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1   INTRODUCTION 
 

Today’s mining situation is at a very excited point. 

The gradual cultural change that is being observed 

along the majority of mining operations allows the 

implementation of new techniques and knowledge. 

Since companies are being honest on what they are 

doing they are suffering restructuration’s based on 

lessons and errors from the past (Mine Magazine 

2018). The way to approach problems is also     

different and the market is thirsty of new        

technologies and ready to invest in innovation,   

automation and technology. The miners’ blinkers 

were removed and technology from other           

industrial sectors is now being accepted into the 

mining industry. David Cormack, Delloite       

Australia Mining Consulting Leader, says, “We 

are seeing a huge interest and traction on how to 

use technology to optimise more effectively and  

efficiently and to future-proof companies against 

potential commodity downturns”. This market    

reaction, the interest from companies on doing 

things differently and the focus on manage risks to 

avoid reputational damages and financial loss 
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ABSTRACT: This scientific document explores the analyses, processes and studies around the             

development of an electronic tool to measure deviations in boreholes with inclinations and azimuths  

within in a range of 360 degrees. The proximity of explosives charges near free faces or concentrations 

of high powder factor due to unpredicted drilling deviations are one of the main causes of flyrock, 

ground vibrations and poor or excessive fragmentation. These points affect directly safety distances 

(humans and equipment), operation production and costs. For this results a borehole deviation system, 

based on magnetic sensors and accelerometers, with an economic price, was developed with modern 

technology and tested along existent tools in the market. The main idea was to study statistically the    

results from each methodology and prove the accuracy of the new system. For that was used a residue 

analysis for the validation of the data from the several sources and was proved the validity of this new 

methodology. The normality tests for statistics residues analysis proves that it is possible to infer that the 

model has null residual mean and a small residual error. This document intends to show the importance 

of the constant investigation of measurement tools, benefits of this new methodology, the use of updated 

technology and the production improvements of friendly and easy to use tools. 
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Figure 1. Drilling errors. 
 

(Singh 1996) was the kick-off motivation for the 

development of the project presented on this       

article. 

     This research study had as its objective the   

development of a different product (named         

O-PitDev), based on actual and available         

technologies, for borehole deviation measurement. 

A statistical analysis was conducted for the    

comparison of the results from this new          

methodology and two others already existing in 

the market. The results were very satisfactory 

since after following a very rigorous testing     

strategy, there was statistical proof that the data is 

equal. 

 

2   BACKGROUND 

 

2.1   Drilling 

 

The drilling process is an indispensable procedure 

when talking about blasting with explosives (Lutz 

2000). The drilling practice is about making holes 

in a rock mass, using predefined parameters such 

as diameter, length, angle, azimuth, among others. 

When speaking of blasting operations specifically, 

the main objective of this drilling procedure is to 

create holes in which explosive is placed in order 

to get a fragmented rock after the blast. 

     During the evolution of the mining industry, the 

drilling process was optimised and became much 

more complex, involving new drilling methods for 

different applications, improved drilling machines 

and new methodology and technology for      

measuring drilling performance and accuracy. 

 

2.2   Deviation issues 

 

The drilling process and its necessities are      

normally associated to the production demands 

and time schedule of a mining operation. If the 

demand is too high or not well planned it can lead 

to problems on the drilling accuracy causing,    

consequently, higher drilling costs, fragmentation 

issues, floor irregularities, safety issues (flyrock) 

or serious damage to the instruments (Harris 

1999). 

     It is considered a hole deviation when the   

drilling process doesn’t follow the planned hole 

trajectory, due to unintentional problems. These 

issues can be related with the rock type and        

geology, drill rig type, drill rods used and,        

frequently, due to the driller’s technique (Miranda 

& Leite 2018). 

     Drilling issues, like those described, can lead to 

typical errors like wrong positioning of the drilling 

rig on the borehole collar, angular error during the 
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Figure 2. Example of a detected deviation problem. 

 

drilling procedure and bending deviations due to 

the tendency of the steel rod to bend while the bit 

is progressing inside the rock mass (Giles & Roller 

2012). 

     Figure 1 represents the typical errors referred to 

above: collar position errors where the driller    

positioned the drilling rig incorrectly; angular     

errors, where the planned angle is different from 

the real one and, finally, bending errors, where the 

rod suffered a curvature while progressing inside 

of the rock. Both too short and too long holes are 

drill errors and can be caused by operator mistakes 

or issues in drill rigs. 

 

2.2.1   Drilling survey 

 

The survey of a hole allows to obtain real            

information about the geometry of the hole         

enabling to analyse common problems in blasting 

process and, consequently, avoid them. 

     For example, on Figure 2, the survey allowed to 

recognise that the hole suffered a bending          

approaching it to the free face causing the risk to 

produce fly-rocks. These actions, including the 

continuous measurement of borehole deviations, 

will lead to a best blast performance, quality    

control that ends up positively affecting all the 

mining production. 

2.3   Drilling deviation tools 

 

There are three to four main devices in the market 

that are used for drilling deviation control.  

