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1 INTRODUCTION 

Emulsion explosives (EE) represent a specific 
class of emulsions. EE are a mixture of two        
incompatible liquids. Two different surfactants are 
usually used to stabilize an emulsion explosive, 
these being a slow high molecular weight       
emulsifier (supplying stability at rest) and a small 
mobile surfactant (supplying dynamic stability). 
One of the most important of the EE is their      
stability. (Masalova et al. 2007, 2006; Kim et al. 
2008; Tshilumbu et al. 2010; Drelich et al. 2010). 

Emulsions are considered to be thermodynami-
cally unstable due to gravitational separation, 
creaming, coalescence, flocculation or Ostwald 
ripening (Becher 1985; Hunter 1986; Schramm 
1992; Hunter 1993; McClements 1999). In      
contrast to standard emulsions, the concentration 
of the dispersed phase in EE exceeds the close 
packing of spherical droplets (approximately 
0.74). In addition to this, the EE’ dispersed    
droplets consist of an aqueous solution of nitrate 
salt(s) which is super-saturated at room            
temperature. EE are prone to crystallization of the 

ABSTRACT: The term ‘emulsion’ in general describes the dispersion of two relatively immiscible liquids 
(such as, for example, an aqueous oxidizer and fuel/oil). An emulsion explosive consists of an industrial 
grade fuel as the continuous phase and a super-concentrated aqueous salt solution as the dispersed phase. 
One of the most important characteristics of an emulsion is its stability. The stability (shelf life) of an 
emulsion is considered in terms of crystallization of the dispersed phase droplets (oxidizer) during ageing. 
The present research examines the combined influence of industrial grade oil/fuel properties on the 
stability of the emulsion explosives. This research focuses on the influence of the fuel-oxidizer interfacial 
tension (as a function of the fuel polarity) and the fuel viscosity on the droplet crystallisation in 
emulsions, which are stabilized by either a slow high molecular weight emulsifier or a small mobile 
surfactant. Within the frame of our experimental work, it was found that there are fuel/oil types that are 
characterized by optimal parameters. These parameters are also affected by the type of surfactant used. 
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 Shellsol 
Ash-H 
1&2&3 

Parprol 
32 

Wittol 
Mosspar -

H 
Ash  
1925 

Fluidox Sunflower 

Producer Shell 
Chemicals PetroSA ENGEN ENGEN PetroSA PetroSA ENGEN  

Density at 20oC, 
kg/l 

0.814 0.795 0.866 0.84 0.795 0.770 0.8 
0.915-
0.920 

Aromatics, 
% m/m 

19 8 4 yes 0.03 3.7 10 --- 

Polyaromatic    
hydrocarbons, 

% m/m 
--- <0.001 --- --- < 0.001 ---  --- 

Naphthenics, 
% m/m 

35 --- 26 --- 12 ---  --- 

Paraffinics, 
%m/m 

44 --- 70 --- 85 --- 90 
99.99 

(mainly 
fatty acids) 

Total sulphur, 
ppm m/m 

<20 <1 0.4 --- < 1 < 1  --- 

Flash point, oC 89 98 190 ? 96 67 60 ~230 
Water content, 

% v/v 
--- 0.004 --- --- 0.004 0.004  --- 

 

Table 1. Properties of industrial fuels (oils). 

 

super-cooled droplets during storage or under 
pumping. It was shown previously that the main 
instability of the EE is emulsion – suspo-emulsion 
transition (crystallization of super-cooled          
dispersed phase) (Masalova et al. 2006) thus, all 
other EE break down factors were ignored. 

It is known that the stability of emulsions can 
be affected by the dispersed phase fraction (Binks 
et al. 2005), the surfactant used (Tshilumbu et al. 
2010; Drelich et al. 2010; Binks 2002), and the 
aqueous phase composition (Becher 1985; Hunter 
1986; Schramm 1992; Hunter 1993; McClements 
1999; Midmore 1999). However, little is known 
about the role of the industrial oil/fuel             
composition on EE’ stability. 

In most available researches related to the     
investigation of oil type on emulsion properties the 
laboratory grade or analytical grade oils (single 
molecular species oils) are usually investigated. In 
real life the industrial grade oils/fuels are used to 
manufacture EE. Such oils can consist of a number 
of molecular species, which can affect the stability 
of the EE (Fingas et al. 1997; Weiss et al. 1999; 
Wagner 1961; Lifshitz et al.). 

The present research examines the combined 
influence of industrial grade oil/fuel properties on 
the stability of the emulsion explosives. We focus 
on the influence of the fuel-oxidizer interfacial 
tension (as a function of the fuel polarity) and fuel 
viscosity on the droplet crystallisation in        
emulsions. For a better understanding emulsions 

stabilized by the two most widely used industrial 
types of emulsifiers were investigated: emulsions 
stabilized by the non-ionic surfactant sorbitan 
monooleate (SMO); and emulsions stabilized by 
polymeric surfactant poly(isobutylene) succinic 
anhydride based surfactant (PIBSA-Mea). These 
surfactants differ both structurally and by the 
mechanism of stabilization. 

2 EXPERIMENTAL 

2.1 Materials 

The fuels under the investigation were industrial 
grade hydrocarbon oils: Shellsol (Shell        
Chemicals), Ash-H (1)/(2)/(3) (PetroSA),         
Parproll32 (ENGEN), Wittol222 (ENGEN), 
Mosspar-H (PetroSA), Ash1925 (PetroSA),      
sunflower oil. The detailed oil descriptions can be 
found at producers’ web-page and presented in 
Table 1.  

Based on the specification there is no           
difference between Ash-H (1), Ash-H (2) and  
Ash-H (3) oils, but the difference in 60%          
ammonium nitrate water solution – Ash-H oils   
interfacial tension was found, so the oils were 
treated as three different types. Industrial grade 
emulsifier - sorbitane monooleate (SMO) and 
Polyisobutenyl Succinic Anhydrate (PIBSA-Mea) 
- were used as supplied. 5-w% of SMO or 8-w% 
of PIBSA-Mea was dissolved in different types of 
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Figure 1. Typical interfacial tension vs. time dependence. Aqueous phase: 60% water solution of 
ammonium nitrate. Temperature 25oC. 

industrial fuel in order to prepare an EE           
continuous/fuel phase. Ammonium nitrate     
emulsion grade was used in order to produce the 
emulsion dispersed phase, which was a               
supersaturated water solution of ammonium nitrate 
(more than 80-w% of the dispersed phase). The 
above materials were used in order to manufacture 
highly concentrated emulsions where the          
continuous phase did not exceed 6% of the     
emulsion by mass. A more detailed description of 
the emulsions and emulsion preparation can be 
found elsewhere (Masalova et al. 2007, 2006). 

2.2 Methods 

The Hobart N50 mixer was used to manufacture 
all the samples under study. A more detailed      
description of emulsion manufacturing can be 
found elsewhere (Masalova et al. 2006, 2007; 
Tschilumbu et al. 2010). 

The droplet size and distribution was measured 
using a Malvern Mastersizer 2000. The emulsion 
droplet size was kept the same for all oil types and 
equalled 10 µm. 

The interfacial tension measurements were  
performed at a planar aqueous-oil boundary using 
a Kruss K100 Tensiometer (Wilhelmy Plate 
method). All interfacial tension measurements 
were conducted at 25oC. A 60-w% water solution 

of ammonium nitrate was used as an aqueous 
phase, since at this concentration the ammonium 
nitrate still remains in saturated state at ambient 
temperature. 

The optical analyses were conducted by means 
of ‘Leica’ optical microscope equipped with a 
digital camera. The magnification was kept at 
630x magnification. The structural changes of the 
materials with ageing were followed as a function 
of emulsion fuel composition/type as well as     
surfactant type. 

3 RESULTS AND DISCUSSIONS 

All the samples were investigated as a function of 
different oil/fuel type – aqueous/oxidizer phase  
interfacial tension and oil/fuel viscosity on     
emulsion explosives stability to droplets           
crystallization by manufacturing emulsions using 
different industrial fuels as the fuel/continuous 
phase. 

3.1 Characterization of industrial oils/fuels 

The interfacial tension at the planar aqueous/water 
– fuel/oil interface was measured for all industrial 
fuels under investigation. It was done in order to 
determine the difference between different types of 
industrial oils. It was shown previously that the 
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Oil type Interfacial 

Tension, 

mN/m 

Shellsol 2.5 
Ash-H 1 3.0 

Parprol 32 8.1 
Sunflower 10.8 
Ash-H 2 19.3 
Fluidox 23.9 

Mosspar-H 24.0 
Wittol 24.0 

Ash-H 3 30.1 
Ash 1925 36.2 

 

Table 2. Effect of oil type on interfacial tension. 

 

 

 
Figure 2. Typical viscosity curve of oil under investigation. Temperature 30oC. 

polarity of oil effects its interfacial tension with 
the aqueous phase (Wagner 1961; El-Mahrab-
Robert et al. 2008).  The lower the aqueous-fuel 
interfacial tension, the higher the oil polarity. 
Keeping the aqueous phase the same (60% water 
solution of ammonium nitrate) the interfacial    
tension will characterise the industrial oil and 
could be a comparative measure of industrial oil 
composition variations. 

The typical interfacial tension measurement   
result is shown in Figure 1. The interfacial tension 
decreases at the initial stage of measurement until 
equilibrium is reached. Based on such behaviour it 
is clear that industrial fuels under the investigation 
are not pure and have additional molecular species 
responsible for such behaviour. The equilibrium 
values of interfacial tension were chosen as     
characteristic parameter and used for correlations. 
The values are presented in Table 2. 

The viscosities of oils were also determined 
and the typical viscosity curve is presented in   
Figure 2. The viscosities of all oils are summarized 
in Table 3. 

Based on the above measurements (Tables 2, 3) 
the industrial fuels were divided into the following 
groups. Oils with the similar viscosity but different 
interfacial tension: 

Group A: Shellsol, Fluidox, Ash 1925 
Group B: Ash-H 1, Ash-H 2, Ash-H 3,  

Mosspar-H 
Group C: Parprol 32, Sunflower, Wittol 
 

3.2 Characterization of emulsions 
 

Emulsion explosives with a fuel phase mass     
fraction of 6% were manufactured. Different types 
of the industrial oils were used as fuel phase in 
emulsions. 5% of SMO or 8% of PIBSA-Mea was 
added to the fuel phase to stabilize emulsions. The 
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Oil type Oil Viscosity,  

cP 

Ash 1925 1.4 
Fluidox 1.7 
Shellsol 1.9 
Ash-H 1 2.6 

Mosspar-H 3.1 
Ash-H 3 3.2 
Ash-H 2 3.4 
Wittol 27.0 

Parprol 32 51.6 
Sunflower 53.2 

 

Table 3. Effect of oil type on viscosity. 

 

 
 

Figure 4. Comparative chart - representation of starting time for crystallisation in the samples prepared with the 
use of various oils under investigation in combination with SMO surfactant. 

stability of emulsions was monitored by following 
the aqueous phase droplet crystallization. 

3.2.1 Ageing of emulsion explosives stabilized by 

SMO surfactant 

The stability of the Emulsion explosives was      
assessed by following the crystallisation of the 
emulsion droplets. The crystallization of emulsion 
dispersed phase was followed by visual and       
microscopic observations. The results of the       
experiment presented in Table 3 and Figure 4. 

The investigation into the ageing of samples 
manufactured using different industrial fuels and 

SMO as an EE stabilizer revealed the following 
important findings: 

- The emulsion manufactured using fuels with a 
higher viscosity (viscosity higher than 25 cP) are 
extremely unstable, independent of the interfacial 
tension/polarity of the fuel; 

- For fuels that are lower in viscosity (Group A 
and Group B), the stability of the emulsion        
decreases with an increased interfacial tension or 
decreased oil polarity; 

- Group B fuels (viscosity level 2.5 - 3.5 cP) 
showed the maximum stability of all the emulsions 
tested 

- The most stable emulsion was the one where 
Ash-H 1 industrial fuel (IT = 3 mN/m, Viscosity = 
2.6 cP) was used. 

Based on the above results it can be concluded 
that there is an optimal fuel-oxidizer interfacial 
tension (oil polarity) and oil viscosity region 
within which the most stable emulsion can be 
formed. This region for emulsions stabilized by 
SMO surfactant is characterized by the interfacial 
tension = 19 – 24mN/m and viscosity = 2.5 – 3.5 
cP. SMO surfactant is known to tend to develop a 
multi-layered structure at the interface (Reynolds 
et al. 2010). The layer becomes opaque/unstable 
with time and this can initiate crystallization of the 
droplets at the interfacial layer. For relatively high 
polarity oils (with low interfacial tension) the  
multilayer structure formation at the water-oil     
interface was slowed down due to higher interac-
tion of SMO surfactant with the fuel (Figure 5). 
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Table 3. Effect of varying the oil polarity on the dispersed phase crystallization (shelf life) of emulsion 
explosives with an overcooled dispersed phase: Group A: η = 1.6 ± 0.3 cP; Group B: η = 3.0 ± 0.4 cP; 
Group C: η = 52.4 ± 0.8 cP. 

 

 

 
 

 
 

 
 

 
 



 

- 109 - 

 

 
 
 

 
 
 



 

- 110 - 

 

 
Figure 5. Effect of oil/fuel polarity on SMO surfactant structures formation. 
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Table 4. Effect of varying the oil polarity on the dispersed phase crystallization (shelf life) of 
emulsion explosives with an overcooled dispersed phase: Group A: η = 1.6 ± 0.3 cP; Group B: η 
= 3.0 ± 0.4 cP; Group C: η = 52.4 ± 0.8 cP. 
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Figure 6. Comparative chart - representation of starting time for crystallisation in the samples prepared 
with the use of various oils under investigation in combination with PIBSA-Mea surfactant. 

 

 
Figure 7. Effect of oil/fuel polarity on PIBSA-based surfactant structures formation. 

 
3.2.2 Ageing of emulsion explosives stabilized by 

PIBSA-Mea surfactant 
 

Investigation of ageing for the emulsions           
stabilized by PIBSA-Mea surfactant revealed a 
very clear relationship between the viscosity and 
the polarity of the oils in relation to the stability 
(in terms of crystallization) of the emulsion on 
shelf. This is evident from the results presented in 
Figure 6 and Table 4. 

