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ABSTRACT: This work stresses the potential interdependency between geological and geotechnical pa-
rameters of rock masses and drilling deviations, as well as the type and amplitude of deviations. For this 
purpose, drilling deviations, blast design and drilling equipment were registered, and a description of the 
geologic, geotechnical and geomechanical rock mass characteristics was applied. An aligned drilling will 
permit that the load is distributed evenly by the blasting volume in the respective blast, resulting in a blast-
ing with a better rock fragmentation, lower level of vibrations and an optimization of drilling and explosive 
quantity. The wear of drilling tools in quarrying has always been a predominant factor for the costs of hard 
rock excavation. The way drilling is conducted determines the success of the rock fragmentation. This study 
will focus in the rock mass drillability, drilling tools wear, namely drill bits, and in the development of drill-
ing cycle methodologies.

1.  INTRODUCTION

The strength of jointed rock masses is influenced 
by the degree of interlocking between individual 
rock blocks separated by discontinuities such 
as faults and joints. Drilling is one of the unit 
operations involved in rock fragmentation by 
blasting (Olofsson 2002; Holmberg 2003). The 
way this operation is conducted determines 
the success of the rock fragmentation. When 
correctly performed, these blasts can produce 

very clean faces with a minimum of overbreak 
and disturbance. However, controlling blasting 
damage starts long before the introduction of pre-
splitting or smooth blasting (Holmberg 2003). The 
pre-splitting patterns developed during the design 
phase should be tested in the quarry excavation. 
Variables in the design include hole spacing, hole 
size, stemming, sub-drilling, inclination, loading 
configuration, and charge weights. The current 
need for production cost reduction requires the 
analysis of all economic factors involved. As rock
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fragmentation is one of the most relevant aspects 
in the optimization of production costs in mining, 
due to its direct effects on the costs of drilling 
and blasting, as well as on the economics of the 
subsequent unit operations, it seems essential to 
develop fragmentation evaluation and prediction.
 Drilling assumes an extremely important role 
in terms of its technical and economic results; 
but also considering that the result of subsequent 
operations, like loading, handling, splitting and 
crushing, is intimately connected with the success 
of drilling. This operation involves three groups 
of parameters (Dinis da Gama 1971, Langefors 
& Kihlström 1978, Franklin & Dusseault 1991, 
Hartman 1992, Persson et al. 1993, López 
Jimeno et al. 1995, Dinis da Gama 1995 & 1996, 
Moodley & Cunningham 1996, Singh et al. 1998, 
Olofsson 2002, Holmberg 2003): i) geological, 
geotechnical and geomechanical patterns; ii) top 
hammer and bench drilling tools; iii) blast design.
 It is quite challenging to understand how 
structural geology, geotechnics and rock mechanics 
parameters interact amongst themselves. 
In addition, we must take into consideration all 
equipments, technologies, models and brands 
of the drilling tools and different methodologies, 
as well as the costs involved. Therefore, 
engineering geology and geomorphology 
contribute significantly to the several phases of 
any rock mass engineering project (Terzaghi 1965, 

Rocha 1981, Hartman 1992, Singh et al. 1998, 
Vidal-Romani & Twidale 1999, Brady & Brown 
2004, Mandl 2005, Hoek 2007, Fookes et al. 
2007, Griffiths & Stokes 2008, De Freitas 2009).
 The costs of main operations involved in this 
industry are not evenly distributed (Figure 1). 
Crushing, which represents approximately half of 
the total costs, is the last operation of the process and, 
as a consequence, its effectiveness depends on the 
quality of execution of the earlier operations. Loading 
and carrying are the second most costly operation, 
but they also depend on the blasting. Although, 
drilling, loading and blasting represent less in terms 
of costs than loading (and handling) or crushing, 
drilling operation is crucial in the determination 
of the productivity of the entire process. Thus, this 
operation must have a special attention and analysis. 
 The goal of this work is to present the potential 
interdependency between geotechnical and 
geomechanical parameters of rock masses and 
drilling deviations, as well as the type and amplitude 
of deviations. For this purpose, drilling deviation, 
blast design and drilling equipment were registered, 
and a description of the geologic, geotechnical 
and geomechanical rock mass characteristics was 
applied. An aligned drilling will permit that the load 
is distributed evenly by the blasting volume in the 
respective blast, resulting in a blasting with a better 
rock fragmentation, lower level of vibrations and 
an optimization of drilling and explosive quantity.

Figure 1. Main activities of rock extraction, from georesources to final rock product.
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Figure 2. Schematic representation of the different stages of the geological, geotechnical and geomechanical 
characterisation of the rock mass: i) geotechnical and geomechanical zoning of the rock mass; ii) laboratory tests; iii) 
data computation and analysis (ScanGeoData|BGD and SchmidtData|UCS). Adapted from Fonseca et al. (2010).
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2. MATERIALS AND METHODS

2.1. Geotechnical and geomechanical 
 characterisation of rock mass

In the first stage of this work a field assessment 
was conducted in order to define the geological 
constraints of the rock mass quarry studied and 
surrounding area. The approach was focused in 
several features, such as: i) regional and local 
geological units and structure, ii) lithological 
description; iii) mapping of macro and 
mesostructures; iv) identification of the weathering 
areas and mapping of their thickness; v) location 
of the seepages. In the next stage, geotechnical and 
geomechanical data of the rock mass was collected, 
analyzed and interpreted. This integrative approach 
allowed the basic description of rock masses and 
established a geotechnical zoning of the rock mass, 
following ISRM (1981, 2007), GSE (1995) and 
CFCFF (1996) recommendations. The scanline 
sampling technique was applied to the study of free 
rock mass faces in different benches to characterize 
rock mass discontinuities (Priest 1993, Dinis da 
Gama 1995, Chaminé & Gaspar 1995, Brady & 
Brown 2004). This strategy was further refined 

through the Geographic Information Systems 
(GIS) application tools. The geomechanical 
control of rock mass blasting by aligned drilling 
features is also outlined in order to address an 
integrated geo-engineering rock masses 
approach.
 The development of a dynamic database 
of geological, geotechnical and geomechanical 
parameters, called ScanGeoData|BGD (Fonseca 
2008, Ramos 2008, Fonseca et al. 2010, Galiza, 
in prep.) was important to the interpretation of 
all the geo-data in order to define a geotechnical 
zoning of the rock mass (Figure 2). All the data 
was geo-referenced using a high-precision GPS 
(Trimble Geoexplorer) for the fieldwork survey.
 The characterisation of the rock matrix was 
based on a visual description and petrographical 
studies. The geomechanical characterisation of the 
intact rock was performed with Schmidt Hammer 
Test, Point Load Test (PLT) and Los Angeles Test. 
Drillability and cuttability tests were also carried 
out, namely: Sievers Test and Brittleness Test, 
Abrasion Value (AV), Abrasion Value Steel (AVS) 
to evaluate the Drilling Rate Index (DRI), Bit Wear 
Index (BWI), Cutter Life Index (CLI), Vickers 
Hardness Number Rock (VHNR and VHNi).

Figure 3. Example of the dynamic geo-databases: GeoDrill|Data and GeoHole|Data (Adapted from Fonseca et al. 2010).
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3.  DISCUSSION AND
  CONCLUDING REMARKS 

3.1. Serdedelo quarry rock massive outline

The selected study area — Serdedelo granitic 
rock quarry excavation (NW Portugal, Iberian 
Peninsula) — is located in the vicinity of a regional 
fault zones (Pereira et al. 1989, Ribeiro et al. 2007). 
The Serdedelo quarry is located SE of Ribeira 
parish (Ponte de Lima), Figure 4.
 The regional tectonic framework comprises a 
crystalline fissured basement complex of highly 
deformed Paleozoic metasedimentary and granitic 
rocks (Teixeira et al. 1972). It defines some 
main orientations: NW-SE and NE-SW tectonic 
lineaments are dominant, with subordinate ENE-
WSW; the predominant dip of the discontinuities is 
vertical to sub-vertical (Figure 4).
 The main activity developed in Serdedelo 
quarry consists of the extraction and production 
of aggregates to building and construction. The 
Serdedelo quarry is a rock mass generically 
composed of biotite coarse grained to medium 

granodiorite. The quarry covers a total area of about 
16.5 ha, including not only the current excavation, 
the reserves and the equipment areas, but also an 
area of 8.5 ha which, in the future, will be used to 
expand the quarry. The extraction itself occurs in 
open pit, and the blasting is headed northeast, with 
16m-high benches.
 Concerning the geotechnical and geomechanical 
characterization of the Serdedelo quarry rock 
mass, 423 discontinuities (mainly joints, but some 
faults) scanline measurements were taken (Figure 
3), 105 geomechanical stations were carried out 
for the Schmidt Hammer technique and 2 granitic 
representative rock samples were tested in the 
laboratory with the PLT (Point Load Test). The 
granitic rock mass is crossed, dominantly, by joints 
with NE-SW and NW-SE orientations, with aperture 
closed to open, with a very high persistence and a 
medium to high uniaxial compressive strength 
(S3 – S2, after ISRM, 1981 classification). All 
the surface and open excavation geotechnical and 
geomechanical data allowed defining a zoning of 
the surrounding area of Serdedelo quarry.
 Therefore, granitic rock mass units were