Equipment manufacturers have developed 

handheld devices for this purpose. 

     These devices can be used in metal or non-

metal environments, supported by bars or cables, 

to measure up-holes and down-holes, with         

accuracies varying from ± 0.25º to ± 0.1º on       

inclinations and ±1º for azimuths (Miranda et.al. 

2019). 

 

3   DEVELOPMENT  

 

3.1   Development 

 

The development procedure was organised in   

several phases. On the R&D stage it was            

investigated the elements needed to obtain a   

working product from the point of view of       

electronics, waterproof system, hard case,       

technology, user experience, phone app and probe 

accessories. During the product design and testing 

phase several prototypes were tested and            

designed until the definition of the optimum     

one. On the administrative side, testing and       

certifications institutions were contacted               
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Table 1. Measurement procedure. 
 

Hole Number of 

measurements 

Measurement device 

1 20 TD1 / TD2 / O-PitDev 

2 5 TD1 / TD2 / O-PitDev 

3 5 TD1 / TD2 / O-PitDev 

4 5 TD1 / TD2 / O-PitDev 

5 5 TD1 / TD2 / O-PitDev 

 

in order to ensure publicly the quality of the      

system. 

      Internal and intensive tests related with        

waterproof and impact were conducted in order to 

ensure the correct behaviour of the system. Apart 

from the laboratory tests, field trials in several   

environments, -20ºC/-4ºF up to 40ºC/104ºF, dry, 

wet and iced environment, were executed to   

evaluate the response of the tool on real and daily 

conditions. 

 

3.2   Probe electronics 
 

The sensors are essential part of this equipment, as 

they have the important function of feeding crucial 

information to determine heading and inclination 

of the hole and thus provide a real representation 

of the hole. Taking that into account, the accuracy 

of the sensors is very important for the probe to 

work as intended. 

     The authors chose to utilise an IMU (Inertial 

Motion Sensor) from a reputable vendor that offers 

9 axis absolute orientation sensing. Additionally, 

an ARM micro controller was used to provide data 

processing and Bluetooth connectivity to a 

smartphone so the data could be downloaded from 

the probe. 

 

3.3   Probe design 
 

The operation of a borehole measurement device 

consists basically of a set of electronic elements 

and sensors that, in combination, calculate the    

direction and inclination of a hole. Because they 

consist of fragile elements, sensors and            

electronics, these need protection, resistant to     

external contacts, friction and fluid actions to    

remain intact and in operation when introduced 

through a hole. 

     The majority of capsules from these kinds of 

devices, inclinometers and sensors, are made of 

stainless steel - studied by Silva in the field of  

Geotechnics (Silva 2008). Stainless steel has its 

famous resistance to corrosion, giving a longer life 

than other materials and elements. However,      

despite its main characteristic, there are several 

other advantages of using stainless steel (Frank 

2009), such as: physical (mechanical) resistance 

equal to or greater than common steel; easy    

cleaning; low surface tension; hygienic              

appearance; inert material (does not react to     

contact with other materials); high durability; ease 

of modulation and welding; stability in extreme 

temperatures; visual beauty (modernity,         

cleanliness and brightness); great value for money 

and; recyclable material. 

     For this equipment, the stainless-steel type 

AISI 304 was selected. Through several tests with 

previous prototypes, it was concluded that the 

stainless-steel isolates the radiofrequency required 

to communicate the data between the equipment 

and the receivers installed on the PC and on the 

mobile phone. Therefore, in this version it was 

necessary to install an external antenna for       

connectivity between both. 

     The probe has been designed to have gravity in 

its favour on its descent to the bottom of the hole 

and to have enough weight and density to       

overcome the surface tension and thrust of fluids 

that may be present in the holes. It is understood 

that stainless steel meets these requirements,    

considering that it is a material of considerable 

density (7.85 g/cm3) (Solução completa em 

Usinagem 2018). 

 

4   FIELD TESTS RESULTS – STATISTICAL  

     ANALYSIS 

 

4.1   Field procedure 
 

The tests were conducted by O-Pitblast and 

FORCIT between February 11th and 15th in 3   

different mines in Finland. All tests were          

performed along with the use of 2 well-known 

hole measuring equipment (traditional device 1 

and traditional device 2) to compare the resulting 

data between the 3 devices. 

     The test procedure followed consisted on the 

measurement of 1 hole 20 times and 4 holes   

measured 5 times each, with each tool.  

     The field procedure included: 
 

− registration of holes position 

− measurement of hole’s profile with both     

traditional devices 

− measurement of hole’s profile with the new 

system according to the following           

methodology 
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Figure 3. Field tests. 

 

Figure 4. Field results, comparison between equipment – 1, 2, O-PitDev. 