The investigation into the ageing of samples 
manufactured using different industrial fuels and 
PIBSA-Mea as an EE stabilizer showed the       
following findings: 

- More stable samples were obtained from the 
formulations adopting higher interfacial tension 
(relatively low polar) and high viscous oils; 

- Group C fuels (viscosity level higher 25 cP) 
showed the greatest stability of all the emulsions 
tested 

- The viscosity parameter affects the shelf life 
stability to a higher extent than the oil polarity 

For the PIBSA based surfactants it was found 
that the stability of the emulsions is strongly       
affected by the amount of surfactant micelles in 
the bulk of emulsion which create a strong steric 
barrier, hence, preventing the spreading of crystal-
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lization within the bulk of the emulsion (Reynolds 
et al. 2009). Highly polar oils could destroy these 
micelles. In addition, oils with a lower viscosity 
can wash micelles out at the inter-droplet layer and 
as the result more viscous fuels are more             
favourable to manufacture more stable emulsions 
stabilized PIBSA-based surfactants (Figure 7). 
Therefore, it could be concluded that the oils with 
lower polarity and higher viscosity in combination 
with PIBSA-Mea surfactant provide higher       
stability, in terms of crystallization, for the      
emulsions explosives. 

4 SUMMARY AND CONCLUSIONS 

Within the frame of our experimental work, it was 
found that there are fuel/oil types that are        
characterised by optimal parameters. These        
parameters are also affected by the type of        
surfactants used. For example, small mobile      
surfactants are the most effective in relatively high 
polarity fuels with relatively low viscosity. 
Whereas, slow high molecular weight emulsifiers 
are more effective in relatively low polarity fuels 
with higher viscosities. It is assumed that the oil 
with optimal parameters keeps the critical micelle 
concentration and surfactant diffusion rate at     
optimum levels. This allows for a formation of a 
strong emulsifier layer at the interface and also 
creates enough emulsifier micelles in the            
inter-droplet layer to prevent crystallization of the 
droplets. 
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1    INTRODUCTION 

Historically, mercury fulminate was used as the 
primary explosive in detonators. A combination of 
LA and LS with a small quantity of aluminium 
powder, known commonly as ASA, replaced   
mercury fulminate as it is ultra-sensitive to friction 
and impact. 

LA has considerable advantage in terms of 
detonation potential. But it is very sensitive due to 
typical structural features. LA on hydrolysis forms 
hydrozic acid which is very hazardous. Hydrozoic 
acid reacts with metals like copper to form very 
sensitive azides leading to serious accidents on 

handling. The ASA had been the common      
primary explosive since its advent some 70 years 
ago. The ASA, though safer than mercury       
fulminate, is quite sensitive to friction, impact, 
static electricity, etc. In the whole detonator   
production process, most of the untoward        
incidents had been occurring during handling 
and drying of LA, LS or ASA and such other 
manufacturing stages. LA being a lead salt is not 
environment friendly. Environmental health & 
safety regulation on lead containing materials are 
quite extensive and are likely to increase in the 
future. Hence a lead free replacement is sought 
for many years. 

ABSTRACT: Initiating devices like detonators use sensitive primary explosives. Successful detonation of 
secondary explosive is achieved by a suitable source of energy from primaries. The most widely used 
primaries contain hazardous lead azide (LA), lead styphnate (LS), dinitrodiphenol or tetracene. All these 
primaries are very sensitive to friction, impact and heat. The handling of these chemicals is very 
hazardous and many accidents reported in detonator manufacturing were from these primaries only. In 
commercial use the major primary explosive used is a mixture of lead azide, lead styphnate and 
aluminium powder commonly known as ASA. To develop lead free safe primaries work is going on 
across the world. Lead free coordination compounds are being considered as tomorrow’s choice in view 
of their additional advantage of being eco-friendly. 
 
 
 
 
 
 
 
 
 

Nickel hydrazine nitrate – a primer for commercial initiators 
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Characteristic Value 
Molecular Formula Ni  H12   N8 O6 
Formula weight 278.69 
Colour  Purple violet 
Crystal density 
(g/cm3) 

2.1 

Nickel content (%) 21.16 
Hydrazine content 
(%) 

34.46 

Nitrate content (%) 44.47 
Nitrogen content in 
coordination 
sphere (%) 

30.25 

FTIR peaks, (cm -
1) 

3238, 1630 
(NH2); 1356, 
1321 (-NO3) 

Moisture content 
(at 333K for 10 
min) (%) 

0.34 

Average mol wt of 
combustion     
products 

27.35 

Percent              
condensable Ni (l) 

18 

Oxygen-fuel ratio 0.8571 
 

Table 1. Properties of NHN. 

 

Efforts are going on all over the world for the 
development of a safer molecule or a mix to       
replace LA, LS. Studies have been going on with 
silver azide for specific initiators (Hariharanath et 

al. 2006; Fyte et al. 1994; Gilligan et. al. 1977). 
But it is more sensitive to friction stimuli than 
even LA. DXN-1 is also introduced as a primary 
explosive, but it contains mercury which is not   
acceptable from the toxicity and pollution point of 
view. 

 

A primary explosive needs to be sensitive 
enough to initiate a detonator but at the same time 
it should also be safe enough for manufacturing, 
drying and handling. These two are contrary       
requirements making it difficult to find an           
alternative. 

 

The flash from squib or fuse head deflagrates 
the primary explosive charge in a detonator.      
Deflagration of the primary explosive finally leads 
to detonation which is transmitted to the base 
charge. 

 

Various alternatives like KBG, di amino hexa 
azido cyclotetra phosphazene, DDNP, LA co-
precipitation with LS, mix of potassium picrate 
and potassium chlorate and cadmium                
carbohydrazide perchlorate have been under trials 
and a few of them are in commercial use also. But 
they have some limitations or are expensive or 
need change in the construction of detonators or 
the equipment used by the ASA users. 

 

Many researchers have considered a compound 
of nickel nitrate with hydrazine hydrate as one of 
the alternatives. Space and defence industry, with 
a view to thwart the risks / damages of ASA to 
their end product, adopted nickel hydrazine nitrate 
(NHN). 

 

NHN has not found its application in          
commercial detonators. Some of the properties of 
NHN are much better than that of LA. Its low   
mechanical sensitivity, good stability and no effect 
to light makes it a preferred primary explosive to 
replace LA and LS in commercial detonators. 

 

This paper embodies the comparative      
evaluation of ASA alternatives developed by   
various researchers and their sensitivity. 

2    PROPERTIES OF NHN 

NHN is a bright purple coloured and free flowing 
powder having the following properties: 

With a decomposition temperature of over 200 
0C, it is a stable compound. 

3    STRUCTURE OF NHN 

NHN is a co-ordination compound formed by  
synthesis of nickel nitrate hexa hydrate in solution 
with hydrazine hydrate in a simple reaction. NHN 
precipitates and is recovered by filtration, washed 
with water and alcohol and then dried with hot air. 
 

 
Nickel Hydrazine Nitrate is an energetic co-

ordination compound having explosive properties 
in between that of primary and secondary (Cheng 
et al.). The structure of NHN is shown in figure 1: 

The molecule of NHN contains both fuel and 
oxidizer almost in stoichiometric ratio. 

NHN is a coordination compound with         
hydrazine as ligand. All six molecules of water of 

Ni(NO3)2+ 3N2H4H2O → Ni(N2H4)3(NO3)2+9H2O 
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Property NHN a LA a 
Density (g/cm3) 2.12 4.38 
Oxygen balance (%) -5.74b -5.5 
Heat of combustion (kJ/kg) 5225 2635 
Heat of formation (kJ/mol) -449 469 
Heat of explosion (kJ/kg) 4390 1610 
Pressure output in closed vessel 
(100mg in 48 cm3) (kg/cm2) 

17.5 8.2b 

Onset of decomposition (K) 505.7 463 
Peak of decomposition (K) 506.5 618 
Friction sensitivity (kg f) 1.6 0.02 
Impact sensitivity (cm, 400g wt, 
20mg sample, 50% explosion) 

21a 10.5 

ESD sensitivity (J) 0.02a 0.003 
Vol. of detonation gases (ml/g) 884b 308 
Detonation temperature (K) 2342b 5600 
Detonation pressure (GPa) 20.8b(1.7g /cm3) 16.1(3g /cm3) 
Detonation velocity (m/s) 7000a(1.7g/cm3) 4630(3g/cm3) 

 

Table 2. Properties of NHN/LA. 

 

Note: a – literature value; b – theoretical value 

NH2 

NH2 

NH2 

NH2 

NH2 

NH2 

Ni2+ (NO3

)  

 
Figure 1. NHN Molecular Structure. 

 

 
Figure 2. NHN Crystals. 

 

the Nickel Nitrate are replaced by NH2 of the     
hydrazine hydrate. The nitrogen content in         
coordination sphere is very important. All the six 
water molecules should be replaced with NH2,   

otherwise the sensitivity of the product will vary. 

 
The reaction temperature, speed of stirring,   

addition, etc., are therefore extremely important 
parameters for ensuring a safe product. 

 
We have synthesised NHN at our laboratory 

and observed its polycrystalline structure as 
spherical shape (see Figure 2.). It is free flowing 
in nature and is amenable to the dozing and         
consolidation required during the manufacture of 
detonators. 

4    STABILITY OF NHN: 

4.1 Results from a detailed study 
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Name Flame        

Sensitivity 
(greater than) 

Impact        
sensitivity 

Friction   
sensitivity 

Detonation 
Temp. 
(50C./Sec.) 

DDNP 30 cm 2.5 2.5 170 
LA 05 cm 1 1 335 
LS 30 cm 1 1 255-316 
KD 30 cm 1 1 263 
K1K 30 cm 3 3 382 
NHN 30 cm 2 2 283 
GTG 08 cm 2 2 367 
PETN x 3 3 225 

 

Table 3. Comparative sensitivity of various primary explosives. 

 

NB:  The lower the sensitivity number, the higher the sensitivity. 

 

 
Water ratio Explosion 

+ 40% 0% 
35% 20% 
25% 80% 

 

Table 4. Safety of NHN during manufacture. 

 

A detailed study was conducted by B.Hariharanath 
et al., which established that NHN is relatively 
more stable than LA (Cheng et al.). 

Properties of NHN / LA are shown in Table 2: 

4.2 Impact, Flame & friction sensitivity 

 
In an impact sensitivity test NHN gave 50%       
ignition with 2kg weight from height of 84 cm. In 
friction sensitivity it was found insensitive up to 
10 N. 

Prof. Cheng Yi studied comparative sensitivity 
of various primary explosives and is quoted in 4.3: 

As per our in-house testing at our laboratory, 
NHN is less sensitive compared to ASA in friction 
sensitivity with 50g torpedo released at 800 angles 
as given: 

 
        NHN:  50%      Ignition   40 - 45 cm height 
        ASA:   50%      Ignition   15 cm height 

4.3 Sensitivity in wet conditions 

 
NHN in wet condition is extremely safe and has 
very low risk of detonation. A study conducted at 
Chemical Engineering College, Nanjing, PR 
China, has shown the following sensitivity of 
NHN to a blasting cap (Cheng et al.) in wet      
conditions. 

The properties in Table 4 were also confirmed 
at our R&D trials. 

It is, therefore, inferred that NHN, during the 
manufacturing process, can be suspended in a 
large volume of water with no possibility of       

accidental detonation even from a strong stimulus 
provided by detonation of a cap. 

4.4 Environmental Hazards 

Compared to ASA, NHN is environmentally 
friendly and very stable. 

From Table 5 it can be surmised that NHN is 
less sensitive and more eco-friendly when       
compared to other initiating explosives. Hence, 
Premier Explosives Ltd. has decided to replace 
ASA with NHN for the entire range of detonators. 

A method at laboratory level was developed by 
Vikram Sarabhai Space Centre, Trivandrum. 
Which has been scaled up to 5 kg per batch. 

5 NHN DETONATORS 

We conducted various trials to make a reliable 
detonator with NHN + Aluminium powder in 
place of ASA. 

We also conducted trials by changing process 
parameters like minimum quantity of NHN to 
detonate PETN, the secondary charge, the        
consolidation pressure and dwell time, etc. 
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S.No. Description NHN ASA 

1 Lead based No Yes 

2 Colour of mother liquor Light green/blue Very strong brown 

3 Destruction of mother    
liquor 

Non toxic with 
weak sulphuric acid 

Produces            
hydrozoic gas 
which is toxic 

4 Treat of spillages Weak sodium       
hydroxide 

Alcoholic caustic 
soda solution 

5 Friction on spill Will burn Will explode 

 

Table 5. Environmental impact of NHN v. ASA. 

 

 
 
Compound VOD 

m/sec 
Density 
g/ml 

LA 4630 3.0 
LS 4900 2.6 
DDNP 6600 1.5 
NHN 7000 1.7 

 

Table 6. VODs & densities of various primary 
explosives. 

 

 
Figure 3. Indentations on 4 mm thick 
aluminium plates made by ASA and 
NHN Detonators. 

 

Basing on the results, we have fixed the        
parameters and now we have been manufacturing 
all types of detonators with NHN + Aluminium 
powder. 

Being relatively insensitive to impact and    
friction, NHN has lower capacity to move from 
deflagration to detonation. A longer column is, 
therefore, a solution for achieving full detonation. 
It, however, has a higher VOD compared to other 
primary explosives under optimum conditions. 
VOD of various primary explosives are shown in 
Table 6: 

 

The NHN detonators under certain conditions 
give a very reliable initiation of base charge and 
also give equivalent or better dent in 3 mm thick 
Aluminium witness plate. 

 
Petroleum and Explosives Safety Organisation 

(PESO), the regulatory authority of India, has 
tested our NHN detonators and approved their 
safety, functionality and quality. Actual use of 
NHN detonators at the mines has further upheld 
our claims. Finally PESO has included our         

innovative detonators in the list of authorised     
explosives. 

Since change over to NHN as a primer charge, 
we have produced more than 50 million detonators 
satisfying our customers in India and abroad. 