Figure 4. Regional geological setting from Serdedelo Quarry (Ponte de Lima, NW Portugal).
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Figure 5. Rock mass zoning of the Serdedelo Quarry (adapted from Fonseca et al., 2010). a) Quarry rock mass zoning 
(GZ – Geotechnical Zoning; see details on text); b) Geotechnical mapping detail with scanline surveys; c) aspect from 
Serdedelo granitic quarry.

defined as follows (see details in Fonseca 2008, 
Ramos 2008), Figure 5:
− GZI: highly weathered (W4), with very wide 
 to wide fracturing intercept (F1-2); very-low 
 uniaxial compressive strength (<20 MPa)
− GZII: moderately weathered (W3) to slightly 
 (W2), with wide fracturing intercept (F2); 
 medium to high uniaxial compressive strength 
 (50 – 80 MPa; S3 – S2)
− GZIIIa: fresh to slightly weathered (W1-2), 
 with a moderate to wide fracturing intercept 
 (F2-3); high uniaxial compressive strength  
 (100 to 140 MPa; S2); Point Load Index 
 (IS(50)), 6 – 7 MPa
− GZIIIb: fresh granitic (W1), with wide 
 fracturing intercept (F2); high uniaxial 
 compressive strength (120 to 160 MPa; S2); 
 Point Load Index (IS(50)), 11 – 12 MPa

3.2. Drilling optimization

Drilling optimization can be analyzed from two 

different perspectives:
− Economic optimization concerning the 
 obtained drilling performance and the lifespan 
 of the drilling tools, which will culminate in a 
 final production cost measured in Euros per 
 linear metre. This optimization involves the 
 choice of adequate drilling equipment, namely 
 choosing the models and brands of the drilling 
 tools which are more appropriate for a specific 
 rock mass, as well as the definition of drill 
 bits grinding cycles and working 
 methodologies, combining all these factors 
 with the corresponding costs.
− Qualitative optimization which consists in 
 lesser hole deviation and more parallel 
 holes. These characteristics are fundamental 
 in subsequent activities and the optimization 
 of the drilling process can only be achieved 
 when one sets the best technical and economic 
 option, so drilling should be also evaluated 
 according to the dimension of drilling 
 deviation. When analysing drilling deviation
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Figure 6. Drilling deviations vs. bench cleaning and regularity.

  we must differentiate between two dimensions: 
 one relating to direction and another to the 
 inclination because they present different 
 behaviours essentially due to their plane 
 of intersection with the rock mass anisotropy. 
 Hole inclination originates different angles 
 of intersection with the rock mass discontinuities 
 on both planes of analysis. Therefore, an 
 independent analysis of the deviations must be 
 conducted. The graphic representation of 
 drilling deviations detailing the different levels 
 of depth and stemming direction is crucial to 
 identify the type of deviation 
 and its causes (Figure 6).
 The proposed approach consists in the 
projection of all holes in a certain blasting from 
the same point, which enables an advantageous 
analysis of their dispersion. This analysis will 
allow us to draw some conclusions about the 
causes of the deviations and the individual analysis 
of each hole will certainly help to identify the 
type of deviation. Moreover, this kind of analysis 
makes it easier to identify and exclude deviations 
resulting from errors of direction and inclination 
of the column. These deviations should be 
differentiated because they have no relationship 
to the rock mass anisotropy and are normally 
related to the training/experience of the operator, 

the drilling instrumentation or even the cleanliness 
and regularity of the bench (Figure 6). In this study, 
the drilling deviations were monitored with some 
equipment, whose brand name is Boretrak, and later 
analysed in the databases mentioned in section 2.2.
 Basic parameters, like poor cleanliness of 
the bench, reduced the general production of the 
drilling process in 26%. In the same way, poor 
cleanliness and evenness of the bench are a major 
determinant of drilling deviations in the stemming 
stage, causing them to become worse throughout 
the drilling of the hole. These aspects came to prove 
and validate the importance of keeping the bench 
clean. As a consequence of better cleanliness, we 
obtain not only higher productivity of the drilling 
cycle and higher durability of the drilling steel, but 
also less obstructions and less drilling deviations, 
which results in higher quality drilling at a lower 
cost, thus reducing substantially the costs of 
subsequent activities (Figure 7).
 This study was equally able to show the ideal 
drilling bits model and brand in addition to the ideal 
length of the bits grinding cycle, according to the 
geotechnical and geomechanical characteristics 
of the rock mass studied, both in the qualitative 
component and in terms of cost per linear metre. 
Based on the studied drilling diameters, we 
concluded the ideal bench height taking into
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consideration all the above mentioned parameters. 
The bits grinding process demonstrated its added-
value since we obtained a 105% optimization of the 
bits lifespan and an increase of 23% in the velocity 
of drilling in the scope of this study.
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ABSTRACT: To study the reaction of aluminum particles in detonation of aluminized emulsion explosive, 
various detonation properties were measured using well defined aluminum particles of different sizes (5-350 
micrometer). The reaction of aluminum particles in the time scale of microseconds were investigated by 
measuring detonation velocity and pressure, and in the time scale from hundreds of microsecond to hun-
dreds of milliseconds were studied by measuring underwater shock wave and bubble energy.

1.  INTRODUCTION

Emulsion explosive is widely used in a variety 
of blasting applications because of its safety in 
handling, high performance and low cost. During 
the last decades, extensive studies have been 
performed to investigate the effects of size and 
quantity of voids on the detonation performance 
of emulsion explosive (Hirosaki et al. 2002, Frost 
& Zhang 2009). It is well known that the addition 
of aluminum particles enhances blasting and 
underwater performance of explosive. Aluminum 
particles are one of the key ingredients of emulsion 
explosive. However, reaction of aluminum particles 

in detonation of emulsion explosive is not well 
understood. In this study, the effects of aluminum 
particle size and content on the performance of 
aluminized emulsion explosive in the wide range 
of time scale were systematically investigated using 
well defined aluminum particles of different size 
(5-350 micrometer). Reaction of aluminum particles 
in the time scale of microsecond were investigated 
by measuring detonation velocity using optical fiber 
and detonation pressure using PVDF pressure gauge. 
The effects of the addition of aluminum particles in 
the time scale from hundreds of microseconds to 
hundreds of milliseconds were studied by measuring 
underwater shock wave and bubble energy.

Lisbon Conference Proceedings 2011, R. Holmberg et al
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2.  EXPERIMENTAL RESULTS AND 
 DISCUSSION

2.1 Sample emulsion explosives

Two types of emulsion explosives EMX-1 and 
EMX-2 were used in this study. For EMX-1, 
formulation of the emulsion matrix was ammonium 
nitrate/sodium nitrate/water/wax and emulsifier = 
77.7/4.7/11.2/5.4 in weight ration. The initial density 
of EMX-1 was adjusted to 1.21g/cm3 by adding 
mono-cell type plastic balloons of average diameter 
0.053mm. For EMX-2, formulation of the emulsion 
matrix was ammonium nitrate/hydrazine nitrate/
water/wax and emulsifier = 74.6/10.6/10.6/4.2 in 
weight ration. The initial density of EMX-2 was 
adjusted to 1.10g/cm3 by adding multi-cell plastic 
balloons of average diameter 0.472mm. Four types 
of aluminum particles of different size were used, 
and their properties were presented in Table 1.