 

− deployment of the new system in the bottom 

of the borehole 

− measurement of the offset 

− record the first time of the first measure in  

the bottom of the hole 

− pull the probe until the borehole collar     

making stops at each 2 metres and collect   

the time at those stops 

− match both information from phone app     

and probe – time, angle and azimuth 
 

     After the field procedure, either with 

smartphone technology or with the other devices 

with the same purpose, the operator got the         

information of the real inclination, heading and 

depth of the borehole. With this information and 

with a blast design software, it was possible to   

analyse different data such as: 
 

− critical profiles - rows too near/far from the 

free face 

− critical burden 

− projection risks: hole not drilled correctly  

(the inclination/azimuth is wrong) causing 

flyrock risks 

− burden distribution 
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Figure 5. Boxplot of residue in all devices. 

 

Figure 6. Boxplot after outliers removed. 

 

− deviation values 

− real angle - possibility to see if the planned 

hole and the real one has the same angle 

− toe error - generation of toe due to a wrong 

drilling 

 

4.2   Statistical analysis 
 

In order to compare the results, the authors of this 

paper made a residue analysis (Miranda & Leite 

2018). The first step was to apply an ANOVA 

(parametric test for comparison between two or 

more samples) (Laureano 2013 - p. 44), but before 

it was analysed the box-plot for the residue of the 

angle and azimuth in the three devices was      

generated - Figure 5. 

     It   was   possible  to  identify  the  presence  of     

outliers and, using the 3 sigmas analysis (Gama 

et.al. 2017) the outliers were removed and new 

boxplots were generated - Figure 6. 

     The visually examination is not conclusive, 

then, ANOVA analysis was applied. To use this 

kind of analysis is mandatory to verify the       

normality of the data and homogeneity of the    

variance. A normality test was done (Kolmogorov-

Smirnov and Shapiro-Wilk) and histogram and   

Q-Q plot was analysed. The results are showed on 

Figure 7. 

     The tests results demonstrated the normality of 

the data (for a usual level of significance). The 

second one was to evaluate the homogeneity of the 

variance, Figure 8. 

     It was possible to conclude that the variance   

of the residue of the angle is homogeneous         
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Figure 7. Normality test. 
 

Figure 8. Test of the homogeneity of the variance. 
 

Figure 9. Q-Q chart for the pair of data. 

 

Figure 10. ANOVA test for samples. 

 

(p-value higher than 0.05), but not for the           

azimuth residue. It is conceivable to use not       

only the hypothesis test but all available data       

to draw this conclusion (Moreira et.al. 2011). 

When evaluated the detrended normal Q-Q     

chart for the residue two by two it is possible       

to conclude that no clear trends are observed - 

Figure 9. 

O - PitDev_Dev_1 O - PitDev_Dev_2 
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 Figure 11. Descriptive analysis of the data. 
 

Figure 12. Angle and azimuth analysis. 
 

     After checking the normality of the data and the 

homogeneity of the variance it was possible to 

conclude that ANOVA was adequate to be used. 

The results indicated that the data doesn’t come 

from the same sample for both, angle and azimuth 

residues - Figure 10. 

     This situation means that the data is different, 

and new analysis was necessary. The next step was 

to compare the data two by two in order to identify 

if any pair of data comes from the same sample. A 

descriptive exploration was done - Figure 11. 

     To validate (statistically) that the data from the 

new device is identically to traditional devices two 

conditions must to be validate: the normal         

distribution of residue and the zero within the   

confidence interval for mean (Miranda 2016). As 

shown in Figure 7, it was possible to accept the 

normality of the data. It was possible also to verify 

that when comparing both traditional devices   

(angle and azimuth residues) the zero was outside 

of the confidence interval range. That was enough 

to conclude that the traditional devices measured 

different data. The new system presented identical 

values for angle when compared with the device 1 

and identical azimuth when compared with the 

traditional device 2. The angle error when      

compared with the device 1 was less than the angle 

error between the traditional devices. The azimuth 

error when compared with the traditional device 2 

was less than the azimuth error between both    

traditional devices. A summary is presented in 

Figure 12. 

     It was possible to conclude that the new system 

has a similar behaviour when compared with     

traditional devices and presented same angle 

measurements as traditional device 1 and same  

azimuth measurements as traditional device 2, and 

the mistake in comparison with both traditional 

devices was less than error between both devices. 

     The charts and tables showed information from 

part of the data, but all data presented similar    

behaviour. 

     It was possible to conclude that, statistically, 

the measurements of the new system are         

trustworthy and have a level of precision good 

enough if compared with the two traditional      

Angle residue New System
Traditional 

Device 1

Traditional 

Device 2
Azimuth residue New System

Traditional 

Device 1

Traditional 

Device 2

New System 0.00 º 0.36 º 0.00 º New System 0.00 º 0.00 º 0.57 º

Traditional Device 1 0.36 º 0.00 º 0.38 º Traditional Device 1 0.00 º 0.00 º 1.66 º

Traditional Device 2 0.00 º 0.38 º 0.00 º Traditional Device 2 0.57 º 1.66 º 0.00 º
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Figure 13. Resume of all residues. 

 

devices on the market. It is possible to see a  

summary of all residues in Figure 13. 