6 CONCLUSION 

NHN is a suitable primary explosive which can 
replace Lead Azide and Lead Styphnate. NHN 
mixed with aluminium powder is a reliable         
replacement for ASA. 
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1    INTRODUCTION 

Detonators are needed to initiate explosive charges 
at desired moments of time. They are the start of 
the initiation chain. Non-electric detonators are  
articles containing an explosive, in which a        
deflagration is transformed into a detonation. They 
can be initiated by a shock tube. The NONEL 
shock tube was developed in the late 1960s by the 
company Nitro Nobel AB in Sweden. European 
non-electric initiation systems (e.g. NONEL)   
consist of a plastic tube with an outer diameter of 
approx. 3 mm and an inner diameter of approx. 1.2 
mm. On the inside, the tube is coated with a thin 

layer of explosive (less than 20 mg/m). The shock 
wave velocity is approx. 2 km/s. The energy of the 
shock wave is too low to initiate an explosive 
charge. Therefore, a detonating cap is needed in 
the initiation chain (for transforming a deflagration 
into a detonation), a delay element, when required, 
and a secondary charge of sufficient strength to 
initiate an explosive charge. The main advantages 
of the non-electric initiation system are the safety 
against stray currents, radio frequency,            
electrostatic energy, almost unlimited delay times 
(via surface connectors with delay), and the     
simplicity of its application. The possible          
disadvantages are the limited control of the non-

ABSTRACT: More than 5 million non-electric detonators are used annually in Germany for blasting 
operations. The relative usage of non-electric detonators amounts to about 50% of all civil blasting 
operations in Germany. BAM, as the notified body for explosives in Germany, tests non-electric 
detonators for the purpose of EU-type approval under the civil explosives directive, but also in the 
context of general investigations, e. g. when misfiring occurs. BAM has all facilities to test these 
detonators according to the European standard EN 13763. The presentation will cover the test facilities of 
BAM and address some issues of delay time accuracy. Several advantages and disadvantages of the non-
electric ignition system will be discussed in the context of case investigations, and conclusions for mining 
operations and the avoidance of misfiring will be drawn. 
 
 
 
 
 
 
 
 
 

Investigations of non-electric detonators and conclusions 

 

 

H. Krebs, U. Hasenfelder, D. Schäfer & A. V. Oertzen 
Federal Institute for Material Research and Testing (BAM) 

 

 

 

 

 

Lyon Conference Proceedings 2015, R. Farnfield et al 
© 2015 European Federation of Explosives Engineers, ISBN 978-0-9550290-4-2  



 

- 124 - 

 
Figure 1. BAM fall-hammer. 

 

 
Figure 2. Abrasion of shock tubes according 
EN 13763-4. 

 

 
 

Figure 3. Measurement of shock velocity 
(shock tubes). 

 

electric firing system and the remains of the shock 
tubes in the broken material. In Germany the     
annual consumption of detonators amounts to 
approx. 10 million items. Almost 50% of them are 
non-electric. 

2    TEST METHODS  

The test methods for the verification of the         
requirements for detonators and relays are set out 
in the harmonised standard EN 13763. The (BAM) 
division, 2.3 Explosives, is a notified body under 
European Directive 93/15/EEC. This directive    
includes the more generalised requirements for 
detonators. The relevant legislation has been 
transposed into German national law. Detonators 
are subject to some special requirements, which 
are: 
 

−  reliable initiation of the detonation 
−  no degradation of the initiation capability by 

humidity 
−  delay time accuracy within certain limits 
−  leading wires or shock tubes shall be sufficiently 

insulated and mechanically robust. 

 

BAM has the required test facilities, staff, and 
experience in order to perform all examinations 
according to EN 13763. 

Figure 1 & 2 show methods for the testing of 
the mechanical stability of detonators and shock 
tubes. The impact resistance of shock tubes,       
determined with the BAM fall-hammer, is usually 
higher than 350 J. Most of the shock tubes were 
destroyed, but no ignition was observed. 

 
The shock velocity measurement shown in  

Figure 3 is an efficient way to check the shock 
tubes after mechanical tests (e.g. abrasion test) or 
storage under water. Approximately 20 different 
types of shock tubes were tested by BAM during 
the last 10 years. The shock wave velocities varied 
between 1700m/s and 2200 m/s. 

 
The reliability of initiation can be tested with 

the underwater test and with the plate-dent-test. 
The result of the plate-dent-test is compared to 
that of a defined test detonator (Figure 4). 



 

- 125 - 

 
Figure 4. Analysis of plate-dent-test. 

 

 
Figure 5. X-ray of non-electric detonators. 

 

3    RESEARCH RELATING TO MISFIRINGS 

BAM is addressed on a regular basis and tasked 
with the technical investigation when misfires    
occur. Our examinations include: 
 

−  identification of the detonator or detonators 
−  X-ray examination before dismantling (Figure 5) 
−  microscopy after dismantling 
−  photographic evidence of failure. 
 

An investigation generally starts with the     
correct identification of the non-electric detonator. 
After this, the detonator is carefully checked for 
signs of damage. The X-ray examination is useful 
for the inspection of the design of the detonator 
and, if necessary, to decide the cutting plan for 
dismantling. The explosive coating inside the 
shock tube is verified by microscopy (Figure 6) 
and, in some cases, by electron microscopy. A 
scanning electron microscope image is shown in 
Figure 7. 

In order to identify causes for misfiring     
originating from causes inside the detonators, they 
are dismantled in most cases. Alternatively, if no 
obvious damages are observed, a new firing under 
controlled     conditions      is     performed.     Our              
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Figure 6. Photomicrograph of a shock tube. 

 
Figure 7. SEM of a shock tube. 

 

 Figure 8: Shock tube hit by a shrapnel 
which caused a perforation. 

 

Figure 9. Run up distance of a shock tube. 

 

 

investigation points to a large number of misfires 
being caused by shrapnel damage due to improper 
utilisation. A shock tube damaged by shrapnel is 
shown in Figure 8. 

Furthermore, BAM investigated the run-up  
distance within the shock tube until a stable shock-
wave has developed. Figure 9 shows the shock 
wave velocity over run-up distance. 

In addition the effects of folds and holes in 
shock tubes were examined with regards to shock 
wave propagation. 
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4    CONCLUSIONS 

The investigation and our experience show that  
already when designing the blasting pattern,       
actions should be taken to avoid misfires. Shock 
tubes should be laid out in a safe distance to     
surface connectors, which in turn should be     
covered to minimize shrapnel. Even though the 
non-electric initiation system has a high reliability, 
redundant initiation should be applied. Folds and 
bends of the shock tube should be avoided, and 
the run-up distance of the shock wave within the 
tubes needs to be taken into account. The speed of 
2 km/s is generally reached after about 0.5 m, but 
a length of 1 m is recommended. Pyrotechnic     
delay elements are limited in their delay time     
accuracy. Possible deviations have to be taken into 
account in the blasting pattern. 

Furthermore, the blasting pattern has to be    
designed in such a way that, when taking into    
account all delay times and their possible           
deviations, all charges are initiated properly before 
the blasting setup can be destroyed by the       
detonations and effects. 
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1    DRILLING AND BLASTING 

It is the shafts and the base that are to be blasted. 
The shafts are all above water level, as are the   
upper 2 metres of the base. The rest of the base is 

below water level and the base also goes down  
below the seabed. The requirement is to blast only 
one meter below seabed. Analysis of the drawings 
shows that reinforcement has been used but in a 
limited quantity compared to today’s construction. 

ABSTRACT: The Storstrom Bridge in Denmark will be replaced with a new bridge (Lauritzen 2015). 
Construction will start in 2016 and will be finished in 2021. The existing Storstrom Bridge consists of 49 
piers and 50 spans, with three arches in the middle of the bridge giving it its characteristics. The width of 
the sailing passage under the largest of the three arches is 136 meters, while the clearance from sea level 
to the bridge is 26 meters. The spans are constructed of steel with a width of 9 meters and the piers are 
concrete casted on location. The water depth varies between 1 metre and 13 metres. 
 The concrete structures underwater must be blasted. Conventional drilling will be possible and the 
calculations for blasting of the concrete will be shown. 
 Calculations of the peak pressure and of the impulse have been made and will be shown. Formulae 
exist for concentrated charges that are detonated in deep water. Experience from rock blasting underwater 
shows that when each charge is confined in a drill-hole and ignited individually from one end, then the 
pressure will be lower than would be the case with a concentrated charge. The explosives charge will be 
up through the foundation from one meter below the seabed and will continue up to top of the foundation. 
Water depth has an influence as well and the pressure will be different at the bottom, at the surface and in 
the middle of the foundation. The conditions do not follow what is normal. 
 Protection of mammals and birds is a requirement and has been taken into consideration. 
 Given the special conditions and the number of piers involved, this will be an excellent opportunity to 
design and carry out a systematic measuring program for the blast. A follow up on the theory and the 
calculations compared with actual results observed can then be the subject of another presentation at the 
EFEE conference in 2015. 
 

Feasibility study on the drilling and blasting of piers and subsequent 

impacts on the environment 
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Figure 1. Storstroms Bridge in 2015. 

 

 
Object Specific charge 

for blasting 
above water 
(kg/m³) 

Specific charge for 
underwater blasting 
water (kg/m³) 

Concrete and masonry, poor quality 0.15-0.40 0.3-0.8 
Concrete and masonry, good quality 0.30-0.40 0.6-0.8 
Reinforced concrete, normal 0.40-0.60 0.8-1.2 
Reinforced concrete, medium 0.60-1.50 1.2-3.0 
Reinforced concrete, heavy strength 1.50-2.00 3.0-4.0 
 

Table 1. Explosives such as standard NG-based or Emulsion explosives. 

 

The specific charge for blasting of concrete 
above water is straight forward, but as soon as the 
blasting goes below the water the specific charge 
must be doubled (Langefors & Kihlström 1963) 
since the explosives need to overcome pushing of 
the water as well as secure movement of the rock. 

In Denmark, our experience of the sizes of the 
specific charge for blasting in concrete is in        
accordance with Table 1. 

Lauritzen (2014) writes about the risk of    
damage to submerged cables as a result of rupture 
of bridge piers. 
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Figure 2. Conventional drilling and blasting 
will be possible via a jack-up platform and 
using a small hydraulic drilling machine. 

 

With reference to (Lauritzen 2015) we have 
different possibilities for the blasting of the shafts 
- they can either be blasted totally or just by    
making a cut at the bottom. A rather low specific 
charge can be chosen in order to keep the debris 
within a short distance of the shaft. Drilling of the 
base can be done vertically and it is possible to 
have a drilling machine on the top of the base. 

Drill holes are to be as evenly distributed as 
possible. The geometry of the base will require 
that each hole be charged carefully since the     

distance to the free face will vary. In addition to 
this, part of the construction is above water level 
and less specific charge will be necessary in this 
part. As a consequence, varying the type and size 
of cartridges will be required. Hopefully the        
reinforcement will be intact and when each charge 
detonates the risk for cutting other charges in the 
vicinity will be limited. 

At a minimum, double ignition of the charges 
will be required, first igniting the charge at the 
bottom and then at the top with a short delay in 
between. 

To ensure full detonations of all explosives a 
more sensitive explosive has been recommended 
for use during blasting. 

2    BLASTING UNDERWATER 

The Habitats Directive (more formally known as 
Council Directive 92/43/EEC on the Conservation 
of natural habitats and of wild fauna and flora) is a 
European Union directive that was adopted in 
1992 as an EU response to the Berne Convention. 
It is one of the EU’s two directives in relation to 
wildlife and nature conservation. Removal of the 
base requires blasting above and beneath water 
and this will therefore generate shock waves into 
the water. As a result of this, the Danish Road 
Administration has asked for an evaluation of the 
impact on and the safety distance to habitats. A  
report has been made (Schneider 2014). 

3    CALCULATION OF SHOCK WAVE 

When an explosion occurs underwater there is 

 
 

Figure 3. Cross-section of base and shafts. 
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Figure 4. Drilling of blastholes in the base. 

 

 
Figure 5. Cartridged explosives in different sizes. 

 

 

Figure 6. Pipe-charges in different sizes. 

 

 
Figure 7. Calculation of explosives for base no. 21. 

 
a primary pressure from the detonation itself, and a 
secondary pressure from the gas generated by the 
blast. 

The gas pressure is considerably less than the 
detonation pressure. As the water depth is limited 

and the charge stands vertically up and out of the 
water, the gas bubble will break the surface       
immediately after ignition and the pressure will go 
into the air. 

From a study of different references, it appears  
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Figure 8. The pressure versus distance for a freely hanging charge (from 20 m from the base and outwards) 
and a drill hole charge (from 10 m from the base and outwards). 

 

that there is agreement on the following general 
expression for calculating the detonation pressure 
Pm (Equation 1):     
 
 
                                                                           (1) 
 
 

where: 
Pm = Pressure in MPa 
K = Constant - experimental found 
W = Charge in kg 
R = Distance in m 
A = Constant - experimental found 
The two constants vary slightly between the 

different references. The variations may be due to 
different circumstances and conditions of the     
explosion. 

Constant k varies between 4.94 x 107 and 5.5 x 
107 and a value of 5.24 x 107 has therefore been 
selected. 

Constant a varies between 1.1 and 1.13, but 
since the majority of the references agreed on a 
value of 1.13 then that has been selected.  

 
 
                                                                      (2) 

 

The pressure formula is for a spherical charge 
hung freely in the water and on a relatively large 
depth. 

There are also studies on the detonation     
pressure where blasting holes are drilled into rock 
ground. These studies show that a portion of the 
energy of the explosive are used for crushing and 
removal of the material and that the detonation 
pressure is greatly reduced compared with charges 
that are placed freely in the water or on the seabed 
where the entire energy of the explosive substance 
is transferred directly to the water. 

When blasting the base on the Storstrom 
Bridge one can therefore expect that a substantial 
part of the energy from the detonation of the      
explosive will be used for crushing and removal of 
the concrete / rubble. 

With reference to the Canadian Technical    
Report (Munday et al. 1986), numerous              
investigations have been carried out on pressure 
propagation when blasting rocks underwater at 
low water depths using lengthy charges (in     
boreholes), with many holes in a blast, and with 
the charges ignited with time delays. The            
investigations resulted in the following             
conclusions: 
−  a drill charge creates a pressure which is      

minimum one decade lower (i.e. the constant 
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 Figure 9. The safety distance for marine animals will, for a free hanging 
charge, be approximately 1,400 m and for a drill hole charge                
approximately 350 m. 

 

of a = 2.26 rather than 1.13) 
−  when blasting with a delay, it is sufficient only 

to calculate the pressure of the individual   
(cooperative) charge - and thus we may      
disregard the total amount of explosive in the 
base. 