2.2  Measurements of detonation velocity 
 and pressure

For detonation velocity and pressure measurements, 
EMX-1 was used to obtain higher detonation velocity 
and pressure, and smallest aluminum particle Al-1 
was used to observe the effects of aluminum particle 
reaction in the zone close to detonation front. The 
aluminum content was increased up to 40wt.%. 
Figure 1 shows the experimental arrangement 
for detonation velocity measurements. Sample 
explosives were confined in thick steel tubes of 
different inner diameter 12.7, 16.2, 21.2 and 38.7mm 
and 250mm in length. Detonation velocity was 
measured by four optical probes placed at 50mm 
interval. First probe was set 90mm from booster 
charge to assure steady detonation propagation.
 Figure 2 presents the experimental arrangement 
for detonation pressure measurements using PVDF 
pressure gauge (Kato et al. 2006, 2010). Sample 
explosives were contained in a thick steel tube 
of 38.7mm inner diameter and 140mm long, and 
placed on PMMA plate of 1mm thick. PVDF 

pressure gauge was consisted of PVDF film of 10μm 
thick and 5mm square, which was sandwiched by 
polyimide films together with electrode made of 
copper foil. PVDF pressure gauge was placed on 
PMMA block of 50mm thick, and then covered and 
glued with PMMA plate of 1mm thick. The output 
of PVDF pressure gauge was recorded by a digital 
oscilloscope at sampling rate of 5ns. PVDF pressure 
gauge measured detonation pressure transmitted 
into PMMA plate, and detonation pressure was 
calculated using impedance match method.
 Figure 3 presents the relation between 
detonation velocity and reciprocal of charge 
diameter. Measured detonation velocity is shown to 
decrease linearly with the increase of reciprocal of 
charge diameter. Detonation velocity deficit with the 
increase of reciprocal of charge diameter is same for 
EMX-1 and aluminized EMX-1 containing 10wt.% 
of aluminum, but it is considerably increased with 
the increase of aluminum content for aluminized 
EMX-1 containing more than 20wt.% of aluminum. 
The diameter effect of explosive can be expressed as:

Dd = Di (1 – A/d)                                                (1) 

Where Dd is velocity of detonation propagating 
in a cylindrical tube of inner diameter d, Di is 
detonation velocity at infinite charge diameter 
and A is a fitting parameter with the dimension of 
length. The ratio of A values for closely related 
explosives fired in the same confinement material 
was shown to be a measure of the relative size of 
reaction zone length (Engelke et al. 2004). A value 
of aluminized EMX-1 increases considerably with 
the increase of aluminum content, which suggests 
that reaction zone length of aluminized EMX-1 is 
increased with the increase of aluminum content 
even with strong steel confinement.
 Figure 4 shows the variation of Di estimated from 
measured detonation velocity and detonation velocity 
at charge diameter 38.7mm with aluminum content. 
Detonation velocity calculated using KHT thermo-
chemical code (Tanaka 1985) supposing aluminum

Table 1. Properties of aluminum particle.
 Type Par1icle Size  (μmPurity (%)  Shape
 Al-1 5 99.0 Spherical
 Al-2 31           99.0         Spherical
 Al-3       108           99.0         Spherical
 Al-4       350           99.8         Spheroidal
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Figure 1. Experimental arrangement for detonation velocity measurements.

Figure 2. Experimental arrangement for detonation pressure measurements..
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reactive and inert is shown for comparison. The 
estimated Di is slightly higher than detonation 
velocity calculated supposing aluminum inert for 
aluminum content up to 30wt.%. The decrease of 
detonation velocity at charge diameter 38.7mm with 
aluminum content is not linear which suggests the 
reaction of aluminum in the reaction zone, although 
detonation velocity at charge diameter 38.7 mm 
is lower than detonation velocity calculated 
supposing aluminum inert because of important 
detonation velocity deficit at finite charge diameter. 
 Figure 5 presents pressure-time profiles of 
detonation in EMX-1 and aluminized EMX-1 
measured using PVDF pressure gauge. In the case 
of detonation in EMX-1, Neumann spike, steep 
pressure decrease in reaction zone during about 

0.5μs, abrupt change of pressure gradient at CJ 
point and following pressure decay in Taylor wave 
are observed. Measured CJ pressure of detonation 
in EMX-1 is 10.5GPa which agrees well to CJ 
pressure 11GPa calculated using KHT code. For 
detonation in EMX-1 containing 20wt.% aluminum, 
pressure peak corresponding to Neumann spike 
is not observed, and pressure remains constant 
during about 1us then decays in Taylor wave. For 
detonation in EMX-1 containing 40wt.% aluminum, 
pressure increases during about 1 μs and then 
decays in Taylor wave. Reaction zone length of 
detonation in EMX-1 was estimated to be 3-4mm 
(Hirosaki et al. 2002). The results of detonation 
velocity measurements indicates that reaction zone 
of aluminized EMX-1 is 2-5 times longer than that

Figure 3. Relation between detonation velocity and reciprocal of charge diameter.
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Figure 4. Effect of aluminum content on detonation velocity of aluminized emulsion explosive.

Figure 5. Pressure – time profiles of detonation in aluminized emulsion explosive.
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of EMX-1. The results of pressure measurements 
demonstrate the reaction of aluminum particle 
in reaction zone and following Taylor wave.

2.3  Measurements of underwater shock and 
 bubble energy

The experimental set-up of the underwater 
explosion test is illustrated in Figure 6. The 
underwater explosion tests were performed in 
testing tank of 36m in diameter and 8m in depth. 
Sample explosive was set at the center of testing 
tank at depth of 4m, and pressure gauges were 
also set at depth of 4m. Distance between sample 
explosive and pressure gauge was varied from 2m 
to 5m. Shock wave profile was measured using 
tourmaline gauge and PVDF gauge (Murata et al. 
2002). Pressure gauge was connected to digital 
oscilloscope through buffer amplifier. Shock wave 
profile was recorded by digital storage oscilloscope 
(Nicolet model 460, sampling time 0.2μs), and 
bubble pulse was recorded by digital oscilloscope 
(Nicolet model Pro90, sampling time 20μs).
 Shock wave energy Es and bubble energy 
Eb were calculated by following equations using 
measured shock wave profile and bubble period;

                                                                             (2)

                                                                             (3)

Here, R is distance between sample explosive and 
pressure gauge,  ρw is density of water, Cw is sound 
velocity of water, W is charge weight, θ is characteristic 
time of shock wave, P0 is total hydrostatic pressure 
at sample explosive depth and Tb is bubble period.
 For shock wave and bubble energy 
measurements, EMX-2 was used and sample 
explosive was cylindrical shape of 50mm in 
diameter and 0.25kg in charge weight. The effect 
of Al content and particle size on shock wave 
energy is presented in Figure 7. Variation of shock 
wave energy with Al content is similar for sample 
explosives containing Al-1 and Al-2. Shock wave 
energy attains its maximum at Al content 33wt.%, 
which is about 60% higher than that of base 
emulsion explosive EMX-2. Then it decreases with 
the increase of Al content. For sample explosive 
containing Al-3, shock wave energy attains it 
maximum at Al content 33wt.%, but its maximum 
value is only 15% higher than that of EMX-2. 

Shock wave energy of sample explosive containing 
Al-4 is decreased with the increase of Al content. 
The experimental results show the information 
on the extent of Al reaction in the time range of 
shock wave. In the case of Al content 33wt.%, it is 
estimated that Al-1 and Al-2 were fully reacted, about 
50% of Al-3 and only 10% of Al-4 were reacted.
 The effect of Al content and particle size on 
bubble energy is summarized in Figure 8. Bubble 
energy increases up to Al content 50wt.% and then 
it decreases with the increase of Al content for 
sample explosives containing Al-1, Al-2 and Al-3. 
Bubble energy of sample explosives containing 
Al-1 and Al-2 is about 2.4 times greater than that 
of EMX-2. Bubble energy of sample explosive 
containing Al-3 is slightly lower than that of 
sample explosives containing Al-1 and Al-2. For 
sample explosive containing Al-4, bubble energy 
is decreased with the increase of Al content. The 
extent of Al reaction in the time range of bubble 
period is estimated from the experimental results. 
Al-1 and Al-2 were fully reacted, and about 
85% of Al-3 and only 15% of Al-4 were reacted.
 In Figure 9, the sum of measured shock wave 
and bubble energy is compared with detonation 
heat calculated with KHT code. Detonation heat 
is calculated for two cases; Al is reactive and 
inert at CJ state. Chemical energy liberated in the 
underwater explosion phenomena of the explosives 
is partitioned into various forms of energy when 
detonation products expand and do work; shock 
wave energy, bubble energy, the energy dissipated 
as heat during travel of shock wave and the internal 
energy of detonation products in gas bubble. The 
dissipated energy is determined from measured 
shock wave energy and shock energy loss factor 
which depend solely on detonation pressure. The 
internal energy of detonation products at maximum 
bubble radius is considered to be zero in the case of 
ideal explosive. For EMX-2, the sum of measured 
shock wave and bubble energy is same as calculated 
detonation heat. In the case of aluminized emulsion 
explosives, the difference between the sum of 
measured shock wave and bubble energy and 
calculated detonation heat increases with the 
increase of Al content. These results indicate that 
temperature of detonation products is very high and 
the internal energy is still important at maximum 
bubble radius in the case of aluminized explosives.
 According to the results of calculation 
by KHT code, detonation products of 1kg of 
EMX-2 is composed of 30.06 moles of H2O, 
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Figure 6. Experimental set-up of the underwater explosion test.

