conforms  

standards  system  is  

firing time. With wire lead-in systems, the blasting  

energy is transferred via the cable while with RF  

systems, the energy is in the blast box close to the  

blast and this is triggered remotely from the blast  

point. With an RF blasting system and standing at  
the point of safety, it is therefore impossible to just  

software-managed safety  
 regular  software  upgrades  to  other  system  

components do not compromise the overall safety  

of the remote firing system. This raises the key  

question of whether software alone should control  
critical safety systems.  
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6.  

   to  

blast  box  safe.  The  

the  of  a  fail-safe  a  very        

systems  is  ensuring  



uses  civil  for  -  13762-27  CEN/TS  

and  security  safety,  

by  secured  blasting  With  

not  that  ensure  that  of  series  

only  can  This  energy.  electrical  stored  

be          

Explosives  

It  is  important  to  note  that  when  using  RF     

equipment  

safety interlocks  

Radio  linked  (RF)  remote  blasting  has  many     

When  safety  systems  with  RF  links  are     

system.  This  will  ensure  that  even  if  the     

software,  by   accident,  tries  to  rearm   the      

   Software  and  firmware  must  not  be  able  to    ensuring  

For  an  RF-linked  blast,  best  practice  would  lines  to  initiate  blasts.  To  ensure  the  safety  of     

       –         

Detonators  and  relays  –  Part  27:  Definitions,     

    
      
system, that blast energy will not be available  
to cause an unplanned initiation.  

engage the interlock without physical/manual  recommended  distance  away  from  both  the     

           

therefore  demand  that  software  and  firmware    users, secured wireless remote systems need to be                    

systems   should  not  be  solely  relied  upon  to     
manage  safety.  For  RF  linked  systems   where  a   

   employed  which  possess  a  series  of  security  

 convenience  

available to the blasting industry.    

 
    
    measures  and  safety  interlocks  to  protect  data  

receiver unit is located close to the blast bench, transmissions  from  potential  corruption  and  to    

such interlocks are:   

   A grace period (exit period) after interlock is  

  engaged before blast energy can be applied.  

   An automatic shutdown period, which starts  

  countdown  after  the  interlock  was  engaged.  

 just  
software is used to control safety at blast time.   
 these       
measures and with the introduction of electronic  
detonators  on  the  bench,  the  highest  levels  of  

becomes       

guaranteed to go into a safe state if all the  
software controls failed or crashed.  

         

remote  firing  and/or  wired  detonators,  radio        

interference needs to be kept to a minimum by    
the             

intervention from the operator of the blasting  blasting equipment and the detonator harnesses.    

REFERENCES  

   The system operator must be able to verify that  

  the blast box’s interlock is in a state of safety.  

  Visual  indicators  are  recommended  here.  If   
  indicator lamps are used, provision must also  

  be made to ensure that blown light bulbs and  

  low or failed batteries do not indicate a false  

  state of safety.   
   

EM   wave   spectrum   image   (Figure   2)   -   courtesy   of  
  http://en.wikipedia.org/wiki/File:EM_spectrum.svg.  

Image  open  for  redistribution  under  terms  of  the  
GNU Free Documentation Licence.  

      

methods  and  requirements for electronic initiating  

systems.  

          

evaluated, it is important that not only the correct  

blast scenario is evaluated, but also the range of  

scenarios that can take place when something goes  

wrong. For example, how do you ensure that a  

charged blast connected to an RF linked system is  

safe to approach should the blast not initiate after  

the arm or fire buttons were activated? It is   im-  

portant to reiterate that, with RF linked blasts and  

electronic detonators, the blast energy cannot be  

removed by simply removing a wire and waiting  

for  the  detonators  to  discharge  all  potentially  
 be            

undertaken at the receiver unit close to the blast  
and it is very important to know if that unit and the  
blast itself are in a safe state in order to approach.  

SUMMARY AND CONCLUSION  

      
advantages compared to running out long lead-in  

                      

fail-safe  interlocks  are  required  to  support  the  reduce the potential for an unintended initiation.  

software   safety  systems.  Key  requirements   for  These  include  CRC’s,  encryption,  FHSS  and  a    
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7.  

This  is  to  ensure  that  the  unit  will  

that  all  RF  sources  are  kept  
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luggage,      are the most effective detection principle currently  

In  military  and  commercial  fields  there  is  an       as toxic to all life forms in concentrations above 2  

increasing  demand  for  fast,   portable,  reliable,      ng/L).  

packages,  people  and  mass  transit  systems),  in  use.  However,  the  sniffing  dog  has  some     

selective  and  sensitive  detection  methods       Today,  for     

demining  (clearance  of  mines  and  unexploded  limitations.  Dogs  are  expensive  to  train  and  
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Xsense: Using nanotechnology to combine detection methods for high  
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ABSTRACT: In an effort to produce a handheld explosives sensor the Xsense project has been initiated   

at the Technical University of Denmark in collaboration with a number of partners. Using micro - and  

nano technological approaches it will be attempted to integrate four detection principles into a single  

device. At the end of the project, the consortium aims at having delivered a sensor platform consisting of  

four independent detector principles capable of detecting concentrations of TNT at sub parts-per-billion  

(ppb)  concentrations  and  with  a  false  positive  rate  less  than  1  parts-per-thousand.  The  specificity,  

sensitivity and reliability are ensured by the use of clever data processing (it), surface functionalisation   

(bio) and nano-structured sensors and sensor surfaces (nano).  

1.  INTRODUCTION  hazardous compounds (f.ex.  

  explosives  are  mainly  detected  by  
explosives and explosive related illicit materials.  trained dogs. These dogs can detect explosives in  

anti-terrorism  (screening  

ordnance (UXO) in contaminated war zones) and  
in  the  field  of  environmental  monitoring  of     skilled  handler whose training is also expensive       

Major areas of applications for explosives sensors  

 trinitrotoluene (TNT)  
can easily enter the groundwater and is classified  

concentrations as low as parts per trillion (ppt) and  

         

maintain.  Furthermore  dogs  require  an  equally  

273  

include:  
   

  

  



a  or  

Denmark  of  

   on  Program  

optically as  integrated  

In  cantilever-based  sensing,  micrometer  sized  

2.  SENSOR  

capable  of       detection of  

technologies in the sensor area. Furthermore, it is  

anticipated  that  new  business ideas will emerge  

from the project, creating a technology platform  

for start-up companies.  
 The ultimate goal of the Xsense project is to  

realise a reliable, sensitive, portable and low-cost  

explosives detector. The project focuses on sensor  

fabrication and validation. The sensor system will  

Danish industry with new ideas for products and  a  colorimetric  sensor)  which  each  are  able  to     

and these partners contribute with equipment and  
know-how.  The  industrial  goal  is  to  provide    cantilever-based sensors,  

SersTech has been secured from the project onset  individual  miniaturised  sensor  technologies  

University  Technical  
between  the      the  explosives  detection  

(http://www.Xsense.dk)  project  which  will  be  

Nanoscience             Commission  

new environment.  

limited amount of hours and have behavioural and  

mood variations. Also, dogs often need retraining  
and/or time for acclimatisation when moved to a  measuring principles can reliability be improved.  

is  Our  cost.  

  the              
In an attempt to address some of these issues  development of miniaturised sensors in order to  

piezoresistor  

hypothesis  stability and  

    
explosives  

      and  

University of Southern Denmark participate in the  
ongoing  research.  A  close  working  relationship  

     test  molecule)  of  1   ppb.  The          

Biotechnology and IT (NABIIT) has issued a €   sensitivity  will   be  optimized  by  a   concentrated     

3,850,000 grant to fund the newly created Xsense  effort  in  data  processing  (reducing  noise   and     

 by              
the       establishing a network of the independent sensors.  

 that  
combing  several  independent  and  

detecting concentrations of TNT at sub parts-per-  
billion  (ppb)  concentrations  and  with  a  false    and  

only  

explosives  detectors  we  find  that  the  key      detect  for  
In  the  future  development  of  sensor  based      This  

 
and time consuming. Dogs can only work for a  challenges  to  address  are  reliability,  selectivity,  

 by  

sensitive  

scientific  

the Danish Agency for Science and Technology’s,  achieve sensitivity towards explosives (TNT will  
be  the  major  

   pattern  recognition),  
presented here. Xsense is projected to run for four  

years from mid 2008 to 2012. Four Ph.D. students,  

three post doctoral researchers in addition to four  

functionalised  

professors  distributed  significantly  
    
Hereby a false positive rate less than 1 parts-per-  
thousand is anticipated.   

industrial  Unisensor  
    
(Surface Enhanced Raman Spectroscopy (SERS),  

a calorimetric sensor and  
       
to assist them in further developing their current  detect explosives in concentrations of at least 1   

ppm. Proof of concept has been confirmed for all  

four sensor technologies which have already been  

developed hence the ongoing effort will thus be in  

optimising the sensitivity. The project will allow  
  compare  the  technologies  in  terms  of         
 sensitivity, reliability, ease of use and cost. Based  
 on the analysis of the individual sensors and on  
 input from the data processing activities a sensor  
be  miniaturised  and  will  therefore  be  highly      network will be established. The idea is that the  

suitable for the use in anti-terror efforts, border  amount  of  false  positives  can  be  significantly       

control, environmental monitoring and demining.  reduced by increasing the number of independent  
At the end of the project, the consortium will have  sensing principles. The individual sensors as well  
delivered  a  sensor  platform  consisting  of  four     as  the  network  of  sensors  will  be  used  for            
independent  principles  explosives in air. Also, mixtures of  

and influence of changes in humidity  
        

positive rate less than 1 parts-per-thousand. The  

specificity, sensitivity and reliability are ensured  

by the use of clever data processing (IT), surface  

functionalisation (bio) and nano-structured sensors  

and sensor surfaces (nano). The inherent design  

qualities of the finished device should enable its  

use by personnel with minimal training thus giving  

these  persons  explosives  detection  capabilities  

otherwise only available to trained dog teams.  

temperature will be analysed.     

2.1  Cantilever-based sensing  

   
cantilevers with integrated piezoresistive or optical  

read-out  are  used  to  detect  changes  in  surface  

stress.  The   top  surface  of  a  micro-cantilever  is  

coated with a ‘detector’ layer which binds specific  

explosives.  Upon   binding  of  the  molecules,  the  

cantilever  bends  and  the   bending  is  detected    

electrically as a change in the resistance of the     
TECHNOLOGIES   deflection  

of a laser light hitting the apex of the cantilever.  
principle has been demonstrated to be able to  

example  PETN  (Pinnaduwage  et  al.  
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The  goal  is  to  continue  

   

tenured  

with  the  partners  and         

   

   
detector  

    
and   nano  patterned          

sensor  surfaces,  and   the               

development and use of a sample pre-concentrator.  
Secondly, the goal is to improve the reliability of  

The  Xsense  project  will  develop  four              
  

us  to  
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a  In  

Figure 2. a) Scanning electron microscope image of   

nano-structured silicon surface optimised for enhancing  

the Raman effect. The silicon surfaces are coated with  

50-400  nm  thick  layers  of  silver  /  gold.  b)  High     

originating  from  the  different  vibrational  states.  
Recently,  nano-structured  surfaces  have  been     

In Raman spectroscopy it is possible to identify a  

molecule    by  mapping  its   vibrational  states. The  

molecule of interest is illuminated with laser light,  

which  is  scattered  by   the  molecule. Part of the  

scattered   laser  light  has  been  modified  by  the     

measurements  micro-calorimetric  

            

vibrational  states  of  the  molecule  i.e.  has       technology relies on an array of dyes immobilized  

      heater      

element is placed on a micrometer sized bridge,   

Figure  1.  The  bridge  furthermore  contains  a         
resistor, which dramatically changes its resistance  
when heated. In this way it is possible to perform  
local calorimetry, following for example the phase  

transition of materials (endothermic reactions). It  

has  been  demonstrated  that  this  method  can  be  
used to distinguish TNT, DNT and EDX (Yi et  
al.).  Alternatively,  by  rapid  heating  of  the                

structure,  deflagration  of  explosives  might  be    

 
2003),  RDX  and  TNT  (Datskos  et  al.  2003).      undergone a shift in frequency. The substance can  
Recently, polymer cantilevers fabricated at DTU  be identified by collecting the scattered laser light  

Nanotech were used for the detection of the nerve  and  analyzing  the  various  shifts  in  frequency  
gas model DMMP (Pinnaduwage et al. 2007).  

2.2  Micro-calorimetric  
                     

developed that enhance the Raman cross section of  

certain   molecules  by  6-10  orders  of  magnitude,  

Figure  2.  The  signal   enhancement  allows  for  a  

miniaturized  detection  system  using   chip-based  

micro spectrometers (supplied by SersTech) and  

cost efficient CCD elements.   

         

initiated. Deflagration will cause a significant heat  

development (exothermic reaction). Currently the  

explosives are passively adsorbed on the surface;  

however a surface functionalisation for improved  

specificity would be ideal. Also, catalysts might be  

placed on the heater element to cause a stronger  

deflagration upon rapid heating. This work will   

occur  in  collaboration  with  researchers  from  
Oakridge National Laboratory, USA.  
  

Measurement resistor  

Figure 1. a) Scanning electron microscope image of a  

micro-calorimetric sensor. A larger magnification of the  

bridge of the sensor is shown in b) where the heater and  

measurement resistors can be identified.  

2.3  Raman spectroscopy  

       
 magnification of the same surface seen in a). Note large  
surface area.  

2.4  Colorimetric sensor arrays  

Simple  colorimetric  sensor  arrays  have  been  

shown useful in the detection, identification, and  
quantification  of  volatile  organic  compounds  

 (VOC) in gas phase. Furthermore, they have been  

 used to detect and differentiate mixtures of organic  

 compounds  dissolved  in  aqueous  solutions.  The  

 sensor arrays are inexpensive, and can potentially  
    be  produced  as  single  use  disposables.  The     
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Research  Demining  

fast  for  route  direct  

Allman,  A.C.,  Gehl,  L.A.,  

of  detection  2003  al,  et  P.G.  Datskos,  

on  Program  

held  hand  a  in  sensor  

from  detection  cancer  skin  2004),  

pipelines  such  with  

Data  3)  

optimal  the  learning  fusion:  Data  

1)  

 noise  
pipeline  

Techniques.  Nordic  

Pinnaduwage,  

Commission  

techniques  

Xsense  aims  at  introducing  micro-  and  nano    

experience  extensive  

presentation  concentration.  
explosive                 

Pre-processing:           Gniadecka,   includes:  

preparation/conditioning,  removal  

 molecular  
energetic materials’ Submitted.   

     nonlinear      

combination of pre-processed data with the aim of  

predicting  presence  of  explosives.  The  learning  

phase is done from sensor data sets assisted by   

      and      

feature  extraction  of  individual  sensor  data.  2)  

measurements  
 and        
evaluation:  quantification  of  system’s   decision,  
uncertainty,   robustness  and  reliability.  We  have  

 
on a solid support. Upon exposure to the analyte  

the dye array changes colour. Each dye is chosen  
as  to  react  chemo-selectively  with  analytes  of     

 S.L.,               
Johansson, A., Boisen, A. 2007. Miniature sensor  
suitable for electronic nose applications.  Rev. Sci.   

Instrum. 78 (2007) 055101.  

2.5  Signal processing  

The optimal use of a network of sensors requires  

careful  data  processing.  To  obtain  reliable  and    

robust detection and quantification of explosives  
requires  careful  optimization  of   all  steps  in  the  
data  processing   pipeline.  The  data  processing  

Yi,  D.,  Greve,  A.,  Hales,  J.,  Senesac,  L.,  Davis,  Z.,  
 Boisen, A., Thundat, T. ‘Nanothermal response: A  

recognition  

Strother,  S.  et  al,  2004.  Optimizing  the  fMRI  data-  
processing  

M., Wulf, H.C. 2004. Detection of skin  
 cancer  by  classification  of  Raman  spectra,  IEEE  
 Transactions  on  Biomedical  Engineering,  51(10)  
 (2004) 1784-1793.  
Larsen, J. et al, 2007. DeFuse – Demining by Fusion of  

 Forum      

research project with the objective of investigating  

the improvement of the mine clearance operation by  

combining several existing methods (2007).  

      in         

diverse  areas  such  as  neuro-imaging  (Strother  
      Raman         

spectroscopy  (Sigurdsson  et  al.  2004)  and  land  
mine detection (Larsen et al. 2007).  

3.  CONCLUSION  

    

technological approaches to the field of explosives  

detection. The novel concept of combining four  
    device               

coordinated  by  advanced  mathematical   signal  

processing appears to be a promising approach for  
low cost explosives detection and mine clearance.  
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ABSTRACT: For fabrication of parts and components of granulated or powder-form metallic and ceramic  

materials, many technological process have been developed and practised. One of these techniques is the  

explosive compaction. The explosive compaction of powders and granulates does not merely consists of a  

simple compression as in conventional compaction processes but involves a shock wave passing through  

the powder or granulate mass. These shock waves can be considered as special tools. By applying the   

properly calculated and directed shock waves on powders or powder mixtures special  tasks can be   

realised  as  preparation  ceramic  strengthened  metal  composites    (contact  materials  for  the  electrical  

industry) encapsulating light metal granulates into steel tubes creating  parts for e.g. the vehicle industry  

creation   of   parts  of  nanostructured  materials  without  influencing  the  nanostructure  of  the  starting  

materials. The energy source of the explosive compaction is the chemical energy stored in the high  

explosives. This energy can be released by the ignition of the detonation of the different high explosives.  

The basic requirements for explosive compaction are a metal container filled with powder or granulate   

around which an explosive (powder-form, plastic, cord-form or liquid) is spread. Detonating the high  
explosive results in a shock wave travelling down the length of the container and compacting the powder  
or granulate. Theoretical and practical analysis of the explosive compaction is discussed in this paper –  
including the introduction of two practical realization of the technique.  
  

1.  INTRODUCTION      technique, isostatic  

pressing,  hot  isostatic  pressing  and  dynamic    
Metallic and ceramic raw materials are frequently  
prepared in the form of granulates or powders.  
 To  produce   parts  and  components  of  these  
granulated  or  powder-form  starting  materials,  

compactions.  

What is the dynamic compaction?  

        
developed and practised. The most frequently used  compaction  of  the  powders  or  granulates  are     

compactions  techniques,  
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are  where  the  
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and      powders  of  The  compaction  explosive  

The main purposes were to make parts from non-  

equilibrium  powders  which  were  either  hard  to  
compact  or  which   might   lose   their   unique     

simultaneously makes the possibility to affect the  
microstructure of the compact.  
 Powder metallurgy and dynamic formings are  
both  well  established  technologies.  The  powder  

      

 
carried out at a velocity higher than 10  m/s. The  processes,  but  involves  a  shock  wave  passing  

high compaction pressures and velocities offer the  through  the  powder  or   granulate  mass.  These  
possibility of preparation of bulk metal, ceramic  

              high             

 explosives.  This  energy  can  be  released  by  the    

 ignition  of   the  detonation  of  the  different  high    

 explosives. The basic requirements for explosive  
metallurgy  and  dynamic  forming  methods  were  compaction  are  a  metal  container  filled  with    
first combined in the form of dynamic compaction  
about 30 years ago (Roman 1975, Clyens 1977).  (powder-form,  plastic,  cord-form  or  liquid)  is  

      compacting the powder or granulate.   

properties  in  the  high  temperature  sintering         

metallurgy.  dynamic      
compaction  techniques  are  the  explosive           
compaction and the electromagnetic one.  
 The dynamic compactions are tools to obtain  
ceramics and metals (and their composites) with     preparation  of  metallic  matrix  composites     
unique properties (Figure 1.).    

What is explosive compaction?  

granulates  does  not  merely  consist  of  a  simple  

and  military  purposes  (reinforced  structural  

materials, or special contact materials for the  

electrical industry)  

encapsulating light metal granulates into steel  

Figure 1. Ceramic and metal rings fabricated by explosive compaction of the powderform starting materials.  

       shock waves can be considered as special tools.  

and  composite  parts  with  high  density  and           The energy source of the explosive compaction  

operation which is involved in the conventional  1.3  

compression,    as    in   conventional   compaction     

    
powder or granulate around which an explosive  

spread. Detonating the high explosive results in a  

shock wave acting on the metallic container and  

Why explosive compaction?  

By applying the properly calculated and directed  

shock  waves  on  powders  or  powder-mixtures  
special tasks can be realised as:  

    

reinforced with ceramic and carbide particles  

aiming at creation of new materials for civil  
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2  

is  the  chemical  energy  stored  in  the  
   

powder  The  two  main  

1.2  

  

   

  



leading  the  load,  on  to a  

Basic     

powder  basic  two  

the  are:  

the  

detonation proceeds along the metal tube wall at a  

velocity V   rapidly accelerated the container tube  

compaction  

of the high explosive and the mass of the powder  

to be compacted, furthermore the VD  detonation  
velocity.  

 According  

mechanisms  compaction  

In  the  case  of  dynamic  compaction  of  brittle     

techniques  compaction  explosive  

values are for G0 :  

these  explosives  is  related  to  the  detonation     

2.  EXPLOSIVE  

tubes  creating    parts  for  e.g.  the  vehicle           Various  

D,  
velocity depending  

to  the  above  considerations,  the  

      intense           
fragmentation  and  restacking  of  the  resulted     

 0,9g/cm …1,1g/cm  

VD: 2200 m/s… 7000 m/s).  

             

velocity  and  the  specific  weight  of  the  high     The  

COMPACTION  

        

   
portion  of  the  P  detonation  pressure  which  

TECHNIQUES  process is controlled by the pressure created by the  

 configurations  

powdercompaction  

 

   creation of parts of nanostructured materials  

  without  influencing  the  nanostructure  of the  

  starting materials  

    
energies acting on the powder (or the granulate)  
during the compaction process.   
 A  lot  of  theoretical  and  experimental  work  

have been carried out for determining the main   

parameters with which the compaction process can  

be   accurately  characterised.  The  compaction  

detonation of the high explosive (Prümmer 1983,  

2.1    Energy source of the technique  

The energy source of the explosive compaction is  

the chemical energy stored in the high explosives.  
 This energy can be released by the ignition of  

the  detonation  of  the  different  high  explosive    
materials.   
 These materials can be produced in the form of  
powders, liquids, plastics etc.   
 The total energy content of a given explosive  
charge can be calculated as  

      
compacts the powder can be calculated  according  
to Gurney’s model (Gurney, 1943) for both the   
 configuration       

(axisymmetric type and cladding ones) as follows:  

E  = E  m,                                             (1)  

where Es  is the specific energy of the explosive  

used (in the range of 4 kJ/g…5,9 kJ/g) and m is  
the mass of the explosive.  
 The  P pressure created by the detonation of  

of the explosive  

2.3.1    Axisymmetric powdercompaction    

   Principle   

       mechanism of the axisymmetric compaction is  
explosive,  by  the  following  equation  (Prümmer  the following: after ignition of the detonator, the  

P=1/4 G  V  

where G0 is the density and  VD  is the detonation  
velocity of the explosive materials. (Characteristic  

 to a  
reduction of the tube diameter and compression of  
the powder (Figure 2.)   

 The  P detonation pressure acts on the metal  
container  which  transforms  this  pressure  to  the  
powder to be compacted. According to the form of  

the metal containers and configurations we classify  
      as               

axisymmetric  (tubular  form)  and  cladding  type  
(plate form) compactions.  

2.2    Compaction pressures and energies –  
 theoretical considerations  

             
ceramic  powders  as  metal  oxides,  the  dominant  

         

particle fragments and in the case of metals the  

dominant  compaction  mechanisms  are  the  void  

collapse and plastic deformation of the particles.   
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industry  
methods  are  available  to  calculate  the  

4  

   

T  s  

1983)  

0  D  
2  

(2)  

3  3  and for  

   

Deribas  1988,  Murr  1991).  The   main               
technological parameters are the ratio of the mass  

2.3   

1  
2  

4  

3  



 
electrical detonator (Figure 3. b). After explosion  

the metal tubes contain the consolidated powder  

bodies (Figure 3. c).         

Figure 2. Principle of the axisymmetric powder         
compaction.  

Where 1 – powder  2 – metal tube (powdercontainer)      
3 – high explosive  4 – end plug  5 – detonator.  

   Realization of the principle   

Metal tube containing the powder to be compacted  
is positioned in the axis of the tube form container  
of  the  high  explosive  (Figure  3.  a).  The  high       
explosive surrounding the metal tube is set with  

280  

  

Figure 3c.  