 

The calculations shows that we should expect 
the primary pressure from a charge initiated in a 
drill hole in concrete to be in the order of 20-25% 
of the pressure of a freely hanging charge. 

Calculations have been made on the detonation 
pressure of a net load of 35 kg of explosives, being 
the maximum expected explosive charge that may 
be expected to be necessary. Figure 8 shows a 
graph of the pressure versus distance function. 

It is important that the charge is ignited from 
the bottom and upwards. When using 2 detonators 
per hole, the detonator at the bottom fires first and 
the top 3 ms later (based on the maximum depth of 
the hole below the waterline shared with the   
detonation velocity of explosives), equivalent to 
11.7 m/6,000 m/s = 0.002 s or 2 milliseconds). 
The top detonator should only act as reserve    
detonator. 

John Yelverton (1973) states the impulse from 
a free hanging charge in water at a water depth of 
6 m can be calculated as follows (Equation 3): 

 
 
 

where: 
i = Impulse in MPa ms 
W = Charge in kg 
R = Distance in m 
and with reference to the Canadian Technical 

Report (Munday et al. 1986),  conclude that the 
impulse is reduced 5-6 times when the charge is in 
drill holes. This is consistent with other literature. 

Taking a conservative approach to this, one 
gets the following impulse (Equation 4): 

 

 
 

 
where: 
i = Impulse in MPa ms 
W = Charge in kg 

(3) 

(4) 
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Figure 10. A type of logger for measuring high pressures. 

 

 
 

Figure 11. A suitable sensor for measuring  
high pressures. 

 
R = Distance in m 
When it comes to marine mammals, the      

University of Aarhus (Tougaard et al. 2013) has 
set a limit for the impulse of 35 kPa ms for no 
damage to marine mamals. 

4    OPPORTUNITIES 

So far, the investigations have stopped with the 
calculations referred to above. 

A lot of additional precautions can be taken to 
reducing both the pressure and the impulse. This is 
a discussion for the contractors they reach that 
stage. 

It should be mentioned that today it is fairly 
straight forward to measure the pressure and the 
impulse, so hopefully this will be a good            
opportunity to check the experiences obtained 
over the years. Since the numbers of bases is high 
and the water depth varying, there may be a 
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chance for doing a presentation on the experiences 
gained after the demolition work has been         
finished. 

5    CONCLUSION 

Blasting of 49 bases will be necessary for           
removing the Storstrom Bridge. Blasting of the 
shafts is possible but will be a choice that a      
contractor must take. The bases can be drilled and 
blasted and for these blasting will be the solution 
for demolition. Blasting will generate detonation 
pressure and impulse pressure in the water.      
Protection of the marine animals will be required 
and the blasting must be done in a way that will 
minimise the risk to them. 

Calculations have been demonstrated and when 
it comes to the actual blasting a measuring       
program can be proposed and can be done rather 
easily. 
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1    INTRODUCTION 

Urban infrastructural development has become a 
very important aspect in view of faster economic 
growth and migration of people to urban           
destinations for employment and improving    

quality of life. This is resulting in a great deal of 
problems for the urban transport system, which in 
turn is demanding for metro rail construction and 
underground space creation in the cities. In view 
of the excessive carrying capacity of the traditional 
public transport, metro rail transportation is the 

ABSTRACT: The construction of Bangalore Metropolitan Rail project was bound to generate 
environmental effects like ground vibrations, air overpressure and flyrock during rock excavation by 
blasting. Station box excavation was carried out for the South-North corridor at City Market and Chickpet 
station. The work was carried out by M/s Coastal-TTS JV, under the technical consultancy of CSIR - 
Central Institute of Mining & Fuel Research (CIMFR). CSIR-CIMFR provided technical guidelines for 
blasting design for controlling all the side effects of blasting. The station box dimensions are about 20 m 
wide, 272 m long and 20 m high. The rock to be excavated was hard granite with compressive strength of 
100 to 120 MPa. The distances from critical structures to centre line of rock excavation of these station 
areas varied from 10 to 50 m. The critical structures include temples, hospitals and heritage structures. 
Controlled blasting operations were carried out keeping the adverse impacts like flyrock, ground vibration 
and air overpressure within the stipulated limits. Controlled blasting techniques like presplitting, muffled 
blasting and ‘bottom hole decking technique’ were used to minimise blast induced side effects during the 
rock excavation. The bottom air decking resulted in 25-30% improvement of fragmentation and better 
uniformity index in granite rock formations, in spite of 20% reduction in specific charge. The measure of 
vibration intensity, i.e. peak particle velocity was reduced by 35% in comparison to the conventional 
charging without decking in the trial blast studies. CSIR-CIMFR controlled blast results proved that the 
measures adopted for rock excavation at sensitive locations were not only safe but also productive. This 
helped in completion of excavation targets well on time. 
 
 
 
 
 
 
 
 
 

Controlled blasting practice at sensitive urban areas for a metro rail 

construction project in India 
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best alternative to solve the traffic problems as 
well as for providing eco-friendly green          
transportation. Construction of metro rail projects 
as part of urban mass transport system is becoming 
essential part of every large city development in 
India. Metro rail projects can be constructed as 
underground system or elevated system depending 
on the geological and geotechnical properties of 
rock mass formation. Construction of                  
infrastructural projects like metro rail in cities 
poses many problems as it disturbs the routine 
functioning by creating dust, noise, vibrations and 
airblast. Therefore, it is always a challenge to    
construct any metro rail project smoothly. CSIR-
CIMFR has been associated with almost all metro 
rail construction projects in India as a consultant 
for advising state of the art technology to reduce 
construction related problems. Based on the       
expertise developed in controlled blasting in the 
past few decades, CSIR-CIMFR rendered        
consultancy services to Delhi Metro Rail         
Corporation Limited and Bangalore Metro Rail 
Corporation Limited and Chennai Metro Rail   
Limited. 

CSIR-CIMFR developed ‘bottom hole decking 
technique’ was applied for improving              
fragmentation, reducing specific charge, ground 
vibrations and avoiding toe formations in bench 
blasting of granite rock at all the stations. The 
technique consists of air decking at the bottom of 
the blast hole in dry holes by means of a wooden 
spacer or a closed PVC pipe (Ramulu 2010).     
Although the practice of air decking is not a new 
thing in blastholes, the concept of inserting bottom 
hole decking below the explosive column is     
relatively new. Explosives provide a very         
concentrated source of energy, which is often well 
in excess of that required to adequately fragment 
the surrounding rock material. Blast design,       
environmental requirements and production        
requirement limits the degree to which the         
explosive energy distribution within the blast hole 
can be significantly altered using variable loading 
techniques. Use of air-decks provide an increased 
flexibility in alteration and distribution of          
explosive charge in blastholes. The air-decks are, 
conventionally, inserted within the explosive    
column of a blast hole, which is also called middle 
air decking. Literature shows that middle column 
air-decking was first used by Mel'Nikov (1940) 
and Marchenko (1954) for fragmentation           
improvement and increased burden movement. 
Middle air decking has some limitations and    
cannot be universally applied to all types of rock 

mass and materials (Mead et al. 1993). Instead of 
middle air decking, top decking resulted in        
improvements of blast performance in terms of 
better fracturing (Chiapetta 1987; Moxon 1993; 
Sastry 2001). Attempts were made by Indian      
researchers to apply the air-decking technique to 
improve the blast fragmentation and to reduce the 
ill-effects of blasting (Chakraborty 1996; Jhanwar 
1999; Sastry 2001; Ramulu 2005). Chiapetta 
(2004) conducted experiments with bottom       
air-decking by means of a specially designed 
spacer and got good blast results of fragmentation, 
reduced vibration and toe. He developed a device 
called ‘Power Deck’ to facilitate bottom hole 
decking in vertical blastholes in opencast mines. 
Collinsworth (1997) also used bottom hole air 
decking for preventing coal damage and loss in 
cast blasting. The paper deals with laboratory and 
field investigations with bottom hole air decking 
and discusses the results obtained in minimising 
the blasting side effects in Bangalore metro rail 
project. 

2     ROCK EXCAVATION FOR STATION 
CONSTRUCTION 

There are two different methods for construction 
of underground metro stations, namely top down 
method and bottom up method. Station boxes of 
approximate width of 50 m and length 400 m are 
required to be excavated by drilling and blasting 
technique. Bottom up method is the general 
method of soil/rock excavation adopted for      
construction of stations as it is flexible and open 
method of excavation, which is more productive 
but less safe, many a times. Bottom up method is 
the most simple excavation approach in urban 
conditions for both soil and rock excavation. 

Conventional soil excavation machines like 
hydraulic excavators are deployed for removal of 
top soil. When the strength of rock is above 25 
MPa, it is difficult to remove the rock by            
excavators, and it requires deployment of breakers, 
pyro-techs, splitters, diamond saw cutters, rippers, 
chemical expansion compounds, plasma blasting, 
hydro-fracturing, jet cutting, etc. These methods 
are known as non-blasting rock excavation      
techniques. The application of these techniques is 
very limited, which are more effective in concrete, 
limited quantities of rock removal and in           
reasonably weathered rock conditions. These non-
blasting techniques tend to fail under the          
conditions of extreme hard rock and high         
production targets. In such projects rock blasting 
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Figure 1. Sensitive and critical structures (hospital and heritage building) at City Market station. 

 

becomes the most preferred method of hard rock 
excavation. But the rock excavation by blasting is 
associated with adverse effects like ground         
vibrations, air overpressure, noise, flyrock and 
dust. The side effects of blasting could be        
controlled by application of some innovative   
controlled blasting techniques, which are           
explained in the following sections. 

3    FIELD EXPERIMENTS ON CONTROLLED 
BLASTING 

Bangalore, in the south west of India, is the   
country's fastest-growing metropolitan area and 
the metro rail construction project is being         
developed by the Bangalore Metropolitan Rail 
Corporation Ltd (BMRCL). The metro rail project 
under construction in Bangalore City consists of 
both elevated and underground components. The 
tunnels are being made by tunnel boring machines 
while the underground stations were planned to be 
excavated by drilling and blasting method, which 
is bound to generate environmental effects like 
ground vibrations, air overpressure and flyrock. 
Excavation was carried out for the South-North 

corridor at City Market Station and Chickpet     
stations. The work is being carried out by M/s 
Coastal-TTS JV, under the CSIR-CIMFR        
technical consultancy. CSIR-CIMFR provided 
technical guidelines for blasting design for       
controlling ground vibrations, air overpressure and 
flyrock during rock excavation at underground  
stations at City Market and Chickpet stations of 
the project. The distances from critical structures 
to centre line of rock excavation of these station 
areas varied from 10 to 100 m. The sensitive and 
critical structures include temples, hospitals and 
heritage structures as shown in Figures 1 & 2     
respectively. The following general controlled 
blasting techniques are used to minimise blast    
induced side effects during the rock excavation at 
all the metro rail stations: 
 
−  restricted charge per delay 
−  bottom hole initiation 
−  presplitting 
−  use of small diameter blastholes 
−  use of decked charges 
−  installation of hard barrication 
−  optimum specific charge & burden 
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Figure 2. Sensitive and critical structures (temple and building) at Chickpet station. 

 
−  use of proper muffling pads 
−  proper stemming material and stemming column 
−  adequate delay period 
−  avoiding delay scattering. 
 

The controlled blasting techniques practiced to 
safeguard the sensitive and critical structures in 
the vicinity of blasting sites are explained in the 
following sections. 

3.1    Geological descriptions of blast site 
 

The rock encountered in the blasting area is mostly 
of crystalline to metamorphic origin. The          
formation of rock is peninsular gneiss which    
contains older gneissic complex. The granite is the 
major rock formed along the south shaft area. 
Gneiss of granite to granodiorite, intrusion of 
quartz, feldspar and biotite layers were also seen 
towards the northern region. There were also 
quartz monzonites formed on the northern region. 
Subsurface profile at the site generally consists of 
fill overlying residual soils underlain by          
completely weathered bed rock and then bed rock. 
The encountered layers are given below. A first 
layer of about 0-1.5 m consists of fill up soil 
mostly of yellowish brown silty sand is              
encountered. A second layer of residual soil 1.5-6 
m mostly of silty sand is encountered and below 

that a layer of silty sand to gravel 6-10 m and in 
some portion clayey silt were also encountered. A 
third layer of completely weathered to highly 
weathered rock strata is encountered at an average 
depth of 10-14 m. A fourth layer of moderately 
weathered rock at an average depth of 14-17 m is 
encountered. A fifth layer of completely hard rock 
strata at an average depth of 17 m and above were 
encountered. The formation of the rock strata is 
towards north east and the rock stratum is dipping 
at an angle of 30.50N. The strike of the bed is 
N520W. There are no major faults seen in the area 
and the joints were irregular yet few horizontal 
joint sets were encountered in some portion. The 
layer of 14-17 m moderately weathered rock has 
the core recovery of 40% - 70% and has the RQD 
value of 40%-50%. The layer of hard rock has 
80% core recovery and has 70% RQD. The RMR 
value of the rock strata is 41-60 (fair) and the Q-
value i.e., quality of the rock is FAIR. Ground  
water was observed at depths between 7 m to 8 m 
below ground surface. Seasonal and annual     
fluctuation in ground water level can be expected 
in these strata. 

3.2    Application of controlled blasting techniques 

The main objective of controlled blasting        
techniques is the control of flyrock, ground        
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vibration and or air overpressure within            
permissible limits. The other purpose of controlled 
blasting is to minimise fracturing and loosening of 
the rock mass beyond the predetermined            
excavation line/profile. The objective is normally 
achieved by minimising and judicious use of      
explosives in the blastholes. Several controlled 
blasting techniques such as line drilling,            
presplitting, smooth blasting and cushion blasting 
are used to achieve these objectives. 

Out of all the side effects of blasting, control of 
ground vibrations would become most essential 
aspects as the nearby structures are more           
vulnerable and sensitive to the ground vibrations. 
The principal factors that affect vibration levels at 
a given point of interest are the maximum charge 
per delay, the distance from the blast, the delay   
period used and the blast geometry. The            
permissible peak particle velocity (mm/s) at the 
foundation level of all the sensitive structures was 
based on the threshold limits prescribed by 
DGMS, an Indian organisation that looks after the 
safety aspects of mines and quarries. Various   
controlled blasting techniques applied at the    
Bangalore Metro Rail Project are described in the 
following sections. 