3.47 moles of CO2 and 10.86 moles of N2 gases, 
and contain no solid carbon at CJ state. In the 
case of aluminized emulsion explosive with Al 
content 50wt.% which presents maximum bubble 
energy, all H2O gas is consumed to oxidize 80% 
of Al, and remaining Al is estimated to react 
with CO2 and N2 gases to form Al2O3 and AlN.

3.  CONCLUSION

To investigate the reaction of aluminum particle 
in detonation of aluminized emulsion explosive, 
various detonation properties were measured using 
well defined aluminum particleS of different size 
(5-350 micrometer). The reaction of aluminum 
particles in the time scale of microseconds were 
studied by measuring detonation velocity and 
pressure using smallest aluminum particle. The 
results of detonation velocity measurements 

show the increase of reaction zone length with 
the increase of aluminum content, and suggest the 
reaction of aluminum particle in reaction zone. 
The results of detonation pressure measurements 
demonstrate the reaction of aluminum particle 
in reaction zone and following Taylor wave.
 Reaction of aluminum particle in the time scale 
of hundreds of microseconds and milliseconds 
were studied by measuring underwater shock 
wave and bubble energy. Shock wave and bubble 
energy of aluminized emulsion explosive present 
very strong dependence on aluminum particle 
size and content. Shock wave energy is maximum 
at aluminum mass fraction 33wt.%, and bubble 
energy is increased up to aluminum mass fraction 
50wt.% when aluminum particle size is smaller 
than 108 μm. Quantity of aluminum particle 
reacted in shock wave and bubble oscillation 
is estimated for each aluminum particle size.
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Figure 7. Effect of aluminum content and particle size on shock wave energy of aluminized emulsion explosive.

Figure 8. Effect of aluminum mass fraction and particle size on bubble energy of aluminized emulsion explosive.
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Figure 9. Comparison between the sum of measured shock wave and bubble energy and calculated detonation heat.
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Demilitarised explosives in fortification of W/O emulsions
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ABSTRACT: W/O emulsion matrices are successfully fortified by the addition of demilitarised TNT with a 
grain size less than 100 µm and in quantities of 50 % by weight; the same effect by using a large grain size 
TNT is only achieved with simultaneous sensitisation by microbaloons (MBs). Using ground Composition 
B 50/50 for this purpose gave good results; it allows modification of the detonation parameters of the 
resulting emulsion explosives within relatively broad limits. Values of Urizar coefficients (Di) of the binding 
W/O matrices depend on the high explosive content in the fortified W/O emulsion; a content of 50 % by 
weight. Composition B has 50/50 in the final emulsion giving a Di value which can be equivalent to the 
detonation velocity of the given matrix after its sensitising by MBs. As in the case of W/O-type mixtures of 
the Blasting Agent type, their fortified versions also exhibit additional negative effects of metal nitrates upon 
the detonation parameters of the resulting W/O emulsion-type explosives. 

1. INTRODUCTION

Water-in-oil type (W/O) emulsion explosives 
are attractive because of a number of useful 
characteristics, including water resistance, easy 
handling, high levels of safety, high performance 
etc. These explosives are suitable matrices for 
incorporating Brisant explosives that have been 
extracted from ammunition - demilitarised 
explosives (DEs) (Apolenis 2006, Kalatsey 1995, 
Maranda 2002, Mendoca 1996 and 1997, Zeman 
2004 and 2005). DEs are usually available in the 
form of a mixture of an energetic material and a 
binder (e.g. petroleum jelly, polyisobutylene, 
polyurethanes, waxes etc.), in various forms 
(cylinders, powders, flakes, amorphous particles 
etc.) and in various sizes (ranging from 10–4 to 
10–2 m). All these parameters are important in the 
process of reworking to obtain industrial explosives. 
Direct application of DEs to blasting operations is 

not very suitable, mainly because of their relatively 
high sensitivity to external stimuli, compared with 
the sensitivities of industrial explosives (this is 
particularly true in the case of propellants), but also 
because of their negative effect on the environment 
(their negative oxygen balance) and the variability 
of results of their action in rocks (Zeman 2004 
and 2005). These explosives are supplied as loose 
material, which tends to cause significant dust 
during handling, and their non-uniform grain size 
results in poor utilisation of the borehole volume. 
The incorporation of DEs into emulsion explosives 
(Apolenis 2006, Kalatsey 1995, Maranda 2002, 
Mendoca 1996 and 1997) is economically effective, 
safe and, at the same time, environmentally friendly.
 It has been found, (Kohlicek 2000 and 2001, 
Zeman 2003), that a critical content of Brisant 
explosives (high explosives or HEs) exists for 
sufficient sensitisation in the resulting W/O 
mixture; this represents at least 30 % by weight of

Lisbon Conference Proceedings 2011, R. Holmberg et al
©2011 European Federation of Explosives Engineers, ISBN 978-0-9550290-3-5
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HEs in the final explosive. The authors previously 
cited, (Kohlicek 2000 and 2001, Zeman 2003), 
and others, describe studies concerning the effects 
upon the detonation and performance parameters 
of emulsion explosives observed after fortification 
with multi-perforated (seven times perforated) 
fine-grain powders (Kohlicek 2000 and 2001) 
and with RDX and PETN (Kohlicek 2001, Zeman 
2003). The older papers (Kohlicek 2000 and 2001) 
show that incorporation of HEs into the matrix 
of W/O-type emulsion explosives increases their 
performance (working ability) to such an extent 
that the fortified W/O-type emulsions shift from 
being the equivalent of loose-material ammonium 
nitrate explosives to being at the level of dynamites.

 A somewhat different situation is encountered 
when incorporating TNT into the W/O matrix. In 
this context the published studies (Mendoca 1996 
and 1997) describe the application of micro-ground 
TNT with simultaneous sensitising by addition of 
microballoons (MBs). However, no description is 
given about the behaviour of the W/O-type mixtures 
when fortified by the addition of “current-quality” 
TNT (from dismantling of ammunition) with 
50% of weight filling from the emulsion matrix, 
without sensitization by MBs. The fortification 
of emulsion-type explosives with Hexotols could 
also be interesting. These problems are dealt with 
in the current paper, which presents laboratory 
verification of potential approaches to solving the 

 

Mark A B C D E 

Component Content (mass %) 
Note 

AN 81.6 72.0 - 36.0 - 

SN - 9.6 - 4.8 - 

CN - - 81.6 - 40.8 

Fuel 4.4 4.4 4.4 2.2 2.2 

Water 11.0 11.0 11.0 5.5 5.5 

Emulsifier 3.0 3.0 3.0 1.5 1.5 

TNT - - - 50.0 50.0 

Density 
(g cm–3) 1.40 1.26 1.68 

see in 
Table 3 1.52-1.56 

Emulsifier ANFO
MUL 
(sorbitane monoiso

stearate); fuel –
 oil and mixture of 
paraffin with wax 

 

!
"#$%&!'(!)*#+,-./0!.1!"2"!34.%-,.%56!$7!8#*,-+%&!0-9&66!:0&;!1.*!1.*,-1-+#,-./!.1!<=>!?-@,:*&0(!
!