 

5   CONCLUSIONS 

 

The statistical analysis of the data from field tests 

proved that the new system, when compared with 

the traditional devices available on the market, 

was capable to measure hole’s deviations with an 

excellent level of confidence. Due to the use of 

new sensors widely available on the market it was 

possible to develop a new system with not only  

reliable technology but also cheaper. The market is 

definitely open for these kinds of technologies 

which are changing the mindset of the miners 

since they are been used for production             

improvements, safety control and cost reductions. 

As usually more tests are necessary to continually 

prove the efficacy and quality of this kind of      

research and development projects. An important 

limitation of the prototype used in this research 

was the sensibility of the sensors to magnetic field, 

for this, the researchers are now developing the 

second phase of the prototype to be used in metal 

mines. Human errors play an important role on the 

borehole survey quality. To minimise this to the 

maximum the same person was the one carrying 

out the 3 procedures for the 3 products. Future 

studies for accuracy will be done inside pipes 

where initial and final position it is known. 
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1   BACKGROUND 

 

The most common methods currently used to     

determine detonation performance of bulk         

explosive products include VOD, high speed   

photographic analysis, fragmentation analysis, and 

unconfined detonation of samples. Quality         

assessment of bulk products prior to detonation is 

limited to a measurement of cup density and the 

use of models and procedures for blast design, 

product selection and loading. All the methods 

used to determine detonation performance are   

difficult to perform on the mine site and hence are 

rarely used. Consequently, cup density is the only 

physical measurement that is routinely used in 

conjunction with modelling to confirm product 

density. 

     This paper presents the application of             

additional techniques that have been developed to 

provide measurement and assessment of bulk    

explosive products. These techniques enable      

assessment of the accuracy of other models and 

procedures. The techniques described include 

measurement of ‘in hole’ density, detonation   

pressure, detonation temperature and measurement 

of the VOD of a large number of holes. 

 

1.1   Product ‘in-hole’ density 

 

Detonation performance and the ability of bulk 

explosive products to be initiated is influenced by 

the density of the product. Normal porous       

ammonium nitrate used in ANFO has a bulk    

density of around 0.75 g/cc. Higher, non-porous 

prill with a density of up to 1.10 g/cc may also be 

used. The lower density ANFO is capable of      

absorbing fuel throughout the prill and is easier to 

initiate than the high density prill for which the 

fuel sits on the surface. The low density allows 

ANFO to have a high degree of sensitivity and is 

constant throughout the borehole. 

     In contrast, ammonium nitrate emulsion        

and suspension have a varying density along the 

length   of   a   borehole.   There   is   an  increased  

Benchmarking the performance of a bulk explosive using state of 

the art techniques 
 
G. Cavanough, K. Zinatunor, H. Van Dalen & A. Torrance 
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ABSTRACT: Bulk explosives used in mining and quarrying are non-ideal explosives and their ‘in hole’ 

density and performance are calculated using models. This paper investigates the actual performance of 

a bulk explosive through a test program conducted at several hard rock quarries. Measurements were 

taken of cup density, velocity of detonation and newly developed techniques will be presented in the  

paper that were used to determine ‘in hole’ density, detonation pressure, detonation temperature and 

large-scale velocity of detonation (VOD) acquisition. Analysis of the measurement data has resulted in a 

true measure of the performance of this explosive. 

 

 

 

 

 

 

 

 

 

Helsinki Conference Proceedings 2019, R. Holmberg et al 
© 2019 European Federation of Explosives Engineers, ISBN 978-0-9550290-6-6  



 

 

- 388 - 

  

 

 

 

 

Hydrostatic pressure at the bottom of the long   

explosive columns that can cause a decrease in the 

likelihood of successful detonation. Pumped   

emulsions and suspensions are commonly     

chemically or mechanically sensitised and this   

results in a compressible explosive, with the      

explosive composition and depth of the hole       

influencing the actual density. A theoretical      

density of these products can be calculated from 

first principles taking into account the density of 

the product, its compressibility and frictional      

effects on the walls of the blasthole, but this is 

rarely tested in the field. Compression testing in 

laboratories shows that the resulting emulsion is 

always denser, meaning a loss in gas volume  

within the product causing the product to           

desensitise. 

     It was not considered possible to determine 

how the product density actually changes in the 

blast hole and therefore various manufacturers of 

bulk explosives have developed models to predict 

in hole density change. This paper demonstrates 

that in hole density can be routinely measured. 

 

1.2   Method 

 

The in-hole density schematic diagram is shown in 

Figure 1. 

     The sensors consist of a low friction syringe 

that is filled with explosive product as shown in 

Figure 2. The position of the plunger of the        

syringe is measured using a displacement       

transducer. In the hole, the pressure of the product 

surrounding the syringe at depth will cause the   

syringe plunger to move and change the volume of 

product in the syringe and hence the density. The 

displacement sensor signal is sent via a cable to a 

Bluetooth transmitter at the top of the hole. The 

density measurements are recorded using a mobile 

phone App. 

Fixed stopper 

Explosive 

product 

Movable 

plunger 

Displacement 

transducer 

Air filled gap 

Cable to    

surface and 

Bluetooth 

transmitter 
Pressure from product 

surrounding syringe 

Pressure from product 

inside of syringe 

Figure 1. Schematic of in-hole density sensor. 