3.3    Line drilling 

Line drilling is one of the techniques used for over 
break control. In line drilling, a single row of 
closely spaced, unloaded, small diameter holes is 
drilled along the neat excavation line. This       
provides a plane of weakness to which the primary 
blast can break and to some extent reflects the 
shock waves created by the blast, reducing the 
shattering and stressing in the finished wall. Line 
drilling is best suited to homogenous formations 
where bedding planes, joints, and seams are at a 
minimum. The only place where it is applicable is 
in areas where even the light explosive loads      
associated with other controlled blasting         
techniques may cause damage beyond the          
excavation limit or where line drilling is used    
between loaded holes to promote shearing and 
guide the presplit line. Therefore, line drilling was 
implemented adjacent to the sensitive structures 
like the hospital at City Market station and temple 
at Chickpet station. Initial line drilling was carried 
out with the ROC drills of 45mm diameter with a 
spacing of 10cm for a depth of 5m. Afterwards  
below 5m depth, the jackhammer holes of 32mm 
and with a spacing of 7.5cm for a depth of 2.4m. It 
was observed that line drilling could not control 
the vibrations completely. Therefore, it was       

decided to go for presplitting to control the         
vibrations and damage. 

3.4    Presplit blast design at the periphery zone of 

excavation 

Controlled blasting techniques are used in        
construction projects to minimise the damage and 
deterioration of surrounding rock mass or      
structures. Presplitting is a technique used to    
produce high quality final pit walls and to reduce 
the blast induced ground vibrations. Damage from 
back-break can be minimised, thereby insuring the 
final pit walls stand at the designed angle. Thus 
costly excess waste removal is avoided. Safety in 
the pit is enhanced. Control blasting is an essential 
component of procedures to maintain the stability 
of final pit walls prone to failure. Strip mines     
using blast casting also frequently employ        
presplitting of the active highwalls. Subsequent 
blasts can be designed for maximum effect behind 
the well defined highwalls that result. Presplitting 
involves a single row of holes drilled along the  
excavation line. Presplit in the rock forms a      
discontinuous one which minimises or eliminates 
overbreak from the subsequent primary blast and 
produces a smooth, finished rock wall. Presplitting 
is also used to reduce ground vibration in some 
critical cases. The presplitting had been practiced 
at the final line of excavation/periphery of the   
station box and at other locations as per the        
requirement of the site. It was preferred to go with 
small diameter holes for presplitting as the presplit 
blasting itself has potential to generate excessive 
vibration levels. The site specific presplit blast   
design parameters for the prevailing rock are given 
in Table 1 and Figure 3. The presplit blasting 
technique in this project was adopted to reduce the 
blast induced ground vibrations and high wall 
damage. The final presplitting design parameters 
were arrived at based on several trail blasts at safe 
locations, which are away from the sensitive   
structures. 

3.5    Blast results with presplitting 

Presplitting yielded very good results in terms of 
controlling overbreak, damage and ground          
vibrations. The presplitting test blast and         
post-blast fracture plane are shown in Figure 4 and 
5 respectively. The vibration reduction due to   
presplitting is shown in Figure 6. There is a        
reduction of 40 to 45% in the vibration intensity at 
50m distance from the blast site. In view of the 
very good results in presplitting, it was considered 
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Parameter Value/description 
Diameter of 
holes 

32mm 

Angle of 
holes 

900 

Spacing  0.5m 

Bench Height 1.5 m  
Depth 2 m  
Charge per 
hole 

0.125 kg  

Initiation   
pattern 

Bottom hole 

Stemming 
column 

0.5m  

Delay         
between hole 
- hole 

17ms 

 

Table 1. Blast design parameters for presplitting. 

 

 Figure 3. Presplit blast design parameters 
with jackhammer drill holes. 

 

 
Figure 4. Presplit test blast results in 
creation of crack between holes. 

 

to implement this technique all through the        
periphery of the station box excavation of City 
Market station. 

4    FLYROCK CONTROL TECHNIQUES 

The factors which influence the flyrock distance 
include: 
 

−  height of stemming column in the blastholes and 
type/quality of stemming material 

−  irregular shape of free face 

−  excessive large burden or blasting without free 
face 

−  muffling of the blast area and the muffling     
material type 

−  scattering and overlapping of delay timings of 
the delay detonators/relays 

−  presence of water in blastholes. 
 

The first four parameters can be controlled by 
properly designing the blasting pattern whereas 
the last two parameters are not easily controllable. 
Flyrock shall be controlled by proper blast design 
and by muffling/covering. From experience it is 
found that unless blast design is proper, muffling 
will not be effective. Proper blast design and      
accurate implementation of the blast are the two 
areas of fundamental concern for controlling     
flyrock. The third important parameter is           
understanding the local geology and adjusting the 
explosive charge with regard to the geological  
features. The reliable and effective method of  
controlling flyrock fragments from the mouth of 
the blastholes (vertical flyrock on the rear side) is 
the height of the stemming column. It has been  
observed that flyrock, particularly towards the rear 
side, was effectively controlled by maintaining the 
height of stemming column in all holes greater 
than the burden. The height of stemming column 
should be 1.2 to 1.5 times the true burden in all 
holes. A good stemming material should retain 
borehole pressure till the burden rock starts to 
move. Dry angular material under the effect of the 
impulsive gas pressure tends to form a compaction 
arch which locks into the wall of a blast hole, thus 
increases its resistance to ejection. In general, drill 
cutting is better stemming material as compared to 
sand and should be preferred except in case of  
watery holes. In case of watery holes only sand 
free of clayey materials should be used as       
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Figure 5. Presplit test blast results in 
creation of fracture plane. 

 

 
 

Figure 7. Three layered muffling system was used to control flyrock. 

 

 
Figure 6. Plots of peak particle velocity versus 
scaled distance for before (upper) and after 
presplitting (lower). 

 

stemming material. Muffling or covering of holes 
including entire area to be blasted is one of the 
most common methods to contain the distance of 
travel of flying fragments particularly when    
blasting is done within the danger zone as      
specified by DGMS (India). 

 
A three layered muffling system was used to 

control flyrock for all the blasts, as shown in    
Figure 7. It includes: 

 
−  sand bags covering all the blastholes and       

connecting lead tubes 
−  chain linked wire-mesh with 2.5 cm mesh size, 

on the sand bags 
−  rubber mats of 1.2 ton weight covering the entire 

blast area. 
 

Muffling or covering of holes, including the 
entire area to be blasted, is one of the most      
common methods to contain the distance of travel 
of flying fragments particularly when blasting is 
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 Figure 8. Components of bottom hole 
decking inside a blasthole. 

 

done within the danger zone. For initial rounds of 
blasts already developed guidelines by previous 
researchers (Dhar 1993) were used and were       
refined further for zero tolerance to flyrock. No 
blasting should be carried out without proper 
muffling. To restrict the flying fragments from 
the blast, the blast area should be muffled     
comprising of 1"x 1", 14 SWG link mesh, old 
rubber truck tyres and  rubber  blasting mats of 
minimum specified  size and weight. The blasting 
block should be covered fully and in addition, 
3m on all the four sides of the charged block. 

5    CONTROLLED BLASTING USING 
BOTTOM HOLE AIR DECKING 

CSIR-CIMFR developed ‘bottom hole decking 
technique’ was applied for improving              
fragmentation, reducing specific charge, ground 
vibrations and avoiding toe formations in bench 
blasting of granite rock at all the stations. The    
details of the technique and the blast results are 
discussed in the following sections. The bottom 
hole air-decking was developed to avoid the      
advantages of general middle deck air decking and 
to avoid its complex charging procedure. The   
bottom hole decking consists of air decking at the 
bottom of the hole in dry holes by means of a 
wooden spacer or a closed PVC pipe, covered at 
the upper end as shown in Figure 8. If blastholes 
are wet, water decking will be created at the     
bottom by means of a spacer with a weight          
attached to it for sinking to the bottom. The        
diameter of the spacer should be preferably one 
third of the blasthole diameter for easy lowering 
and not allowing the charge to go to bottom side 
while loading. The reported values of air-deck 
length was taken as the basis for optimum bottom 
deck length which was about 10% of the hole 
depth (Mead et al. 1993). The hole contains       
explosive and stemming column as in               
conventional loading but with a spacer at the    
bottom. The principle of bottom hole air decking 
in achieving optimum explosive energy interaction 
on rock mass is given below: 
 

−  reduced shock energy around the blast hole due 
to cushioning effect of air decking, which 
otherwise would result in crushing 

−  explosive energy-rock interaction is more at the 
bottom due to relative relief zone existing at 
that zone 

−  effective toe breakage is due to striking and    
reflection of shock waves at the bottom face 
of the hole. 

The procedure and sequence of blasthole   
loading and initiation for the bottom hole decking 
are: 

 

−  inserting the spacer in to the hole bottom by 
dropping from surface or lowering down. 

−  loading the primer explosive cartridge attached 
by Nonel shock tube/detonating cord and the 
charging the column charge conventionally 

−  stemming of the hole by proper stemming      
material, preferably by sharp edged drill    
cuttings or coarser sand. 

 
The advantages of the bottom air decking   

technique in comparison to the conventional    
middle air decking are: 

 
−  applicable to the jointed rock formation which is 

not effective with middle air decking 
−  in wet holes, generally, slush is deposited at the 

bottom due to falling of drill cuttings and 
hole side collapse; this slush mixes with 
primer in conventional charging resulting in 
explosive deterioration and poor velocity of 
detonation, which is reflected in breakage and 
fragmentation, which is efficiently avoided by 
bottom air decking which separates the 
primer from slush 
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Figure 9. Blasthole charge pattern for regular 
production holes with jackhammer. 

 

−  the highly confined toe is free of explosive 
charge but exposed to high concentration 
shock energy resulting in good toe breakage 
and low vibration, low air overpressure       
intensity 

−  the reduced overall peak shock reduces the back 
break and flyrock. 

 

The bottom air decking resulted in 25-30%  
improvement of fragmentation and better          
uniformity index in granite rock formations, in 
spite of 20% reduction in specific charge. The 
measure of vibration intensity, i.e. peak particle 
velocity, is reduced by 35% in comparison to the 
conventional charging without decking in the trial 
blast studies. 

6    BLAST DESIGN FOR REGULAR 
PRODUCTION BLASTS 

After achieving the free face to the bench using 
jackhammer holes by box cut method,            
progressive blasting was carried out by vertical 
benching. For regular production blasts the   
jackhammer holes of 32 mm diameter was       
deployed to control blast vibrations. The bench 
height was maintained as 1.5 - 1.75 m to           
accommodate jackhammer holes. The            
jackhammer drill based blast rounds were to 
comply with the DGMS (India)  vibration limits 
and flyrock control measures. Moreover, the 
noise levels from these blasts could become a 
limiting factor too. It is needless to mention that 
production targets cannot dictate size of the 
blasts and it is the limitation of the permissible 
blast vibration levels and noise levels vis-a-vis 
the distances of critical structures and blast       
location. 

The blasthole charge pattern for the regular 
production blasting using 32mm drill hole        
diameter is given in Figure 9 and blast design  
parameters are given in Table 2. The depth of 
hole is about 1.5 – 1.75 m depending on the rock 
profiles and undulations in previous blasts. A 
plastic spacer of 0.3 m and 25 mm diameter was 
inserted at the bottom of the hole as shown in 
Figure 9. The direction of progression was kept 
as away from the sensitive structures. The final 
size of the blast and charge per hole were decided 
based on the trial blast results and site specific 
conditions and vibration/noise flyrock control 
measures. After initial trial blasts the final safe 
design parameters were designed and were      
optimised from the point of view of increased 
safety and productivity. 

6.1    Blast results with regular production blasts 

 
The blast performance analysis was done based on 
the degree of fragmentation, vibration intensity 
and flyrock projectile. The extent of back break 
and air overpressure were also considered as     
secondary blast performance assessment             
parameters. All the blast performance indicating 
parameters are summarised in Table 3. The         
vibration intensity was never exceeded to 4 mm/s 
at the nearest ordinary structures and maintained 
below 1.75 mm/s near historical structures and 
hospitals. The blast fragmentation and extent of 
back-break are shown in Figure 10. Although the 
mean fragment size is not optimum for the         
excavators used in the site, it was considered as 
good blast from point of view of safety. Basically 
the blasting was not meant for good fragmentation 
as increase in specific charge can generate flyrock 
which is not allowed in this project. 
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Parameter Value/description 
Diameter of 
holes 

32mm 

Angle of 
holes 

900 

Burden 1.0m 
Spacing 1.25m 

Depth 1.5m  
Charge per 
hole 

0.375  kg   

Specific 
charge 

0.2-03 kg/m3 

Initiation   
pattern 

Bottom hole 

Initiation   
system 

Shock tube        
initiation with 
200ms DTH and 
17, 25, 42 ms with 
TLD, 4m long twin 
detonator system 

Stemming 
column 

0.6-0.75m  

No of holes 
per delay 

1 

Delay         
between hole 
- hole 

17/25ms 

Delay         
between row - 
row 

42ms 

 

Table 2. Blast design parameters for 
production blasting. 

 

 
Sl 
No. 

Blast performance 
indicator 

Value 

1 Fragmentation 
(mean fragment 
size) 

0.32 m 

2 Vibration intensity 
(PPV) at 50 m 

1.85 
mm/s 

3 Flyrock projectile at 
5 m 

0 (Nil) 

4 Air overpressure at 
50 m 

118 dB 

5 Back break 0-0.25 m 
 

Table 3. Blast performance indicating parameters. 