Fraction number 1 2 3 4 5 

Particle size range 
(µm) 

under 100 under 200 100 - 200 200 - 400 400 - 800 

Fraction number 6 7 8 9 10 

Particle size (µm) 800 -1600 1000 -2000 1600 - 4000 over 4000 
original 
mixture 

 

Table 1. Composition and density of the W/O-type emulsions studied.

Table 2. Fractions of TNT (Politol), by particle size,, used for fortification of W/O mixtures.
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task of using demilitarised explosives based on TNT.

2.  EXPERIMENTAL

2.1 Preparation

The details of the W/O emulsion explosives studied 
are shown in Table 1; here mixtures marked as 

A, B and C (i. e. without fortification) are also 
Blasting Agents. The matrices were prepared using 
a simple apparatus, consisting of a thermostat and 
a container equipped with a stirrer. The solution of 
oxidisers was heated to a temperature of 95-100 °C 
and then slowly added to the container in which a 
preheated mixture of the fuels (paraffin and wax), 
with the emulsifier (95°C) was agitated, the stirrer 

Table 3. Detonation velocity (D) of the W/O-type emulsions fortified with TNT.

Number 
Grain size of TNT 
and/or 
 information about charge 

Charge density  
(g.cm–3) 

D  

(m.s–1) 

1 <100 µm 1.43 6053 

2 <200µm 1.45 5948 

3 100-200 1.45 5797 

4.1 200-400 µm 1.42 5887 

4.2 200-400 µm 1.41 5935 

5.1 400-800µm 1.39 5727 

5.2 400-800µm 1.45 5712 

6.1 800-1600µm 1.43 5697 

6.2 800-1600µm 1.47 5687 

7.1 1-2 mm 1.47 5679 

7.2 1-2 mm 1.52 5705 

8.1 1600-4000µm 1.40 5452 

8.2 1600-4000µm 1.39 5330 

8.3 1600-4000µm 1.43 5492 

9.1 >4000µm 1.40 5549 

9.2 >4000µm 1.48 5809 

10.1 original Politol 1.41 5562 

10.2 original Politol 1.40 5657 

11.1 TNT 1.6-4.0 mm (in Ca-EM) 1.54 5838 

11.2 TNT flake (in Ca-EM) 1.56 5455 

12.1 TNT flake 1.48 5829 

12.2 TNT flake 1.48 5811 

13.1 TNT flake 0.95 4694 

13.2 Politol -  the second batch 1.10 5212 

14.1 AN emulsion + 3 % MBs 1.10 5221 

14.2 AN emulsion + 3 % MBs 1.10 5275 

15.1 Emulsion B from Table 1 + 3 % MBs 1.13 5165 

15.2 Emulsion B from Table 1 + 3 % MBs 1.13 5157 

16.1 Emulsion D from Table 1 + 3 % MBs 1.36 6054 

16.2 Emulsion D from Table 1+ 3  % MBs 1.36 6049 

 Note:
- designation “Ca-EM” means the W/O matrix with only calcium nitrate as an oxidizer;
- designation “AN emulsion” means the W/O matrix with only ammonium nitrate as an oxidiser;
- “Politol - the second batch” means the second delivery of the demilitarised TNT from the producer;
- in the case of data 16.1 and 16.2 the flake TNT was used for fortification;
- “TNT flake” means the military grade of TNT;
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speed was 2000 rpm. After adding the full amount 
of the solution, agitation was then continued for 
about two minutes to obtain an emulsion of fine 
particles; the composition of the final W/O-type 
mixture is presented in Table 1 as Mark A (the 
only oxidant is ammonium nitrate, denotation AN-
emulsion), as Mark B (the oxidant is a mixture of 
ammonium and sodium nitrates) and as Mark C (the 
only oxidant is calcium nitrate, denotation Ca-EM). 
 The final explosive mixtures were prepared 
by mixing the emulsion matrices with TNT 
at a temperature of 20-25 °C; in Table 1 these 
fortified mixtures are denoted as Marks D and 
E. The TNT used was Politol, a product of 
the demilitarisation process carried out by the 
Poličské Strojírny Co., in some cases this was 
separated into fractions by sifting (Table 2). 
 For comparison, we also used TNT in flake 
form (military grade) obtained from a Russian 
manufacturer. In one series of measurements, the 
fortification was performed by addition of ground 
demilitarised Composition B 50/50 (see Table 4), i.e. 
a high explosive containing 50 % RDX, 47 % TNT 
and 3 % wax (originally manufactured by Chemko 
Co., Strážske); its demilitarisation and grinding 
were performed by Poličské strojírny Co., Polička.

2.2 Measurement of Velocity of Detonation (VoD)

The prepared W/O-type emulsions were used 
to make cylindrical charges of 37 mm diameter 

(artificial polypropylene sausage skin). At least three 
optical sensors were placed in each charge. The 
measurement of VoD (D) was performed by means 
of an EXPLOMET-FO-2000® apparatus (producer 
Kontinitro AG). The results are summarized in 
Tables 3 and 4 for the emulsions fortified with 
TNT and with Composition B 50/50, respectively.

2.3  Calculation of Detonation Parameters 

The calculation of theoretical detonation 
characteristics (detonation velocity, D, detonation 
pressure, P, heat of detonation Hdet) for a W/O-type 
mixture with TNT and without sodium nitrate (SN), 
was carried out by means of EXPLO5 code (Suceska 
2004) (see Table 6). For determining the detonation 
velocity the mixture was sensitised by 1 % by weight 
of MBs; the composition of the W/O-type mixture 
and results of calculations are presented in Table 
6. The calculations of oxygen balance (OB), heat 
of explosion (Q) and volume of gaseous explosion 
products (Vo) were performed using the former 
Czechoslovak state standard (Anonym 1981), which 
is used for characterisation of industrial explosives; 
the results are presented in Tables 5 and 6.

2.4 Calculation of Urizar coefficients

The detonation velocity of mixtures of 
explosives with other materials can be 
estimated by a simple summing equation

Table 4. Detonation velocity (D) of W/O-type emulsions fortified with Composition B 50/50.

Number 
Content of Comp B 
(%) 

Charge density 
(g.cm–3) 

D  

(m.s–1) 

1 30 1.45 5559 

2 35 1.46 5899 

3 35 1.46 5966 

4 40 1.47 6185 

5 40 1.47 6193 

6 45 1.49 6489 

7 45 1.47 6409 

8 50 1.49 6749 

9 50 1.49 6806 
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Table 5. Results of the detonation parameters of the fortified W/O mixture without SN, calculated using EXPLO5.

Hdet P Dteor Dexp V0 

Component Mass % 
(kJ kg–1) (GPa) (m s–1) (m s–1) (dm3kg–1) 

NH4NO3 40.8 

TNT 50.0 

Water 5.5 

Oil 3.7 

Density 

(g.cm–3) 
1.36 

-4139 13.8 6475 6033 799 

Calculation according to the 
standard (Anonym 1981) 

for  OB = -41.15 % 
Q = 2454    1067 

 Table 6. A review of the calculated oxygen balance (OB), heat of detonation (Q) and volume of gaseous detonation 
products (Vo) for some of the explosives studied, using a method according to the former Czechoslovak state standard 
(Anonym 1981).

Mark OB Q V0 

A -8.32% 2748 kJ kg–1 1048 dm3kg–1 

B -5.77 % 2606 kJ kg–1 980 dm3kg–1 

C 15.14 % 1455 kJ kg–1 636 dm3kg–1 

D -39.85 % 2389 kJ kg–1 1033 dm3kg–1 

E -29.42 % 1963 kJ kg–1 780 dm3kg–1 

data 1 from 
Table 4 -20.86 % 2770 kJ kg–1 1005 dm3kg–1 

data 8, 9 
from Table 

4 
-30.82 % 2924 kJ kg–1 1021 dm3kg–1
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D =  viDi (1)

where vi is the volume fraction of constituent i in 
the mixture and Di is its “characteristic velocity” 
(Urizar coefficient) (Cooper 1997, Dobratz 1985); 
this velocity for the explosive components is 
its detonation velocity at theoretical maximum 
density (TMD). We used W/O emulsion matrices 
as if plastic binders and Urizar coefficients were 
calculated for the chosen mixtures (Table 7). 
The coefficients for binders of the fortified W/O 
explosives were calculated from the knowledge 
of the experimental detonation velocity of the 
plastic explosive Dexperimental, detonation velocity 
of the energetic material Dexplosive at its TMD 
found in the literature, experimentally determined 
density of the charge charge and its components 
explosive and binder and the known composition. 
The density correction was applied by including 
air voids as a third component after which the 
Formula became as shown below (Elbeih 2011):

Dexperimental = vexplosiveDexplosive(TMD) 
+ vbinderDbinder (TMD) + vairDair                                (2)

For calculation of W/O explosives, fortified 
by Composition B 50/50, the D value of 7936 
m.s-1 at the theoretical maximum density of 1.77 
g.cm-3 of this composition was used. The results 
of the calculations are summarized in Table 7.