 

Figure 2. Syringe being loaded with product for 

in-hole density measurement. 
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2   DETONATION PERFORMANCE 

 

Detonation pressure and temperature sensors are 

commercially available, and it has been noted that 

the location in the cross section of the borehole  

affects the magnitude of the pressure recorded. 

When the sensor is centralised as shown in Figure 

3, the maximum reading is obtained. The           

detonation pressure is a function of the product 

density and VOD. In ideal detonation the            

relationship is: 
 

Detonation pressure =            (1) 

 

     Where k is a constant that is generally set at 4 

for simplicity. 

     By measuring the detonation pressure, density 

and VOD the true relationship for a given product 

can be deduced. 

 

2.1   Detonation pressure 

 

The detonation sensors consist of a block of     

carbon. When carbon density increases, the     

electrical resistance decreases. For example, early 

telephone microphones consisted of carbon       

particles packed in a container with an opening to 

enable auditory vibrations to impinge onto the   

carbon and change the density and hence the    

electrical resistance. The pressure sensor is placed 

in the explosive column and the shock wave that 

travels along the explosive column compresses the 

block of carbon and decreases the resistance. The 

change in resistance is monitored by a high-speed 

data capture and analysis system. 

 

2.2   Detonation temperature 
 

The detonation temperature sensor is a pyrometer 

and determines the temperature from the optical 

intensity of the detonation front. The sensor is 

placed in the explosive column. The output of the 

sensor is passed through a detection circuit and 

monitored by a high-speed data capture and     

analysis system. 
 

2.3   Velocity of detonation and timing via EMP 
 

VOD is the most commonly used method to       

determine explosive performance. Techniques 

used to measure VOD include resistance wire, 

time domain reflectometry, simple start stop and 

fibre optic methods. All these approaches require a 

cable of some sort to be inserted into each blast 

hole being monitored and the holes to be fired in a 

specific sequence. The equipment and cable limits 

the measurements to a few holes, typically 5 or 

less, that are in proximity. 

     Detonation is a violent chemical reaction that 

emits an Electromagnetic Pulse (EMP). The EMP 

travels at the speed of light with a duration equal 

to the time span of detonation. This can be used to 

measure the VOD of each hole, provided the     

distance between the primer and the top of the   

explosive column is known. 

     For each blast a surface antenna was placed 

across the blast pattern after loading and tie in of 

Figure 3. Detonation pressure and temperature sensors with centralisers fitted ready to load into holes. 
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the Nonel initiation system to record the EMP. 

Again, high-speed signal capture and analysis 

equipment is required to complete the            

measurement. 

Figure 4. – EMP measurement showing delay between holes of 21.5 m/sec using Nonel a specified 
delay of 25 m/sec. 

Figure 5. Typical signal from detonation pressure sensor showing EMP during detonation and shock wave 

hitting the sensor at 8 GPa. Duration of 2.139 m/s and distance between primer and sensor of 11.7 m gives 

VOD of 5500 m/sec-1. 
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3   RESULTS 
 

Figure 4 shows a typical EMP trace. The duration 

of the EMP and the distance from the booster to 

the top of the explosive column may be used to 

calculate the VOD. Note, the EMP also records the 

detonation timing with Figure 4 showing the    

detonator with a nominal 25 m/sec delay had 

measured delay of 21.5 m/sec. 

     The detonation pressure and temperature     

sensors also contain an EMP antenna to allow the 

measurement of VOD. The sensors are attached to 

the downlines at a known distance from the     

primer. After detonation, the EMP is used to      

determine the time of booster detonation and the 

time until the response of the sensor to the   

shockwave. The time difference and the distance 

between the sensor and the primer is then used to 

calculate VOD. 

     Figure 5 and Figure 6 show a typical detonation 

pressure and temperature measurement with EMP 

also detected. 

     Several hundred EMP signals have been       

analysed and the results were an average VOD of 

5700 m/sec-1 and the average difference between 

planned and actual timing of 2.5 m/sec (Nonel    

initiation was used on all blasts refer to Figure 4). 

The average detonation pressure was 7.5 GPa at an 

average temperature of 2500°C. Product density 

was 1150 kg/m-1 for all blasts. The in-hole density 

measurements at the bottom of an 8 m column 

height was 1296 kg/m3. The product specification 

density for this column was 1309 kg/m3. The     

addition of stemming material did not affect the 

density readings. 

 

4   CONCLUSIONS 
 

This work allowed the in-hole density              

specification for this product to be validated. 

     Measurements have enabled the deduction      

of a modified detonation equation for this       

product based on the ideal detonation formula.     