 

7    CONCLUSIONS 
 

The construction activity involving blasting for 
metro rail projects is a challenging activity in an 
urban environment. Almost all generally followed 
controlled blasting techniques were used to    
minimise blast induced side effects during the rock 
excavation at station box excavations of the metro 

rail project, at City Market and Chickpet stations. 
CSIR-CIMFR designed and successfully            
implemented controlled blasting techniques to    
restrict all the environmental effects. Controlled 
blasting operations of line drilling and              
pre-splitting were carried out keeping the adverse 
impacts like back-break, flyrock, ground vibration 
and air overpressure within the stipulated limits. 
Based on the site specific ground vibration studies, 
condition of the structures and the prevailing 
norms, a permissible limit of below 5 mm/s was 
decided for ordinary structures and 2 mm/s was 
decided for historical structures and hospitals. The 
suggested muffling in conjunction with heavy  
rubber blasting mats restricted the flyrock distance 
to within 10 m. The blasthole diameter was         
restricted to 32 mm and the specific charge was 
between 0.25 and 0.3 kg/m3. Bench height was 
also restricted to 1.5 to 2 m and a production 
higher than the targeted production of 300-400 m3 
per day was achieved frequently. The vibration   
intensity never exceeded 4 mm/s at the nearest   
ordinary structures and maintained below 1.75 
mm/s near historical structures and hospitals. 
CSIR-CIMFR developed ‘bottom hole decking 
technique’, which is user friendly and simple, was 
applied for improving fragmentation, reducing 
specific charge, ground vibrations and avoiding 
toe formations in bench blasting of granite rock at 
all the stations. The bottom air decking resulted in 
25-30% improvement of fragmentation and better 
uniformity index in granite rock formations, in 
spite of 20% reduction in specific charge. The 
measure of vibration intensity, i.e. peak particle 
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Figure 10. Post blast results of blast fragmentation and extent of back-break. 

 

velocity is reduced by 35% in comparison to the 
conventional charging without decking in the trial 
blast studies. CSIR-CIMFR controlled blast results 
proved that the measures adopted for rock          
excavation at sensitive locations were not only 
safe but also productive. This helped in           
completion of excavation targets well in time. 
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1    INTRODUCTION 

Quarry blasting is a very demanding activity in 
terms of technicality and environmental respect. In 
fact, quarries are generally located close to         
inhabited places and the reduction of the            
environmental impact becomes very important: 
flyrock must be avoided at any cost. The reduction 

in vibration levels, noise, air overpressure and 
dusts is a permanent concern and it requires a high 
level of technical control. Blasts that are often 
seen in open pit mines, characterised by an        
excessive consumption of explosives, are           
prohibited in a quarry. The requirements in terms 
of technical result are also important: the         
post-blast fragmentation and geometry must be of 

ABSTRACT: When explosives are used for bench blasting in a quarry, the main source of inconsistent 
results is directly related to the non-homogeneous energy distribution through the rock-mass volume. This 
variation has different origins: drilling deviations, geometry differences from one borehole to another 
(burden, spacing ...), and inherent geological conditions. The concept of controlled energy blasting aims 
at designing and carrying out blasts with the most homogenous energy distribution that is possible, by 
adapting charges to the actual conditions, and not to the theoretical blast pattern parameters. To achieve 
such a goal, our company has been developing variable density emulsion explosives that are delivered by 
trucks directly on site, meaning that energy can be modulated in real-time throughout a borehole, 
depending on individual hole-by-hole specific blast design. Those explosives can thus be adapted to the 
real parameters of each borehole. Such parameters are obtained thanks to modern measuring techniques, 
including GPS, 3D laser scanners, and drilling deviation probes. This technology allows a global          
approach to blasting, where measuring, blast design software and explosive on-site manufacturing are 
interlinked. It leads to a better control over specific energies and thus to a better control over 
fragmentation issues and environmental impact generated by blasting. This concept of controlled energy 
blasting has been implemented in several French quarries and has been showing undeniable advantages 
compared with traditional methods. 
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Figure 1. Powder factor versus specific energy. 

 

good quality so that improvement operations   
(secondary breaking) do not penalise further the 
production of a material that is not as well         
upgraded as ore. 

Due to these requirements, in Europe and 
elsewhere, measuring and checking techniques are 
becoming widespread for this type of blasting. The 
checking of the quarry face geometry by total   
motorised stations and the measurement of     
boreholes have become well-known and common 
techniques in some countries. They allow in the 
first place the blast safety to be improved and the 
biggest mistakes in terms of geometry to be 
avoided. 

However, measuring does not mean              
optimisation. Aiming at blast optimisation requires 
the setting-up of an overall work package that 
takes into account all the steps of the performance 
of a blast. This goes from design to experience 
feedback through adaptation. One of the key 
points in this approach consists in linking        
geometrical information to the energetic           
performance of explosives. It is a link that is not 
yet very well used in everyday blasting but that 
deserves all our attention. 

2    POWDER FACTOR OR SPECIFIC 
ENERGY? 

Several methods allow the assessment of explosive 

performance. Most of them are comparative       
parameters, such as ballistic mortar or its TNT 
equivalent. The important thing is to be able to 
give account of the variations of the effects of the 
various types of explosives. A method that gives a 
correct account of the effects on the surrounding 
medium is the so-called pool method. Thanks to a 
pressure sensor in the water, it allows the        
comparison of the pressure curves resulting from 
various explosive types. It also allows the         
distinction between the shock effect and the     
bubble effect (gas). We will refer to these energies 
measured by means of this method later on. The 
comparisons are of course valid for other types of 
energy measurement. 

All explosives do not have the same intrinsic 
energy. Although this is a well-known fact, the 
preferred working parameter remains the mass 
measurement of the explosive, that is to say the 
specific consumption (‘powder factor’) expressed 
in kg /m3 or kg/t. The example of Figure  shows 
two constant geometry loadings. They are         
performed with similar explosives: cartridge   
emulsion at toe and ANFO type in column. The 
loading on the right contains an aluminised 
ANFO, as well as emulsion cartridges of upper 
range. 

Both blast patterns feature approximately the 
same specific consumption (g/m3), since explosive 
quantities are almost similar. However, when one 
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Figure 4. Specific energy per hole. 

 

 
Figure 2. Quarry bench. 

 

 
Figure 3. Volume calculation per hole. 

 

calculates the specific energies in MJ/m3, they 
vary considerably: by 21 % in column and 43 % 
for the toe shear area. 

When one compares the blast patterns with  
different types of explosives, this is the first      
element that one should study, that is to say the 
specific energy rather than the specific             
consumption (powder factor). The latter only takes 
into account the differences in density for          
explosives and not their intrinsic energy. 

3    COUPLING OF THE ENERGY 
AVAILABLE WITH THE ACTUAL 
GEOMETRY 

Knowing the energy of the explosives used is not 
enough. In order to assess a blast, it is necessary to 
know how this energy is distributed in the       
rock-mass. Quarry blastings are blastings with a 
limited number of rows. The quarry face geometry 
will therefore significantly affect the energy      
distribution. Figure 2 shows a conventional quarry 
face. The blast on this face was measured by 
means of laser tachometer and hole deviation 
probe. If the volume to be blasted per hole is    
sectioned, taking into account the face geometry 
and borehole deviations (Figure 3), one can      
calculate the specific energy per hole in        
Megajoules per cubic metres of rock to be blasted 
(MJ/m3). 
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Figure 5. 3D representation of the energy distribution for a conventional blast (in-house blast design software). 

 

Figure 4 shows the distribution of this specific 
energy per hole. It is broken down into shear     
energy for the toe and energy in the column. One 
can note on this blast that the energy actually     
implemented varies considerably with respect to 
the nominal energy aimed at (3.5 MJ/m3 for the 
toe and 1.5 MJ/m3 for the column). One can also 
note significant differences between holes: some 
rock volumes feature twice as much specific      
energy as others. 

Figure 5 gives account of this distribution in 
space for this blast. Actually, this separation of 
rock volume per hole may seem somewhat          
arbitrary since it does not take into account the   
interaction between neighbouring holes. However, 
it gives quite a correct approach to the energy 
variations and the consequences of geometrical 
variations should the explosive charge not be 
adapted. 

Following many blast audits, one is obliged to 
note that these variations are common in quarry. 
The problem is that this lack of energetic           
homogeneity is the cause of non-compliant results 
such as vibration peaks, problems of improperly 
extracted toes, non-homogenous grain size        
distribution, boulders, etc. 

The question that then comes to mind is to 
know how to palliate these disparities so as to   
obtain as homogenous a distribution as possible 
for the volume of rock to be blasted. 

4    ADAPTATIONS REQUIRED FOR A 
HOMOGENOUS ENERGETIC 
DISTRIBUTION 

4.1    Setting-up of the drill plan 

It appears clear that an energetic homogeneity 
cannot be reached without an adequate setting-up 
of the boring. The boring geometry constitutes the 
first energy distribution in the rock-mass. It is also 
the first advantage that can be drawn from laser 
geometry acquisition techniques, by using a     
geometrical model to define the location of holes. 
Unfortunately, the face survey is often performed 
further to the boring, in ‘checking’ mode; the    
setting-up is performed traditionally with the 
‘good eye’ of the miner as the only tool. It is then 
often too late to correct the biggest geometry      
errors. Figure 6BA shows the volume distribution 
for rock to be blasted by preceding blast hole, set 
up manually. Figure 6BB shows the volume        
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Figure 6B. Volume per hole after computer 
assisted setting-up thanks to measuring. 

 

Figure 7A. Toe burden per hole after 
manual setting-up. 

 
Figure 7B. Toe burden per hole after computer 
assisted setting-up further to measuring. 

 

distribution for the same face, but through the 
simulation of a ‘laser’ setting-up, as it could have 
been done before boring. The geometrical         
disparities of the face could be taken into account 
by means of the computer. One obtains a more 
homogenous volume distribution per hole. Figure 
7BA shows another interesting parameter: the hole 
burden at the toe. This is a key parameter for the 
correct blast exit. The setting-up by means of the 
computer allows a better consistency to be         
obtained at the toe burden, as shown on Figure 
7BB. 

 
4.2    Variable energy along the hole 
 

The best possible setting-up will allow the          
reduction of geometrical differences. But, as 
shown on Figure 6B and 7 it will not allow a     
perfect geometry to be obtained. The next step for 
homogenisation of the energy consists in adapting 
the quantity of energy to be introduced in the 
holes. The variety of explosives available has long 
been used to make the linear energy in the hole 
vary. Thus, the idea has traditionally been to use 
more powerful explosives at the toe, such as      
dynamites or high energy emulsions. By          
combining these explosives with ANFO, for       
instance, it is possible to make the energy quantity 
vary vertically in the holes. It is possible to also 
apply this logic so as to reduce the variation       
between holes, which is, however, not performed 
as often. 

However, modern blasting is increasingly 
evolving towards the loading of bulk emulsions 
manufactured on site by means of mobile       
manufacturing units (MEMU). It is then more   
difficult to make the linear energy vary along the 
hole with a bulk product. That is the reason why 
our MEMU technology evolved towards the    
concept of variable energy explosive where two 
parameters intervene: 1) The possible addition of 
aluminium; 2) The variation of explosive density 
during the loading. 

Error! Reference source not found. A shows 
a loading performed with a single density       
emulsion (left), as it was performed for the blast 
studied earlier. In Figure 8B, one can see a loading 
that could have been performed with variable   
density and energy products. It includes three 
types of explosives: a composite emulsion with 
aluminium (dark grey), a composite emulsion of 
density 1.18 (mid grey) and the same composite 
emulsion with a density of 0.9 (white). 

 
Figure 6A. Volume per hole after manual setting-up. 
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Figure 9. Specific energy per hole (toe and column) for a variable density loading with aluminium. 

 

Figure 8A. Traditional loading with bulk emulsion. 

  
 

Figure 8B. Loading with variable density loading. 

  
The loading in Figure 8B tries to adapt the 

quantity of linear energy by means of a variable 
loading that is adapted to the hole depending on 
the actual volume to be blasted. If one calculates 
in this way the specific energy of the holes for the 
same control blast, one obtains the distribution 
shown on Figure 9. 

 
One can observe that a much more                

homogenous distribution than the one performed 
at constant energy can be obtained (to be         
compared with Figure 4). 

Figure 10 shows a 3D representation of this 
energy distribution. One can clearly see that the 
nominal shear energies for the toe and the energy 
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Figure 10. 3D representation of the energy distribution for a variable density blast (Blast design software). 

 

 
 

Figure 11. Automatic loading rates with PLC for 
MEMU. 

 

in the column are better respected when compared 
to those of Figure 5 (the grey shading between 
95%-105% shows that we are in a bracket of 
± 5 % of the sought energy). 

5    CONCLUSION 

The linear energy variation in the holes for a real 
time variation of the explosive density is a      
technique that is more and more common within 
our company. The advent of new reagent injection 
systems associated with the MEMUs allow a very 
fine proportioning of the density that can be made 
to vary in real time in holes during loading. 

The possible effective gain from this          
technology lays in what was shown above: the link 
between the actual blast geometry and the          
adaptation of the linear energy in the holes. This is 
possible thanks to in-house blast design software 
which integrates specific energy calculations and 
transmits the individualised loading per hole      
directly to the MEMU programmable logic      
controller. 

This combination of geometrical information 
of the blast and energy adjustment for the loading 
leads towards optimisation by performing constant 
specific energy blast, without over or under     
consumption of energy in the blast. 
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1    THE INTERNATIONAL STANDARD       
      ISO 2631 

Between 1985 and 1989 the ISO Standard 2631 
was groundbreaking for many standards and rules. 
In 1997 ISO 2631-1 was published followed in 
2003 by ISO 2631-2 a significantly revised new 
version. This second edition cancels and replaces 
earlier editions. The new ISO 2631, under the 
general title ‘Mechanical vibration and shock - 
Evaluation of human exposure to whole-body     
vibration, consists of the following parts: 
 

−  part 1: general requirements 
−  part 2: continuous and shock-induced vibration 

in buildings (1 to 80 Hz) 

This ISO 2631 has five annexes. Annex A forms 
an integral part of this part of ISO 2631. Annexes B 
to E are for information only. The revision of this 
part of ISO 2631 incorporates new experience and 
research results reported in the literature, which 
made it desirable to: 

 

−  reorganise the parts of this International       
Standard 

−  change the method of measurement and analysis 
of the vibration environment 

−  change the approach to the application of the   
results. 

Increasing awareness of the complexity of    
human physiological/pathological response as well 
as behavioural response to vibration and the lack 

ABSTRACT: Detrimental effects on the environment by immission in the following blast vibrations, 
which by a certain extent or duration cause hazards or extensive annoyance or an extensive detriment for 
the general public respectively the neighbourhood have to be avoided or reduced to a tolerable level. As 
far as blast vibrations affect people in buildings, it has to adhere to the basic requirements that are 
described in the International Standard ISO 2631, and in numerous national standards (such as DIN 4150, 
ÖNORM S 9012, BS 6472 etc.). The standards concretised references for measurement, evaluation, and 
reduction of vibration influences. In the following the basics, measurement methods, and evaluation are 
described in detail. 
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Figure 1. Different methods of describing a vibration 
signal (Noise and Vibration Technical Report 2014). 