3.  RESULTS AND DISCUSSION

In classic slurry explosives, optimum fortification 
and sensitising are achieved by addition of coarse-
grained TNT (2-4 mm) (Cook 1974). In the case 
of reversed emulsions (W/O-type mixtures) the 
opposite is true, as can be seen in Fig. 1 (comparison 
of detonation velocities by TNT grain sizes). 
 The addition of TNT to matrices marked A 
and B resulted in a density increase in the final 

explosive. Additional sensitising of these fortified 
mixtures with MBs was only used in the cases 
denoted as 16.1 and 16.2 in Table 3 (this is different 
from the approach used by Mendoca et al. 1996 and 
1997) and for the explosive in Table 5. This means 
that the detonation conditions of all the mixtures 
with TNT were far from ideal, which can easily 
be seen in Fig. 2 which shows the relationship 
between detonation velocity and charge density. A 
single type of explosive is effectively divided into 
five groups. An interesting comparison can be made 
between data 12.1 and 12.2 for flake TNT (military 
grade) and the data 2 thru 5.2 for W/O explosives 
fortified by TNT. Sensitising the mixture presented 
in Table 2 by addition of 3 % MBs decreased the 
density of the final explosive, and its VoD was 
lower (5157-5165 m.s–1, data 15.1 and 15.2) than 
the VoD values of all TNT-fortified explosives. 
Further sensitising the W/O-type mixture which 
contains the flake-form TNT by adding 3 % of MBs 
(data 16.1 and 16.2 mentioned earlier), resulted in 
a significant density decrease of the final explosive; 
however, its VoD attained the value exhibited by 
the TNT-fortified W/O-type explosive fraction with 
a grain size of less than 100 µm (data No.1 in Table 
3) – this can easily be seen in Fig. 2. By adding 
only 1 % by weight of MBs to the fortified W/O 
mixture with the flake TNT see Table 5, produces 
a final explosive with a lowered density compared 
with matrix A in Table 1 for which the VoD is again 
near to the mixture with TNT where the grain 
size is less than 100 µm (data No.1 in Table 3).
 Substantially better results were obtained 
from the fortification of W/O-type mixtures with 
Composition B 50/50; in this Composition sample, 
94 % of grains were below 2 mm in size, and 78 
% below 1 mm. Figure 3 presents the relationship 
between VoD and the content of the fortification 
component in the mixture. The improvement 
is due to the higher sensitivity and brisance of 
RDX (hence, a higher detonation pressure in the

Table 7. Urizar coefficients and porosities of chosen W/O mixtures. 
 

W/O mixture Urizar coefficient 
(m s/1) 

Porosity 
(%) 

data 1 in Table 3 4730 9,64 
data 16.1 in Table 3 4553 15,28 
data 1 in Table 4 2497 10,88 
data 9 in Table 4 5191 7,91 



297

Figure 1. A comparison of detonation velocity of fortified W/O-type emulsions by TNT fraction used; here ♦ points 
correspond to the 1 day old emulsion, ■ points to 3 weeks old emulsion and ▲ points to emulsion with only calcium 
nitrate as an oxidizer.

!

!Figure 2. Relationship between detonation velocity and charge density of W/O-type emulsions when fortified with 
demilitarised TNT.
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!Figure 3. Relationship between detonation velocity and content of Composition B 50/50 in fortified W/O-type 
emulsion.

C-J plane), which is present in this Composition.
 The influence of RDX can be partially attested 
by the results of the calculation using the former 
Czechoslovak standard (Anonym 1981) on the 
W/O mixture, with an additive of 50 % by weight 
of Composition 50/50, which gives the data 
presented in Table 6. However, comparing the 
Q and Vo values for emulsion A (data in Table 6 
which correspond to data 14.1 and 14.2 in Table 
3) and for fortified emulsion B with 30 % by 
weight of Composition B 50/50 (data 1 in Table 
4 and results in Table 6), it might be concluded 
that both these explosives have roughly similar 
explosive strengths; the lower than expected values 
in the case of fortified emulsion B, with 30 % by 
weight of the mentioned composition might be due 
to the presence of SN in its matrix (see Figure 3).
 As for the detonation characteristics calculated 
using EXPLO5 (ideal detonation), these are 
logically higher than those corresponding to 
reality. Nevertheless, the data of the W/O-type 

mixture in Table 5, additionally sensitised by 1 % 
by weight of MBs, show a VoD value relatively 
close to the calculated value, however there is a 
bigger difference in the Vo data. Comparison of 
results obtained from the calculations using the 
standard (Anonym 1981), shows the negative effect 
of the introduction of sodium nitrate (SN) into the 
mixture: the replacement of SN in the mixture B 
shown in Table 1 by ammonium nitrate, leads to 
an explosive A (see in Table 6); regardless of the 
worsening of OB, in this case the W/O-type mixture 
without SN has a more favourable heat of explosion 
and volume of gaseous explosion products. 
 Data 14.1 and 14.2 in Table 3, correspond to an 
emulsion-type explosive with ammonium nitrate as 
the sole oxidation component. If ammonium nitrate 
is replaced by sodium nitrate (Table 1, mixture B 
with sensitising by addition of 3 % MBs), then 
the density of the final explosive is increased, but 
also the VoD is systematically decreased (data 
No. 15.1 and 15.2). A similar finding follows from
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the comparison of characteristics for the mixtures 
D and E in Table 1. A complete replacement of 
ammonium nitrate by calcium nitrate, improves the 
oxygen balance of the resulting mixture, but the 
heat of the explosion and the amount of gaseous 
products of the explosion are significantly worsened 
(see Table 6). The negative effect of incorporating 
metal nitrates into W/O-type composition of 
explosives has already been described (Cudzilo 
2002, Zeman 2003) and explained (Cudzilo 2002). 
 One of the reasons for the decrease in detonation 
parameters which accompanies this incorporation, 
is the fact that the proportion of ammonium nitrate 
that is not decomposed in the reaction zone of 
the detonation wave is increased, i.e. this portion 
behaves as an inert substance (Cudzilo 2002).
 “Urizar coefficients” (Di), calculated for 
fortified W/O matrices in Table 7, change their 
values according to the content of high explosives 
in the final explosive. If we look at the mixtures 
with the highest D values (data 1, 16.1 in 
Table 3 and data 9 in Table 4), we see that their 
corresponding Di values are between 4553 – 5191 
m.s-1. The upper value is practically identical with 
the VoD of the binding W/O matrix (mixture B 
in Table 1) sensitised by the addition of 3 % of 
weight of MBs (see data 15.1 and 15.2 in Table 
3). This is valid for filling the W/O emulsion with 
50 % by weight of the ground Composition B. As 
for porosity, it is relatively high and is logically 
linked with the method of preparing the W/O 
explosives. Higher porosity decreases the Di values.