In this instance a constant of 5 is more               

applicable to the overall results and does            

not overestimate the detonation pressure that     

was measured in the hole. The equation has been 

modified as: 

Figure 6. Typical signal from detonation temperature sensor showing EMP during detonation and shock 

wave hitting the sensor at 2500°C. Duration of 1.635 m/s and distance between primer and sensor of 9 m 
gives VOD of 5800 m/sec-1. 
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Detonation pressure =             (2) 

 

For this product at a cup density of 1150 kg/m-3 

the average VOD is 5700 m/sec-1, the average  

detonation pressure is 7.5 GPa and the average 

detonation temperature is 2500°C at the bottom of 

the hole density of 1309 kg/m-3 the detonation 

pressure increases to 8.5 Gpa. 
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1   NITROGEN RELATED ISSUES 

 

Most mining explosives contain AN as the main 

oxidiser where an ideal detonation of oxygen    

balanced explosive nitrogen react fully into    

harmless nitrogen gas. In fact, several factors 

cause nonidealities leading to formation of toxic 

gases like nitrogen oxides NOx. In some large 

open pit blasts huge clouds of NOx have been   

observed causing danger to surrounding        

communities. In underground mines occupational 

health is influenced by NOx. The trend of        

electrically driven vehicles in underground (UG) 

mines will reduce exhaust gas related NOx and EU 

regulations for occupational exposure are           

increasingly stringent. Hence, it is not surprising 

that purity of blast gases becomes a focus. 

     Another issue is water solubility of AN. It can 

be leached out by water at different rates           

depending on the product formulation.              

Additionally, circa 5-20% of explosives used in 

blasting remain unreacted in muck. Depending on 

local water conditions, storing and further        

processing of rock material, unreacted explosive 

material can release water soluble nitrogen. In an 

aquatic environment nitrogen can cause              

eutrophication and even acute toxic effects to    

water organisms. 

     A third issue is ammonia gas which forms 

when AN reacts with alkaline materials. Some 

minerals or mining methods create alkaline      

conditions. In UG mines concrete reinforcing is 

commonly used and in tunnel development      

concrete injection is used to reinforce badly      

Development of nitrogen free environmentally friendly  

blasting explosive 
 
T. Halme 
Oy Forcit Ab, Finland 

 

 

 

 

 

 

 

 

 
ABSTRACT: Recently, there has been activity to develop nitrogen free mining explosives to avoid     

nitrogen oxide fumes (NOx) in blasting gases. Hydrogen peroxide (HP) has been the main nitrogen free 

environmentally friendly alternative to ammonium nitrate (AN) which is the most commonly used       

oxidiser in mining explosives. Another environmentally important factor is water soluble nitrogen       

releases into mine waters from unreacted AN-based explosives. Depending on local conditions some 

part of water-soluble nitrogen can migrate in surrounding water systems causing eutrophication and 

even acute toxic effects to water organisms. This article deals with steps and test results which are     

considered relevant on the way of developing HP based environmentally friendly mining explosive. 

Basic performance parameters like energy, gas volume, VOD and sensitivity to initiation look         

promising. Challenges will arise from very reactive nature of HP. Handling safety requires very rigorous 

routines, product sleep time and resistance to water are quite limited. 
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fractured rock before loading and blasting. In     

this environment AN-based explosives will      

immediately lead to release of ammonia gas. The 

exposure risk exists during loading explosives and 

unloading the muck but also during processing, for 

example, in crusher and refinery processes.    

Ammonia gas has a limiting HTP value. 

 

2   HP PROPERTIES AND PRODUCT  

     FORMULATION 
 

HP is a powerful oxidiser widely used in chemical 

and pulp industry. It’s also used in medical and 

cosmetic purposes. Industrial grade HP is usually 

available up to 60 w-% solution. HP grades over 

70 w-% are only available for some special      

purposes for example as oxidiser in rocket         

engines. Properties of aqueous HP solutions are 

well known and documented and basic instructions 

for safe handling are given in manufacturers safety 

data sheets (MSDS). HP suppliers are actively   

advising end users on best practices to guarantee 

safe handling. Even if HP in general is more       

reactive than AN it is known that aqueous          

solutions of HP are not capable of detonating as 

AN. It is important to note that certain impurities 

can cause a fast decomposition of HP into water 

and oxygen. This reaction is exothermic and    

produces large volumes of vaporised water. This 

type of decomposition is one of the biggest risks 

and must be considered in planning processes and 

operating procedures. Another risk is ignitability 

of combustible materials. MSDS for both AN and 

HP warn that mixtures with combustible materials 

can ignite spontaneously and ignition can lead to 

explosion. According to incident reports the    

general impression is that spontaneous ignition of 

combustible material with HP is more likely than 

with AN. These risks will be discussed in later 

sections. 

     Regarding occupational safety and handling of 

HP it is important to note that the 8 h HTP value in 

air is 1 ppm - which is very low. If there’s a risk to 

exceed this limit a pressurised air mask is needed 

because no filter against HP is yet available. The 

need for an air mask makes practical loading work 

impossible. In lab and pilot scale testing HP    

concentrations in air has been monitored with 

Dräger Xam 5100 HP selective sensor and        

concentrations over 1 ppm have occasionally been 

observed. Keeping concentration below limit    

remains an open question for the future work and 

it will be one of the critical factors to be          

monitored. 