 

of clear, universally recognised dose-response    
relationships made it desirable to give more    
quantitative guidance on the effects of vibration on 
health and comfort as well as on perception and 
the incidence of motion sickness (see annexes B to 
D). 

Annexes are: A - mathematical definition of the 
frequency weightings, B - guide to the effects of 
vibration on health , C - guide to the effects of    
vibration on comfort and perception , D - guide to 
the effects of vibration on the incidence of motion 
sickness and E - bibliography. 

2    VIBRATION STRENGTH K AND 
FREQUENCY WEIGHTED 
ACCELERATION WM 

One of the most significant modifications in the 
revised ISO 2631 was the change of the weighted 
vibration strength K to the frequency-weighted   
vibration acceleration Wm. The frequency range in 
this revision is extended below 1 Hz and the 
evaluation is based on frequency weighting of the 
RMS (root mean square) acceleration rather than 
the rating method. Different frequency weightings 
are given for the evaluation of different effects. 

Based on practical experience, RMS methods 
continue to be the basis for measurements for crest 
factors less than 9 and consequently the integrity 
of existing databases is maintained. Studies in    
recent years have pointed to the importance of the 
peak values of acceleration in vibration exposure, 
particularly in health effects. The RMS method of 
assessing vibration has been shown by several 
laboratories to underestimate the effects for        
vibration with substantial peaks. Additional and/or 
alternative measurement procedures are presented 
for vibration with such high peaks and particularly 
for crest factors greater than 9, while the RMS 
method is extended to crest factors less than or 
equal to 9. For simplicity, the dependency on     
exposure duration of the various effects on people 
had been assumed in ISO 2631-1:1985 to be the 
same for the different effects (health, working  
proficiency and comfort). This concept was not 
supported by research results in the laboratory and 
consequently has been removed. New approaches 
are outlined in the annexes. In spite of these     
substantial changes, improvements and               
refinements in this part of ISO 2631, the majority 
of reports or research studies indicate that the 
guidance and exposure boundaries recommended 
in ISO 2631-1:1985 were safe and preventive of   
undesired effects. This revision of ISO 2631 

should not affect the integrity and continuity of  
existing databases and should support the         
collection of better data as the basis for the various 
dose-effect relationships. 

Measured mode of vibrations as vibration     
velocity, vibration acceleration and displacement 
and the immediate effect with the subjective     
perception of humans will now be described with 
the Wm - frequency-weighted vibration               
acceleration aw. This Wm - frequency-weighted 
vibration acceleration aw, has replaced the 
weighted vibration strength K as a measure of   
human vibration perception. 

In the following this is discussed in more detail 
at which in further consequences its being noted 
that the most easily feasible and thus less            
error-prone vibration velocity measurements    
continue to meet the standard requirements. RMS 
method is extended to crest factors less than or 
equal to 9. 

Vibration consists of rapidly fluctuating      
motions with an average motion of zero. The   
various methods used to quantify vibration       
amplitude are shown on Figure 1. The raw signal 
is the lighter weight curve in the top graph of this 
figure. This is the instantaneous vibration velocity, 
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which fluctuates about the zero point. The peak 
particle velocity (PPV) is defined as the maximum 
instantaneous positive or negative peak of the     
vibration signal. PPV often is used in monitoring 
blasting vibration because it is related to the 
stresses that are experienced by buildings. 

Both velocity vmax (PPV) and RMS             
acceleration measures are used depending on the 
applicable standard and calculation procedure. 
However all units adhere to the standard SI system 
and therefore velocity is expressed in m/s and    
acceleration in m/s2. When the logarithmic scale is 
used the reference levels defined above apply. 
When reporting vibration levels in decibels the 
units are specified as dBV it has to be                
distinguished from dBA, which is used for          
A-weighted noise levels, and only refers to         
velocity levels. 

As above-mentioned the vmax (PPV) and RMS 
velocities are described in mm (or inch) per      
second (Noise and Vibration Technical Report 
2014). Decibel notation serves to compress the 
range of numbers required to describe vibration. 
The bottom graph on Figure 1 shows the RMS 
curve of the top graph expressed in decibels. 

It is also possible to express vibration levels as 
a logarithmic scale in decibels, similar to sound 
pressure levels for expressing noise. The relevant 
calculations (with the reference levels vr = 10-9 
m/s and ar = 10-6 m/s² respectively as specified in 
ISO 1683 are: 
 

−  Lv = 20 x log10 (v/vr)   for velocity levels [m/s] 
with reference level vr = 10-9 m/s 

−  La = 20 x log10 (v/vr)   for acceleration levels 
[m/s²] with reference level ar = 10-6 m/s². 

 

where Lv respectively La is the velocity level in 
decibels, v is the RMS velocity amplitude, and vr 
is the reference velocity amplitude. A reference 
always must be specified whenever a quantity is 
expressed in terms of decibels. 

Vibration is often complex, contains many   
frequencies, occurs in several directions and 
changes over time. The effects of vibration may be 
manifold. Exposure to whole-body vibration 
causes a complex distribution of oscillatory      
motions and forces within the body. There can be 
large variations between subjects with respect to 
biological effects. Whole-body vibration may 
cause sensations (e.g. discomfort or annoyance), 
influence human performance capability or present 
a health and safety risk (e.g. pathological damage 
or physiological change). The presence of          
oscillatory force with little motion may cause   
similar effects (ISO 2631-2:2003). 

3    HUMAN EXPOSURE TO MECHANICAL 
VIBRATION AND SHOCK 

The primary purpose of this part of ISO 2631 is to 
define methods of quantifying whole-body         
vibration in relation to: 
 
−  human health and comfort 
−  the probability of vibration perception 
−  the incidence of motion sickness. 
 

This part of ISO 2631 is concerned with 
whole-body vibration and excludes hazardous    
effects of vibration transmitted directly to the 
limbs. Vehicles (air, land and water), machinery 
(for example, those used in industry and             
agriculture) and industrial activities (such as piling 
and blasting), expose people to periodic, random 
and transient mechanical vibration, which can    
interfere with comfort, activities and health. 

This part of ISO 2631 does not contain          
vibration exposure limits. However, evaluation 
methods have been defined so that they may be 
used as the basis for limits, which may be prepared 
separately. It contains methods for the evaluation 
of vibration containing occasional high peak     
values (having high crest factors). This part of ISO 
2631 defines methods for the measurement of    
periodic random, and transient whole-body         
vibration. It indicates the principal factors that 
combine to determine the degree to which a        
vibration exposure will be acceptable. Informative 
annexes indicate current opinion and provide 
guidance on the possible effects of vibration on 
health, comfort and perception and motion      
sickness. The frequency range considered is: 
 
−  0.5 Hz to 80 Hz for health, comfort and         

perception 
−  0.1 Hz to 0.5 Hz for motion sickness. 
 

Although the potential effects on human      
performance are not covered, most of the guidance 
on whole-body vibration measurement also applies 
to this area. This part of ISO 2631 also defines the 
principles of preferred methods of mounting  
transducers for determining human exposure. It 
does not apply to the evaluation of                      
extreme-magnitude single shocks such as occur in 
vehicle accidents. This part of ISO 2631 is         
applicable to motions transmitted to the human 
body as a whole through the buttocks surfaces: the 
feet of a standing person, the buttocks, back and 
feet of a seated person or the supporting area of a 
recumbent person. This type of vibration is found 
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Factors Influence 
Blasting If the blasting field is located in front or backwards    

direction, the effective vibration forces might be higher. 
Geologic conditions, blast design and charge per delay 
affects the vibration levels, the secondary sound      
pressure accompanies the blast has also apparent effect. 

Soil Type Vibration levels are generally higher in stiff    
clay-type soils than in loose sandy soils. 

Rock layers Vibration levels are usually high near at-grade track 
when the depth to bed rock is 30 feet or less. Subways 
founded in rock will result in lower vibration            
amplitudes close to the subway. Because of efficient 
propagation, the vibration level does not attenuate as 
rapidly in rock as it does in soil. 

Soil layering Soil layering will have a substantial, but unpredictable, 
effect on the vibration levels since each stratum can 
have significantly different dynamic characteristics. 

Depth to water 
table 

The presence of the water table may have a significant 
effect on ground-borne vibration, but a definite           
relationship has not been established 

 

Table 1. Factors related to vibration source (Emission). 

 

in vehicles, in machinery, in buildings and in the 
vicinity of working machinery. 

The main changes were the new frequency-
weighting filter, and as already mentioned above 
the absence of K-value in favour of the RMS value 
of the frequency-weighted vibration acceleration 
Wm, the dependence of the contact period and its 
impact on the health and a summary of vibrations 
in several directions. These revisions and       
European standards allow the identification of 
previously used nationally vibration exposure 
based on the weighted vibration strength K no 
longer. The latter will be discussed in more detail 
in section 4. 

4    FACTORS THAT INFLUENCE LEVELS OF 
GROUND-BORNE VIBRATION AND 
NOISE 

See Table 1 and Table 2. 

5    VIBRATION EMISSION 

Vibration is an oscillatory motion, which can be 

described in terms of displacement, velocity or  
acceleration. Because the motion is oscillatory, 
there is no net movement of the vibration element, 
and the average of any of the motion descriptors is 
zero. Displacement is the easiest descriptor to    
understand. For a vibrating floor, the displacement 
is simply the distance that a point on the floor 
moves away from its static position. The velocity 
represents the instantaneous speed of the floor 
movement, and acceleration is the rate of change 
of the speed. The velocity indicates the momentary 
speed of the ground motion, whereas acceleration 
is the rate of change of movement propagation. 

Although displacement is easier to understand 
than velocity or acceleration, it is rarely used to 
describe ground-borne vibration. This is because 
most transducers used for measuring ground-borne 
vibration use either velocity or acceleration, and, 
even more important, the response of humans, 
buildings, and equipment to vibration is more    
accurately described using velocity or                 
acceleration. 

Ground-borne vibration is a phenomenon      
associated with heavy moving loads, such as trains 
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Factor Influence 
Foundation The general rule-of-thumb is that the heavier the building 

foundation, the Type greater the coupling loss as the        
vibration propagates from the ground into the building. 

Building Since ground-borne vibration and noise are almost always 
evaluated in terms Construction of indoor receivers, the 
propagation of the vibration through the building must be 
considered. Each building has different characteristics   
relative to structure borne vibration, although the general 
rule-of-thumb is the more massive the building, the lower 
the levels of ground-borne vibration. 

Acoustical The amount of acoustical absorption in the receiver room 
affects the levels of Absorption ground-borne noise. 

 

Table 2. Factors related to vibration receiver (Immission). 

 

 
Figure 2. Transmission of vibrations in buildings. 

 

or road traffic, which result in seismic waves that 
are transmitted through the ground. Along their 
transmission path, the waves are subject to       
geometric spreading, absorption, scattering and 
other mechanisms that affect amplitude and       
frequency content. Seismic waves are usually 
called ground-borne vibration, or structure-borne 
vibration, when they reach buildings in the         
vicinity of the source and are still sufficiently 
strong to cause perceivable vibrations. 

The closer the frequencies of the seismic waves 
are to the building’s natural frequency, the 

stronger the excitation and hence larger amplitudes 
will be transmitted through the walls and reach the 
floors or ceilings. These usually act as amplifiers 
at the point of immission and can result in clearly 
noticeable vibration, usually in the range of 1–80 
Hz. The transmission of vibrations in buildings is 
shown in Figure 2. 

6    PERCEPTION OF GROUND VIBRATIONS 

The human perception of ground-borne vibration 
depends on a person’s position, their activity,   
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Wm – 
weighted     
vibration     

acceleration 
[mm/s²] 

Weighted     
vibration 

strength K 

Description of perception 

3.57 0.1 non-perceptible 
7.14 0.2 just perceptible 
14.3 0.4 

Sensory 
threshold 

slightly perceptible 
perceptible 

28.6 0.8 
Wake-up 
threshold noticeable perceptible 

57.1 1.6  
113 3.15  
228 6.3  

intense perceptible 

446 12.5  
893 25  

1790 50  
3570 10  

very strong                    
perceptible 

 

Table 3.Releationship between Wm - weighted vibration acceleration, weighted vibration 
strength K and subjective perception. 

 

sensitivity, surrounding area, as well as the        
duration and strength of the vibration. Details can 
be found in the international Standard ISO 2631 
(ISO 2631-1:1997, ISO 2631-2:2003), which 
evaluates the exposure of human bodies to shock 
and vibration. 

The Standard approaches the issue of     
ground-borne noise, which is a by-product of 
ground-borne vibration. If the vibration of       
ceilings, floors or walls is strong enough and     
excites the surrounding air at frequencies in the 
hearing range, the resulting airwaves could be    
audible. This so-called structure-borne noise can 
pose an additional nuisance to the occupants, and 
is mostly associated with a ground-borne vibration 
source e.g. a residential building, it initiates the 
building as a whole respectively its components, 
especially the floor. These vibrations are then 
transmitted to humans inside the building either 
directly from the floor over the legs or indirectly 
through the seats of chairs, on the bed or on tables. 

However, whether these vibrations are         
perceived by humans as a vibration or not,         
depends on very diverse factors. So, vibration 
stimuli are always processed differently by people 
than e.g. sound or light effects, for the receipt and 

processing of the human being possesses special 
sense organs. Shocks, however, are recorded and 
passed on from various places distributed 
throughout the bodies non-specific receptors.    
Table 3 and Table 4 illustrates the perception 
thresholds in different nomenclature. 

Basically, vibration perception is influenced 
by: 
−  vibration intensity 
−  frequency rate 
−  exposure direction regarding to the body axis 

(spine) 
−  exposure duration 
−  individual sensitivities of affected people. 

 

In addition, the perception of low-frequency 
noise occurs during the vibration impacts at   
blasting. This perception is different from medium 
or high frequency effects. In the frequency range 
below 16 Hz pitch and loudness perceptions are 
missing. 