4.  CONCLUSION

Demilitarised TNT with a grain size of less than 
100 µm would give relatively good results in the 
fortification of W/O emulsion matrices, if the TNT 
added to them was about 50 % by weight. However, 
TNT is not an efficient fortifying and sensitising 
agent for W/O explosives. The same effect, as in 
the case of the very fine grain TNT, is achieved 
with large grain size TNT only when mixed with 
MBs as a fortifying agent. Reliably good results 
of fortification and sensitising are obtained by the 
application of Composition B 50/50 of an amount 
above 30 % by weight in the emulsion mixture. At 
the same time, this approach allows modification 
of detonation parameters of resulting emulsion 
explosives within relatively broad limits. Urizar 
coefficients (Di) of the binding W/O matrices, 

show an addition of 50 % of weight of the ground 
Composition B 50/50 into these matrices which can 
lead to a Di value which can be equivalent to the 
given matrix detonation velocity after its sensitising 
by MBs. The Di values of the said matrices are 
variable, depending on the high explosive content 
in the final explosive. As in the case of W/O-type 
mixtures of Blasting Agent type, their fortified 
versions also exhibit the negative effects of 
added metal nitrates on the detonation parameters 
of the resulting emulsion-type explosives.
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Effect of sympathetic pressure on energy release characteristic 
of explosives

P. K. Singh, M. P. Roy & A. Sinha
Central Institute of Mining & Fuel Research, Barwa Road, Dhanbad 826 015, India

ABSTRACT: Decking is used primarily to reduce the explosives weight per delay wherever blast vibra-
tion is a constraint. The reason for optimal deck thickness is to ensure that sympathetic detonation and/or 
cross propagation between charges does not occur. In order to understand the role of decking on pressure 
desensitisation in a borehole, the deck thickness was varied from 4D to 12D between the upper and bottom 
explosives columns where D is the borehole diameter. The in-the-hole VOD of the explosives in top deck 
explosives column and bottom deck explosives column were recorded for 43 blast holes at two experimental 
mines in India. When the deck thickness was not optimal, the top deck got detonated prior to the designed 
delay interval between top and bottom explosives columns due to pressurisation. The study demonstrated 
that the optimal deck length between two explosives columns in the blast holes to obviate any chance of 
occurrences of pressure desensitization inside a borehole is 10D.

1.  INTRODUCTION

Explosives have been used for rock blasting for 
over a century; plausible scientific theories on 
rock fragmentation by blasting have emerged 
only during the last few decades. However, the 
rock breakage process is still not fully understood 
and controlled to the level now demanded by 
blasting customers. Computer modelling as an 
engineering tool has been extended to blasting 
to carry out extensive computations in blast 
simulations. Nevertheless, the validity of these 
models is dependent on knowledge of the explosive 
and rock interaction process (Leiper & Plessis 

2001; Cundall et al. 2001; Cunningham 2001). 
Therefore, the prediction of explosive performance 
is crucial to the understanding of the explosive-
rock interaction process and of rock breakage.
 Viewed in the context of the recent and 
continuing changes in explosives technology, the 
evaluation of the applicability of guidelines like 
‘relative weight strength’, ‘relative bulk strength’, 
‘kg/per delay’, ‘powder factor’, etc. in blast 
designs needs reinvestigation. These are mainly 
theoretical estimates of certain facets of explosive 
energy and may have limited relevance to the 
‘realised’ detonation properties under prevailing 
conditions at any specific blasting site. These 
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properties are termed the non-ideal detonation
characteristics that are exhibited by the bulk of 
the commercial explosives used in mines today. 
of these non-ideal properties are the results of use 
in actual boreholes under typical field conditions 
and prevailing blasting practices. These include 
borehole diameter, delay sequence, density gradient 
in the explosive column in the borehole, blasting 
pattern, delay sequence, sympathetic pressures 
due to ‘proximity effects’, initiation modes and 
their effect on energy release characteristic of 
the explosives (Mohanty 2009). The ultimate 
goal of controlling blast results in large-scale 
blasting operations cannot be realised without a 
more thorough understanding of the detonation 
behaviour of modern commercial explosives.
 Decking is a technique that enables the blasters 
to distribute the explosives in a blast hole into 
two or more locations. This is accomplished by 
loading an inert material, such as crushed stone or 
drill cuttings between the explosives columns. The 
optimal deck thickness will also ensure that there is 
no pressure desensitisation of explosives in upper 
decks due to detonation of explosives column of 
lower decks or adjacent boreholes arising out of 
pressurisation of nearby detonated boreholes. There 
is significant effect of pressure desensitisation 
on energy release in the receptor explosives 
column resulting into change in the measured in-
the-hole VOD in receptor explosives column.
 In opencast blasting, the minimum bench 
height necessary for effective decked charges 
should be such as to give the ratio of H/D > 70 
where H is the bench height (m) and D is the 
drill diameter (mm). The technical rationale of 
optimising deck thickness is increasing day-by-day 
due to significant increase in the cost of explosives, 
environmental considerations in the form of ground 
vibrations are production deterrent due to statutory 
imposition by government regulations as vibrations 
may be considered as conditioning factor enforcing 
reduction in charge weight per delay by decked 
and sequenced explosives in the same borehole 
(Siskind et al. 1980; Singh et al. 1996). Decking is 
also used for the purpose of providing confinement 
of explosion gases where a soft seam or void is 
encountered and also to give better energy utilization 
and to cope up with vibration constraints and reduce 
the explosives weight per delay. The paper deals 
with the systematic study carried out at two opencast 
coal mines in India to standardise the optimal 
deck length for control of vibration and optimal 

use of explosive energy in rock fragmentation.

2.  GEOLOGICAL DETAILS OF 
 EXPERIMENTAL SITES

2.1 Kusmunda opencast mine

Kusmunda opencast mine is located on the western 
bank of Hasdeo River in the central part of Korba 
Coalfields. The mine has a flat terrain with minor 
undulations. The area of the project is covered 
generally by soil/sub-soil. The upper Kusmunda 
seam incrops below a cover of 6-31 m in an 
elliptical fashion and overlies lower Kusmunda 
seam after sandstone parting of 65 to 75 m. The 
area constitutes a doubly planging anticlinal trend. 
The lower Kusmunda seam is composite in the 
western part of the property but the same splits into 
two section viz. lower Kusmunda (top split) and 
lower Kusmunda (bottom split) Eastwards. One 
oblique set of faults strike across the anticlinal axis, 
while the other set of faults appear to strike parallel 
to the anticlinal axis. The seam generally has a dip 
ranging from 1 in 5.6 to 1 in 11.5 and the overall 
grade of coal is Grade ‘F’. The mine is producing 
about 10 Mt of coal per annum. The total overburden 
handled annually is about 11.6 million m3.

2.2. Umrer opencast mine

Umrer project of Western Coalfields Limited 
is located in the Umrer Coalfields. Three coal 
seams viz. seam IV, seam III and seam II are 
mainly exposed in the mine. Presently, working 
is going on in all the three seams. The mine is 
producing about 3.1 Mt of coal and removal of 
overburden is about 11.12 million m3. The average 
stripping ratio of the mine is 2.7 m3 per tonne 
coal produced. The dip of the mine is 1 in 10.

3.  FIELD EXPERIMENTATION 
 AND RESULTS

In order to understand the role of decking on 
pressure desensitisation in a borehole, the deck 
thickness was varied from 4D to 12D between 
the upper and bottom explosives charge columns 
where D shows the borehole diameter (mm). The 
deck material was stone chips of 14-20 mm thick. 
The in-the-hole VOD of the explosives column 
in top deck explosives column and bottom deck 
explosives column in 43 blast holes was measured 
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by data acquisition system with the help of 
VOD probe cable of high resistivity i.e. 10.8Ω /m.
 When the deck thickness was not optimal, 
detonation of bottom explosives column affected the 
top explosives column i.e. top deck got detonated 
prior to the designed time delay between top and 
bottom explosives columns due to pressurisation. 
When the deck thickness was optimal the top and 

bottom decks were monitored as independent 
events. The in-the-hole VOD of explosives plot 
vividly shows the actual time delay between the 
decks along with the in-the-hole VOD of explosives 
data of top and bottom explosives columns. 
Figures 1, 2 and 3 show the traces of typical in-
the-hole VOD of explosives plots recorded in both 
the explosives columns in the blast hole (bottom

Figure 1. Recorded in-the-hole VOD of explosives in bottom and top column charges at Umrer opencast mine.

Figure 2. Recorded in-the-hole VOD of explosives in bottom and top column charges at Umrer opencast mine.
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charge and top charge) at Umrer opencast mine. 
Similarly, Figure 4 shows the typical traces of in-

the-hole VOD of explosives plots recorded in both 
the explosives columns in the blast hole (bottom

Figure 3. Recorded in-the-hole VOD of explosives in bottom and top column charges at Umrer opencast mine.

Figure 4. Recorded in-the-hole VOD of explosives in bottom and top column charges at Kusmunda opencast mine.
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charge and top charge) at Kusmunda opencast mine.
 The recorded in-the-hole VOD of explosives 
at Kusmunda opencast mine for bottom and top 
decks are presented in Table 1. In few instances 
the top column of the explosives in the blast 
hole got affected due to bottom explosives 
pressurisation. The designed time interval between 
the detonators in bottom and top explosives 
column and the length of the deck between two 
explosives column is also presented in the Table 1.