     The formulation of HP product is based on   

water gel structure where oxidiser and fuel exist as 

a mixture, i.e. no chemical bonding. Industrial 

grade HP solution was used in concentration of 40 

- 60 w-%. The main fuel can be selected from a 

group of water-soluble organic compounds like 

glycerol, sugar, etc. Usually some water-soluble 

polymer, xanthan gum for example, is added to 

modify rheology. The HP gel itself isn’t capable of 

detonation and it must be sensitised with hot spots 

as in the case of emulsion explosives. This will be 

discussed in detail in section 4. According to 

MSDS information HP does not have significant 

environmental effects. It decomposes into water 

and oxygen and half-life is minutes to hours in 

soils depending upon microbiological activity and 

metal contamination. Other raw materials of the 

formulation can also be easily picked from         

environmentally friendly biodegradable               

alternatives. 

 

3   SAFE HANDLING OF HP PRODUCT 
 

The product is an explosive; hence it is imperative 

that all handling shall be performed with at least 

the same care and diligence as handling of any 

other explosive. Basic handling safety properties 

will be tested in the CE approval process which is 

one of the coming tasks. The product is designed 

to be on site manufactured and pumped directly to 

borehole without any handling. Still, there may be 

sampling or unplanned situations where some 

manual handling is unavoidable. 

     The product structure is a water gel and its 

components are in the form of a mixture where 

most of the chemical properties are similar as with 

concentrated HP. Reactivity in general is expected 

to be slower compared to HP solution due to other 

components diluting HP in a gel. Increased       

viscosity may reduce mass transfer and thus limit 

the reactions leading to decomposition. 

     The strongly oxidising nature of concentrated 

HP may cause spontaneous ignition of            

combustible materials like paper or cloth rags, 

clothes, etc. During the last years of testing one 

occurrence of spontaneous ignition was             

experienced in Vihtavuori. Some HP gel          

contaminated paper and cloth rags were collected 

in plastic bag and it was put in the place where 

such material is burned. The bag ignited         

spontaneously and burned when it was left at the 

burning place. Replication of this incident has 

been tried with no success. Paper and cloth rags 

and bits of working clothes were contaminated 

with 60% HP solution and HP gel product and left 

under sunshine for 4 hours with no reaction.    

Similar setup in +40 C heat cabin was done for 8 

hours with no reaction. Still this one occurrence is 
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enough as a warning signal and working routines 

must be accordingly strict. 

     Vaporisation of HP and water occurs from gel. 

Same risk arising from HP concentration in   

workplace air mentioned in the previous section 

will also concern the product. A simulation of   

underground loading was done in Vihtavuori pilot 

plant. On a wall of a room in basement floor a 

simulation of tunnel face drilling was done. The 

volume of the room is approximately 30 m3 and no 

forced ventilation. 20 pcs plastic cups filled with 

HP gel were put in square array in 60 cm x 60 cm 

pattern. HP selective Dräger sensor was put at 1.6 

m height from floor and 0.8 m distance from the 

wall. HP concentration of air was measured for the 

next 24 h. The max value was 0.3 ppm and it     

occurred shortly after the start. During the         

following hours the value decreased gradually to 

zero and stayed there for the rest of the measuring 

period. This is an encouraging sign that in loading 

the risk of having HP in air can be low because  

potential vaporisation can take place only through 

the contact area between the product and air.    

Anyhow, one of the critical points to monitor in 

further testing is HP concentration in workplace 

air during loading but also after blast. 

     An observation in lab scale has been that a 

fresh HP gel sample doesn’t burn unconfined in 

the absence of external fire. But, when a sample is 

left in open air for 1-2 days and ignited with a 

flame the material continues burning smoothly by 

itself. This is probably due to vaporisation of water 

from the sample making water content lower and 

increasing reactivity of the gel. Further testing is 

needed to study this aspect to be sure that it’s not 

going to become a risk. Deflagration to detonation 

tests also need to be done. 

     Product stability in borehole is potentially a 

challenge. As mentioned earlier, the half-life of 

HP in soil can be just minutes or hours depending 

upon microbiological activity and metal           

contamination. From a biodegradability point of 

view this is a very positive aspect but the product 

must remain stable till the blast. Boreholes usually 

contain some drill cuttings, material fallen from 

the surface and water. They are probably        

components which cause or accelerate                

decomposition of HP. Plastic liners are available 

and will work to some degree if isolation is    

needed. But liners can become punctured and use 

of them will increase work and material cost. The 

previously mentioned speculated hindering effect 

of product viscosity into reactivity is expected to 

be of help in this matter, but this must be clarified 

with further testing. The same that was said about 

reactivity concerns also resistance to water.       

Because of water gel structure there’s not so high 

expectations for resistance to water. Some        

preliminary testing is done by observing           

penetration of dyed water into the HP gel sample 

but the results so far are just indicative and       

profound measurements are part of future work. 

 

4   HP PRODUCT TECHNICAL PROPERTIES 

 

In this section some detailed technical properties 

of HP gel product are presented. The samples were 

prepared and tests done in Vihtavuori plant test  

facilities. Product samples are made in batches of 

0.5 - 3.0 kg. 