The air pressure changes are perceived as    
pulsation and/or vibration associated with a    
pressure feeling on the ears. In a frequency range 
of 20 Hz to about 60 Hz pitch and volume are 
hardly noticed at all. Therefore in many cases,   
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Description of perception 
thresholds 

Range f = 1 until 10 
(Hz)  
Amplitude a 
(mm/s2) 

Range f = 10 bis 100 
(Hz) 
Amplitude v (mm/s) 

just perceptible 30 − 40 0.4 − 0.6 
noticeable perceptible 100 1.0 − 2.0 
uncomfortable /          
disturbing 

400 − 500 6.0 − 8.0 

intolerable >1000 >16.0 
 

Table 4. Comparison of perception thresholds at vertical harmonic oscillations to a standing person in 
mm/s² and mm/s (Slavik & Müller 2004). 

 
Figure 3. Standardized vibration perception threshold of humans as a function of frequency. 

 
so-called ‘beats’ are felt. From 60 Hz on, the    
transition to normal pitch and sound feeling takes 
place. The causes and origins of low-frequency 
sounds are various and can be in a particular case 
often difficult to scrutinise or to explain. One   
possible source is induced by vibration of         
secondary airborne sound. 

7    VIBRATION INFLUENCE TO HUMANS IN 
BUILDINGS 

Whether a person complains about vibration  
emission, depends not only on physical parameters 
such as intensity, frequency and temporal course 
of the actual vibration event, but also by the     
people themselves. 

Health status, type of activity during vibration 
perception, habituation degree and the                
expectations of the residence are rather subjective 
parameters that affect whether vibrations are felt to 
be significantly annoying. 

Secondary effects such as vibrational motions 
of doors or rattling and audible clink of glasses 
can enlarge the annoying feeling. 

A person’s perceptions can be simplified and 
displayed in a physical model as a vibration sensor 
that is particularly sensitive in the frequency range 
between 5 Hz and 80 Hz (Figure 3). For lower  
frequencies, the vibration sensitivity of humans 
decreases significantly. 

In the assessment process of the standards, a 
corresponding sensitivity curve was included as 
so-called KB – evaluation. This attempt tries to 
derive exposure indices of physical parameters, 
which allow an objective assessment of the        
annoying situation. In addition to the physical  
perception curve of humans, also the maximum 
size, the duration and frequency of vibration       
effects and the legitimate claim must be            
considered at the location in the assessment    
process. 

8    RECORDING VIBRATION 
PERCEPTIBILITY 

The perception of vibration depends to the          
intensity (size of the peak value or the RMS value) 
and by the frequency and the exposure, direction. 
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Figure 4. Placement living room centre of floor. 

 
Figure 5. Placement living room centre of 
floor, vertical direction. 

 

 
Figure 6. Placement living room centre 
of floor, fixed. 

 

Through measurement technology determination 
of the weighted vibration strength, the perception 
of vibrations for the vast number of people         
affected can be shown objectively. But uncertainty 
remains, as each person has different perception 
sensitivities. 

For the vertical direction, this is typically the 
middle of the ceiling centre. Therefore a placement 
of the geophone should be there where the    
strongest influence of vibration is going to be     
selected. This is in a residence room on the centre 
of the floor. Further measurements of the         
horizontal components x and y can be taken at 
other places, e.g. places close to the rising         
masonry. The measurement on site in the         
residences in which people live is shown in the 
following Figures 4 to 6. 

 
9 THE STRUCTURE-RELATED 

PERCEPTION STRENGTH 

In addition to blasting vibration with their effects 
on structures are, as mentioned previously, other 
environmental aspects that must be observed also. 
This includes the perception strength with which a 
person receives the vibrations. In standards, it is so 
called ‘Building-Related Perception Strength K’. 
The corresponding value to the effect vmax is      
determined from the measured maximum vibration 
velocity and the appropriate frequency. However, 
since humans are particularly sensitive to      
movements in residences, extent and harmful      
effects of vibration will be significantly           
overestimated in many cases. 

To assess the effect of vibrations to buildings, a 
subjective perception and estimation of humans is 
insufficient. The level of someone’s annoyance 
depends on the following factors: 

 

−  dimension (of intensity) of the occurring          
vibration ( or by sound pressure) 

−  accompanied frequency 
−  exposure time 
−  frequency and time of day of occurrence 
−  susceptibility (surprise effect) 
−  type of vibration source. 
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In individual cases, the following               
characteristics are important: 

 

−  health (physical, mental) 
−  activity during exposure 
−  familiarisation 
−  attitude to the vibration source 
−  expectations concerning undisturbed living 
−  secondary effects (by sound pressure). 
 

The size of annoyance depends on the above 
listed individual and situational influences. In 
rooms intended for continuous human residency, 
perceptible impacts are undesirable, although this 
is not to avoid after the stand of techniques         
always. As mentioned previously, these effects 
caused by vibrations to humans, are not dependent 
on the intensity of the oscillations only.             
Additionally, there are other, simultaneous effects 
such as noise, visible movements, rattling of      
objects, vibration of windows and doors, etc. 

10 ASSESSMENT OF VIBRATION  
EXPOSURE TO PEOPLE IN BUILDINGS 

To evaluate effects of vibrations on humans in 
buildings the weighted vibration strength KBF (t) 
that is calculated from the recorded vibration     
velocity v (t). 

It is to be seen as a kind of level recording of 
the occurring vibration intensities, whose          
calculation assume the frequency-dependent     
perception curve of humans and a moving average 
amount of vibration velocities also. 

The evaluation process clarifies whether a   
present annoyance by vibrations exist and is       
divided into several steps taking into account    
different protection claims against vibration   
emissions resulting from classification areas with 
respect to residential or commercial areas. Even if 
the occurring vibration influences during the day 
and / or night, including the maximum and the  
duration of the vibrations as well. Additionally, 
some special arrangements have been made for   
vibration emissions caused by the following: rare 
events (e.g. mining blasting in quarries),          
construction and transport. A significant            
annoyance of humans, who reside in rooms or 
similar residences, does not occur, if the             
requirements of the standard reference values are 
not exceeded (DIN 4150-2 1999). 

As a result of various research (Önorm 2009) 
showed a tendency that I a frequency range f = 1 
to 10 Hz, that the subjective perception of         
mechanical vibrations of the vibration acceleration 

is proportional. However, a linear relationship 
could be observed to vibration velocity in the 
range f = 10 to 100 Hz. To assess the KB value of 
vibrations, the weighted vibration strength 
KBFmax is determined from the vibration        
magnitude vmax. 

11 VIBRATION RATING LEVEL 

Preferred measuring size is usually the vibration 
velocity. If vibration velocity is measured, the    
vibration perception of humans is frequency-      
independent over a wide range and only           
proportional to the measured value. Frequency  
dependence at low frequencies (below about 10 
Hz) is approximately cosidered by a filter function 
that gives the so-called KB - value. Equation 1  
below shows the KB rating. 

 
 
                                                                      (1) 
 
 
with f = frequency and f0 = 5.6 Hz 
 

As can be seen from the following Figure 7, the 
previously used KB - weighting is not               
distinguished from the new frequency-weighted 
acceleration Wm. The ‘steps’ of the former KB   
filter function. For a technical evaluation it is   
represented by a nearly identical curved filter     
response. Therefore, it can be assumed that an 
identical review is assured. 

This filter does not realise the same perception 
curve, but an interpolation between two different 
curves for different influence directions. 

The real degree of perception therefore may be 
from case to case lower than the value determined 
by means of this filter identifies. 

As can be seen in Figure 7, the frequencies 
above 80 Hz cut off by a notch filter (band      
limitation) because these frequencies do not     
contribute to vibration perception effects to the 
whole body inside buildings. As it is shown in 
equation 2, the frequency-weighted signal, built 
the so-called sliding RMS with the time constant 
 τ = 125 ms. 

This time constant is the same as is used for 
noise measurements adjustments in "Fast“ as well. 
Therefore, will the obtained values relating on the 
effective value (KB) denoted by the index "F". 

 
                                                                      (2) 
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Figure 7. Amplitude-frequency response HKB (f) of KB filter. 

  
where τ = 125, ξ = integration variable, F = 

fast, shortcut for  τ = 125 ms 

12 GENERAL ASSESSMENT 
 

The procedural method is as follows: To determine 
the size KBFmax assessment the measuring 
method should be considered. The frequency 
range of the used registration system must be from 
2 Hz up to 80 Hz. In this case, the system usually 
is without objections. First, the maximum 
weighted vibration level for the three directional 
components x, y and z is determined. 

The largest of these values, KBFmax is compared 
with the guideline values Au and Ao in Table 5. If 
KBFmax less than or equal to the (lower) guideline 
value Au, then the requirements of the standard 
are met. 

If KBFmax is greater than the (upper) guideline 
value Ao, then the standard requirements are not 
met. 

For infrequent and short-term effects the       
appropriate standard is met if KBFmax is less than 
or equal to Ao. At frequent impacts with KBFmax 
greater than Au, but less than Ao, it is to check 
whether the weighted vibration level KBFTr is 
smaller than Ar. In this case, then the standard    

requirements are also met. It should be noticed 
that the Ar criterion is serving a reasonable         
assessment of quiet often varying and / or shorter 
time vibrations whose KBFmax value is greater than 
Au, but smaller than Ao. 

For effects with relatively small variations in 
the cycle maximum values the Ar criterion will 
only be met if the influences are less than 4 hours 
a day and 2 hours at night. Significantly longer   
influence times result in such cases to a exceeding 
by Ar. The illustrated evaluation process is in 
principle applicable to all types of vibration        
effects. 

13 ASSESSMENT OF BLASTING 
INCLUDING KBFMAX & KBFTR  

At blasts, the assessment values can be determined 
from a measured vibration magnitude and          
occurring frequency. If the measurement system 
requirements are met, it may be evaluated as     
follows: The maximum value of v (t) signal and 
the frequency of the recording are to be              
determined. Thereafter, the KB-weighted signal 
according to Equation 3 is to calculate. 

After determining the KBFmax value has to be 
compared with the reference values A of Table 5. 
The table is divided by the influenced locations 
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Line 
Permanent dwellings of    
persons 

 
Au 

Day 
Ao 

 
Ar 

 
Au 

Night 
Ao 

 
Ar 

1 
Facilities, commercial      
purposes only 

0.4 6 0.2 0.3 0.6 0.15 

2 
Facilities, commercial      
purposes mainly 

0.3 6 0.15 0.2 0.4 0.1 

3 
Neither facilities for        
commercial purposes nor 
residentials mainly 

0.2 5 0.1 0.15 0.3 0.07 

4 Mainly or only residentials 0.15 3 0.07 0.1 0.2 0.05 

5 
Facilities, particularly in need 
of protection (special areas) 

0.1 3 0.05 0.1 0.15 0.05 

 
Assessment dimension (e.g. 
after DIN 4150-2) 

KBFmax KBFmax KBFTr KBFmax KBFmax KBFTr 

 

Table 5. Guideline value Ao, Au and Ar for the Evaluation of vibrations in residences 
and similar use rooms. 

 

 
Single events of short duration 
a) with participation reso-
nance 
b) without participation 
resonance 

0.8 
 
0.6 

 

Table 6. Constant cF. 

 

corresponding to the structural use and its         
surroundings, the duration and frequency of       
exposure and occurrence of the daytime. 

Normally the KBFmax value in residential  
buildings (depending on the number of blasts) is 
3-6 and in mixed areas 5. The values can only be 
calculated by accompanying blasting vibration 
measurements and their results. For the           
comparison with the Ao values (upper guideline 
values), the results are the basis for the KBFmax 
value calculation. 

13.1 Assessment procedure up to 15 blasts per 

week with KBFmax 

The term ‘infrequent occurring vibrations’ is      
according to the rules of techniques a few, short 
time events, such as by up to three blasts per day, 
which is 15 blasts a week. The reference value Ao 
has to be equal to or less according to Table 5. 

When a blast takes place on weekdays with   
advance warning outside the rest periods, lines 3 
and 4 apply in the area of emission. Guidelines 
values after line 1 apply if only one event per day 
occurs. 

Determination of the KB value with the    
Equation 3 

 
 
                                                             …… (3) 
 

 

where: 
 

−  KB = dimensionless 
−  fo = 5.6 Hz reference frequency (cut-off          

frequency of the high-pass filter) 
−  f = frequency measured in Hz 
−  vmax = maximum measured vibration velocity in 

mm / s 
−  cF = constant. 
 

Determination of KBFmax -value with the    
Equation 4: 
 

KBFmax = KB * cF                           (4) 
 

cF is an average empiric value (Table 6). The 
measured values must be reduced by 15%, as can 
be expected with uncertainties in this size. 

13.2 Assessment procedure over 15 blasts per 

week with KBFmax 

With more than 15 blasts per week, usually the 
maximum weighted vibration level KBFTr will be 
required (Table 5). 
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For this necessity a sufficiently large number of 
30 s-cycles of vibration magnitudes with             
individual cycles and their maximum values vTi, 
by means of the above Equations 3 and 4, the 
KBFTi - values are determined. Thereby KBFT is 
the number of maximum values of the weighted 
vibration strength. With the index i the cycles are 
numbered. Using these values then the assessment 
process as previously shown in ‘General             
assessment’, can be performed (DIN 4150-2 
1999). 

Determination of KBFTr -value with the     
equation 5,6 and 7. 

 
                                                         (5) 

 
where: 
 

−  Tr = assessment period (day 16 hours, at night 
8h) 

−  Te = exposure time outside of rest periods 
−  KBFTm = cycle maximal RMS. 

 
 
                                                         (6) 

 
where N = number of cycles 

 
 
 
                                                                 …… (7) 

 
The rest periods are to be entered by the 

weighting factor 2. 

14 CONCLUSIONS 

The represented assessment procedure reflects the 
state of national and international standards. 
Modified is the change of the weighted vibration 
strength KB to Wm - weighted vibration              
acceleration aw only. Due to technical            
measurement issues, as well as due to the vibration 
perception, the standards continue to recommend 
the vibration velocity measurement, although the 
assessment size is called Wm - frequency-weighted 
vibration acceleration aw, now. As previously     
described, both provide identical size statements 
for the assessment. However, in order to            
distinguish the evaluation parameter clearly it    
becomes necessary that in the assignment, similar 
in blasting in distinguishing the sound recordings 

in dB (A) or dB (C), expressly to Wm - weighted 
vibration acceleration attention be assigned. 
Changing the assessment parameter has no       
relevant effects on the current assessment process 
and can therefore be continued used in accordance 
with the conditions described for the                  
determination of structure-related perception 
strength of vibrations during blasting. 
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