   

          
   
    
    

Vd  
 

  

 

1  2  

4  

Figure 3a.  

Figure 3b.  
  

4  

p  

3  



are  

6a.  Figure    part.  

   preparation  of  metallic  matrix  composites     

observations,  experimental  

predicted.  distributions  temperature  

Numerical  investigations  were  carried  out  on  

grooved   metallic  plates,   filled   with  

   
configuration and Figure 6c. shows the powder-  

metal monolith.  
  

In this case the particles of the powder (1) will be  
bonded,  forming  a  compact  and  simultaneously  
this compact will be encapsulated within a metal  
matrix (2 and 3) forming a monolithic composite     

illustrates  the  starting             without  

 
   Realization of the principle  

Ceramic superconducting powder was compacted  
in aluminium container with the aim of producing  
a  metal  sheathed  solid  superconducting  disc    
(Figure 7.).   

   Numerical  

  compaction  
explosive            

Figure 4. Aluminum-magnesium oxide mixtures         

consolidated in copper tube.  

   
superconducting ceramic powder (acc. Figure 7.),  

subjected to explosive loading. The response of the  

metal and ceramic material during compaction is  

investigated by using finite element techniques and  

the dimensions of the compacts, pressure and  
      The        
numerical  results  obtained  are  compared  with    
 being  
agreement (Figure 8. and Figure 9.).  

3.  CONCLUSIONS  

3.1    By applying the properly calculated and  

 directed shock waves on powders or powder-   

 mixtures special  tasks can be realised as:  

Figure 5. Titanium-aluminum composite consolidated in  

steel tube.  

2.3.2    Cladding type (flat) compaction    

   Principle  

    

reinforced with ceramic and carbide particles  
aiming at creation of new materials for civil  

and  military  purposes.  (reinforced  structural  

materials, or special contact materials for the  

electrical industry)  

   encapsulating light metal granulates into steel  

  tubes  creating    parts  for  e.g.  the  vehicle         

  industry  

creation of parts of nanostructured materials  
 influencing  

starting materials.  
nanostructure  

Figure 6a. Configuration of cladding type powdercompaction  

Where 1 – base plate    2 –powder    3 – flyer plate    4 - high explosive  Vp  - collision velocity  
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1  
Vp  

   

4       
  3   

   
  2    

   
 

analysis  of  the  

    
good   in       

the  of  the  

  



 
Figure 6b.                                                                            Figure 6c.  

Where 1 – high explosive  2 – flyer plate (aluminium)  3 – base material (aluminium)    
4 – superconducting powder  5 – consolidated superconducting disc  
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Figure 7.  
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1977.  W.  Johnson,  S.,  Clyens,      The  

Compaction  of  Powdered  Materials,  

performed,  

 
Figure 9. Aluminum sheathed superconducting  

disc prepared for machining.  

3.2    Both the axisymmetric and cladding type  using the ANSYS LS-DYNA software.  
powder compaction configuration can be     

exactly calculated and controlled as the  

conventional metal processing technologies.  
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ABSTRACT: The chemical energy stored in the high explosives can be utilized for many metalworking  
techniques. The three main type of the explosive metalworkings are:  
  

 The explosive welding and cladding  
Explosive welding is a solid state process in which controlled explosive detonations force two or   
more metals together at high pressures, resulting a high quality metallurgical bond between the  
colliding surfaces.  
 The explosive tube- and sheetforming   
Shaped parts can be manufactured of metallic tubes and sheets using the shock waves as tools. The  

shock waves acting on the surface of the tubes or sheets cause the plastic deformation of the metals,  
forcing them into the properly formed dies.    

 The explosive compaction of powders and granulates.  
 The explosive compaction process is generally used for compacting ceramics and metal powders into  
 various  shapes.  The  basic  process  consists  in  generating  a  shock  wave  by  a  detonation  of  an  
 explosive material. This shock wave is transmitted to the material powder and generates two main   
 effects, the joining effect of high shock pressure and the effect of high temperature, which lead to the  
 increase of the sample density and cohesion.  
   
A laboratory explosive chamber has been designed and built for elaborating these explosive metalworking  
techniques.  For  preparing  samples  and  defining  the  technological  parameters  of  the  explosive  
metalworkings, maximum 500 grams of high explosives is used in the laboratory. The paper introduces   

the design of the laboratory, the applied special  tools and equipment furthermore the practical realization  
of the explosive cladding, the explosive tube forming and the explosive compaction procedures.  
  

1.  INTRODUCTION   shock waves,  
without using energy transforming equipment as  

Application  of  the  High  Energy  Rate  Formings  hydraulic presses etc.  
(HERF) represents a new paradigm in the field of  
production of knowledge-based more components  microstructures  have  some  influence  on  the  
materials: joining of the materials is carried out   physical and mechanical properties of materials.   
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metals.  layer  or three  

the  cause  sheets  or  tubes  the  of  

the production of two  

2.  EXPLOSIVE  

The explosive compaction process is generally  

 used  for   compacting  ceramics   and  metal  
 powders  into  various   shapes.  The   basic     

The  passage  of  a  shock  wave  through  a     force  

    
       

 process consists in generating a shock wave by  
 a  detonation   of   an  explosive  material.  This  

 shock  wave   is  transmitted  to  the  material  

 powder  and  generates  two  main  effects,  the  

 joining effect of high shock pressure and the  

 effect of high temperature, which lead to the  

 increase of the sample density and cohesion.   
   
 In the following parts we briefly introduce the  

three main types of the explosive metalworkings  

mentioned above, the necessary equipments and  

tools  furthermore  the  design  of  the  laboratory    

       
material can have three prominent effects: existing  

microstructure can be altered, new substructural  

Solid steel block is needed as a supporting base  

for  the  cladding  (Fig.3).  This  steel  block  is  

equipped with lifting hook, for the sake of moving  

it by crane.  
 Different  parts  can  be  manufactured  of  the  

A  metal  sheet  (in  this  case  a  copper  sheet)  is     

 
   
 pressures,  resulting  a  high  quality  metallurgical  

 bond between the colliding surfaces.   
features  can  be  created,  or  both  can  occur            Explosive welding has a very important role in  
simultaneously.  
 The energy sources of the HERF processes are  
either the electrical energy stored in capacitors or  
chemical energy stored in the high explosives.  
 The high explosives can be utilized for many  
metalworking techniques. The three main type of  
the explosive metalworkings are:  

      The  
importance  of  these  multilayer  metals  can  be  
illustrated with the sample of a fighter plane: many  

parts of the plane are manufactured of multilayer  

metals (Figure. 1).  
   

   The explosive welding and cladding  

Explosive welding is a solid state process in  

 which controlled explosive detonations force  

 two or more metals together at high pressures,  

 resulting  a  high  quality  metallurgical  bond  

 between the colliding surfaces.  

   The explosive tubeforming  

Shaped parts can be manufactured of metallic  

 tubes (and sheets) using the shock waves as  

 tools. The shock waves acting on the surface  
 plastic           

deformation of the metals, forcing them into  
the properly formed dies.    

   The  explosive  compaction  of  powders  and  

  granulates.  

2.1.1   Principle of  the explosive cladding   

      

positioned above another metal sheet (in this case  
an aluminum sheet). High explosive is placed on  

the upper sheet. The pressure of the detonation  

forces  the  two  metals  together,  creating  a  high  

quality  bond between  them (Figure 2.)  

2.1.2   Tools for explosive cladding   

        

explosive  chamber,  where  these  metalworkings  

can be realized.     
two- or more layer material by subsequent rolling  
and stamping (Figure 4. and Figure 5.).  

METALWORKINGS  

2.1    Explosive welding and cladding  
2.2   Explosive powdercompaction  

Explosive welding and cladding is a solid state  
process in which controlled explosive detonations  

2.2.1   Principle of the explosive powder          
 compaction  
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two  or  more  metals  together  at  high             

         

  

   

  

  

  

Figure 1.  



tube  forming  tool  set  are  the  The  

of  effect  the  and  pressure  shock  high  

main units of  

 
Figure 2. 1 – high explosive   2 – upper (cladding)  sheet   3 -  lower (base) sheet.  

The  explosive  compaction  process  is  generally  

used for compacting ceramics and metal powders  

into various shapes. A shock wave is generated by  

a detonation of an explosive material. This shock  

wave  is  transmitted  to  the material powder and  

generates two main effects: the joining effect of  
       high         

temperature,  which  lead  to  the  increase  of  the  

sample density and cohesion.   

2.2.2   Tools for explosive powdercompaction  
   
The explosions are carried out in a container made  

of reinforced steel tube (Figure7. and Figure 8.).   

This container is filled with sand for the sake of  

reducing the effect of the shock waves on the walls  

of the container furthermore reducing the noise of  

the explosion.  
 Special  material  composition  –   as  silver  

sheathed  ceramic  superconductor  rods   -  can  be  

manufactured by explosive powdercompaction and  

subsequent   processing  as  extrusion  and   wire  

drawing (Fig. 9.)  

2.3   Explosive tube formings  

2.3.1   Principle of the explosive tube formings  
   
Shaped  parts  can  be  manufactured  of  metallic  

tubes (and sheets) using the shock waves as tools.  

The shock waves acting on the surface of the tubes  

or  sheets  cause  the  plastic  deformation  of  the  

metals, forcing them into the properly formed dies  

(Fig. 10.)    

2.3.2   Tools for explosive tube forming   
   

Figure 5. Two layers sheet and bimetallic washers can be  
produced by rolling of the two layer block.  

 the  
universal    tool-housing    and    the   set    of  dies  
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Figure 3.  

Figure 4.  

  

   



 
Figure 6.  Principle of the explosive powdercompaction. 1 – powder to be compacted,   2 – powder container  

(metal tube),   3 – high explosive, 4 – end plug,  5 – detonator   Vd – detonation velocity,   p – compaction  
pressure.  

machined  according  to  the  actual  forming  task.  

(Figure 11.). Figure 12. shows parts fabricated of  

metal tubes by explosive tube formings.  
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Figure 8.  
  



2  

   

        
                 

4  
                         

      
      

4  

             

            
 before explosion   after explosion   

 

 
                                            

Figure 10. 1 – high explosive equipped with electrical detonator   2 – metal tube to be formed   3 – water (pres-  

sure transforming medium)   4 – die   5 – end plug.  

3.  EXPLOSIVE  

A laboratory explosive chamber has been designed  

to develop and perfom the explosive metalworking  

techniques  discussed  above,  both  for  civil  and  

military purposes.  
 The safety of the construction of the explosive  

chamber and the effects of the explosions on the  

environment  can  be  controlled  by  theoretical     
calculations  

measurements.  
 Taking into consideration of the theoretical and  

practical results, the maximum charge which can  

be used inside the explosive chamber is 500 grams  
of high explosive.   

CHAMBER  
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Figure 11.  

and  seismic  and  acoustic              

3  

5  

4  

4  

Figure 12.  

  

   



 
Table 1. Basic equipment and instruments of the explosive chamber are summarized.  

Steel container  

for powder  
compaction  

Ø0,7 x 1,2 m  Axial  
ventilator  

   
      

 
       
   for covering  

the wall  

 

   
   
 Steel block   

    
  1,0 x 1,0 m   

     

          Tube   

 Arm   equipment   

 crane  
R= 3 m  

   

   

   
 

for  cladding  

Rubber sheets  

290  

Figure 13.  

  

Door  

3  
    

  

 Tool  Reference  

1.  Equipment for explosive cladding  Fig. 3.  

2.  Equipment for explosive powdercompaction  Fig. 7.   

3.  Equipment for explosive tube forming  Fig. 11.  

4  Ventilation system (min. 6000 m /h axial ventilátor)   

5  Arm crane for lifting and moving the equipment   

 

forming  

Ø
0

,4
  

7 m  

7
 m

  



and  arrange  placing,  For  operating  
 
 the       

equipment and instruments summarized in Table  
1. we propose the following arrangement of the  

explosive chamber (Figure 13.)  
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ABSTRACT: With the admission of Bulgaria in the EU in 1 January 2007, the Bulgarian Institute of   
Standardization invalidated the Bulgarian national regulations related to explosives for civil uses and   
adopted the standards developed by CEN per Directive 93/15 of the EEC, session 13631. According to  
the requirements of EN 13631-2 the admitted explosives for civil uses need to retain their performance  
characteristics and composition after 48 hours in a heating chamber at 75 ± 2 ºC. In order to clarify these  
provisions, and test for compliance, laboratory tests were performed on explosives for use in hazardous   
environments, explosives intended for underground use under normal conditions and explosives for use   

in surface mining.  

1.  INTRODUCTION  of minus 35°^ to plus 50°^  for their use. This  

range does not comply with the new requirements  
Bulgaria adopted the standards developed by CEN  
per  Directive  93/15  in  2007  modifying  its  own  
standards and regulations to comply with the new  thermal  stability  of  the  most  commonly  used  

regulatory  document  thermal          
stability,  a  key  parameter  for  safe  and  reliable    
performance  of  the  explosives  for  civil  uses.  

EXPLOSIVE TYPES APPROVED FOR  
CIVIL USE IN BULGARIA  

The  classification  of  explosives  for  civil  use     

explosives,  coarse  ammonites,  emulsions,  slurry  
standards  surface use.  

Explosives of Class II are those allowed for  
civil use in Bulgaria allow the temperature range  conditions   

            

Standard BDS EN 13631-3, 2002 mandates that  

there is a clear indication of the temperature range  

in  which  the  explosive  can  be  used  and  the    

stability for  explosives.  the  EU for  thermal  such  

requirements. BDS EN 13631-2 is the Bulgarian  booster and cap sensitive explosives for civil use.  

    

maximum temperature in which the explosive can  

be held for specific number of hours.  
     technical            
specifications  for  production  of  explosives  for  

   
This paper discusses the study and testing of  

             

organizes the explosive materials in five classes.  
Explosives  of  Class  I  include  booster  sensitive    

 The comprehensive laboratory tests conducted have confirmed that all three types of explosives   

admitted for civil use in Bulgaria are fully compliant with the requirements for thermal stability of   
explosives as set out by the normative documents.    
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and  

  such     as     cap     sensitive          

dealing  with  

by  

2.  

  



from  

based  nitrate  are  

 
Table 1. Technical data for the most commonly used explosives in Bulgaria.  

      

1. Coarse  
 ammonite  
1.1 GDA 70/30  

1.2 GDA 79/21  

1.3 GDA - LM  

1.4 GDA - BM  
  
2.  mulsion and  

Slurry  
2.1 Elicit 1100  

2.2 Elicit 3400  

2.3 Elicit 1200  

2.4 Elicit 710  

2.5 Videksit  
  
3. Powder   

Ammonites  
3.1 Ammonite 6  
3.2 Ammonite 6 JB  

3.3 Lazarit  
  
4. Safety   

Explosives  
4.1 Balkanit  

safety charge:   

800-850g  
4.2 Metanit  

safety charge:   

600g  
4.3 Scalenit  

safety charge:   

400g  
  

0,90–0,97  

0,90–0,95  

0,95–1,00  

0,95–1,00  
   

1,20–1,25  
1,20–1,29  
 1,25  

1,10–1,22  

1,40–1,45  

0,97–0,99  

0,97–1,00  

0,97–0,99  

0,95–0,99  
   

0,95–0,99  
   

0,95–0,99  

explosives, nitroglycerine type explosives, booster  

sensitive explosives type ANFO and certain makes  

of roughly dispersed ammonites.  
 Classes  III,  IV  and  V  deal  with  explosives   

suitable for use in locations where there may be  

flammable   dust  cloud   and/or   flammable  gas     

ammonium  

hazard, mostly in underground coal mines.   
 Listed in Table 1. are the main characteristics  

of the discussed explosives for civil use.   

granulated  ammonium  

GDA-LM  

 The coarse ammonites allowed in Bulgaria are  

of   makes  GDA  70/30,  GDA  79/21,  GDA-LM,  
GDA-BM. Of those, GDA 70/30, GDA 79/21, and  

      and        
 sensitized  with  trinitrotoluene.  Explosives  GDA  
   70/30  and  GDA79/21  are  mechanical  mixtures  

 nitrate  and  flaky       

trinitrotoluene. The explosive GDA-LM contains  
additional liquid or powdered energetic materials.  
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3,4–3,6  

3,0–3,2  

3,6–4,5  

3,6–4,5  
   

 5,5–5,8  
 4,5–5,5  
 5,5  
 5,0  
over 5,0  
   

3,6–3,8  

3,8–4,0  

3,6–3,8  
   

2,6–2,9  
   

2,8–2,9  
   

3,4–3,5  
   

60–70  

70–80  

50–70  
 80  
   

 70  

 80  

 70  

 14  
75–80  
   

10  

 8  
10  
   

10–11  
   

11  
   

9  

100–110  

120–140  
 90–100  
  105  
   

 105  
120–140  
 110  
over 25  

 75–80  
   

20  

20  

20  
   

22  
   

22  
   

20  

  

  

  

  

 -8,20  

+0,26  
 -7,50  
 -9,50  
   

-12,70  
 -2,30  
-12,70  
 0,00  
 -9,00  
   

+0,26  

 -3,16  
+0,31  
   

+3,64  
   

+1,28  
   

+0,37  

  

 25,3  

42,5  

39,9  
 –  

110,5  

135,9  

119,0  
 36,0  
  –  

60,5  

 –  
51,6  
   

25,4  
   

63,6  
   

62,8  

  
  

g/cm  3  

Explosives  VOD,  
 km/s  

Diameter,  
 mm  

Density of  
 explosive,  

 Oxygen  
balance,%  

Toxic gas,  
 l/kg  
  NOx  
 +CO  

criti-  
 cal  

stable  

 



equipped  was  placed,  was  

and  mm  150  

in  work  for  The  

explosive  

approximately  

remotely.   
 The  chamber  utilizes  two  glass  flat  bottom  plus  50  °^.  In  order  to  determine  the  thermal   

commonly used explosives in Bulgaria industrial  

tests were conducted according to the guidelines  

of BDS EN 13631-2.    
 A stability test chamber was used in which the  
temperature  was  maintained  in  the  range  of  
75±2°^. The heating element was equipped with a  

thermocouple mechanism and a safety device to  

To  evaluate  the  thermal  stability  of  the  most    

3.  TESTING  

plosives,  sensitized  with  trinitrotoluene  with     

explosives  

trinitrotoluene’s  melting  point  at  80°^  is      equipped  with  a  device  for  constant  pressure  

 thickness  
approximately 3 mm. The tube, in which the tested  

tubes  with  inner  diameter  50,5±0,5  mm,  length  characteristics  

  The current Bulgarian production standards do  

prevent overheating in case of equipment failure.  not  require  manufacturers  to  establish  thermal  

   
 measurement.  

with       heated  

 studied  

of       preliminary tests were performed in  

           

Also, due to the hazardous character of the test,  stability for each make and model of explosive and  

the  chamber  was  well  insulated  and  operated      the temperature interval in which they are safe for  

problematic as it relates to thermal stability.   
 The coarse ammonite GDA-BM is sensitized  aluminum trioxide were used in the test as they  

of  

     
gas-impermeable  closing  mechanism  and  had    other reaction at the temperature after 48 hours  

        
amounts (approximately 5g) of each explosive was  

with  smokeless  powder  made  from  discarded  had      
military  ammunition  and  does  not  contain      explosives tested.  Figure 1. depicts the glass tube        

   with closing  mechanism and  trinitrotoluene.  The  explosive  is   made   up  of  

granulated  ammonium  nitrate  and  liquid  or  dry   

energetic materials such as fuel oils.  
 The main type emulsion and slurry explosives  
admitted for use in Bulgaria are with the makes  
Elacite  1100,  Elacite  3400,  Emulit  1200  and  

wide range  

materials  

 
These explosives have velocity of detonation in  disintegrating disk on its end. The disk had to be  
the  range  of  3000  to  4500  m/s  and  the      calibrated at  nanometric  

such as sand  

properties  

disintegrating  

   
Emulit 710. These are water-resistant explosives  

with relatively high velocity of detonation in the  

range of 4500 to 5800 m/s. The slurry explosive  

Videksit  is  sensitized  with  trinitrotoluene  and  

thickened with the material Guar-M 207.  
 The powder explosives with makes Ammonite  

6, Ammonite JB and Lazarit are sensitized with  

trinitrotoluene. Lazarit has additional powdered or  

liquid  energetic  material  in  its  makeup.  The  

emulsion Elacit 710, a cap sensitive explosive, has  

velocity  of  detonation  in   the  range  of  3600-  

5000m/s and is water-resistant.   
 hazardous          

conditions are with makes Balkanit, Metanit and  

Skalenit. They are ammonium nitrate type     ex-  
              

velocity  of  detonation  in  the  range  of  2600  to  

3500m/s.  The safety charge at the central channel  
of the mortar is 800-850g for the Balkanit, 600g  
for the Metanit and 400g for the Scalenit.  

METHODS  

   Figure 1. Glass tube with closing mechanism and        
disintegrating disk: 1-disintegrating disc, 2-valve,          

3-closing mechanism, 4-glass tube, 5- thermocouple  

monitoring system. (BDS bN 13631-2. Explosives for  
civil use –Part 2. Determination of thermal stability of  
explosives).  

from minus 35 °^  to  

 explosives             
which small  

75±2°^.  There  detonation  
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static  pressure  60  kaa or  

300  g   or  

physical  similar  to  those  of  the       

of  the  

to  was  no  or  

   

disk.    

  

  

use  falls  within  a  



the  in   

 the  
the  

each  of  

tubes;  

the  were  stability  thermal  

gas,  of  

tested  the  of  center  the  

with  bottom  the  from  50±1  filled  then  

manufacturing  

element; 2-Thermocouple wires e1  

pure  granulated       were  

documentation of the test.    
 For  the  purposes  of  comparison,  tested  for  tested separately. None of the monitored events  

it does not react to the temperature with any of the  
events  listed  above;  otherwise  the  time  and       requirement was met by the granulated ammonium  

 At the occurrence of any of these events, the  
testing was going to be terminated and the heating  4.  TEST  
element turned off.   Since none of the discussed  

events occurred, the testing was carried out for the  

full 48 hours. At the conclusion of the test, the  

heating  chamber  was  turned  off   and  after   the  

tested sample had cooled off, it was weighed in  

order  to  establish  loss  of  mass.  Generally,  the     

   self-heating  of  the  tested  specimen     13631-2. Explosives  

decomposition     release  

specimen.  

      a            

non-compacted  sample  of  the  tested  explosive.  
The tested sample had a volume of 100±2 ml and  

the size of the particles were no larger than 4 mm.  

The  tube  and  explosive  were  weighed  again  to    

Three  

 
and all tested explosives were confirmed safe to  the roughly dispersed ammonites as well as the  
work with. The decision was made to proceed with  

the main test.   
 The thermal stability chamber was heated to  

75±2 °^. The empty glass tube was weighed and  

smokeless  

BM.  

    
establish the mass and density of the sample. The  
second glass tube was filled with 100±2 ml of the  
chosen standard material without weighing it.   
 Figure 2. shows the testing chamber with the  

two glass tubes. The thermocouple T1 was placed  

in the tube with the tested explosive, drawing the  

wires through the closing mechanism as care was  

taken to keep the thermocouple within 2 mm from  
 The               
thermocouple T2 was placed in the second glass  
tube  with  the  standard  material  in  a  similar       

manner.  The  thermocouple  T3,  which  sets  the  

temperature in the chamber, was attached to the  

outer wall of the second glass tube. The two glass  

tubes were placed on at least 10 cm distance from  
one  another  and  the  thermocouples  were  then  
connected to the temperature recoding system.  
 The samples were heated to 75±2 °^ for 48  
hours and the following was monitored:   

Figure 2. Thermal Stability Testing Chamber: 1-heating  
   discharge or flame.   and  e2;                  

3-Thermocouple wires for e3; 4-closing mechanism;     
 of  
disintegrating disk or pressure above 60 kad.  

6-thermocouple  thermocouple  

     with     
temperature  difference  from  the  standard      
material in the second glass tube of over 3 °^.  