 Similarly, the recorded in-the-hole VOD 
of explosives at Umrer opencast mine for 
bottom and top decks are presented in Table 2. In 
few instances the top column of the explosives 
in the blast hole got affected due to bottom 
explosives pressurisation. The designed time 
interval between the detonators in bottom and 
top explosives column and the length of the deck 
between two explosives column is also 
presented in the Table 2.

Table 1. Recorded in-the-hole VOD of explosives at bottom and top explosives column for varying deck lengths at 
Kusmunda opencast mine.

S. No. Deck  Blast hole In-the-hole In-the-hole Actual Designed Remarks
  length in  diameter VOD VOD delay delay
  terms of  (mm) of bottom of top interval interval
  drill   explosives explosives between between
  diameter  column column top and top and
    (m/s) (m/s) bottom bottom
      explosives explosives
      column column
      (ms) (ms)

KUS-1 4 D 160 5150 4420 4.04 75 Top explosives   
        column got 
        detonated due to  
        pressurisation 

KUS-2 4 D 160 5337 5069 2.20 75 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-3 4 D 160 4959 3444 4.83 75 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-4 4 D 160 4341 3095 4.1 75 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-5 6 D 160 5540 3801 6.5 75 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-6 6 D 160 4996 4099 6.3 75 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-7 6 D 160 5051 3408 6.1 100 Top explosives   
        column got 
        detonated due to  
        pressurisation
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S. No. Deck  Blast hole In-the-hole In-the-hole Actual Designed Remarks
  length in  diameter VOD VOD delay delay
  terms of  (mm) of bottom of top interval interval
  drill   explosives explosives between between
  diameter  column column top and top and
    (m/s) (m/s) bottom bottom
      explosives explosives
      column column
      (ms) (ms)

KUS-8 6 D 160 5316 3669 6.9 100 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-9 7 D 260 4569 3499 7.3 75 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-10 8 D 160 5238 2246 7.8 25 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-11 8 D 160 4998 2796 8.1 50 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-12 8 D 160 5050 3885 5.09 75 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-13 8 D 160 4367 2869 9.3 75 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-14 8 D 160 5105 3602 7.7 75 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-15 8 D 260 5382 3876 7.5 100 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-16 8 D 260 5216 3728 4.07 100 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-17 8 D 260 4854 3867 8.1 100 Top explosives   
        column got 
        detonated due to  
        pressurisation
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S. No. Deck  Blast hole In-the-hole In-the-hole Actual Designed Remarks
  length in  diameter VOD VOD delay delay
  terms of  (mm) of bottom of top interval interval
  drill   explosives explosives between between
  diameter  column column top and top and
    (m/s) (m/s) bottom bottom
      explosives explosives
      column column
      (ms) (ms)

KUS-18 9 D 260 4819 3348 8.7 50 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-19 9 D 260 4746 3436 8.4 75 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-20 10 D 160 5063 4822 79 75 Top explosives   
        column got 
        detonated due to  
        pressurisation

KUS-21 10 D 260 5371 5140 77 75 Top explosives   
        column was not
        affected due to  
        pressurisation

KUS-22 10 D 160 5110 4865 75.6 75 Top explosives   
        column was not
        affected due to  
        pressurisation

KUS-23 10 D 160 4638 4290 27.03 25 Top explosives   
        column was not
        affected due to  
        pressurisation

KUS-24 12 D 160 4279 4073 77.1 75 Top explosives   
        column was not
        affected due to  
        pressurisation

KUS-25 12 D 160 4896 4662 76.9 75 Top explosives   
        column was not
        affected due to  
        pressurisation

KUS-26 12 D 160 5159 4914 81 75 Top explosives   
        column was not
        affected due to  
        pressurisation

KUS-27 12 D 160 4865 4631 78.5 75 Top explosives   
        column was not
        affected due to  
        pressurisation
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S. No. Deck  Blast hole In-the-hole In-the-hole Actual Designed Remarks
  length in  diameter VOD VOD delay delay
  terms of  (mm) of bottom of top interval interval
  drill   explosives explosives between between
  diameter  column column top and top and
    (m/s) (m/s) bottom bottom
      explosives explosives
      column column
      (ms) (ms)

KUS-28 12 D 260 4834 4646 80 75 Top explosives   
        column was not
        affected due to  
        pressurisation

KUS-29 14 D 160 4987 4842 52.5 50 Top explosives   
        column was not
        affected due to  
        pressurisation

KUS-30 16 D 260 4929 4782 78 75 Top explosives   
        column was not
        affected due to  
        pressurisation

Table 2. Recorded in-the-hole VOD of explosives at bottom and top explosives column for varying 
deck lengths at Umrer opencast mine.

S. No. Deck  Blast hole In-the-hole In-the-hole Actual Designed Remarks
  length in  diameter VOD VOD delay delay
  terms of  (mm) of bottom of top interval interval
  drill   explosives explosives between between
  diameter  column column top and top and
    (m/s) (m/s) bottom bottom
      explosives explosives
      column column
      (ms) (ms)

UMR-1 4D 270 5148 5178 2.2 50 Top explosives  
        column got 
        detonated due to 
        pressurisation 

UMR-2 4D 270 4821 4825 2.1 50 Top explosives  
        column got 
        detonated due to 
        pressurisation 

UMR-3 6D 160 4882 4840 3.1 25 Top explosives  
        column got 
        detonated due to 
        pressurisation 
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S. No. Deck  Blast hole In-the-hole In-the-hole Actual Designed Remarks
  length in  diameter VOD VOD delay delay
  terms of  (mm) of bottom of top interval interval
  drill   explosives explosives between between
  diameter  column column top and top and
    (m/s) (m/s) bottom bottom
      explosives explosives
      column column
      (ms) (ms)

UMR-4 6D 160 5648 5438 3.6 50 Top explosives  
        column got 
        detonated due to 
        pressurisation 

UMR-5 6D 250 4779 4619 3.8 50 Top explosives  
        column got 
        detonated due to 
        pressurisation 

UMR-6 8D 160 5152 4787 3.94 50 Top explosives  
        column got 
        detonated due to 
        pressurisation 

UMR-7 8D 270 5019 4567 4.8 50 Top explosives  
        column got 
        detonated due to 
        pressurisation 

UMR-8 8D 270 5049 4835 4.14 50 Top explosives  
        column got 
        detonated due to 
        pressurisation 

UMR-9 8D 270 5155 4637 3.9 50 Top explosives  
        column got 
        detonated due to 
        pressurisation 

UMR-10 10D 160 5610 5100 56 50 Top explosives  
        column was not  
        affected due to  
        pressurisation

UMR-11 10D 270 5271 5068 58 50 Top explosives  
        column was not  
        affected due to  
        pressurisation

UMR-12 10D 270 4638 4416 53 50 Top explosives  
        column was not  
        affected due to  
        pressurisation

UMR-13 12D 160 5213 5014 55 50 Top explosives  
        column was not  
        affected due to  
        pressurisation
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4.  CONCLUSIONS

The recorded in-the-hole VOD of explosives data 
from 43 blast holes with varying hole depths and drill 
hole diameters shows that there is significant impact 
on the deck length on the separation of charges in the 
blast holes. The optimal deck length between two 
explosive columns in the blast holes to obviate any 
chance of occurrences of pressure desensitization 
inside a borehole may be approximated to 10 D as 
evident from the Tables 1 & 2. Thus, deck length 
of 10 D may be considered as optimal deck length 
to have no likelihood of pressure desensitisation 
of upper deck due to detonation of bottom deck 
explosives column. The observed actual time delay 
between decks in case of affected/punctured deck 
shows that pressurised wave front originated from 
bottom deck had travelled with the sonic velocity to 
affect the decking and has initiated top explosives 
column before the designed delay timing. Under 
such circumstances the maximum explosives charge 
weight per delay of designed blast event and actual 
blast event will vary significantly. The vibration 
characteristics also got affected. The pressurisation 
may even results into change in explosive detonation 
characteristics of top explosives column arising out 
of pressurisation of bottom explosives column. 
When the deck length was 10D and more, both 
the top and bottom explosives column detonated 
as independent explosives columns and there was 
not much change in the recorded in-the-hole VOD 
of top and bottom explosives column and run-off.
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