RESULTS  

specimens  

    
explosive is deemed to have thermal stability when  Bulgaria  satisfy  the  requirements  for  thermal     

Additionally,  
           
reaction  type  are  recorded  thoroughly  in  the  nitrate  

    
ammonium nitrate used for the manufacturing of  specifically;  there was no explosion, flame, gas, in   

the       5-glass  

    of  
explosives  were  tested  using  

      

used  

8- thermocouple e3; 9-tested specimen with mass 100  
ml; 10–standard material with mass 100 ml. (BDS bN  

 for civil use –Part 2.                    
   Determination of thermal stability of explosives).  

  discussed            
 technology        
described above. Table 2. summarizes the obtained  
results.   

explosives  
    
stability   

 of  
mixtures and the smokeless powders,  
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powders  used  to  sensitize  the  GDA-  

most  tested  
which  were  

present  after  48  hours  at  75±2  °^,  more       

  

e1; 7  e2;   

All  makes  of  the  admitted  for  use  in  

stability.  the  thermal             



 
Table 2. Thermal stability for the tested explosives at temperature at 75±2 °^.  

ammonium nitrate  
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Type Explosive   # of  
Speci  
 men   

Average sample  
 weight,  
 g / 100 ml  

Density,  
 g/cm3  

Reaction   Mass  
lost, g  

  before  after     

1.Coarse Ammonites  
3  
3  
3  
3  

3  
3  
3  
3  
3  

3  
3  
3  

3  

3  

3  

3  

3  

3  

3  

89,50  
90,00  
89,08  
89,10  

124,50  
125,10  
125,15  
120,57  
145,23  

77,19  
80,05  
79,60  

70,18  

71,80  

68,57  

80,45  

76,60  

27,40  

96,10  

89,45  
89,94  
89,00  
89,00  

124,41  
125,00  
125,07  
120,47  
145,01  

77,17  
80,01  
79,57  

70,12  

71,72  

68,44  

80,44  

76,60  

27,40  

96,10  

0,89  
0,90  
0,89  
0,89  

1,25  
1,25  
1,25  
1,21  
1,45  

0,77  
0,80  
0,80  

0,70  

0,72  

0,69  

0,80  

0,77  

0,28  

0,96  

not detected  
not detected  
not detected  
not detected  

not detected  
not detected  
not detected  
not detected  
not detected  

not detected  
not detected  
not detected  

not detected  

not detected  

not detected  

not detected  

not detected  

not detected  

not detected  

 -0,05  
 -0,06  
 -0,08  
-0,10  

-0,09  
-0,10  
-0,08  
-0,10  
-0,22  

-0,02  
-0,04  
-0,03  

-0,06  

-0,08  

-0,07  

-0,01  

0,00  

0,00  

0,00  

1.1 Make GDA 70/30  
1.2 Make GDA 79/21  
1.3 Make GDA - LM  
1.4 Make GDA - BM  

2.Emulsions and  
Slurry  
2.1 Elacit 1100  
2.2 Elacit 3400  
2.3 Elacit 1200  
2.4 Elacit 710  
2.5 Videcit  

3.Powdered   
Ammonites  
3.1 Amonit 6  
3.2 Amonit 6 JB  
3.3 Lazarit  

4. Safety Explosives  
4.1 Balkanit  
safety charge:   
800 to 850g  
4.2 Metanit  
safety charge:   
600g  
4.3 Scalenit  
safety charge:   
400g  

5. Smokeless Powders  
5.1 Paraxylene powder  
9/7  
5.2 Paraxylene powder  
4/1  
5.3 nitroglycerine   
powder  
NDT-3 , 18/1 striped  

6. Granulated  

 



thermal  

their  in  changes  to  

the  by  caused  is  

only.  ranges  certain  

According to  

separate and glossy.  
 The pure granulated ammonium nitrate used in  

the manufacturing of the coarse booster sensitive  
explosives  did  not  display  any  changes  in  its     

to 32,3 °^, as well as from 32,3 to 85,1 °^. In the  

course of the thermal test, the temperature reaches  

the second relevant temperature interval leading to  

the corresponding changes in crystallization.   

compactness.  

decomposition  

temperature  

48 hours at 75±2 °^.   

did  not  react  to  the  heat  by  increasing  their     regulatory  

external  changes  as  a  result  of  the  test  and the  

specimens did not display any coalescence as the  

individual grains were glossy and with no changes.   
 Noted  was  some  decomposition  of  the    

EU’s  

                      
pressure,  self-heating,  and   disintegration  of  the  

system.  Consequently   the  emulsion   and   slurry    

explosives  did  not  react    to  the  maintained      

        

emulsion  and  slurry  explosives  as they released  

small amount of water. The water was re-absorbed  
by the explosives once the samples cooled off and  

they resumed their original condition. The slight  

decomposition of the emulsions did not cause any  

of the above-discussed events, as the explosives  

 
increased pressure in the glass tube, temperature  5.  CONCLUSIONS  
variance  above  3 °^  or disintegration. The tested  

specimens lost 0 to 0,22 g from their mass, which  

represents 0% to 0,15% loss.   
The following conclusions can be drawn from the  

performed tests:  
The  coarse  ammonites  did  not  show  any     

guidelines,  explosives  
for civil use should sustain temperatures of  
75±2 °R  for 48 hours without deterioration.  

the  temperature  interval  within  which  the  
explosive is safe for use, noted.  

5.2   The current temperature interval of minus 35  
°R  to plus 50 °R, mandated by the Bulgarian  

      When  
ammonium  nitrate  is  heated  to  110  °^  

sensitize explosives for civil uses.  

decomposes to nitric acid and ammonia. This has  

not been noted for temperature to 75±2 °^. This  
 crystal             

modifications taking place due to the heat, leading  
 Such             
modifications occur at temperature intervals of -16  

5.5   The powdered TNT high explosives hardened  
 and desiccated after the 48 hours at 75±2 °R  
 primarily due to large quantity of ammonium  

  There were no chemical or physical changes  nitrate.    Following  mechanical  
in the smokeless powders obtained from discarded  

military   ammunition  as  a  result  of  the  48-hour  

thermal  stability  test.  Practically,  there   was  no  

initial appearance.   

change  in  their  mass  and  their  grains  remained  5.6      Based  on  the  results  obtained  from  this  
thermal  stability   study,  the  Bulgarian  

authorities  need  to  modify  the   currently  

enforced regulatory documents and technical  
            

appearance  and  is  fully  compliant  with  the           

requirements for thermal stability. Furthermore, its  

crystals did not go through modifications after 48  
hours at 75±2 °^ and there was no decomposition  

to ammonia.  

specifications for manufacturing of explosives  

for civil uses as it relates to the temperature  

interval  and  bring   them  in  compliance  to  

BDS  SN  13631-2  for  thermal  stability  at  
temperature 75±2 °R  for 48 hours.  

   The  

    
       
temperature of 75±2 °^ for 48 hours and can be  
used safely.    
 The powdered and safety explosives displayed  
some hardening and desiccation after the period of  

   

5.3   The  thermal  test   performed   on   the  most  

 commonly  used  explosives    in    Bulgaria  

 revealed  that  there  were  no  unwanted  

 reactions or decomposition of the explosives  

 with insignificant minimal mass loss of 0 to  

 0,22g. Separate tests conducted on smokeless  

 powders derived from unused ammunition are  

 safe for use at 75±2 °R and can be utilized to  

 stability of  
be clearly identified by  

the  

       Further analysis revealed  

that  this  was  caused   by  the  large  amount  of     

powdered   ammonium  nitrate  in  both  types  of     

the         
 it              

explosive  needs  

    
    

explosive. It is well known that ammonium nitrate  
has several crystal modifications that are stable in  

 to  

the manufacturer and  

 documents  and  technical  

specifications, does not comply with the EU’s  

requirements.   

5.4  The emulsion and slurry explosives released  

 small  amount   of   water  showing  some  

 decomposition of the explosives.  The water  

 was re-absorbed by the explosives once the  

 samples  cooled  off  and  they  resumed   their  

 original condition.  

fragmentation,  explosives  
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5.1     the  

  

those  resumed  their  
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strength,  

metal combinations  

temperature,  corrosive,  sour  service  and  other  

with deep and homogeneous wavy bonds without  

any additional materials or external thermal effects  

other  joining  methods  (such  as  roll  bending,  the  

of  cladding  or  metallic  laminates,  lead  us  to     metal,  

flexibility,  

Now  a  day  applications  of  bonding  similar  or    a  cost  

and  

       
optimum use of expensive and rare special alloys  

    

dissimilar metal plates are extensively developed.  
These bonded metallic laminates mainly used to  fabrication  of  rotating  machine  casing  and     
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A new analytical method for explosive welding analysis with friction  

oriented indentation model for rotating machine application  

A. Almasi  
Tecnicas Reunidas S.A., Madrid, Spain      
  

ABSTRACT:  A  new  analytical  approach  for  explosive  welding  for  rotating  machine  application  is  

presented based on equating the kinetic energy lost in the collision process to the dynamic plastic work  

dissipated in progressive oriented wavy indentations under pressure and friction with modelling of strain,  

strain rate and temperature effects. Geometry of plastic waves and precise value of mean pressure of metal   

resistance are obtained by optimization of plastic pressure formation. Analytical results are in good   

agreement with experimental data.  

1.  INTRODUCTION     
special applications. The explosive welding is also  

effective  

      
improving material specifications such as erosion  component,  explosive  welding  analysis  is  a      

such  as  surface  hardness,  impact  resistance  high  contacting  machine        
 formability,  
toughness,  thermal  characteristics  and  electrical  
properties. These composite materials in the form  

accident.  
 When a high speed metal collies with a parent  

jet which cleans  surfaces of  
       is formed. It was established that a very thin layer  
which  is  very  important  in  rotating  machine       of  a  dynamically  plastic  deformed  metal  is     

    
brazing,  etc)  because  tight  metallurgical  joints  amorphous layer in the bond area has been noticed  

represented a  
        fundamental mechanism of explosive welding of  

are  found.  It  is  proved  that  explosive  welding  metals.  The  kinetic  energy  is  transformed  into    

important  low      and stirring,  diffusion, penetrating and alloying of  

method.  In  addition  of  above  

           

and  corrosion  resistance,  mechanical  properties  necessary tool to evaluate high impact joints of  

fracture,      operation  specially  in  case  of  a  malfunction  

        
application. Explosive welding is unique among  generated at explosive welding of two metals at  

     

minimized the formation of brittle inter-metallic  dynamic plastic deformation of contacting surfaces  

    

mentioned applications of explosive welding for  

interface.  generation  
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phases  which  is  very  in           

with  various  

speed  parts  during  
or     

a  the  joint  metal  

bond  The  of  such  an  

  



some  since  
be     not     

these      

are        wavy  

of  view  The  welding  

welded  
interface  a  flow,  

metals which presented in previous papers are not  

experimental observations. Based on experimental  

results,  it  is  found  that  symmetric  V  channel  

and             

progressed.  

 is  
explosive  

 wavy  
characteristic  

models  of  plastic  deformation  for  explosive  

method is in extensive use, and there are enormous  

amounts of information available on the explosive  
welding process and its parameters, only a limited  

steels and even non-ferrous materials.  
 It  is  necessary  to  note  that  although  this  otherwise poor welding, over welding and risk of  

sophisticated  steels  such  as  stainless  steel,          
ferritic-austenitic  steels,  large  numbers  of  alloy  these reasons, a sophisticated analytical model is  

natural gas applications for intermediate and large  

diameters  equipment  and  facilities.  It  can  be     

applied  on  conventional  steel  as  well  as  more     

testing shows that explosive welding is suitable for  
use  in  petroleum,  chemical,  petrochemical  and  directly  extrapolated  

are  absence  of  significant  melting,  high  quality  for precise calculation of mean plastic pressure of  

wavy interference and considerable reduction in  metal  resistance  with  respect  to  dynamic  and    

welding  

   

for  

   hand,  

component  

component  

 
both materials occurs. The explosive welding is  influence  on  welding  parameters  and  analytical   
made without any junction piece. Other features  results. It is necessary to present a detailed model  

              
time  and  manpower  especially  skilled  welder  friction  effects.  Explosive  welding  parameters  

velocity,  
      of  
parameters  do  not  behave  linearly.  In   the  other  

   
   generated only when the angle, relative velocity  

other parameters  

necessary  explosive  parameters  

distortion  
       
 rotating  machine  applications, inner diameter of  
number  of  contributions  have  published  on      joint shall be the same as inner barrel diameter  
modelling and analytical formulation of this type  with respect to specified tolerances to avoid fluid  
of  welding.  Literatures  were  mainly  focused  on  disturbance and fluid obstruction which demands  
experimental results and very little attention has  controlled  welding  and  sophisticated  model  for  
been  given  to  mechanics  and  improvement  of  simulation.   
    

welding. The weld joint is formed continuously  

according to the movement of high pressure point  

behind the collision region. Due to unstable flow  

of metal in surrounding of the point of incipient  

           metals.         

Microscopic  examination  of  the  interfaces  of  

variations welded combinations revealed oriented  

wavy  interfaces.  Waves  are  different  in  size   in    

different experiments and even in one interface as  
     optical            
metallographic  cross  section  of  explosive  weld  
joint  shows  the  oriented  wave-like  nature  of    
welding bond interface.  
 Figure 1. shows a photograph of interfaces of  
explosive  
reported  

 Oriented  
previous  

 joints  
photographs  Figure 1. Photograph of interfaces of explosive welding.  

         This paper describes a new analytical approach  

models  for  plastic  waves  in  interfaces  of  joint   for dynamic plastic deformations on the basis of  
      experimentally  obtain  data.  For  the  first  time  a  

realistic.  Also  precise  values  and  scientific       general  sophisticated   indentation  model   which  

metal resistance are not reported previously. Only  

some  approximate  values  such  as  three  times  

yielding stress were suggested. In addition some  

important  physical   properties  such   as  friction,  

strain, strain rate and temperate effects were not  

involved in previous formulations. Mean plastic  

Based on upper bound theory, mean pressure of  

metal resistance is formulated. By optimization of  

pressure function, geometry of oriented waves and  

value of mean pressure will be obtained. Presented  

improvement in analytical approach of explosive  

welding  can  be  used  for  all  types  of  explosive  
pressure  of  metal  resistance  has  considerable      welding.  Alternatives  presented  analytical       

  
   manpower  and  welding  equipment.  Extensive  (such as collision angle, collision point velocity,  

     
procedure for determination of mean pressure of  includes oriented waves and friction is introduced.  

quality wavy  

plastic  deformation  will  result.  In  addition  for    
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of  

formed  which  is          

   

welding.  
in  all  

relative  etc)  could  
        

high  interface  welding  will be  

and  are  within  certain  limits.  For  

to  set    

and  cracks  due  to  excess  

  



2   1  
)]  

2  

1  1  2  2  

p1     V  
agree  better  to  effects  friction  to  due  

respect  With  1.).  Figure  example  (for  

of  pressure  mean  reports  previous  In  

  

results  welded  the  of  plane  

be          

localized  with  problems  

)   sin (  

      with            
experimental  results.  The  ‘i’  is  wavelength  of  
plastic waves. Height of waves can be expressed as  

(4).  

V  shape  channel  models.  The  triangles  for     

 (2-3)  
   
By  substituting  equation  (1-1)  and  (1-2)  in    

components  

stationary           

advanced  elements,  re-meshing  technique  and  

approach   are  dynamic  plastic  Finite   Element  

Method  (F.E.M)  simulations.   For  dynamic  

2  

indentation  was  respected.   On  the  other  hand  

waves  were  modelled  as  symmetric  V  shape    

                in       

equation  (2-1).  Loss   of  the  kinetic  energy   of     
system  per  unit   area  of  component  is  given  by    

    
plastic   

    
                  

  2 sin (  

arguments,  

obtained.  

    large  

deformations,  Finite  Element  Method  (F.E.M.)  
numerous         

 
 E =     

f  =  h (sin (  
   
considerable  time,  cost  and  engineering  efforts.  

Also the results are not expansive and there is no  

provision for parametric study. In the other hand,  

presented new analytical model provides fast and  

economic means of assessing the effects of varying  
parameters.  Parametric  study  can  be  done  and  

physics of problems can be followed through the  

solution process.  

    

(1-3), equation (3) can be obtained. Angle ‘ g´’ is  
components  

tan(  ) =  sin(  )[1+  

DYNAMIC MODEL   

The first welded component (thickness ‘h1’ and  3.  NEW MODEL FOR EXPLOSIVE WELDING    

density  ‘f’)  is  assumed  stationary.   The   second  
welded   component  (thickness  ‘h2’  and  density  
‘f2’) is assumed in fly by explosion. This flying  
component  has  angle  ‘g’  

 metal          
resistance was assumed approximately three times  
the  yield  strength  and  only  pressure  effects  for    

component immediately behind the collision point.  
It is assumed that velocity ‘Vp1’ and ‘Vp2’ (the  
velocity of flyer component before collision and  

velocity of jointed component respectively), bisect  

the  angles  between  the  perpendiculars   to  the  

original components surface and the perpendicular  

to the collapsing ones respectively. Velocity ‘Vc’  

is  the  collision  point  velocity.  This  velocity  is  

equal  to  the  denotation  velocity  in  the  parallel  

plate configuration. Using above assumptions and  
equations  

sin(  ) =  

    
channels in previous works. The authors of these  

 to            

photographs of interfaces of explosive welding, a  
new model for plastic bond waves is introduced.  

This model is introduced for first time and is more  

sophisticated and realistic than symmetric previous  
            

modelling  the  waves  are  assumed  un-symmetric  

 2  

   =          

2 sin(  +  )  

sin(  ) sin(  )  

 Application of the principle of conservation of  

momentum in a direction normal to the common  
 Using these assumptions, expression (5) can be  

written  for  plastic  work  per  unit   width  of  the  

components.  This   plastic  work  dissipated   in    

(2-2). Parameter ‘fg’ is as (2-3).  

forming waves by displacing the material of both  

welded components by friction and pressure.  

h   + h    Parameters ‘Pe’ and ‘l’ in equation (5), denote  
resistance  
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approach  needs  special  software,  

  

(2-1)  
   

(5)  

  

mean  pressure  of  metal  and               
)  

     

 2  
cos(  

2  
cos(  

p1  V  1  1  h    
p 2  V  =  

)        

   f   2  

1Vc  
1  

2  

2  2  
sin (  2  ))   h  2  

2  2  
1     

(2-2)  
   

)  
      

e  P  
 l  

2C  

  
p  W  =  

2.  

with  

  

(1-1)  to  (1-3)  can  

  
(1-1)  
   

(1-2)  
   

(1-3)  
  

   
   

angle  of  collided   (welded              

components) which is between zero and ‘g’.  

(3)  

   

models  did  not  respect  friction  effects   in              
indentation model and consequently in explosive  
welding  and  these  models  can  not  interpret  the  
oriented waves shown in all experimental results  

  
(4)  

  

   
   

c  V  2  

    V  
) =  

c  

p 2  

V  
sin(  

1  1  

2  2  

h    

h  

,  C =  A =  
C  



more  wave,  

rate  strain  strain,  with  varies  which  

obtained  be  

(6-2),  to  respect  

A
n
g
le

 (
D

e
g
re

e
) 
 

45  

0.2  40  

[  ()   

       ))  

2 sin(  ) sin(  ) sin(  +   )(1+  µ cos(  ))  

value as expression (7-2), is given by Von Mises  

Stress Formula.   
 Due  to  large  dynamic  plastic  deformation,  

Angles  ‘G’  and  ‘l’  

upon ‘Upper Bond Theory’ is introduced. High   experimental  data.  With  respect  to  Figure  3,     

expression  

characteristic  length  respectively.  It  can  be       as  

will  

][]   

      by        

minimizing  the  equation  (7-1).  These  angles     

Impact  surface  is  assumed  to  displace  under     normal pressure of metal resistance decreases as  

 mean        
of  metal  resistance  is  an  important       Variation  

    
assumed  that  a  considerable  portion  of  kinetic    fairly well under condition of large strain,   

   T    T     

parameter  in  explosive  welding  which  shall  be   and ‘l’ ) and normal pressure of metal resistance  

                

energy lost in the collision process is dissipated in  

plastically forming the wavy interface. Extensive  

experimentation  with  components  of  different  

thicknesses under controlled conditions of impact  

can adequately justify this assumption. The plastic  

work  given  in  equation  (5)  is  now  equated  to    

   
   

   
1+ C ln(  )   1+    

calculated  based  on  sophisticated  model.  As     with friction factor (j) are obtained as per Figure  

 
behaviour  

range of strain rate and temperatures.   

  =  A +  B    
  T   T     

    
percentage ‘j’ of the kinetic energy lost (by length  
‘l’ of plate) in the collision process which is given  
by  (2-2)  to  obtain  equation  (6-1)  for  explosive  
welding  wavelength.  Parameter  ‘K’  is  as  (6-2).  

With  respect  (6-1)  waves  diminished  in  size  as  

welding process proceed and velocity decrease.   
   

 In which parameters ‘A’, ‘B’, ‘C’, ‘m’ and ‘n’  
are the material parameters. Temperatures ‘Tr’ and  
‘Tm’ are the reference temperature and melt point  

temperature respectively. Without significant heat  

conduction in short time of impact and explosion  

K =  4C   

welding, collision is usually regarded as adiabatic  

process.  Majority  of  plastic  energy  is  assumed  

converted into heat.  

4.  RESULTS  

of orientation wave geometry (angle ‘G’  

mentioned the triangles for modelling the waves  

are assumed oriented due to friction effects and  

new indentation model with friction effects, based  

2. and Figure 3. respectively. Figure 2. shows that  

wave geometry will be more oriented by increase  

of friction factor. It shows good agreement with  

          

pressure  ‘P’  and  friction  ‘µP’.  Normal  pressure  

and mean pressure of metal resistance are given by  

equations (7-1) and (7-2) respectively. Parameters  

‘µ’ is friction coefficient.  

friction factor increases. It shows how involved  

forces are changing due to friction effect. These  

two plots show that higher friction factor between  

high  impacted  surfaces  lead  to  more  oriented  

2.5   cos(2  )   sin(2  )   cos(2(  +  
 friction  

indentation pressures.  
vertical            

P  =  P  1+  µ  

      

depend on friction coefficient (µ). This shows that  

orientation of waves is due to friction. Parameter  
‘k’ (as equations (7-1)) is plastic flow shear stress  
 and             

temperature. By mentioned optimization process,  

parameter ‘P’ will be determined. Mean pressure  

   
elastic strain is neglected. Material behaviour is  
modelled by Johnson-Cook (JC) strength formula  

Figure 2. Variation of angle G and l (angles of oriented  

wave model) with friction factor (j).  
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Figure 3. Variation of normal pressure of metal             
resistance with friction factor (j).  
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presented model can support previous results and  

mainly statements about oriented waves, effects of  

strain rates and temperature of collision point is  
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5.  CONCLUSIONS  

Explosive welding analysis has many applications  

in rotating machine engineering. A new analytical  

approach for explosive welding based on oriented  

wave interfaces and indentation model based on  

Upper Bond Theory with respect to friction, strain  
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alone  Germany  In  

B. Rieger  

G. Helferich & L. Ziegler  

 counterfeit  
products cause economic losses of 25 to 30 billion  

euros per year, corresponding to a loss of around  

70,000 jobs, according to the German Chamber of  

Industry and Commerce (DIHK). As yet there is  

no  effective  method  to  protect  products  against   

losses of around 200 to 300 billion euros per year.  

and 10 percent of the global trade volume is taken  

The  EU  Commission  and  the  International       
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Explosive embossing of holograms against product piracy  

Fraunhofer Institute for Chemical Technology, Pfinztal (Berghausen), Germany  

Rieger Company, Tauberbischofsheim, Germany  

ABSTRACT: A company logo now no longer serves to indicate an original product, and even the widely  

used hologram seals can be forged. As a result, comprehensive and long-term strategies are necessary to  

prevent the imitation of products and their marketing.  
 Explosive embossing is an intriguing process which allows the imprinting of even relatively soft   
materials, with almost any structure, into metals. The structural template is placed on the part or on the   
mould surface and then transferred into the metal by a strong impulse from an explosive. A holographic  
structural template - or any other structural template - placed between the explosive and the metal plate  
can also create a detailed embossing. The structural template is destroyed in the process. This means that  
the process cannot be copied even where an identical structural template is used, as a ‘complex’ process   
such as embossing with detonation cannot be reproduced in detail.  

1.  INTRODUCTION  INNOVATION – EXPERIMENTAL  

METHOD  

Chamber  of  Commerce  estimate that between 7  As  with  every  forming  process,  in  explosive     

up  by  counterfeit  products,  causing  economic  cause  deformation  of  the  plastic.  This  dynamic  

brand-name      strong  impulses  introduced  over  short  loading  

piracy.  Explosive  embossing  can  make  an      holographic relief, such as a shim, between a thin  
important contribution in this field.  

      
embossing a sufficient stress must be achieved to  

achieved  exceeded  

times, providing the material with kinetic energy  

which leads to rapid deformation. This allows soft  

holographic structural templates to be transferred  

into hard steel materials by explosive embossing.  
 This  technique  involves  sandwiching  the  

explosive  work-piece   
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sheet           and       the         to     be                   

2.  

yield  stress  is  and  through  



that  means  

3.  

be  

duration  ignition  

relatively  a  of  

a  produce  to  longer  no  

higher       funded  significantly  (Figure 2.)  

RESULTS AND DISCUSSION  

explosive        thoroughly  

selection,  material-specific  data  (hardness)  and  

plugging,  positioning,  

harder steel material.  
 The  explosive  embossing   process   has  been   

optimised over the course of numerous tests until  

the required image sharpness of the holograms was  

achieved.  The  experimental  set  up  (including  

bedding, alignment of the system parameters, the  

structures  holographic  

necessary  

directly into the (e.g. hardened steel) work-piece.  
For a fraction of a second a pressure of between  a  ‘complex’  process  such  as  embossing  with    

embossed (Figure 1.).   
 The detonative shock then stamps the pattern  embossing  of  holograph  structures  cannot  be  

  

              

70,000  and  80,000  bar  builds  up  on  the  steel     detonation could never be repeated in detail by      

surface. The detonation also hardens the embossed  

material. A resolution of under 100 nano-meters  

 
Figure 1. Explosive embossing - process diagram.  

substrates.  explosive  

copied, as even if an identical template were used  

       is            
 consequently  an  ideal  protection  against  piracy.  
can  be  achieved.  Further  development  of  the      This is an excellent starting point for cost-efficient  

        of        

pressure  and  type  of  explosive)  has  a  decisive     

combinations,  parameter          
    

relationships between the different influences on  

the system (including impedance behaviour) must  
 investigated  

embossing is to be applied.  
Figure 2. Explosively embossed steel mould insert with  

holographic surface structures.  

One  main  aim  of  the  current  project     
 surfaces  
The  holographic  structuring  of  steel  inserts      holographic  embossing  templates’,  which  is  
        by the Federal Ministry of Education and  
residence  times  can  be  achieved  in  injection  Research  (BMBF),  is  to  integrate  the  explosive  
moulding  (Figure 3.),  hot  and  cold  stamping  of      embossing process into the manufacturing process  

explosive embossing process for the holographic  mass       individual,               

nano-structuring of steel surfaces means that it is  non-reproducible  holographic  mark.  The  direct  
costly       marking     

daughter-shim. It is now possible to imprint the  also means that an additional marking process (for  
soft       example      

master-shim  (nickel  die)  onto  a  significantly  subject to error, can be avoided. Direct marking  
significant  can be  a  

    
influence on the resulting embossing. Besides this,  

Explosive  embossing  

production  

the product  production mould  

hologram sticker),  

 advantage  
  for compensation claims.  

‘Nanostructuring  
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different  material  

when  

  

foils  and  other  The         
   

           

product  pirates.  

with  an  

of  in   the  

using  a  which is  more  

in  case  of  damage,  

  



(the  (DLR)  Center  

Ministry  Federal  the  thank  to  wish  We  

by  caused  

dies,  

Aerospace  

Explosive  embossing  has  the  potential  to     

embossing  

Figure 4.  Frontal  view  of  the  near-series  prototype        Cooper,  P.  W.  1996.  Explosives  Engineering,  John  

extension appears beyond the typical wear of the  

(anti-splinter cover in the interior, installation of a  
pressure gauge, impact pressure minimiser, safety  

Rieger,  has  modified  one  of  its  own  explosion  

     project               

administrators)  for  funding  this  project,  which    

 
of  different  industrial  sectors.  The  company,  4.  CONCLUSION  

chambers  to  meet  the  project  requirements      Explosive embossing creates the tools necessary to  

installations,  derrick,  extension  arms  and  others  holograms (as would be required for example for  

explosion chamber used. It is also important to     are functional optical elements for targeted light  

chamber influences the transfer of the structure.  
 erosion  
holographic information storage.  

electrodes  and            

           

reduce the application of conventional galvanic or  

etching  baths,  significantly  reducing  pollution  
 environmentally-damaging  

sulphamate baths.  

Figure 3. Moulded plastic part (frisbee) with holographic  
surface structures.  
  

Figure 5. Explosively embossed steel roller with        

holographic structures on the lateral area.  
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Plastic  

not be safe over the full operating ranges. For this  experimental  data  show  considerable  errors,     

burst tests is very expensive, time consuming and  rod  extra  high  speed  penetration  and  are  not     

Previous analysis for failed containing were based  One-dimensional  hydrodynamic  theories  for  

dynamic        
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Dynamic analysis of high speed failed part impacted and penetrated in  

machine casing  

A. Almasi  
Tecnicas Reunidas S.A., Madrid, Spain      
  

ABSTRACT: When an impeller or rotor comes apart or fly wheel explodes, it results in flying fragments.  

The fragments are impacted and penetrated in machine casing. Containing failed parts in high speed  

machines can be a real safety concern. This paper presents an advanced method for dynamic analysis of   

high speed failed part penetration to rotating machine housing, based on plastic deformation theory with   

dynamic corrections. A comprehensive dynamic plastic deformation model is introduced which can   

simulate  plastic  high  rate  distortion  of  failed  part  and  machine  casing.  Governing  equations  are  

formulated and solved to obtain crater geometry in casing and penetration value. Analytical results show  

good agreement with experimental data.  

1.  INTRODUCTION  

When an impeller or rotor comes apart or a fly  

wheel  explodes,  the  result  is  flying  fragments.  

There is a  problem if failed parts break through  

machine housings and causes serous damage and  

injuries. It presents a real challenge to machine   

designers and operator teams to make sure about  

safety of machine housing design and thickness.  

purpose an accurate analytical solution for impact  
of  possible  failed  part  is  necessary.  This  paper   
presents a new method for high speed failed part  
impact  and  penetration,  based  on  ‘Upper  Bond  
 Deformation  

corrections.   

2.  MODEL  

on metal punching process and in comparison with  

experimental data showed much error. Conducting  

        

penetration  analysis  were  introduced  previously.  
However these methods were introduced for long  

     
case sensitive. In addition, it would not show us  suitable for failed part containing analysis. Many  
the optimum design of machine housing. Design  important details such as crater diameter are not  

and  safety  assessment  of  high  speed  machines  involved and no reliable and accurate procedure is  
calculation of important parameters  

resistance  
in  comparison  

should  involve  complete  simulations  of  all      presented for     
scenarios,       (for  possible  failure  and        explosion  

otherwise, it may end up with equipment that may  
 example  

One-dimensional  
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results  
factor).               

with       
      

Theory’  with  
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1) (S1  

nd  
 2  

Rc  

)  

  

  

high  For  (u).  velocity  

regarded  
time  in  

and          large  

for  doable  not  are  

[  ()   
in normal condition.  

penetration  

observations.  The  model  presented  is  able  to     

radius  (Rp).  This  optimum  model  is  to  avoid  

and              of  

is  usually  
 short  

collision  
conduction  

penetration,  

plastic  deformation,  elastic  strain  is  neglected.  

containing  analysis.  Former  two-dimensional    
formulations  need  many  refinements  to  lead  to    deformation redirect to both inside and outside of  

and thus expensive. In addition, assumptions and  

formulations are introduced for extra high velocity  
projectiles which are not suitable for failed part  mean  crater  radius).  Rigid  part  of  casing,           

industrial      length,  respectively.  Part  of  machine  approaches  

failed part analysis. Two-dimensional penetration  respected in present model. Parameters ‘Rc’, ‘L’,  

formulations  were  also  introduced  previously.  ‘H’  are  mean  crater  radius  (average  of  casing    

  

and  and  

][]   

directions.  flow in radial  

    
predict  all  defined  modes  of  failure  including  

 as      

adiabatic process. The majority of plastic energy is  

assumed to be converted into heat. Failed part can  
be  simulated  as  a  cylinder  with  length  (l)  and          

     T    T       

 axial  
this plastic zone is assumed  

   
Taylor  mushroom  and  plugging  perforation.  In  

      

   surrounding  

+  "  )   

 
especially  for  two-dimensional  problems  like  considerably and there is a reflux section which is  

          

These  formulations  are  for  semi-infinite  targets  crater radius and failed part reflux internal radius),  
and  are  very  complex  to  implement.  Such      failed part  deformed head  
         
engineering. They are too much time consuming  which is under impact is also plastically deformed  

 Radius  
j Rc (j multiplied  

this plastic zone,  

realistic results for present case and at the same  the  casing.  There   are  bulging  at   casing.   Casing  

time some minor simplifications are necessary to  plastic  deformation  zone   under  impact   is  also  

avoid very complex and extra heavy calculations  characterized  by  parameter  (G=h/  Rc)  in  axial     

which can not improve results and even may lead  direction,  where   (h)   is  un-penetrated   part  of     
to more calculation errors. Due to large dynamic  casing.   
   
Material behaviour is modelled by Johnson-Cook  

(JC) strength formula as (1). It is able to describe  

material behaviour fairly well under condition of  

DYNAMIC PLASTIC FORMULATIONS   

 strain,  
temperatures.   

formulations, with respect to (1), function ‘S’ can  
be expressed as (2) where ‘no’ is material strength  

  =  A +  B    1+ C ln(  )   1+    
  ,  , T  

   
 In which parameters ‘A’, ‘B’, ‘C’, ‘m’ and ‘n’  

are the material parameters. Temperatures ‘Tr’ and  

‘Tm’ are the reference temperature and melt point  

temperature respectively. Without significant heat  

 To use dimensionless plastic work rates, (3) is  

introduced.  It  is  plastic  work  rate  required  for  

quasi-static   indentation  of  a  cavity  with  radius  

(Rc) in casing by a rigid die with velocity (u).  

W  =  !   

   
three-dimensional  simulations  while  there  is  a  

generalized two-dimensional model and can cover  

wide geometries of failed part. Geometry of failed  

part  is  characterized  by  its  head  deformation.    
Undeformed portion of failed part is a rigid body  
with velocity (v). A general model for deformed  

 Plastic deformation work rates of failed part   

and casing can be obtained, using ‘Upper Bond   

Theory’,  incompressibility,  boundary  conditions  

and velocity fields based on explained model, as  

(4) and (5), respectively. Index ‘p’ and ‘c’ are for  

‘failed part’ and ‘casing’, respectively.  

= $ # (     

introduced  

   
deformed head of failed part model there are radial  

plastic flows due to impact to casing. Interface of  

failed part and casing is assumed to move with  
 impact             

velocities, plastic failed part radial flow expanded  

F (  ) + (  

2      + 3 +   (  +    + 3))  

T       
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Where  
  

R  c  

1  

3  
ln(  

3(   1)  2  

4  2  2  4  2  

F ( ) =  1  

wide  range  of  strain  rate  
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impact  
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To  simplify  complex  dynamic  plastic               
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(5)  

   

   

   

   

      

   

m  

r  m  

r  
e  

n   p  

e  
T  

   

o S (  e  e  
p    =   

ot  u     

1  
 p  
S 2  

2  p  
v  

 v  

u  
W     

) F (  )  
2  1  

  c  

+  S 2  
  c  

=  S1  
z  

W  c  
v     
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)) +   c  
, S 2  

from  data  shows  1  Table  

of  length  head  

(u).  velocity  obtain  

simulations  Extensive  

compared  with  metal  punching  method  

experimental  

casing  and  shall  be  checked  with  respect  to         

   
 (8)  
   
 Governing  equation  of  motion  of  failed  part  

rigid  section  can  be  expressed  as  (9).  By   this   

equation, failed part rigid section velocity (v) can  

be obtained.   
   

penetration  

Parameter  j  (casing  plastic  zone  extension  

 With the same manner, plastic shear work rates  
of failed part and casing can be expressed as (6)  failed part cross section area.  
and (7), respectively.  
   

o  i  o  

concerns.  

 

3(    1)(    1)  

(10)  exceeds  resistance  of  un-penetrated  casing  

section,  both   failed  part  and  bulged  section  of    

casing will fly outside of machine casing and can  
Parameter  

F  = [  op S1  )  (1+  )   u  

A  =   1+  

     c  

=  F3 (  ) [  (1+  Min(S1  
RESULTS AND DISCUSSIONS   

      two         

different real accidents (in two different rotating  

machines).  First  case  (fly  wheel  explosion)   and  
explosion)  

               

factor) can be obtained by minimization of casing  

total plastic work rates (sum of (5) and (7)). Failed  

part deformation head length (H) is obtaining by  

minimization of failed part total plastic work rates  

(sum  of  (4)  and  (6)).  Minimization of collision     

total plastic work rate (sum of (4) to (7)) results in  

cavity  radius  (Rc).  Equating  failed  part  kinetic   

 and       

present method results. It was reported that metal  

punching method has shown more than 80% error  
in comparison with experimental data. Containing  

data are not easy to obtain however based on data  

available, present method shows good agreement  

with experimental data. Errors are in engineering  

acceptable range.   
  
Table 1. Comparison of analytical results and               
experimental data.  

 failed  

initiated, respectively.  
penetration         

L =   (v   u),  L  =  l    H  

 Motion equation of failed part deformed head  
is obtained as (10). It expresses impact force to   

  analytical  
presented  comprehensive  

   show          
model  can  predict       

      different modes of deformation of failed part and  
un-penetrated  casing  thickness  (h)  to  calculate  casing, effectively. Simulations show this method  

          

energy lost in the collision process to the dynamic  

plastic  work  dissipated  in  penetration  leads  to        
Continuity   

decreases  as      can  predict  shear  stress.  This  thickness       

                   

equation  for  failed  part  resulted  in  (8),  which      
expressed  plastic  failure  rate  of  rigid  potion.       

Parameters (li), (Lo) and (Ho) are initial failed part  

length before impact, rigid length and deformed  

  Taylor  mushrooming,  sunflower-like  

penetration progressed. If applied force to casing  petalling and plugging perforation for failed part  
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cause  real  safety  ‘Ap’  is  
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second  case  (turbine  rotor  being      

  

  
  

  
  

  
1.6    

  
114    

    
  

  

   
  

  
  

      

 
First  Case:  
 Fly wheel  
 Explosion  

Second Case:  
 Turbine  
  Rotor  
 Explosion  

 Weight of  
Failed Part  

1.4 (kg)  (kg)  

 Speed of  
Failed Part  

81 (m/s)  (m/s)  

Experimental  
 Data  

Contained  
 6.35 mm  

Pass Through  
 3.6 mm  
 Stainless  
  Steel  

Punching  
 Process  
 Method  

Says Fail  
 6.35 mm  

Says Fail  
 5.8 mm  

 Present  
Method  

 Optimum  
Thk 5.6 mm  

 Optimum  
Thk 4.9 mm  
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Blast damage from string emulsion and electronic detonators  

F. Ouchterlony & M. Olsson  

J. Svärd  
Rieger Orica Mining Services, Gyttorp, Sweden  

ABSTRACT: The crack patterns from contour blasting in Ø48 mm holes with Orica/Dyno Nobel SSE  
0.35, 0.5 or 0.9 kg/m string emulsion charges in Ø48-mm holes in the Bårarp gneiss quarry have been  

studied, using both Nonel (pyrotechnic) and electronic detonators. Eventually 24 blocks from behind the  
half-casts were sawn and the cracks mapped. The crack lengths caused by simultaneously initiated SSE  
0.35 kg/m or packaged Ø17 mm Dynotex 1 were practically the same. SSE 0.5 kg/m gave a roughly 50%  

increase in length. Nonel initiation resulted in longer cracks, as did water-filled holes. Nonel also gave a  
rougher remaining rock surface and frequently undetonated charges were found on the muck-pile. Earlier  

damage zone data were further used to develop a suggested addendum to the present Swedish damage   
zone table. The use of simultaneously initiated decoupled light contour charges (q < 0.6 kgDxM/m) in dry  

holes has a damage suppressing effect compared to normal pyrotechnic initiation.  

1.  INTRODUCTION  lengths or their penetration depth. The basis for  

the tables is measured crack lengths and thus the  
In Swedish contour blasting work there is often a  

requirement on the contour in the form of a table  
for  the  maximum allowable damage zone depth  structure. This is strictly speaking a matter for the  

blast-generated  cracks       builder  the designer  decide about  
(AnläggningsAMA  98  1999).  For  packaged     

tables to use (Ouchterlony & Olsson 2001) but  the sense of depth of cracked zone.  
they are incomplete and basically only verified for  

ANFO and the packaged low-VOD explosive Ø17  

mm Gurit in Ø45 mm holes in Swedish bedrock.  

The tables say nothing about the spacing to burden  

ratio  or  initiation,  yet  they  have  served  as  a     

studies of  measurements  

practical tool for the design of cautious contour  e.g. in new suggestions for damage zone formulas  
(Ouchterlony  Ouchterlony  

   
referenced  investigations  means  measured  crack  minimize  the  blast  damage  in  contour  blasting,  

       
explosives there are standard damage zone depth  the traditional term it will be used here too, but in  

concept  damage  

 al.  
2003)  and  some  

zone  depth   contains  
judgement that the cracks are detrimental  

individual case. Because damage zone has been  

 for  packaged  and  diluted  bulk  explosives  have  

 been carried out by SveBeFo, the Swedish Rock  

 Engineering Research (Olsson & Bergqvist 1993,  
   1995,  1996,  1997;  Olsson 2000). They resulted  

general  recommendations  to  

Fraunhofer Swebrec at Luleå University of Technology, Luleå, Sweden  
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created  by       

some      
to the  

   

and  to  in  each  

Several  blast  damage  

  



Getinge  in  southwest  Sweden.  The  quarry  is  same plinth of rock, in June another three rows  

The  field  tests  were  carried  out  in  the  Bårarp       

 Thus the project ‘Cautious blasting and blast   
damage  formulas’  was  initiated  in  2006  by     

created  a  cracking  pattern  that  lay  within  the     

Stockholm Southern Link tunnels.   
tunnelling  projects,  one  example  being  the    

(Vestre  2000).  It  is  furthermore  possible  to     

such  as  to  use  i)  decoupled  charges,  ii)  dry           
bore-holes, iii) simultaneous initiation and iv) not  

too large spacings.   

programmable  electronic  

 
                

Lately,  emulsion  explosives  are  being  used  amphibole  8%  plus  biotite  and  muscovite.  The  
more often in tunnelling. A recent example is the  

Löttinge tunnel (Dalmalm & Ouchterlony 2007).  

The advantages are that i) the same explosive may  

be used in all blast-holes, ii) the charging work  

becomes  more  effective,  iii)  the  emulsion  isn’t  

sensitized until it is pumped into the bore-holes  

and iv) that the emission of toxic fumes is reduced  

grains have merged and aligned themselves in the  

direction of the least pressure. The density is 2680  

kg/m ,  the  UCS  is  191  MPa  and  the  flexural  
strength 21.6 MPa. The structure is foliated with a  

N-NE strike and a SE dip. The fracture frequency  

is extremely low, the few existing fractures being  

dominant and open. The smaller fractures are often  
       
decouple  the  emulsion  by  pulling  out  the   hose  

faster  than  the  pumping  can  fill  the  blast  hole,  

yielding   so   called  ‘string   emulsion’.  String     
emulsion has been used in some large Swedish  These blocks would then be cut with a diamond or  

   wire saw perpendicular to the bore-holes and the  
                 
Tests  in  the  Southern  Link  tunnels  (Olsson  measuring  the  lengths  of  the  blast  generated  

1999)  showed  that  SSE  emulsion  at  0.35  kg/m  cracks, the same technique that has been used by  
       
required 0.3 m depth for the zone of blast damage.  

Only  one  other  damage  zone  measurement  for  

string emulsion has been made in Sweden (Olsson  

1998).  With  new  large   infrastructural   projects  

coming up in Sweden, like the Northern Link and  

Citybanan   in   Stockholm,  there  was  a  need  to     
develop  a  broader  technical  base  for  cautious  
contour blasting in tunnels.  

           

Swebrec with Orica Mining Services, the Swedish  

Rail  Administration,  Swedish  Nuclear  Fuel  and  

Waste Management and the construction industry's  

organisation for research and development, SBUF  

together with the contractor Skanska. The goal of  
the  project  was  to  determine  the  crack  lengths  

from  two  heavier  emulsion   strings,  0.5   and  0.9  

kg/m suitable for use in helper rows and to further  

quantify the effects of wet bore-holes and      ini-  

tiation  scatter.  One   of  the  results   was  to  be  a    

2.  FIELD  

      
ornamental stone quarry, which is situated outside  In May two rows of holes were blasted in the  

owned  by  Emmaboda  granit  AB  
(www.emmabodagranit.se)  and  one  of  the  

about 5000 m . The rock quarried is a greyish-red  delay (detonators).  

     

  healed  

    

suggestion for a revised damage zone table. The  

work is described in a detailed report in Swedish  
(Olsson et al. 2008).  

 were blasted in a different plinth, see Table 1. The  

 strike of the foliation direction lay approximately  
largest in Sweden with an annual production of  perpendicular  to  the  bench  face.  EPD  means  

alkali gneiss with patches of blue and a grain size  

of 0.5-5 mm. Its main minerals are quartz 41%,  
potassium  feldspar  26%,  plagioclase  22%  and  

 (Ronge 2000).  
  From  the  field  tests  we  expected  reasonably  

 smooth walls after blasting from which we could  
   obtain  blocks  with  half-casts  containing  cracks.  

cracks  enhanced  with  dye  penetrant  before     

Olsson & Bergqvist (1993) and following work.  

2.1   First field tests, May-June 2006  

The first field tests were conducted in May and  

June 2006. The May tests were made in the same  

part  of  the  quarry  as  earlier fragmentation tests  
(Moser et al. 2003). The layout was as in Figure 1,  
i.e.  7-9,  5  m  deep,  Ø48-mm  nearly  horizontal  
holes in a vertical line parallel to a free bench face.  

Burden and spacing were chosen as 0.7 and 0.6 m  

respectively.  The  intention  was  to  simulate  the  

contour row in a tunnel round.  

Figure 1. Quarry bench with vertical row of horizontal  

bore-holes.   
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VOD  m/s  2300  

%Dx  69  75  

Property  Unit  SSE  Detonex  

5.15-5.55  m.  The  corresponding  burden  and  

1  

 
Table 1. Charging and initiation of test rounds.  0.20-0.25  m  uncharged.  The  SSE  holes  didn’t  

have any uncharged part.   
   
Table 2. Properties of explosives used.  

Kemix  

Density  kg/m  0.85-1.2  1.0  1.05  

Energy  MJ/kg  3.1  3.4  3.2  

Gas  v/kg  950  930  950  

  71  

4300-4800  4200  

Note 1. Other data apply for larger diameter cartridges.  

 The explosives were supplied by Orica Mining  

Services.  Their  physical  properties  are  given  in  

Table 2.  

   Detonex 1, formerly Gurit, a low VOD EGDN  

  sensitized  powder  explosive,  Ø17×460  mm  

  cartridges.   giving  a  charge  concentration  of  

  0.21 kg/m or equivalently 0.16 kgDxM/m.  

   Kemix A, an emulsion explosive with 4.5%  

  aluminum, Ø17×1000 mm cartridges giving a  

  charge concentration of 0.22 kg/m.    

 Prior to blasting the string charging was tested  

in 2 m sections of Plexiglas tube, which produced  

a smooth run weighing 0.353 kg/m, see Figure 2.  
The  cup  density  was  900  kg/m  and  the  run         

expanded from about 20 mm to 27 mm diameter  
during  gassing.  The  charging  in  the  holes  was  

made with a so-called Mini SSE modular charging  

unit used in underground work. The Mini SSE is  

placed on a separate carrier and uses the hydraulic,  

pneumatic and electric power of e.g. the drill rig.  

Its capacity is 1400 kg of emulsion. The hose reel  

is normally placed on the charging platform of the  

drill rig.  

   SSE (site sensitized emulsion) Titan 7000 with  

  a matrix density of 1400 kg/m . At 0.35 kg/m  
 the  equivalent  concentration  is  0.25  
 kgDxM/m, at 0.5 kg/m it is 0.35 kgDxM/m.  

 Small  primers  were  used,  in  row  #1,  Nobel  

Prime Ø15×150 mm weighing 25 g and in rows  
#2-5, Nobel Prime Ø17×150 mm.  
 The hole depths in row #1 lay in the range  

5.35-5.55  m,  those  of  row  #2  in  the  range     
    

spacing ranges were 0.6-0.8 and 0.5-0.8 m. Eleven  

marked cartridges of the Dynotex 1 kind left about  Figure 2. Smooth run of string emulsion at 0.35 kg/m.  
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Hole  
no  

Row 1  
EPD  

Row  
2  

Nonel  

Row  
3  

Nonel  

Row 4  
Nonel  

Row 5  
EPD  

  

Dynotex  SSE  SSE  SSE  SSE  

      

A  1  

  

  

1  
1  0.35  0.35  0.9  0.35  

2  
Dynotex  

1  
SSE  
0.35  

SSE  
0.35  

SSE  
0.9  

SSE  
0.35  

3  
Dynotex  

1  
SSE  
0.35  

SSE  
0.35  

SSE  
0.9  

SSE  
0.35  

4  
Dynotex  

1  
SSE  
0.35  

SSE  
0.35  

SSE  
0.9  

Dynotex  
1  

5  
SSE  
0.35  

SSE  
0.35  w  

SSE  
0.5  

Kemix  
A  w  

Dynotex  
1  

6  
SSE  
0.35  

SSE  
0.35  w  

SSE  
0.5  

Kemix  
A  w  

Dynotex  
1  

7  
SSE  
0.35  

SSE  
0.35  w  

SSE  
0.5  

Kemix  
A  w  

Kemix  
A  

8  
SSE  
0.35  

-  
SSE  
0.5  

Kemix  
A  w  

Kemix  
A  

9  -   w =  

water  
-   w =  

water  
Kemix  

A  

3  

  

3  

Oxygen.  
balance  

%  not given  +4.8  -2.7  

Weight  
strength  

  

3  



leaves  never  almost  holes  contour  of  

completely.  In  hole  #4  the  primer  had  not     

about  1º  to  hold  water  better.  The  water  was     

HotShot  
The delays are programmable from 0 to 20000 ms  

in steps of 1 ms and have a maximal initiation   

scatter of ±0.02%. The initiation time chosen for  

row 1 was 5000 ms, with nominal scatter ±1 ms,  

emulating the contour of a tunnel round. Row #2  

was initiated by Nonel LP series #55 detonators  

from Orica Mining Services. The initiation scatter  

is around 150 ms. Rows #1-2 were connected and  

row #2 initiated 25 ms after row #1.  
 The holes of row #2 were drilled with a dip of  

from  DetNet  (www.detnet.com).  or less disastrous. Hole #1 at the top in row #1 had  
been blown off, holes #2-7 produced five visible  

half-casts  and  parts  of  a  sixth,  hole  #8  at  the     

 
The electronic detonators used in row #1 were  The blasting  from rows  

                 

supplied   from  a  tank  on  the  bench  top  surface  

through  garden   hoses  and  sleeve  plugs  with  

bleeder holes to let out air. See Figure 3.   

                

bottom had failed to break out. The VOD signal  

showed a detonation failure and it was otherwise  

impossible  to  extract  a  VOD  value  from  it.  A  

weakness plane close behind the half-casts made  

the ensuing block removal for the crack mapping  

meaningless,  any  blast-generated  cracks  would  
have stopped at that plane.   
 Furthermore   we  found  several  cartridges  of  

Dynotex 1 on the muck-pile from row #1. Four  

whole  cartridges  came  from   hole  #1,   two  from  

hole #4. Parts of six more cartridges were found.  

This  came  as  a  complete  surprise.  It  is  our     

 any             
undetonated charges but that pyrotechnic initiation  
does.  The  multipeak  character  of  the  geophone    

records confirmed our suspicion that the electronic  

detonators   had  not  fired  as  accurately  as  they  

should have.  
 The   breakage  from  row  #2  was  in  a  sense  

worse,  with  both  a  substantial   back-break  and  

much under-break, see Figure 4. The rock mass  

was much more fractured than anticipated. Only  
detonated           

              

detonated and in the water-filled SSE holes #5-7  

probably  only  the  primers.  We  suspect  that  the  

string, which had a density of 900 kg/m , had been  
sheared off either from a floating effect or running  

water  in  the  holes.  The  geophone  signals  were  

more complex in this case but they indicate that at  

least two, maybe two pairs of Nonel holes had  

detonated some 80 ms apart.    

Figure 3. Supplying water for water-filled blast-holes.  

 Hole #8 in row #1 was instrumented with a  

VOD probe. Vertical and longitudinal geophones  

were placed on the top level of the bench about 4  

m in from the collaring surface, i.e. in a plane    
perpendicular to the bore-holes about 1 m from the  

hole bottoms. Three pairs of geophones were used  

for  each  of  rows  #1-2.  The  distances  from  the  

drilled plane lay in the range 3.0-11.1 m. The blast  

of rows #1-2 was videotaped.  Figure 4. Remaining rock face after blasting of row #2.  

       
previous experience that a simultaneous initiation  
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results  #1-2  were  more  

  

  

the  top  three  holes  (#1-3)  had  

3  
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Kemix  of  couple  a  even   A  
muck-pile.  A  joint  behind  

tubes and found to weigh in at 0.51 and 1.07 kg/m  
respectively.  Whereas  the  0.35  kg/m  string  was  Dynotex 1 at 0.21 kg/m and Kemix A at 0.22 kg/m  

 Table 1 shows the charging. The heavier string  
charges  were  checked  by  charging  in  Plexiglas  crack mapping was obtained.  

problems  when  shooting  row  #1-2,  i)  an      Nobel  

cartridges  

smooth and straight, the heavier ones were not.   with electronic initiation the results looked better  

                      

extensively  fractured  rock  mass,   ii)  initiation    
timing  with  detonation  failures  and   iii)  the      

in  the  

Figure  6  gives  an  example.  Because  of  the     with        

 
We  had  thus  encountered  a  number  of       See  Tables  1-2.  All  holes  had  a  small  primer,    

Ø17×150  
    
    

shearing of the emulsion strings in the water filled  

holes. For us, the major problem resided in the  

rock mass as the rock slides out without resistance.  

The mainly radial direction of the blast-generated  

cracks may also enhance the tendency for fall-out.  

In a tunnel an arching effect will counteract it. We  

had no blocks for crack mapping after shooting  
rows #1-2.  
 For   the  second  part  of  the  preliminary  field  

tests we moved to a part in the quarry where the  

rock mass was less fractured. Some of the benches  

had been cut with wire sawing. Rows #3-4 were  

drilled  in  5  m  high  benches,  row  #5  in  a  6-m  

bench, see Figure 5.   

Figure 6. Uneven run of string emulsion at 0.5 kg/m.  

 The hole depths were 4.2 m in row #3 and 4.6  

m in rows #4-5. With the same nominal burden  

and spacing values as in rows #1-2, B = 0.7 m and  

S = 0.6 m, the collaring values lay within ±0.10 m  
with a few exceptions.   
 Rows  #3-4  were  initiated  by  Nonel  LP  #55  

detonators  and  in  row  #5,  HotShot  electronic  
detonators set at 5000 ms were used. Again the  

rows were instrumented for VOD and vibration  

measurements and the blast was videotaped.  
 Again the blasting results did not look as good  

as hoped. In row #3, blasted with SSE at 0.35 and  

0.5 kg/m, many large blocks had been created and  

there  were  nearly  no  remaining  half-casts.  The  

boreholes and were set aside for crack mapping.  
 In row #4, blasted with SSE 0.9 kg/m above  

wet holes charged with Kemix A at 0.22 kg/m, the  
blasting  result  was  just  as  bad.  A  couple  of          

extensively  fractured  half-casts  behind  the  top  

holes could be seen and there had been a lot of  

tearing. Again there were remains of emulsion and  
Figure 5. Row #5 before blasting.      

the  Kemix  holes  
prevented  block  extraction.  Only  one  block  for  

   
suspected incompatibility of the string emulsion  However,  from  hole  #4  all  9  Dynotex  charges  

and water, the water-filled holes #5-8 in row #4  were  found  undetonated  and   so  were   several     
were charged with a packaged emulsion, Kemix A.  

half-casts,  

          
Kemix  charges  from  holes  #7-8.  This  indicates  
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Prime  mm.  

several  visible  see  Figure  7.     

  

  

  

®   

breakage  appeared  to  have  followed   an               
unfavourably oriented joint. The video showed a  
large  initiation  scatter,  hole  #3  detonating  first,  

then #4 and #8 whereupon hole #6-7 detonated in  

a smoke screen. The holes detonating first could  

have torn the two top ones and caused detonation  
failures  as  we  found   a  substantial  amount  of       

undetonated  emulsion  on  the  ground   after  the  

blast.  Two    of   the  blocks  created  contained          

         

In  row#5,  blasted  with  SSE  0.35  kg/m,  



shows  a  

we  well,  hadn’t  

 Furthermore we suspected that the emulsion’s  

detonation properties would deteriorate relatively  

quickly  and  we  decided  to  make  a  number  of     

delayed   VOD  measurements,  1,  8   and  15  days    

sufficiently  performed  

scatter of 6-7 ms instead of the ±0.02/100×5000 =  

±1 ms given by the manufacturer.   
 Furthermore hole #3 with SSE 0.35 kg/m had  
created  a  conchoidal  fracture  at  the  toe,  which    

 also         

decided to do a number of preliminary tests with  
charging into dry and water-filled Plexiglas tubes.  

could easily lead  

 Measured  

2006-11-17  
 Measured  

2006-11-10  

 
that the initiation was not simultaneous. This was  
supported  by  the  vibration  signals  indicating  a  charges and Figure 9 shows string charging into  

water-filled  disrupted  
 string,  which   supports  our  earlier  conjecture  of  

 shearing  off.  Figure  8   shows  that   the  emulsion  
   contains pockets of water. A large pocket of water  

indicates that the bottom charge of the SSE, which  

should   have  been  about  20  cm  long,  was   too  

heavy. This may have damaged hole #4. Figure 7  

shows  that  several  joints  near  the  surface  had  

caused a large back-break at the top. Three blocks  
could be salvaged for crack mapping.  

to detonation  

Figure 8. Bottom charge of string emulsion.   

Figure 9. String emulsion charging in water-filled holes.  

Figure 7. Row #5 after blasting.  

    
                  

after charging. In these we used Ø23 and Ø28 mm  

PVC  tubes  filled  with  emulsion,  initiated  by  a    

Nobel Prime Ø15×150 mm primer. The results are  

given   in  Table  3.  The  tubes  shot  2006-11-17  

showed bilinear VOD curves. In the Ø23 mm tube  

shot 2006-11-24, the last 0.2 m didn’t detonate  

properly.  

2.2   Second field tests, November 2006  Table 3. VOD-data (m/s). Emulsion charged            

2006-11-09.  
The unexpectedly unsuccessful results of the first  

field tests were analyzed and a number of changes  

in the set-up were made. This meant abandoning  

the emulation of tunnel blasting with horizontal   

holes  and  going  back  to  using  vertical  holes,  

which had proven successful in so many earlier   

cases. As Kemix A has different properties than  

the SSE emulsion and a string cannot be deposited  

in a vertical hole, we chose to charge the SSE  

emulsion in suitable 1-m long PVC tubes before  

putting it in the bore-holes.   
 Since  we  suspected  that  the  string  emulsion  

 Measured  

2006-11-24  

3010  3250-2710  2550  

3260  2760-3120  3100  

 As tunnel rounds are normally fired more or  

less directly after charging, such sensitivity is not a  

practical problem. In our case we decided to fill  

the PVC tubes to be used at our test site just in   
time, i.e. the day before and to deliver them on the  
day of the test. By using the tubes we did away  
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Figure  8  shows  a  couple  of  pipes  with  bottom  

tubes.  Figure  9  

failure  of  the  string.    

  

  

  

  

Tube  

diam  

 23  

mm  

 28  

mm  



initiation   and  to  use  the  i-kon   detonators  to  

simulate  a  pyrotechnic  initiation  with  initiation  
times in the range 0-10 ms.   

above.  We  also  chose  to  use  instantaneous          

Orica’s  i-kon  electronic  detonators  

heaviest charge, SSE 0.9 kg/m because of the large  

amount of damage it had created.  

with the small 0.2 m bottom charge normally used  

       and a Nobel Prime Ø15×150 mm primer before  
We  furthermore  decided  to  switch  to  using  lowering  each  set  in  a  bore-hole.  This  left  no     

®  

 
  The  1  m  long  PVC  tubes  were  filled,  ends  

with string emulsion. We also decide to skip the  taped  shut,  marked  with  a  number,  weighed,  

       
(www.orica.com). They are programmable within   reserve tubes were used, some with water pockets  
0-15000 ms in steps of 1 ms. The nominal scatter  
is ±0.05 ms in the range 0-500 ms and ±0.01%  

that had been cut out. Holes #12, 13 and 22 were  
instrumented  for  VOD  measurements.  The  wall   
after  blasting  was  also  stereo-photographed  in    

 program (www.3gsm.at).  
  The  results  from  blasting  row  #6  were  very  

The tests were made in a 4-m bench near to  good,  see  Figures  11a-c.  The  wall  behind  the     
where rows #3-5 in the first field tests were shot.  
See Figure 10. Twenty-three 4-m deep, Ø48 mm  than  behind  holes  #13-23,  in  which  there  was    
holes with B = 0.7 m and S = 0.6 m were drilled.  
The average hole depth for the first 22 holes was  scatter  produced  undetonated  charges  on  the  
4.4±0.2 m. The average measured collar spacing  muck-pile.  Figure   12  shows  their  positions  at     
was 0.7 m but with a tendency for smaller values  
in the beginning and larger ones at the end. The  detonate either though.   
layout of row #6 is shown in Table 4.  

Figure 10. Drilling the 23 vertical holes in row #6. Numbering starts at the right.  

   
transported, four of them connected to each other  

    
uncharged  part  of  the  bore-holes.  In  hole  #23,  

    
  order to make a 3D-model with the BlastMetrix  

      

simultaneously fired holes #1-12 looks much finer  
    

initiation scatter. Again the holes with initiation  

    
firing.  The  two  top  charges  in  hole  #6  didn’t  
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 Holes #12 and #22 gave fine, straight, nearly 4  
m long VOD records with average VOD values of  
3420  and  3320  m/s  respectively.  Hole  #13     

Holes  1-4  5-8  9-12  13-16  

 
Table 4. Layout of test in row #6. Time refers to initiation time.  

17-20  

Weight,  

Note: w = water-filled holes, hole #23 was charged with a mixture of 350 and 500 g/m tubes.  

Figure 11a. Row #6 simultaneous initiation; right to left  
holes #1-4 Dynotex 1, #5-8 SSE 0.35 kg/m, #9-12 0.5  
kg/m.  

Figure 11c. Row #6 initiation with scatter; right to left  
holes #17-20 SSE 0.5 kg/m dry, #21-23 0.5 kg/m wet.  

      

detonated at 4.031 ms, hole #22 at 9.037 ms both  
of which lie within the nominal ±0.05 ms scatter.  

The detonation length of  hole #13 was only 1.4 m  

and the VOD only 985 m/s. The detonation cut-off  

at 1.4 m is substantiated by the two undetonated  

m-long charges in Figure 12.  
 All  half-casts  from  #1-12  were  visible  and     

Figure 11b. Row #6 initiation with scatter; holes #13-16  

between white half casts, SSE 0.35 kg/m.  half-casts and the wall behind the Dynotex holes  

21-22,  

g/m  210  352±25  512±17  345±26  521±30  504±24  

    
almost all in their entire length, Figure 11a. The  
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23  

SSE 0.5  w  

  

Charge  Dynotex 1  SSE 0.35  SSE 0.5  SSE 0.35  SSE 0.5  

Time, ms  0, 0, 0, 0  0, 0, 0, 0  0, 0, 0, 0  4, 8, 7 ,6  4, 1, 5, 6  8, 9, 10  

  



From  #21-23.  holes  filled  water  

As  a  measure  of  the  roughness  of  the  wall    

0.5  0.5  0.5  0.5  0.35  0.35  0.35  

21  20  

 
#1-4 look quite like the wall and half-casts behind  

the holes #5-8 charged with SSE 0.35 kg/m. The  

half-casts  from  the  more  heavily  charged  holes   

#9-12 were crushed on the surface and the wall   

also showed sign of excessive tearing, as indicated  

by the white colour in the Figure 11a.  
 Compare the wall sections behind holes blasted  

with  initiation  scatter  with  those blasted with a    

simultaneous initiation with the same charge con-  

centration, i.e. holes #13-16 with holes # 5-8 and  

holes #17-20 with holes #9-12. Initiation scatter  
obviously gives poorer wall control. For holes #  

13-20 and the two outer neighbours we observe  

that the following, see Table 5.  

21  20  19  18  17  16  15  14  13  

    

surface we used the orientation of the normal to a  

certain facet of the wall. If this orientation spreads  

much around the mean the roughness is higher.  

Using the 3D-models we obtained the value 16.1º  

for the wall behind holes #1-12 and 23.0º behind  

holes #13-23.  
 For row #6 it was possible to drill a line of cc  

0.3 m holes 2 m behind the wall, to charge it with  

40   g/m  cord  and  to  produce  blocks  for  crack  

mapping. The bench face was marked to indentify  
the position of the blocks obtained after blasting.  

One block is shown in Figure 13. Many blocks for  

cutting were obtained from behind holes #1-12,  

only one from behind holes #13-23. This shows  

that the remaining contour here was much more  

damaged. The blocks were split to a manageable  

size and transported to a wire-saw where they were  

cut. Eighteen cut surfaces with identifiable cracks  

were obtained from row #6.  

Figure 12. Positions of undetonated charges in row  
#6 and corresponding timing.  

 For all holes except #19, an absent or damaged  

half-cast is associated with undetonated charges.  

There is also a positive correlation between a late  

initiation time and an absent or damaged half-cast.   

Figure 13. Block covering holes #4-6, near bottom, with  
lines for sawing.  

No blocks for sawing were obtained behind the  
 fracture             
mechanics  we  estimate  that  the  lengths of some  

Table 5. Observations of holes #13-20.  

19  18  17  16  15  14  13  12  

0.35  0.35  

Undetonated  -  1-4  -  1-2  -  

50%  25%  0%  100%  0%  100%  2%  0%  100%  
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1  1  -  -  2-3  

Half-cast  100%  

10  9  8  6  5  1  4  6  7  8  4 ms  

23  22  

Hole no  

SSE, kg/m  0.5  w  

Time, ms  8  6  5  1  4  6  7  8  4  0  

  

  

   

  

  



Kemix A (0.22) EPD  -  

Altogether  24  cut  surfaces  with  cracks,  often    

3.  CRACK  

         

covering  several  holes,  were  mapped.  Thirteen  

hole sections from rows #3-5 and 21 from row #6  

were obtained. Figures 14-21 show some examples  

and Appendix A contains a complete table with  
data.  We  distinguish  between  two  types  of     

 
blast-generated cracks should have exceeded half  

the burden, i.e., 1 m.  

LENGTHS  

           

blast-generated cracks, a smaller number of long  

radial cracks and an often larger number of short  

radial cracks, which we call crushing cracks, that  

define  the  intensely  fractured  zone  behind  

(around) the blast-hole. In addition there may be  

cracks that don’t connect with the blast-hole but  
are nevertheless induced by the blast.  
 A summary of the results for the middle two  

holes in each group are given in Table 6 below.  

The  edge  holes  are  not  included  because  the  

change from one explosive to another may have  

influenced the cracking.  

Table 6. Lengths of cracks, in cm, taken from max val-  
ues in the Appendix.   

Figure 16. Hole 3-6, SSE 0.5 kg/m, Nonel initiation  

(5500 ms).  

Dynotex 1  EPD  1 1 - 3 5    30  

9-20    55  

Nonel LP #55  

Nonel LP #55  

18  

Note: F17 refers to Figure 17 etc.   

Figure 17. Holes 4-2 to 4-3, SSE 0.9 kg/m, Nonel        

initiation (5500 ms).  

 The data for row #6 in Table 6 represent more  

observations than the data from rows #3-5. There  

are three major differences. Row # 6 with vertical  

holes ran obliquely to the foliation of the gneiss  

and they were fired with EPDs with a scatter of  

±0.05 ms, either simultaneously or programmed in  

the  range  1-10  ms.  Rows  #3-5  with  horizontal  

holes ran parallel to the foliation and they were  

fired either with EPDs with a scatter of about ±6-7  
Figure 14. Holes 5-1 to 5-2, SSE 0.35 kg/m, EPD-  
initiation (5000 ms).  

ms  or  with  Nonel  LP  #55  with  a  much  larger    
scatter.  

Figure 15. Hole 5-7, Kemix A, EPD-initiation          

(5000 ms).  
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Explosive  

(kg/m)  
Initiation  

Row #6  
% foliation  

Rows #3-5  
= foliation  

F18  

SSE (0.35)  EPD  F19  F14    

SSE (0.5)  EPD  20-32  F20    -  

SSE (0.5)  -  36  F16    

SSE (0.9)  -  50-60  F17    
F15    

  

  

  

  

  



and  granite  Vånga  

The background to earlier damage zone tables for  
cautious  contour  blasting  is  discussed  in  some    
detail by Ouchterlony et al. (2001). The original  
work  was  made  in  Gothenburg  in  the  1970s  
(Sjöberg 1979) where matching measurements of  

blast generated cracks and blast vibrations were  
made.  The  ‘Swedish  damage  zone  model’     

Table  6  also  shows  that  SSE  0.5  kg/m  at     

20-30 cm (Olsson 1998)  

has had an influence. It was earlier found (Olsson  

& Bergqvist  1993)  that  a  1  ms  initiation  delay    

 
 Figures   14-21   show  that  the  cracks   tend  to    

follow the foliation and that shooting parallel to  

the  foliation  has    given   longer   cracks  but  not      

necessarily a deeper cracked zone. Figure 14 for  

SSE  0.35  kg/m,  which   has   a  maximum  crack  

length of 0.55 m but a zone less than half as deep  
is an example of this. Note that only the cracks  

completely inside the measuring stick frame were  

judged to come from the original blast. There is  

however also a possibility that the initiation scatter  
Figure 18. Holes 6-1 to 6-3, Dynotex, EPD-initiation     

(0 ms).           

between contour holes was sufficient to remove  

the  crack  suppression  effect  of  simultaneous    
initiation.  
 Table 6 shows that SSE 0.35 kg/m creates blast  

generated cracks that are equivalent to those from  

Ø 17-mm Dynotex 1 when it comes to the length  

of the blast generated cracks or the depth of the  

cracked zone. The numbers for row #6 compare  
relatively  well  with  earlier  data  obtained  with       

simultaneous initiation, for Dynotex 1 (Gurit) in  
the  Vånga  granite  quarry  10-15  cm  (Olsson  &   

Bergqvist  1996)  or  for  SSE  0.35  kg/m  in  the  
Figure 19. Holes 6-7 to 6-8, SSE 0.35 kg/m and hole 6-9  

SSE 0.5 kg/m, EPD-initiation (0 ms).  
 15-20  
cm in the Southern Link tunnels (Olsson 1999).  
       
simultaneous initiation tends to give cracks that   

are about 50% longer than those generated by SSE  

0.35  kg/m,  which  is  expected  as  the  charge     
concentration is about 50% higher.   

Figure 20. Holes 6-9 to 6-12, SSE 0.5 kg/m, EPD-  
initiation (0 ms).  

normal  decoupling  may  produce  damage  zones  
that are 2-4 times deeper than for dry holes.  

SUGGESTIONS FOR AN EXTENDED  

DAMAGE ZONE TABLE  

4.1   About the old tables  

Figure 21. Hole 6-9, SSE 0.5 kg/m, EPD-initiation         
(0 ms).  

         
(Holmberg  &  Persson  1979)  then  influenced  
strongly the way in which the damage zone tables  
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We  also  observed  that  0.5  kg/m        of              

pyrotechnically  initiated  string  emulsion  in  wet  
holes probably has given crack lengths of 1 m or  

more, as compared with 10-30 cm for dry holes or  

a bit more for the dry edge holes of a group. This  

supports earlier observations that wet holes with a  

4.  



1979  (Sjöberg  initiation  Nonel  with  

rock  holes,  wet  

further  been  

1.0  0.8  0.6  0.4  

diameter”.  This  text  refers  to  SveBeFo  work  

properties,  decoupling,  

The  largest  entry  in  the  table  is  Ø39  mm     

This  gives  the  judged  depth  of  the  zone  of      line  

 illuminated  

Ouchterlony (2007).   

were laid out (SNRA 1995, JärnvägsAMA 1996,  

    the  

initiation  type,  charge  length  

  Figure  

 
      The third table (AnläggningsAMA 98 1999) is  

AnläggningsAMA  98  1999).  The prehistory has  a  simplification  in  that  the  product  name  and  
&      charge  diameter  have  vanished.  Instead  table  

        the          

The two first tables are identical and contain  theoretical  damage  zone  depth  and  the  related  
explosives products, related charge diameters and  
the corresponding equivalent charge concentration  
q(kg/m)  of  the  reference  explosive  DynamexM.  

maximum allowed charge concentration. The table  
is connected to another table with rock excavation  
tolerances. In diagram form, the broken straight  

            The             

blast-generated  cracks  Rc(m),  which  is  then      simplification  is  balanced  by  the  adjoining   text  
compared with the requirements laid down for a  “When  estimating  the  theoretical  damage  zone  
specific  case.  The  table  expresses  the  formula  depth the following factors must be considered;  
(Ouchterlony et al. 2001, eqn 4):      

and  the  actual  bit  
Rc = 1.9·q when q < 0.5 kg/m and Rc  
= 0.95·(q+0.5) when 0.5 < q y 1.6 kg/m.           (1)  

          

(Olsson  &  Bergqvist  1993,  1995,  1996,  1997;   
Olsson 2000).  

    
Dynamex in Ø45-51 mm holes, i.e. q = 1.6 kg/m  
which gives Rc = 2.0 m. The relationship Rc(q)  
shows up as broken straight line in a diagram. For  
a given Rc-value it depicts a charge limit that may  

not be exceeded.  

(straight)  
AnläggningsAMA 98 (stepped) lines plus two sets  
of crack length data from cautious contour blasting  
 &        
Ouchterlony et al. 1993, Äspö ramp). In 6 cases  
out of 7 the measured crack lengths lie close to the  

Crack length, cm  

Sjöberg (1979) data  

Sjöberg (1979) line  

SNRA 95 line  

Äspö ramp data  

 1.2  
Charge concentration, kgDxM/m  

Figure 22. Crack length (damage zone) vs. charge concentration, comparison of tabular data and measurements.  
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is  replaced  by  a  series  of  steps.  

    
   

     

22  shows  the  SNRA  and  

  



25-40  length  of  cracks  radial  give  

(0.3  Gurit  of  charges  

longer  

wave  the  that  

that   wave  a  to  be  

the  many  

     cm         
(Ouchterlony  &  Olsson  2000).  According   to     

kgDxM/m)  Ø22-mm  

holds when  

has travelled 5  delay means  

compressive  subjected  

We  may  speculate  about  the  difference  in     mechanism  

considerable, the correction factor being half as  enhanced  cracking  

closer  the  crack  suppression  at  a  simultaneous  see  Figure  

For pyrotechnic initiation Fh·Ft = 2. When S/B  

of coupling Ø  

parameters  

(2008).  They  represent  crack  lengths  measured  

AnläggningsAMA  98  doesn’t  give  any  specific  

advice on how to calculate the factors mentioned  
in  the  adjoining  text.  Ouchterlony  (1997),  

Ouchterlony  et  al.  (2001)  and  Olsson  &      

limit  lines.  The  limit  lines  are  a  reasonable      0.05 ms  

   

charge  /Ø  hole  

                  with  

large  as  for  S/B  >  2.  Our  data  shows  that  the     initiation.  A  similar  crack  was  observed  

 are  

energy and the VOD(Ø  
included;  

 
     
depiction  of  Swedish  bed  rock  conditions  and  5000 m/s, the wave will have travelled about 0.25  
have found extensive use in Swedish tunnelling  m so after the adjacent hole detonates it would still  

    

suppresses the growth of radial cracks. A 1 ms    
4.2   On the effect of different factors at  
 simultaneous initiation  

          

Ouchterlony  (2003)  give  the  basis.  A  more       

complete set of formulas is given in Olsson et al.  
                  

after   a   simultaneous   initiation  of  contour  holes  

with  a  scatter  much  less  than   1  ms.  Relatively  
 explosion       

) dependence for the  

 is denoted by f.  
 Several tests have shown, including this work,  
that  in  normal  cautious  contour  blasting,  i.e.  
roughly q & 0.5 kg/m, f < 0.5 and S/B < 1, then a  

simultaneous initiation of the charges will generate  

blasting cracks that go roughly half as deep as the  

pyrotechnic Nonel initiation. This was expressed  

by Olsson & Ouchterlony (2003), eqn. 17-19, as a  

combined  correction  factor  for  hole spacing (h)  

and timing (t)   

             m and  

we  know  from  experience   (Olsson  &  Bergqvist  

1993) that there is no suppression effect. For rows  

#3-5 (1 ms nominal or 6-7 ms real scatter) we  

would  not  expect  a  crack  suppression  effect  to  
have been present.  
 When S/B = 2 the wave reflected at the free  

surface arrives at the blast-hole at the same time as  

the  direct  wave from  a  simultaneously  initiated   

adjacent hole. The front of the reflected wave is  

tensile and enhances crack growth perpendicular  

to the front, i.e. parallel to the bench face. This is  

another  reason  why  the  suppression  effect  no  
 S/B > 2. The situation becomes  

more complicated either in a rock mass with open  

joints or when several holes in a row have already  

broken out.   
 in   

Ø51-mm holes in Vånga granite with S/B = 0.8  

         

Figure 22 Nonel initiation would give a damage  

zone depth of about 50-70 cm. To make full use of  

the  damage  suppression  effect  of  simultaneous  

  
Fh·Ft = 1 when S/B & 1,  Fh·Ft  
= S/B when 1 < S/B & 2 and Fh·Ft  

= 2 när S/B > 2.  

create loose rock flakes (Ouchterlony et al. 2001,  
Figure 5).  
 The  degree  of  coupling  is  very   important  
(Ouchterlony  et   al.   2001,  Figure  4).  The  same  
Ø22-mm charges of Gurit that produce 25-40 cm  

         long cracks from Ø51-mm holes in Vånga granite,  

>  2  for  a  simultaneous  initiation  there  is  not  produce  15-25  cm  long  cracks  from  Ø64-mm  
enough  suppression  effect  of  the  (shock)  wave  holes  and  a  90-100  cm  deep  zone  of  blast          

from an adjacent blast-hole on the radial cracks  generated  cracks  behind  Ø24-mm  holes.  In  the   
that form at the hole. The breakage then occurs on  

a hole-by-hole basis, just like after a pyrotechnic  
initiation. When S/B decreases and the holes come  

latter case the complex crack pattern contains both  

the radial cracks and other blast-induced cracks  

that appear to start and stop inside the rock mass,  
            
initiation  increases  and  at  S/B  =  1  it  is      there  

    
correction factor may decrease further when S/B  Ø51-mm holes fully charged with Emulet 20 (Ols-  

becomes smaller still, but to be on the safe side  son & Bergqvist 1995, Figure 17). This type of  
this has not been incorporated in equation 2.  damage  enhancement  is  becoming  an  accepted  
         behind  the   improved  fragmentation  

initiation  timing  between  two  adjacent  holes  that  is  obtained  when  blasting  with  extremely  
needed  to  obtain  a  crack suppression effect. At  short intervals (Vanbrabant & Espinosa 2006).  

charge  
explosive; the density, P-wave speed and fracture  

toughness of rock; the diameter, burden B, spacing  

S and water content of the blast-hole. The degree  

   
initiation, one has to use S/B < 1, which is the  

norm  when  pyrotechnic  initiation  is   used.  This  

also  lessens   the  risk  for  arc  shaped  cracks  that    

 23.  The  crack  pattern  indicates  that  
         has been no crack suppression effect but an  

compared   Nonel            

behind  
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projects.  

(row #6)  in  rock  with  a  wave  velocity  of  

           

(2)  

  



which  for  and  foliation  strikes  

for  valid  98,  

low  powdery  e.g.  classes,  different  

to  initiation  a  of  effect  

obliquely to the  

 The dynamite curve lies even lower because  

the low VOD-value of 3000 m/s has been used.  
The  formulas  in  Olsson  et  al.  (2008)  are  very    
sensitive  to  the  VOD  value and a higher VOD  
would increase the Rc-value considerably. Since  
there  are  no  experimental  data  available  for  a     

used  to  compute  crack  or  damage  zone  depths  shorter  than  the  crack  length.  Furthermore  the     

Figure 23. Blast-generated cracks from simultaneously  

initiatedØ22-mm Gurit in Ø24-mm holes.  

VOD  and  dynamites  with  a  higher  explosion     

      VOD             

explosives,  emulsions  explosives  with  a  higher  

the  perimeter  or  the  invert  of  a  tunnel  into          

simultaneous  

The  formulas  in  Olsson  et  al.  (2008)  are  too        
detailed and the crack patterns too varied for the  

Dynamite  1350-1450  

Emulsion  1050-1200  

Powder  1000-1250  

  

     

 the  
initiation  scatter  was  small  enough  to  be  

AnläggningsAMA  

The effect that the depth of the cracked zone Rc  

          

when  using  simultaneous  initiation  for  contour  simultaneity in the initiation was not good enough  

        be                

incorporated  into  a  damage  zone  table  like  the  
ones above without considerable simplifications.  
A first one is to subdivide the explosives used in  

4.3-4.5  

3.2-3.8  

1.2-3.4  

decreases  with  an  increasing  decoupling  of  the  

charge  is   quite  clear.  The  data  that  is  most        

comparable with the old damage zone tables is that  
for  Ø51-mm  holes.  The  data  are  compared  in    

 
 Table 7. A rough classification of explosives.  

Type of explosive  Expl. energy  

 MJ/kg  
Gas volume  

 v/kg  

200-950  

900-950  

850-900  

Note: Reference explosive, weight strength 100%.  

4.3   Comparison of earlier data, damage zone  

 tables and measured crack lengths  
strength data in Table 2 has been used to compute  
the equivalent charge concentration.   

The resulting data are given in Appendix B.  

          

Figure 24. The dashed lines representing the depth  

of the crack or damage zone after a simultaneous  

initiation of powder and emulsion explosives lie  

well  below  the  limiting  step  curve  from  

energy  and  density.  Table  7  contains  a  rough  
classification based on Orica’s product line.  

        pyrotechnic       

initiation,  as  long  as  q  <  0.6  kg/m.  For  higher  

charge concentrations the dashed curves lie above  
it.  

      

simultaneous initiation of dynamite, the curve is  

tentative.  
 Figure 24 also contains the EPD data from row  
#6   in  this  investigation,  where  the  bench  face  

 The variation is large and to proceed we choose  

the explosives used in our tests as ‘typical’, see   

Table 2. The necessary data for these explosives  

exist, see e.g. Olsson & Ouchterlony (2003). All  

three were mentioned in the SNRA (1995) table.  
The formulas in Olsson et al. (2008) may thus be  

                  
considered  simultaneous.  To  give  the  range  of  
variation even the crack lengths for the edge holes  

in Appendix A have been included. The data are  

given by vertical ranges with marked averages.   
 The EPD data from rows #3-5 are higher but  

the crack growth directed more along the free face  

so the depth of the cracked zone is considerably  

blasting  in  Swedish  bedrock,  with  a  density  of  
2650 kg/m , a P-wave velocity of 5500 m/s and a  
fracture toughness of 2.0 MPa}m. The weight   

to  cause  wave  overlap  so  these  data  are  not          
included in Figure 24.  
 The  largest  parts  of  the  three  data ranges lie  
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Density  
kg/m  3  

VOD  

 m/s  

3  

  

1300-2300  

4000-5000  

2500-6500  

   

  



  

  

50  

0.6  0.4  

2.0  1.6  

1.7  1.3  

 A  cautious  blasting  of  rock  contours  with  a    

simultaneous initiation of decoupled charges with  
q < 0.6 kg/m could thus give a substantial damage  
or  crack  suppression  effect  even  when  string  

under the limiting step curve and fall roughly on  

the calculated curves for a simultaneous initiation  
with  the  typical  explosives.  The  crack  lengths    

   
emulsion  is  used.  One  way  of  taking  this  into     

Suggested new limit  

 
Crack length, cm  

AnläggningsAMA 98 limit line  

Emulsions  

Dynamites (tentative)  

’ fol. data (  

line (stepped)  

 0.8  
Charge concentration, kgDxM/m  

Figure 24. Crack length (damage zone) vs. charge concentration; data, e.g. string emulsion, compared with     

computed values plus new and old limit lines.  

    

obtained in the present investigation thus fall in  
line with previous experience.  

 This leads to the following suggestion for an  

extended damage zone table:  

Table 8. Extended damage zone table.  

4.4   An extended damage zone table  

Theoretical damage  
 zone depth in m  
see fig CBC/1, max  

Charge concentration kg  
 DxM/m, max  

0.2  0.1  

0.3  0.2  

    

account is to parallel shift the AnläggninsAMA 98  

limit by 0.1 kg/m to the right. See dashed step  
curve in Figure 24. In this way the rock excavation  

tolerances  of  table  CBC/1  and  the  theoretical  

damage  zone  depths  in   table  CBC/2  of  

AnläggningsAMA 98 are not altered. A correction  

factor for Rc like in equation 2 would however     
alter these values, which is less desirable from a  
practical point of view.  

0.5  0.3  

0.7  0.4  

1.1  0.7  

1.3  0.9  

-  

-  

Note 1: Conditions given on the next page.  
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Nonel  Simultan.  1  

0.2  

0.3  

0.4  

0.5  

0.6  

(0.7)  



contour  the  of  

smaller  For  then.  works  still  effect  

the  are  

After  Nonel  after  m  0.7  and  

        tunnels       

however  it  is  possible  to  tighten  the  initiation     

initiation.  

The  string  emulsion  strengths  used  in       tronic  

   Note that some electronic detonators have a  
  nominal scatter that is greater than 1 ms at the  
 long delays normally used in tunnel contours,     

 5-6000 ms say.  

3.  The  initiation  is  simultaneous  well  within         A simultaneous  

2.  The charge concentration q & 0.6 kgDxM/m  

  and S/B < 1.  

   When Øhole < 48 mm, the damage zone depth  

   Behind  wet  holes  the  damage  zone  depth  ±0.85 ms. We don’t know if the crack suppression  

1.  The bore-hole diameter 48 mm & Ø  

 Note that the increase in charge concentration  
for  a  given  theoretical  damage  zone  depth,  as  other damage zone classes. The two first classes  

initiation  

  

hole  

 ones usually  

blasting.  

 
could also  

given by the column for a simultaneous initiation  

of the contour holes in Table 8 is only allowed if:  
specified in  

 & 54 mm  
in normal bedrock and the hole is proven dry.  

   The dry hole requirement would also be valid  

  for Nonel initiation.  

We used two brands of electronic detonators in  
our  investigation.   The  more  accurate  i-kon  
detonators  have  a  scatter  of  less  than  ±0.01%  
when the delay time exceeds 500 ms. At 6000 ms  

the scatter becomes ±0.6 ms and if the relative   

timing of two adjacent holes is considered about  

could increase by a factor of 2-4 compared to  
the table.  

   When Øhole > 54 mm Table 8 probably overes-  

  timates the damage zone depth.  

            

delays of the stopping, contour and invert holes so  

that  they  initiate  at  say  3000  ms.  This  would     

would increase by the factor (51/ Øhole)  for the contour charges would be ±0.05 ms and a  
crack suppression effect would be expected.  

SUMMARY AND CONCLUSIONS  

              

   If  q  >  0.6  kgDxM/m,  then  a  simultaneous     behind contour holes in perimeter blasting with  
 initiation causes a deeper damage than Nonel  emphasis  on  string  emulsion  and  simultaneous  

(0.7) in the third column is smaller than 0.9 in  

the second.  

   When  S/B  >  1  the  damage  zone  depth  in-  

  creases with the factor S/B until S/B = 2.  

   String emulsion at 0.35 and 0.5 kg/m, in terms  

  of  the  equivalent  values  0.25  and  0.35  

  kgDxM/m, fit within the damage zone limits of  

  the table.  

 Summarizing our experiences from these and  
earlier tests it may be said that:   

   String emulsion 0.35 kg/m gives a smooth run  

  but at higher concentrations the run becomes  

  uneven.  

   It was difficult to obtain a controlled bottom  

  charge.  

       holes  

gives  a  smoother  wall  and  shallower  cracks  

than holes with pyrotechnic or simulated pyro-  

technic initiation.  

An initiation scatter of less than 1 ms is most  
probably needed in simultaneous initiation to  
obtain  a  crack  suppression  effect  and  elec-  

       our     

investigation, 0.35 and 0.5 kg/m or equivalently  

0.25  and  0.35  kg  DxM/m,  would  according  to    

Table 8 give damage zone depths of at most 0.5  

 detonators  

quirement.  

 a               
simultaneous initiation the depth values would be  
limited to 0.3 and 0.5 m respectively. By changing     
charge  concentration  and  weight  strength,  the  

Water filled holes amplify the lengths of the  
blast generated cracks.  

   
initiation. This is indicated by that the value  initiation. The aim of focussing also on the effect  

1.05  

of  wet  holes  was  

 . For  

a Ø45-mm hole this would mean a 15% in-  

crease.  

       
increase the possibility of crack suppression. For a  

In our investigation we have measured the blast  

damage,  read  lengths  of  blast-generated  cracks  

 largely  

experimental conditions.  
thwarted  

   Non-simultaneous initiation carries a high risk  
of  tearing,  non-detonating  charges  and  deep  

cracks.  
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string  emulsion  charging  be  made  to fit  

cautious  contour  

®  

  

  

  
1 ms.  

road cut  with  a  longest  delay of  500  ms,  the  scatter  

5.  

by  adverse        

do  not  always  meet  this  re-  



Symp.  Intnl  

support’s  the  of  to  zone  

support  unerring  Their  thanks.  heartfelt  

ratios  coupling  and  

In  Tunneling’79,  Proc.  2     

verification  

simultaneously  initiated  electronic  detonators  
of                      

 String emulsion charging has thus been shown  

to   give  crack  or  damage  zones  of  comparative  
depths  as  the  smallest  pipe  charges  that  are     

   String  emulsion  0.35  kg/m  and  Ø17-mm    
 Dynotex  1  after  a simultaneous initiation in  
 Ø48-mm holes gave blast generated cracks of  

 
     

 delay detonators in cautious blasting has a crack  
comparative  lengths  or  penetration  depths  suppression effect compared to Nonel initiation.  
while a string of 0.5 kg/m increased the crack  
length by about 50%.  

   String  emulsion  0.5  kg/m  in  wet  Ø48-mm  

  holes is estimated to give cracks lengths of up  

  to 1m after a pyrotechnic initiation.  

enough (q < 0.6 kgDxM/m with the strength of the  

explosive   is  expressed  in  equivalents  of  the      
reference  Dynamex  M),    the    hole  diameter  is     

normal  (48-54  mm)   and  the  spacing  to   burden    

ratio  is  normal  (S/B  <    1).   For  larger    charge       
concentrations  

       

normally used in cautious contour blasting. The  

charging technique is rational and simple. It will  
be of growing use to the benefit of builders and  
contractors.   
 We saw that the initial use of older equipment  

made it difficult to control the length of the bottom  

charge but this is not the case with Orica’s newer  

equipment. Nor is the effect of an uneven string at  

0.5 kg/m considered to be a noticeable problem in  

tunnelling, as other conditions vary considerably.  

Pockets of water in the string probably contribute  

to the decrease of the VOD from about 3000 m/s  

inability to detonate. As a charged tunnel round  

normally is blasted within a day, this shouldn’t be  

a practical problem either,  
 An emulsion string deposited in a water-filled  

hole may be sheared off, possibly because it is  

lighter than water. If the contour holes are dry or,  

as usual, angled a few degrees upward, this effect  

would be avoided. If it occurs then a shearing-off  

probably causes a detonation failure. However, a  

pyrotechnic initiation in cautions contour blasting  

often causes both detonation failures and tearing  

Manager  Rolf   Persson   at  Emmaboda  Granit’s  
Bårarp  quarry  and  his  co-workers  deserve  our  
       and         

enthusiasm helped us greatly. Bengt-Åke Eng och  

Kåre  Fuglesteg  from  Skanska  at  the  Hallandsås  

project are thanked for lending us their tunnelling  
rig plus operators. Finally, a warm thank you goes  
to S-O Båvik, formerly with the SNRA, for his  
sustained  support  for  our  work  on  cautious     

undetonated  
muck-pile. In addition to a badly functioning blast  

this  causes  unnecessary  nitrogen  leakage  to  the  

environment.  

   
lessens the risk of tearing in the contour and that it  

could  give  shorter  blast-generated  cracks  in  the  

remaining rock.  
 A comparison  of  earlier  damage  zone  tables  

with  data  from  cautious  contour  blasting  with    
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6-15:5  SSE  

 
Appendix A. Saw cuts and measured crack lengths.   

Row-  Explosive  Undeto-  Radial  

>20  >20        

20  20  20  1  7    

30  30  30        

15  15  15        

13  1  10    

20,40  30  40        

22  22  22        

18  18  18        

17  
10  10  

  
    

32  »10  

20  »10  

0,35  -  1  5  5  5  

Notes: 6-7:4 m means saw cut from row #6, hole #7, level #4 (Figure 19), m = middle hole, e = edge hole.   
 Arc h 1 means arc shaped crack striking towards hole 1. Bold numbers are also shown in Table 6.  
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hole  nated  no.  
Longest  

 cm  
Ave.  

 cm  
Max  

 cm  
Crus  

 h  
 no.  

Ave.  

 cm  
Comment  

6-16:5  SSE 0,35  4 m    0  

3-2 m  SSE 0,35  prob.    0  

3-3 m  SSE 0,35  prob.    0  

3-6 m  SSE 0,5  -  2  21, 36  28  36  3  6  

4-1 e  SSE 0,9  prob.    0  

4-2 m  SSE 0,9  -  3  30, 35, 50  38  50    

4-3 m  SSE 0,9  -  2  12, 60  36  >60    

5-1 e  SSE 0,35  -  3  

5-2 m  SSE 0,35  -  3  22, 45, 55  41  55    

5-4 e  Dynotex 1  4 m  1  

5-5 m  Dynotex 1  -  1  30  30  30  1  4  

5-6 e  Dynotex 1  -  1  

5-7 e  Kemix A  2 m  1  

5-8 m  Kemix A  -  2  8, 18  18  

6-1:3 e  Dynotex 1  -  2  

6-1:4 e  Dynotex 1  -  1  6  6  6  

6-2:3 m  Dynotex 1  -  1  11  11  11    Arc h 1  

6-2:4 m  Dynotex 1  -  4  5, 30, 35  16  35    Arc h 1  

6-3:3 m  Dynotex 1  -    0  Arc  h 2  

6-3:4 m  Dynotex 1  -  3  5, 6, 16  9  16    

6-4:3 e  Dynotex 1  -  1  

6-4:4 e  Dynotex 1  -  1  

6-6:3 m  SSE 0,35  2 m  1  9  9  9  

6-7:3 m  SSE 0,35  -  1  20  20  20    

6-7:4 m  

6-8:3 e  
SSE 0,35  

SSE 0,35  
-  3  

1  
12, 20, 20  

 10  
20  

  
-    

6-8:4 e  SSE 0,35  -  0  Arc  h 7-9  

6-9:1 e  SSE 0,5  -  2  15, 18  17  18  »10  7    

6-9:3 e  SSE 0,5  -  8  20, 27, 30  19  30  »10  7    

6-9:4 e  SSE 0,5  -  12  68, 80, 80  47  80  »10  10    

6-10:1  

m  
6-11:1  

m  
6-12:1  

m  

SSE 0,5  
-  

6  5, 15, 32  18  10    

SSE 0,5  
-  

9  15, 15, 20  14  10    

SSE 0,5  
-  

6  19, 20, 40  22  40  »10  10    



mm  kg/m  

Hole  

kgDx/m  

 
Appendix B. Calculated crack lengths or depth of cracked zone for ‘typical explosives’.  

diameter:  45  48  51  54  57  64  

cm  cm  cm  cm  cm  cm  

17  0,23  0,17  12  11  1 1   10   10   8   

22  0,38  0,29  35  33  31  29   27   24  
25  0,49  0,37  56  52  49  46  44  39  

17  0,25  0,18   24   22   2 1    20    19   1 7    

22  0,42  0,37   56   52   49   46    44     39  

25  0,54  0,48   84   79   74   70    66     58  

29  0,73  0,64  134  125  118  111  105    93  

32  0,88  0,78  182  170  160 150 142 126  

22  0,53  0,53   73   68   64   60   57   50  

25  0,69  0,69   104    97   91   86   81   72  

29  0,92  0,92  158  147  138  130  123  109  

30  0,99  0,99  173  162  152  143  135  120  

32  1,13  1,13  208  194  182  172  162  144  

Note a: Charges with Øcharge/Øhole < 1/3 normally not used in practice.  
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Charge  

 diam.  
Charge  

 conc.  
Equiv.  

 conc.  Rc  R  c  R  c  R  c  R  c  R  c  

  

Powder:  
 a   a   a  

  

Emulsion:    
 a   a   a  

Dynamite:  
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by  means  of  numerical  analysis.  For  

intentional  or  unintentional  explosive  events  Since  there  have  not  been  any  established  

In recent years, blast-resistance analysis has been  
the  significant  topic  of  concern  as  a  result        
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explosion effects  
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ABSTRACT: Among the different accidental events related to important structures all over the world,   

explosive loads have received considerable attraction in recent years. On the other hand due to utilizing   

underground structures in various shapes such as road, railway and subway tunnels, water and sewerage   
conveying tunnels, urban underground facilities and shelter structures, evaluation of explosion resistant   

features for these structures has major importance. Since there have not been any established common  

standards or practices governing the design of protective structures, this study investigates, by means of   

numerical analysis, the ability of a subway tunnel to withstand the effects of an external explosion. For  

this purpose in the first stage, a 2D numerical model was developed and analyzed by FLAC code and the  

results calibrated with an existing centrifuge model test results. In continue using the calibrated model the  
underground subway analyzed for various geological sections. Utilizing extracted results mainly in the  

form of internal forces in critical points of tunnel liner, the liner bearing capacity was investigated for   

induced blast effects. (Keywords: Underground Structures, Blast Loading, Numerical Analysis)  

1.  INTRODUCTION  consequences (Lu 2004; Luccioni 2004; De 2005;  
GUI  2006).  So  it  is  important  to  evaluate  the     
response  structures  impact  load-  

of     ings.  

around the world. The design and construction of  
important structures in the face of explosive loads  

   
standards  or  practices  governing  the  design  of  
blast-resistant  structures,  resistance  of  a  subway  

considerable  from            Iran under  evaluated  
engineers. The response of underground structures  

subjected to blast loading is an important topic in  
          

purpose,  FLAC    for  numerical  analysis  is    
protective  engineering,  because  underground  utilized and a suitable existing centrifuge model  

structures, such as tunnels and shelters are vital  test  was  selected  and  simulated  for  verifying     
elements of infrastructures, and damage to these  the software.  
structures can result in serious and potentially fatal  
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2D  

     

are  receiving  attention  

     
of  these  under  

tunnel  in   blast  loading  was  

mailto:m_esmaeili@iust.ac.ir
mailto:p_fallahzadeh@civileng.iust.ac.ir


depth  

Tehran.  which is  

 
2.  VERIFYING  GROUND CONDITION  

At first, an appropriate experiment (De 2005) was  
chosen  to  investigate  the  effect  of  blast  on  the    underground railway transportation system in Iran  
underground structures then modelled in FLAC  

and the results compared.  
located in  Boreholes have  

The Experiment was conducted at 70 g on a  been done in this site to obtain soil parameters,   
geotechnical  centrifuge.  Underground  structure  (Table 1).  
(tunnel) was covered at 1.8 and 3.6m depth below  
the ground surface, within model containers and a  
controlled explosion was conducted at the ground  
surface.  
 In this experiment, a copper pipe with 76 mm  

outer diameter and 2.5 mm wall thicknesses was  

used as the model structure. A segment of the pipe  

with  610  mm  long  and   the   aluminium   model    

container     with    outer    dimensions     of  

368x876x394mm  were   used.  The  model  of  the  

tunnel  was  instrumented  with  up   to  19   strain  

gauges.  This  allowed   monitoring   of   the   axial  

strains at different locations on the tunnel. Strains  

caused   by  impact  of  explosion  were    measured    

4.1   Depth penetration  

It is essential to first obtain the penetration and  
result of FLAC   of  

loading.  
estimating  

accurate relationship to estimate the pressure and  

duration  of  positive  phase  of  explosion   causes  

variation   between  the  duration  and  Ta,  arrived  

time, in Figures 1 and 2.  

X  = .0031S.N.(W / A)  (V    100)  

Figure 1. Plots of axial strain measured at the centre line in centrifuge test (De 2005).  

    

using strain gauges and Figure 1 shows the strains  

recorded at the top of the pipe in tests.  
 Figure 2 shows the plot of strains that is the   

2D   .  
Figures 1and 2 illustrate reasonable agreement  

between  experimental  and  numerical  analysis in  available  to  estimate  the  depth  of  projectile        
the  curve  shape  and  measurement.  Lack  of       penetration,  approximate  depth  was  made  by  

4.  WEAPON  

A number of manuals on protective structures such  

as U.S Dept of Army (1986) were developed that  

addressed threats of different types of weapons. In  

this  study,   the  high-explosive-general-purpose  

bomb  (GP  2000)  was  assumed.  The  general    

 explosives  
Although  

   

 been  
drilled at various locations and different tests have  

CHARACTERISTICS  

                  

characteristics of GP 2000 bomb are (U.S. Dept of  

Army,  1986):  total  weight  =   950  kg  (2090lb);  

charge-weight = 500 kg (1100lb); body diameter =  

555  mm  (22in);  slenderness  ratio  =   3.0;  and    
striking velocity = 335m/sec (1100ft/s).  

accurate  calculation  is  not  

empirical formulae (U.S Army  
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FLAC    2D  

   
2D    

3.    

The  selected  tunnel  is  one  of  the  lines  of                  

   

   

before  the  blast  

     
corps  1986):  

.5  
S  f  (1)  



a  

Where  R  is  distance  from  the  charge  centre  

projectile(380in ),VS  

Where  X  is  penetration  depth(ft),W  is     4.3  

10m   1e-7  
-  65  0.3  

f  
projectile weight (2090lb), A the cross section of  

45  0.3  30  
1e-4  33  

2   the  

velocity(1100ft/s) , S and N are constant and take  

into consideration the type of the soil and bomb  

respectively which are 5 and 1, so Xf of about 40 ft  
was derived.   

35  

striking       A shock wave  

T  = .34R  W  

T  =  0.0005R  

 
1.8m soil cover  
3.6m soil cover  

Figure 2. Plot of axial strain in FLAC2D  

Table 1. Average soil parameters.  

 Water condition  
   (m)  

  Location  

  25  
  16  

                   
expands outward from the centre of the detonation  

and decays with distance is the result of explosion.  

The  impact   loading  may   be  considered  with   a  

pulse  with  time  history  that  sooth  fast  as  it     

4.2   Cratering  
   
A  crater  is  normally  defined  as  a  hole  in  the  

ground formed by an explosion. If the explosion  

occurs deep enough to be completely contained  

below the surface, the true crater will consist of a  

cavity called a camouflet (U.S Army corps 1986).  
 There is no exact formulation to calculate the  

diameter crater (Ambrosini 2003) but according to  

U.S Army corps (1986), 2.5m was estimated for  

the radius of the crater.   

Figure 3 (Henrich 1979; Wu 2005; Ngo 2007).  
  

(2)             

 Z  
0.05 & Z & 0.3  

(m), W is TNT charge weight (kg),  Z is (R/W1/3)  

  Station N7 to Z7  
  Station A7 to N7  

composed of  

         
propagates  outward  from  the  detonation  centre,  
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Static  

loading   have  

strength,  
under  

crater  the  soil  the  As  

was          

for  be  would  

surrounding  

analyzing  appropriate       wave           

prorogation  in  continuous  nonlinear  media  with  

designers.         

 
scaled distance; Ta and TS are arrived and duration  

time of positive phase, respectively.  
  

Ground water  

Groundwater is one of the most effective factors in  
propagation of blast waves (Wang 2004). Because  
of  existing  water  in  the   site,  this  issue  was           

investigated   as  parametric  study  in  the  present    

paper.  It  was  modelled  by  assigning   the  water     

RESULTS AND DISCUSSION  

For better understanding the problem, sensitivity  

of several parameters on the response of tunnel   

Figure 3. Pulse of pressure-time history applied to the  
crater boundary.  investigated.  

 impact  
Undrained  

been             
 soil      
particular            

5.  NUMERICAL  

Literature review indicates that numerical analysis  

deformation  

 There are many methods that can be used to   

estimate  the  soil  static  undrained  shear  

strength(CStatic) and Young’s modulus(EStatic). On  
the other hand, the value of dynamic undrained  

shear  strength(  CDyn)  and  dynamic  Young’s  

mentioned  before,  the  finite  difference  program  

used  in  this  study  was  FLAC    which  is  well  
suited  for  modelling  nonlinear  systems.  (Itasca  

consulting group 2001)  

5.1   Constitutive model for soil  

 would             
unavoidably collapse under such intense loading,  
the  Mohr-Coulomb  elasto-plastic  model  with  a  

the behaviour of the soil which will undergo large  

deformation. Its failure envelope corresponds to a  

Mohr  Coulomb  criterion  (shear  yield  function)  

with tension cut-off (tension yield function) (GUI,  

2006). In FLAC, the parameters associated with  

the  Mohr-Coulomb  model   for   an  undrained  

analysis  are:  unit  weight  c,  undrained  shear  

strength Cu, Young’s modulus E, and Poisson’s   

ratio. These parameters have been obtained from a  

series of laboratory triaxial tests and are tabulated  

in Table1. For the damping ratio, an average value  

of 6% has been adopted.   

7.  CONCLUSION  

Assessment  of  protective  structures  under  blast  
significant  

Because  there  have  not  been  any  established  

5.2   Tunnel lining  

According to designer, 8+1 rectangular segments  are  expensive  and  model  tests  are  unrealistic,     
with 0.35m height and 1.5m wide are suited in one  
ring and applied for the lining of tunnel modelled  the  response  of  structures  under  such  impact  
with beam element in FLAC.  

non-associated flow rule was chosen to represent  of  these  parameters  on  the  reaction  of  tunnel  

modulus  (EDyn)  are  not  normally  

Dyn  

MODELLING  

    

table at 25m for one, the other one at 10m below  

the ground level and the last one at the ground   

surface (saturated).  

    shear  

stiffness,  water  table  and  k0  are  
parameters discussed in this paper.  

          measured           

directly,  the  empirical  correlation  proposed  by  

Das(1993)  (with  g=1.5  and  G=2)   is   normally      

employed:  

C  =   C  

So it was essential to examine the significance  

structures  
  Figures 4 and 5 point out that C and E reduce  

 the influence of blast wave and Figures 6 and 7  

 show that ground water and k0 have the significant  
 effect on propagation of blast load and increase  
   the pressure.  

             

standards  or  practices  governing  the  design  of  

blast-resistance  structures,  full-scale  experiments  
         

numerical  simulation  is  necessary  to  investigate  
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5.3     

   
loading.  
   

large  such  as  soil.  As  it  

2D  

6.  

structure  

Static  Dyn  E  E  =  
(3)  

  
under  impact  loading  such  as  blasting.  

loading  is  a  topic  for  
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Figure 4. sensitivity of maximum lining thrust and bending moment of roof lining element in (a) k0=0.5 ;  

(b)k0=1 ; and (c) k0=1.5 to dynamic soil stiffness(EDyn=GEStat) and dynamic undrained shear  
strength(CDyn=gCStat).  
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Figure 5. sensitivity of maximum lining thrust and bending moment of wall lining element in (a) k0=0.5 ;  

(b)k0=1 ; and (c) k0=1.5 to dynamic soil stiffness(EDyn=GEStat) and dynamic undrained shear  
strength(CDyn=gCStat)  

0 1 2 3   

340  

0   

1.25  

M
(K

N
-m

) 
 

100  

80  

60  

40  

20  

 K0=.5   

(=1  
(=2  
(=2 . 5  
(=1 . 5  
( =   

 

   

 

 

0  

1.25  

P
(k

N
) 
 

1400  
1200  
1000  

800  
600  
400  
200  

 K0=.5   

(=1  
(=1 . 5  
(=2  
(=2 . 5  
( =   

 

   

 

 

30  

90  

80  

K0 = 1  

100  

 

M
 (

K
N

 -
m

 )
  70  

60  
50  
40  

(=1  
(=1 . 5  
(=2  
(=2 . 5  

20  
10  
 0  

(=1.25  

0 0 . 5 1 1 .5 2 2 .5 3   
   

 

200  

1600  

1400  

K0 = 1  

 
P

(K
N

 )
  

1200  
1000  
 800  
 600  
 400  

(=1  
(=1 . 5  
(=2  
(=2 . 5  
(=1.25  

0  
0  0.5  1  1.5  

   
2  2.5  3  

 

50  

40  
30  

20  
10  

90  

80  
70  

M
 (

kN
 -

m
 )

  

K0 = 1 . 5  

 
(=1  

60  (=1 . 5  

(=2  
(=2 . 5  

 
 

0  
0 0. 5 1 1.522 .53  

   

 

1200  

1000  
 800  

1600  

P
(k

N
 )

  

k0=1.5  

1800  

1400  (=1  
(=1 . 5  
(=2  

600  
400  
200  
 0  

(=2 . 5  
(=1.25  

0 0 . 5 1 1 .5 2 2.53   
   

 



 
0 0 . 5 1 1.5 2 2 . 5 3   

0 0 . 5 1 1.5 2 2 . 5 3   

0 0 . 5 1 1 . 5 2 2.5 3   

Figure 6. Sensitivity of maximum lining thrust and bending moment of roof lining element at (a)water table  

25m ; (b)water table 10m below the ground level; and (c) saturated to dynamic soil stiffness(EDyn=GEStat) and  
dynamic undrained shear strength(CDyn=gCStat)  
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Figure 7 .Sensitivity of maximum lining thrust and bending moment of wall  

lining element at (a)water table 25m ; (b)water table 10m; and (c) saturated  

below the ground level to dynamic soil stiffness(EDyn=GEStat) and dynamic  
undrained shear strength(CDyn=gCStat)  
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–  airport  Shongsan  Taipei  beneath  passing  

of  series  A  

 Loading on Structures.  
TM 5-855-1 1986. Fundamentals of Protective Design  

 for Conventional Weapons. U.S. Department of the  

 Army,Washington DC.  
TM 5-1300  1990. The Design of Structures to Resist the  
 Effects  of  Accidental  Explosions.    Technical     

 
 parametric  studies  have  been       

carried out to study the importance and sensitivity  
of  soil  parameters.  Dynamic  soil  stiffness  and  

undrained shear strength approximately have the  

same  weight  and  mitigate  the  effects  of  blast  

pressure but ground water table and k0 have an  
important influence and increase the pressure of  
blast wave.  
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A  project  was  initiated  to  investigate  the     

The  introduction  of  emulsion  explosives  has  

brought about a number of positive changes to the  

mining environment. Emulsion matrix (UN 3375)  

is not classified as explosive material under the  

South African legislation. Only after the emulsion  

has been sensitized with a gassing agent does the  
product   become   an  explosive.  Less  stringent     
control  of  these  emulsions  with  regard  to  the    

       
feasibility  of  replacing  small  diameter  cartridge  

explosives,  traditionally  used   in  the  deep  level  

mining,  with   a  mini  bulk  emulsion.  In  South          
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Emulsion explosives in the stoping environment  

A. Pienaar, C. Dawkins, L. Wilson  
African Explosives Ltd, Ardeer Road, Modderfontein, South Africa  
  

ABSTRACT:  The development and implementation of cost effective emulsion explosive and portable   

pumping system for the replacement of package explosives in the deep level gold mining environment. A  

number of versions of portable pumps will be presented, demonstrating continuous improvement on these  

systems. Data on reliability of units in the field will be presented. The development of a chemically   

gassed, specialized emulsion explosive, sensitive in small diameter holes will also be demonstrated. The  

product is sensitized with either an aqueous or emulsified gassing agent.  

1.  INTRODUCTION  extremely harsh and many challenges need to be  

overcome in order to be successful (Figure 1).   

    
                    

handling,   transport   and  storage  results  in  a           

reduction  in  handling  cost  and  more  flexibility.  

African  Explosives  Ltd’s  (AEL)  bulk  emulsion  

systems have worked well with surface trucks and  

underground bulk units for many years.  

Figure 1. A challenging environment.  

  New pumps capable of pumping small, precise  
Africa deep level mining could reach depths of  volumes of emulsion were required. The pumps  
9,000  feet  (3,500  m).  This  environment  is       must  also be able to deliver accurate volumes of  
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the  sensitize  to  agent  gassing  the  

enforced  in  an  attempt  by  the     

methodical and safe manner.  
 South  Africa  experiences  numerous  security  

options were investigated and tested.   
 A small diameter stoping emulsion formulation  

needed to be developed. This product had to be at  

least  sensitive  to  normal  shock  tube  detonators  

(8D) in 25 mm diameter holes for application in  

the stoping environment.  
 As many as 300 pumps could be deployed into  

The  logistics  of  transporting,  storage  and     difficult  

contamination  of  the  ore  stream  reduces  the       currently  being  
of  use  as  well  as  recovery  of  bags  as      attacks.  

 emulsion.         
Effective  mixing  of  the  two  ingredients  in  a  the  training  team  on  any  given  mine  

     

explosive  

   
   Department  

 
operation  principles.  

performance of the emulsion explosive. A number  

of static mixers were developed to optimize the  

mixing, enabling the pumps to produce a product  

with sufficient sensitivity.  
 Packaging  developed  for  emulsion  transport  
needed to be user and environmentally friendly.   

   
issues concerning explosives, such as auto teller  

bombings and illegal mining. The recent increase  

in ATM bombings meant that security around the  

storage and control of explosives became an issue  
be  recyclable  to  prevent            greater concern. This has elevated the status of  

contamination of the ore collection process as well  
as the environment. All this is done to allow ease  

considerably.  Packaged  

            Stricter control of packaged explosive is  
          

of  Minerals  and  Energy  to  try  and  
curb these attacks. The mini bulk systems are more  

         to use in these applications and therefore  
underground  tramming  of  the  emulsion  to  the  offers  an  attractive  alternative  in  the  mining         
working  face  had  to  be  established.  Various     industry.  

HISTORY OF STOPING PUMPS  

 The initial idea of making use of a small modular  

 system underground to load stopes goes back more  

 than 10 years. A number of innovative ideas have  

 been generated through this time period.   
any  one  mine.  This  requires  the  training  of          The photos below provide some indication of  

systems to date.   

Figure 2. Several examples are shown of a hand, pneumatic and hydropower pumping systems.   

efficiency  of  the  gold  and  platinum  recovery  
process.  

unskilled,    illiterate    operators    in   both   pump       pumping  
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         is               

97.5/2.5  %  ratio  is  essential  to  ensure  optimal    considerable. This all needs to be conducted in a  

and  The  size of  

Bags  needed  to  

      

   
  

of  
this  project   type              

explosives are currently exclusively used in these  

2.  

  



better  for  provides  

the range  of  the rest  than  (35 kg)  

‘BJS’  pump  fitted  to  a  trolley  is  shown.  The  and  

a centralized  

 
Figure 3. Images of backpack and carry can units.  

 From left to right (Figure 3) the backpack unit  
and carry can unit is displayed. These units were  
designed in an attempt to make it easier for the  on the gold recovery process.  

Nitrate content  

miner to carry the emulsion around. Emulsion in  

the backpack units was pre-sensitized from a pump  

into the unit and compressed air was used to expel  

the product into the blasthole. In the last picture a  

pneumatically driven,  
minimum pressure requirement of (2.5-3) Bar. The  

    

emulsion in this instance is pumped from a bucket.  
All  these  attempts  were  admirable  but failed to  pump with a carry can that is filled from bags or at  
provide the mines with the ultimate solution.  
 Systems were developed to deliver emulsions  
into the stopes. Separate systems were developed  

for transport and loading to reduce the amount of  

handling   of   the  separate  ingredients.  Various  

methods  of  in  situ  emulsification  and   product    

bulk silo store.  

formation have been evaluated with varying levels  

of success. Logistics were however an ever present  

and major consideration.  
 This initial work has lead to the development  

of   the    US06  and   US06C  Pumps.   The  AEL:  

US06C pump has evolved from many years of trial  

and error work at the AEL test facility as well as  

underground in the harsh conditions of the deep  

level  mining  environment.   To  date  this  system  

proves to be the most reliable and cost effective  

with respect to running cost and maintenance. This  

system  will  continue  to  evolve  as   the    emulsion   

formulations evolve. The US06C has a metering  

system that has been specifically designed to allow  

for   minimal  wastage   as   it  allows  for  the   exact    

dosage   required  to  be  dispensed  into   the   blast  
hole.  This  has  reduced the environmental impact   

and therefore  

The  power  conversion  ratio  is  higher  on  this  

pump, allowing the pump to be used over longer  

distances. This high power conversion ratio also  
 refinement  
emulsion/sensitizer mixture.   
 The pump was designed to deliver a set amount  

of emulsion per stroke. It also employs the carry  

can  system  and  is currently being used in long  

hole blasting. It has also enjoyed success in tunnel  

blasting and is suited for vehicle mounting where a  

bulk tank is mounted on the carrier vehicle.   
 AEL:US08 pump (see figure 8)  
 The striving for an even lighter pump has lead  
to the in-house development of the plastic US08  
pump.  

a  stainless  contained  steel  frame  

of  loss  of  nitrates  to mine  water.  

is  in  for  

 of  
process water on the mine has a negative impact  

    
protection. The emulsion matrix is delivered to the  

  The  US07  pump  was  designed  in  house  by  

 AEL for pumping longer distances in the order of  

 30 – 40 meters.  
 This is a stainless steel pump fitted inside a  
   stainless steel frame. The pump is much heavier  

 not  
ideally suited to the harsh stoping environment.   
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Both  pumps  are  with a  

O6  pump  weighs  25  kg.  The  pump        is              
manufactured  from  a  spark  resistant  aluminium  

  

of  the               



 
Figure 4. Stope system layout.  

Figure 5. AEL:US06 and 06C pumps.  Figure 7. AEL:US07 pump.  
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Figure 6.   
  



with,  to work  product  safer  much  

Much  was  fuel  a  and  

 was  

these  

product  that  showed  tests  

eliminating  

and  reliable  sensitivity  could  be  obtained.  The  

investigated.  

 the  
sensitive  at  20  mm  

sensitivity  containing  formulation  

product, explosives free mines.  

 The  new  SDS  (Small  Diameter  Stoping)    

narrow reef stoping environment was done with  

the R100G formulation. This product performed  

well in the larger diameter holes, above 36mm, but  

the  smaller  diameter  holes  proved  to  be  its    

provided  with  a  sophisticated  and  adjustable  all  pumps  pumping  SDS,  since  this  product     

This  pump  consists  predominantly  of  plastic  The  

  was  

and  therefore  

batching  system  capable  of  a  wide  range  of       had  a  Minimum  Burning  Pressure  of  47  ºC.    

             agent  

and  weighs  roughly  25  kg.  The  emulsion     mixed  into  the  product  during  

   
delivery  settings.  This  unit  is  suitable  for       Further  

blasts.       summarized in  
Unfortunately  it  is  not  as  suited  to  on-site           
maintenance  as  the  other  units  due  to  its                with the O6 pump. The reason for the variation  

was  attributed  to  insufficient  mixing  of  the     

 
         

downfall. The product detonates unreliably in the  

smaller diameter holes and dead pressing effect is  

produced in longer, small diameter holes, used in  

tunnelling.  This  proved  restrictive  for  single  

          

product  was  introduced.  This  high  fudge  point  
 enhancers      

was introduced. Unconfined product qualification  

Figure 8. AEL:US08 pump.  sensitive    

 and  
gassing tanks are fixed to the pump and everything  
is  encased  in  a  plastic  housing.  This  pump  is    

complexity.  

 AEL:US09 pump  
 The manufacturer of the AEL:US06 and 06C  

range  has  also  developed  a  plastic  light  weight  

pump in the form of the US09 Dinky pump.  
   

             

emulsion and gassing agent. The major problem  

being  that  all  the  mixing  must  be  done  in  one  

stroke of the piston. Various arrangements of static  

mixer lengths and shapes were tested as well as  

numerous variations in orifice mixers. The use of  
an  emulsion  sensitizer,  consisting  of  sodium     

 better           
mixing was obtained with this oil in oil system   

Figure 9. AEL: US09 pump.  

 This  pump  is  limited  to  the  distance  it  can  

pump but is the most portable in the AEL offering.  

It is also fitted with a carry can and has a metering  

unit.   

   
matrix mixer was incorporated at a later stage to  

improve the mixer properties even further. This  

was designed in-house to optimize the refinement  

of the product and increase the intimacy of the  

mixing.  

 AEL is currently in the process of evaluating  

the  next   generation   AN-only  emulsion.  This  

emulsion,  Small  Diameter  Development  (SDD)  

was   developed  with  the  smaller  hole  diameter,  

tunneling rounds in mind. The emulsion has the  

same  fudge  point  as   SDS  but   the  absence  of     

FORMULATION OF SMALL DIAMETER  

STOPING EMULSION EXPLOSIVE  
        the  

exposure of workers to carcinogens. Qualification  

testing  has  shown  that  SDD  has  very  similar     
Initially  the  majority  of  work  conducted  in  the  sensitivity characteristics to that of SDS.  

         tunnelling  production  

           

enough  to  be  used  in  the  stoping  environment.   
sensitizing  

       tests           
 representing  the  most  ideal  mixing  conditions.    
   30  Bar  bursting  disks  were  fitted  onto  

product  data  of  the  SDS  emulsion     
 table 1.  

Irregular  results  were  obtained  during  trials  

           

nitrite,  dehydrator  and  sensitivity  enhancers        

           

sensitivity enhancers makes the product cheaper  

and  more  environmentally  friendly.  It  is  also  a  
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3.  

   

  

     
as  well  as  

  

   

6D  cap           

aqueous  hand         

   

        
    

is    

  



 
Table 1. Properties of SDS emulsion explosive.  
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Property  Specification  

VOD (Unconfined)  5000 m.s  -1  

Classification (Base Emulsion)  Non explosive  

Classification (sensitising agent)  Non explosive  

Ideal Delivered Energy to20MPa  2.442 MJ/kg  

Relative Weight Strength to 20MPa  86 (ANFO = 100)  

Relative Bulk Strength to MPa  127 (ANFO = 100)  

Water resistance  Excellent  

Shelf life  10-12 Weeks  

Repumpability (PC pump)  3 stages  

Viscosity (Base)  18000-22000 cP  

Viscosity (Explosive)  < 100 000 cP  

Density (Base)  1.40-1.45 g/cm3  

Density (Explosive range)  0.90-1.20 g/cm3  

Base emulsion : gassing solution  97.5:2.5 (m/m)  
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exceeds  Product  

parameters.)  
 A  range  of  pumps  to  cater  for  different     

performance  

5.  IMPLEMENTATION  

All  pumping  systems  introduced  into  the    

Legal  compliance  with  respect  to  training  and  

4.  LEGAL  
 
COMPLIANCE  Implementation  

All underground pumps are classified as explosive  

manufacturing factory units by the Department of  

Minerals and Energy as well as the Chief Inspector  

inclusive  at  all  times.  The  faster  the  rate  of     
implementation, the greater the chance of success.   

of  Explosives  and  therefore  have  to  have  an         

explosives  manufacturing  license.  Each mine  is   

responsible to ensure that their pumps are licensed  
and that an on-site pumps register is kept at the  
mine.  Currently  AEL  assists  with  this  process.    
    
certification of the pump operators is addressed in  
the form of a dedicated training team that can train  

the charging team or the mine training centre. The  

training of the training centre allows the end user  

to  conduct  the  new  employee  and  follow  up  

training. These training centres are trained to the  

required level of competency.  
               

market place are hazard studied for safety of use  

and  pumping  of  emulsion  matrix.  Appropriate  

safety  systems   are  engineered  into  the  pumping  

systems as safety in the pumping of emulsions is  

of prime concern.  

STRATEGY  

The implementation of any new system into the  

mining environment is a complex and arduous un-  

dertaking. Resistance to change is an ever present  

obstacle that results in the disappearance of prod-  

uct and equipment. This resulted in clear objec-  

tives having to be set and agreed upon by all of the  

relevant role players. A clear implementation plan  

had to be put in place with clearly defined mile-  

stones. The flow chart below shows the plan and  

task assignment that had to be followed to ensure a  

painless roll out of the system.  

6.  CONCLUSIONS  

      expectations.        

Explosives  free  mining  has  been  achieved. One  

product is used for all blasting applications.   
 Cost of the system is currently perceived to be  

higher  than  package  explosives.  (Measuring     

       
customers  requirements  have  been  developed.  

Simplicity, reliability, and robustness of pumping  

system is essential.  
 The logistical chain needs to be simple, robust  

and user friendly. Flexibility in surface logistics  

needs to cater for bulk delivery to customers.  
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needs  to  be  focused  and            
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study  literature  A  system.  was       nitrocellulose and nitroglycerine). The  modelling  
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The development of a blasthole stemming performance evaluation model  

using a purpose built testing facility  

Dawid Boshoff  

ABSTRACT: The ability of an explosive to break rock is influenced considerably by the extent of   

confinement in the blasthole and it is believed that confinement is improved by the use of stemming. The  

aim of this paper is to present the first and second stages of results in developing a stemming performance  

testing and evaluation facility for small diameter boreholes. The results showed that different stemming  

products have differences in terms of their functionality, which can have a major impact on the efficiency  

of rock breaking. Two test procedures were used, one through the exclusive use of compressed air and the  

second using a purpose built high pressure test rig with small quantities of explosives.   
 Both tests were used to identify and evaluate the ability of various stemming products to resist the   

escape of explosive gas through the collar of a blasthole. Extensive research was conducted to determine  

the types of stemming products most commonly used in South African underground hard rock mines, and  
the differences in design between the various products are discussed. The first stage of tests using   

compressed air only did not prove adequate to predict with certainty the pressure behaviour in the   

borehole of a particular product under high pressure conditions.   
 The purpose built high pressure test rig proved to be a very effective tool to test stemming products   
under high pressure conditions. The test rig will enable manufacturers of stemming products to optimise  
stemming design and enable end users to test stemming products under laboratory conditions. Well   

designed stemming products will improve the rock breaking ability of explosives and decrease energy loss  

through the collar of the blasthole. With less energy loss through the collar of the blasthole, support and  

hanging wall damage is reduced, resulting in reduced quantities of explosives needed to provide required  

fragmentation.  
  

1.  INTRODUCTION  process.   The  first  phase  tests  were  conducted        
at  low  pressure  utilising  compressed  air  and        

The  aim  of  the  paper   was  to  present  the  first      
and  second  phase  of  the  work  in  developing           

conducted  

stemming  performance  and       propellant   explosives,  
      
conducted  to  assess  the  available  field  of      of   this   research   were   to   develop  a  stemming     
knowledge  in   relation   to  explosives  in  rock  

breaking  and,  more  specifically,  the  interaction    

of  stemming  materials  with  the   explosive  and     
the  surrounding  rock  mass  during  the  blasting  tests.   

   investigate the relationship between low pressure  
   compressed air tests and high pressure ballistite  

 high   pressures  utilising  ballistite  (i.e. smokeless        

 objectives  
    
   performance testing and modelling system and to  
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a  testing             

second  phase  tests  were  at              

made  from  two  
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represent  can  that  assemblage  

production  stope used conventional drill and blast   

Underground tests were then performed to analyse  

the  influence  that  factors   other   than  stemming  

would  have   on  the  results,  and    to   analyse  the     

potential  of  a  production  stope  to  serve  as  an     

the       discipline,  

(1984),  a  methodology  was  presented  for  the     underground  

to  movement       of  

  
During  the  literature  study,  work  by  other       The  

      
as  

mining  methods.  Blastholes  were  drilled  in  a  

               

accurate  testing  environment.  The  underground  results  from  the  underground  tests,  and  the          

behaviour of the explosive gasses in a borehole.   

calculation of borehole pressure generated by an  was  to  determine  the  influence  each  of  these     

  a  block  of  ground  being  removed  during  a    

            spacing  between  holes  was  15.75  inch  

researchers  indicated  that  the  behaviour  and      (400mm)  with  a  hole   diameter  of  1.26   inch  

(friction). It was concluded during these studies  single blast.  

 
98.4 ft (30m)  

3.28ft (1m)  

Figure 1. Diagrammatic representation of a block of ground being removed in a single blast.  

CONCEPTUAL MODEL OF RESEARCH       
horizontal configuration at 80   angles (Figure 1).  

performance of stemming materials is based on the  
resistance  

(32mm). Figure 1 gives a graphical representation  

that the use of frictional force calculations should  

increase  the  accuracy  of  the  estimated  ejection  

times  of  stemming.  Thermodynamic  principals  

these different factors that were measured in the  
tests. The objective of the analyses  

     
explosive. It was concluded that thermodynamics  factors had on the results of the blasting. A strong  

understanding  regarding  has made a big impact on the advance  
   well  as  the  socket  length.  The  poor  drilling    
 Explosives generate pressures that range from  discipline is evident from the inconsistent drilled  
279  922PSI  (1.93GPa)  for  Ammonium   Nitrate  lengths (Figure 2). It can also be seen that there is  

Fuel   Oil  based  explosives  to  733  891PSI  a correlation that appears inversely proportional  

(5.06GPa) for emulsion based explosives. These  between  the  advance  and  the  socket  length.  In    

 inconsistencies that can be observed between shift  
 6 and 9 was due to a change in work patterns that  
   was observed during a long weekend.  
     Due  to  the  high  variability  indicated  by  the    

tests were conducted in a conventional production  

stope at Townlands shaft, a platinum producing  

vertical shaft of Anglo Platinum, situated on the  

outskirts  of  Rustenburg,  South  Africa.  This     
  The   rest   of   this  study  focuses  on  the     

  The measure of the influence that all of the   

 factors mentioned in the previous paragraphs have  

 on the results of the study is difficult to determine.  
also  have  the  potential  to  predict  the  pressure  The  following  paragraphs  will  analyse  some  of  

based approach permits equilibrium explosive gas  

pressure  calculations  for  initial  and  final  state  

conditions to be ascertained while neglecting the  

rate of change. The ideal gas law can be used to  

explosive properties facilitated the investigation of  

the  technical  feasibility  of  underground  tests.    

  
 factor.  

testing  

changes in a blasthole. In a report by Britton et al.  

 correlation can be seen between the advance and  
   the drilled length in Figure 2. All these blast holes  

 were stemmed identically. It is clear from Figure 2  
 that  in  this  underground  stope,  poor  drilling       

 figure 2 the daily advance has been compared with  
   the drilled length as well as the socket length. The  

requirement for scientific research to be public and  
repeatable, it was decided to build a laboratory  

 the             
   underground  conditions  but  exclude  the  human  
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1.31 ft   

(400mm)  

2  

basic  principal  of  

   

gain  a  better  

  

   



consisted  first  The  methods.  different  

been  have  products  

capsules  clay  

store  

was  survey  A  

A),       tested was  homogeneous  

       39.47inch x 39.47inch (1m x 1m). A steel pipe   

The  survey  included  16  mining  houses  that  delivering compressed air was securely connected  

following       ballistite  

conducted  telephonic  

A  number  of  generic  stemming  products  were    

physical behaviour of different stemming materials  
currently available on the South African market.  (Product  D)  and  heterogeneous  gravel  capsules  

     

         was  

determined:  
  

foam (Product C),  

 
Advance ,  Dr i l led length ,  Socket  length   

1  2   3  4  5   6  7   8  9  1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8 1 9 2 0 2 1 2 2   

A d v a n c e   Dr i l l e d  L e n g t h   S ocke t  l en g t h   

Figure 2. The measured average daily advance, drilled length and socket length.  

Polyurethane  

The products were compared and analysed in a  (Product E). An example of each of these generic  
laboratory testing environment.  stemming  

STEMMING PRODUCT SELECTION  
 replaced  

letters as indicated above.  
alphabetic       

    
selected to be used during the experimental tests.  
      amongst       

underground  hard  rock  mines  in  South  Africa  

which utilize small diameter blast holes. For each  

mine, the individual responsible for the material  
questioned  

 If stemming was a stock item on the materials  

bill of the mine;  

RESEARCH DESIGN & METHODOLOGY   

The laboratory testing was conducted using two  
 of           

compressed air tests and the second made used of  
   to generate high pressures in a purpose  

built  stemming   testing  rig.  These   two  methods  

were   used  to  determine  if  the  behaviour  of     
stemming  products  tested  at  low  pressures           
resembles stemming behaviour at high pressures.   

If stemming was indeed a stock item then the  
 type of stemming was determined and;  

For the compressed air testing method, a six  
ton Granite block was used and a hole was drilled  
through the block (Figure 3) simulating a blasthole  

The supplier’s details for the stemming material  
 were also obtained.  

in an underground mine. The diameter of the hole  
was 1.26inch (32mm) with a length of 39.47inch  
(1m),  and  the  dimensions  of  the  block  were  

used the following 5 common stemming products:  
 (Product  

homogeneous gravel capsules (Product B),      

to the one side of the hole (A). The product to be  
 placed in hole from the opposite side  

(B).  A  steel  tube  was secured with resin into the   

mechanical plugs  
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Norite (Granite) block  

Steel tube  

Air pressure feed  

Position of stemming  

test sample  

1.64 ft (0.5m)  

Figure 3. Experimental setup - a section view of the Norite (Granite) block.  

Figure 4. Box plot distribution for the low pressure tests of all the products.  

block (Figure 3). This tube served as an anchor for  

the incoming compressed air line (A), which was  

connected to a compressed air source. Thread was  

cut  inside  the  steel  tube  to  accommodate  the  

compressed air coupling (Figure 3).   

 A  pressure  transducer  was  connected  to  the  
compressed air line in order to measure the change  
in  air  pressure  versus  time.  A  gate  valve  was            

   installed between the pressure transducer and the  

 compressed  air  source.  For  each  test  run,  the  
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was  door  A  

and  chamber  reaction  the  

For  the  ballistite  experimental  work,  the     

(not shown  A shot exploder  

then insulated.  

narrowest  distribution  as  well  as  the  lowest     Pressure  was  generated  inside  the  

distributions  of  the  peak  pressures  for  all    chamber.  

recording system.  
 Box plots were used to statistically analyse the  

compressed air test results. Box plots provide a  

quick, graphical approach for examining the data,  
without  the  need  to  test  the  assumption  of  the    

and  this  information  was  captured  by  a  data     equipped  

product was in the hole at the correct position, the  
gate valve was opened. The pressure transducer  secure  connection  between  the  pipe  and  the     

the hole in the Granite block from the open ended  
side  (Figure  3.  (B)).  As  soon  as  the  stemming  plate was attached to the reaction chamber at the  

reaction  

      

 the  
products tested. The products have been arranged  

 
stemming product to be tested was inserted into  thick walled steel as well as an outlet pipe welded  

chamber.  

connection.  The  support  ensured  a  
       
then measured the pressure change in the system  reaction  chamber.  The  reaction  chamber  was  

   
added to its circumference. These bolts  

 door shut during detonation, but allowed access to  
 the reaction chamber during the loading process.  
 An O-ring was placed between the door and the  
    reaction chamber to ensure a tight seal. A pressure  

statistical distribution of the data. This eliminates  transducer,  attached  to  the  reaction  chamber    

heavily  affect  the  probability  density  function  contacts were inserted through the outer casing of  
which will ultimately affect the conclusions about  
the research.  
 The box plots graphed in Figure 4 indicate the  

 A  
steel plate was placed in position on two  

  5). Steel  
from the highest median value on the left to the  legs were welded to the device to ensure stability  
lowest on the right. It can be observed that the   during  detonation  diagram).       
    
pressure  was  indicated  by  the  control  test.  The  chamber by the deflagration of the ballistite. An  
data supports the assumption that stemming can  electric detonator was attached to the detonation  
increase the pressure in the blasthole by at least  contacts and inserted into the ballistite (Figure 5).  
25% (Brinkman 1990).   
 The ballistite experimental work was done in a  

purpose built stemming testing rig (Figure 5). The  

device consisted of a pressure chamber made from  
   

 in  

to set off the electric detonator.  
    
stemming   product   to   be   tested   was   inserted    
  

Safety valve  
Reaction chamber  Swing-bolts  

Support plate  

Steel outlet pipe  

Reaction chamber  
 cover plate  

Pressure transducer  

Figure 5. Section view of the pressure chamber.  

six  

                    

the  risk  of  incorrect  assumptions  about   the       (Figure 5), measured the pressure change in the  

distribution.  Incorrect  variance  calculations  will  chamber  during  the  detonation.  Two  detonation  

swing-bolts  

  thick  

 slides  
and  attached  to  the  inner  walls  of  the  reaction  
 fastened  
chamber with a hinge attachment  

reaction  
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to  a  A  thick  circular  support  

pipe  plate          
  

Steel plate  

(A)  

  

  

with a  safety  valve  and  
kept  the  

to   the  
(Figure  

reaction  

(not  shown  in  
      

diagram)  was  used  



 
Electric detonator  

Door hinge  

Insulated detonation contacts  

Figure 6. Reaction chamber viewed from open end with door in open position.  

Figure 7. The quartile distribution for the products and the control test run.  
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the  on  effect  similar  a  have  

from  pressure  in  increase  

been  indicated.  The  box  and  whisker  plots       the  

swing-bolts placed in the downward position and  

insulated   detonator   contacts  were  connected  to  

lead wires from the shot exploder. The door of the  

reaction  chamber  was  then  closed  and  the     

the            

into the steel outlet pipe (Figure 5) from the open  

            highest resistance to air pressure during the  

indicating  the  lower,  middle  and  upper  quartile  compressed air tests will also produce the same   

        terms  

tightened  to  ensure  a  secure  seal.  This  was      compressed  

 1  
ended  side  (A).  The  stemming  products  that     different  

distributions  are  provided  in  Figure  7.  The       results during  

     
followed by the detonation of the ballistite using  at a relevant level of significance, to predict the  

       
required to be manually secured in the hole were  

supported from the other side with a purpose made  

stopping device to prevent their entry deeper into  

the hole than required. After the stemming product  

was correctly positioned in the hole, an amount of  

ballistite, depending on the pressure requirements,  

was measured and poured into a paper container.   

The paper container was then positioned on the  

steel  plate  (Figure  6)  and  an  electric  detonator    

 of  
air  

prediction,  performance  

             
triangles  indicate  the  median  of  each  of  these    the  

the  shot  exploder.  The  pressure  transducer        pressure  performance  ranking  of  the  products          
measured the pressure change inside the reaction  using ballistite. If the assumption is made that an  
chamber during the detonation process. The data  equivalent  

 
   
 stand during both the ballistite and the compressed  

 air tests. The products have been ranked in table 1  

 according to the median value of their pressure test  

 results.  The   ranking  order  has been  determined   

 according to these specific results and according to  

 the  specific  conditions  under  which   these  tests  

 were  performed.  The  product   ranking  indicates  

 how the products compared to one another during  
   both tests. The ranking order changed dramatically  

inserted. The two wires of the electric detonator  
were  then  connected  to  the  insulated  detonator  

from the ballistite tests to the compressed air tests.   

5.  CONCLUSIONS  

 Compressed air and ballistite pressure tests allow  
   some performance differentiation to be made, but  

 the            

tests did not prove to be adequate  

generated by the transducer was then captured by  

the data recording system.   
 Figure 7 provides the box plot distributions for  
each  of  the  products.  The  control  test  has  also  

 the           
compressed air tests to the ballistite tests would  
 deformation           
characteristics of each of the stemming products, it  
could be deduced that the product that indicated  

          

distributions. The products have been arranged in  

decreasing median value and the extreme outliers  

excluded  from  the  data  analysis.  The  limiting  

value of the extreme outliers was taken to be three  

times the inter-quartile range.   

the ballistite tests. This will lead to  
conclusion  

Table 1. Ranking of products.  

A  25.1  

B   54.1  

C   22.6  

D   25.4   

E   36.0  

Control  
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Table  indicates  the  pressures  that        the               

stemming  products  were  able  to  with-  

Product  Compressed air test pressures  Ballistite test pressures  

Median (PSI)  Median (kPa)  Rank  Median (PSI)  

87.6  

Median (kPa)  Rank  
 

172.9  4  604.0  1  
 

373.3  1  82.8  571.2  2  
 

155.9  5  30.5  210.2  5  
 

174.8  3  59.0  407.1  3  
 

247.9  2  40.0  275.8  4  

20.4  140.5  NA  21.0  144.6  NA  
 

contacts  (Figure  6),  and  the  outside  of  

in  

that  the  products        reacted              
differently,  in  terms  of  deformation  mechanics,  
during the compressed air tests when compared to  

the ballistite tests. The lack of a good correlation  

between the ballistite and the compressed air test  

results  will  counter  the facilitation of an accurate  
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mining.  
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 and  
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and  blasting  

explosive  of  The  

 clay  

gravel  

Otuonye,  F.O.  1981.  Effective  Blasthole  Stemming.  

 S.O.  
construction  

International  

annual  conference  of  explosives  and  blasting     

Eloranta  J.W.  1994.  Stemming  selection  for  large     

importance  

Brinkmann, J.R. 1990. An experimental study of the   

   Granular  capsule  products  have  indicated  

better  than  the  control  tests.  This  leads  to  the    Persson, P.A., Holmberg, R. and Lee, J. 1994. Rock  

(Product  

 (Product  
capsules  

 capsules  
homogeneous  

homogeneous  

prediction  of  a  stemming  product’s  pressure     

 A),            

  B)          
displayed significantly higher pressure results than  

all the other products tested in the ballistite tests  

are of similar design. These designs are tried and  

tested and evaluated in numerous others studies,  

including those by Brinkman (1990). This study  

proved that there is a perceptible difference in the  

ability  of  stemming  products,  with  different    
physical  designs,  to  resist  gas  pressure  in  a     

Kopp,  J.W.  1987.  Stemming  ejection  and  burden    

 February 3, 1994, International society of explosive     

 engineers, Cleveland, Ohio. 255-272.  
Esen, S. 2003. A Statistical Approach to Predict the   

 explosives  

CRC Press, USA, 242.  
conclusion  that  any  stemming  is  better  than  no  

stemming.   
 Manufacturers of stemming products must take  

the following factors into account when designing  
their products:  

 Second  

Ljungforetagen tryckeriab Orebro, Sweden.  

   Stemming  

  design.  
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 2000, Vol. 289, Issue 6, 213–215.  
Singh, M.M., Singh, R.B., Pal-Roy, P., Bagchi, P. and  

 Dhar, B.B. 1994. An approach to improve blasting  

 efficiency in an iron-ore mine. International Journal  
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Snelling,  W.O.  and  Hall,  C.  1912.  The  effect  of     
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performance at explosion reaction pressures. The  
         

Effect of Confinement on the Detonation Velocity of  

Commercial Explosives. Julius Kruttschnitt Mineral  

Research  Centre,  The  University  of  Queensland,  

Brisbane, Australia.  
     

 movements from small borehole blasts. United States  

 Department of the Interior, Bureau of Mines, USA.  
 Lee, R.A., Rogers, J.A. and Whitaker K.C. 1995. The  
   origins and effects of inter-deck pressure in decked  

    

blasthole. The test results indicated that granular  

and clay ampoules can provide higher increase in  

pressure in the blasthole during a rapid pressure  

build up than polymer products. It must also be  

noted that all the stemming products performed  
 society  
Cleveland, Ohio.  

engineers,      

engineering.  

technology  
edition,           

simple        

   Correct  application  of  stemming  products  

  should be easy and require minimum care and  

  supervision.  

         

pressure  performance  superior  to  the  newer  

polymer designs.  

   Correct  product  design  for  a  particular hole   

  diameter plays an important role in stemming  

  product performance.  
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