     Sensitisation of HP gel needs to be done with 

hot spots. Usually, hot spots are gas voids or     

microspheres. Hot spot sensitisation defines the 

density range of the product. According to VOD 

and sensitivity test results the upper limit for    

density range of used formulation is ca 1.16 g/cm3. 

Density less than 1.0 g/cm3 isn’t usable in wet 

boreholes so the usable density range for the  

product is between 1.0 and 1.16 g/cm3.             

Hydrostatic pressure of explosive column itself 

will press gassed product into density of 1.16 

g/cm3 in approximately 20 m vertical borehole if 

free density is 1.0 g/cm3. This can be estimated by 

solving modified barometric formula numerically 

for p at depth h:  
 
                                                    

                                                                             (1) 

 
 

and using p to calculate density:  

 
                                                       

                                                                             (2)                     

                                       
p0 is atmospheric pressure 

 is density of ungassed gel 

n/m is moles of gas per weight unit of product    

assuming that pressure doesn’t affect this 

g is gravitational acceleration 

R is ideal gas constant 

T is temperature in K 
 

     Mechanical strength of glass microspheres 

against external pressure is typically so high that 

in ordinary conditions no changes due to           

hydrostatic pressure is expected so density of the 

product stays constant through the whole column. 

This is the reason why glass microspheres were 

the selected method of sensitisation. Chemical 

gassing and even air entrapment were also tested 
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Table 1. Calculational properties for HP gel. 
 

Property Value 

Heat of detonation, MJ/kg 3.74 

Energy at 100 MPa cut-off pressure, 

MJ/kg 

2.64 

Volume of gases at stp, dm3/kg 1134 

REE % (ref ANFO 2.3 MJ/kg, d 0.8 

g/cm3) 

165 

VOD (ideal), m/s 5704 

 

and seen as potential alternatives but utilising them 

belongs to future work. 

 

4.1   Calculation properties 
 

The HP gel formulation is easy to prepare oxygen 

balanced because it’s homogenous except hot 

spots. The formulation can be done even oxygen 

positive to minimize CO formation without risk of 

getting additional toxic detonation gases because 

there’s no nitrogen. In AN based explosives     

positive oxygen balance leads to formation of 

NOx. 

     The calculational properties (Explo 5.0) for a 

formulation based on 60 w-% HP, oxygen        

balanced and in density 1.08 g/cm3 are shown in 

table Table 1. 

4.2   Velocity of detonation 

 

VOD has been measured in several different      

diameters and confinements. Because critical     

diameter is handled separately in section 4.5 the 

VOD values presented here are measured in     

conditions which are relevant to application. Inner 

diameter 54 mm steel pipe was the selected       

dimension and confinement. Formulation was 

based on 60 w-% HP solution, oxygen balanced 

and adjusted to different densities with glass     

microspheres. VOD was measured with MREL 

Datatrap. Samples were packed in 0.5 m long     

inner diameter 51 mm plastic pipes (wall thickness 

negligibly small), VOD probe cable taped in the 

side of the pipe and that put inside steel pipe. A 

standard detonator in combination with Forprime 

booster (~25 g high explosive) was used for        

initiation. Three samples per test point were  

measured. VOD trace was 0.5 m long as expected 

and VOD value was read from the last 20 cm of 

the trace to avoid any booster effect on VOD.   

Results as average of three samples are shown in 

Table 2 and in Figure 1. 

     From this data it can be concluded that 1.08 

g/cm3 is the ideal density. At density 1.16 g/cm3 

one sample of 3 didn’t detonate. This is considered 

as a signal of upper limit of density range. In the 

same test set-up, a standard bulk emulsion         

explosive VOD was measured, the value was 4839 

m/s. So, VOD of HP gel is well comparable to 

emulsion products. 
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Figure 1. VOD vs density for HP gel. 
 



 

 

- 397 - 

Table 2. Measured VOD values for HP gel in id 54 

mm steel pipe (*=1 of 3 didn’t detonate). 
 

Density g/cm3 VOD m/s 

1.16 5422* 

1.12 5452 

1.08 5567 

1.05 4898 

1.02 4694 

0.91 4100 

 

4.3 Detonation gas composition 
 

Measurement set-up for detonation gases was so 

inaccurate that the results can be considered   

mostly indicative. A blast chamber wasn’t      

available for this work so tests were done in a 

small cave in Vihtavuori test facilities. The cave 

has an approximate volume of 100 m3. A sampling 

pipe was put in the cave and gas sample was 

sucked with channel fan inserted inside the      

sampling pipe. In the other of the pipes, two    

Dräger gas sensors were inserted so that they were 

inside the pipe. A maximum value for CO and 

NOx was taken as a result. The test arrangement 

was considered too primitive to make any more 

sophisticated analysis. The main point was just 

experimentally to prove the obvious result that HP 

gel detonation gases doesn’t contain any NOx. 

One standard emulsion product was also included 

for comparison. Measured concentrations for CO 

of HP gel samples on density range 1.12 to 0.91 

g/cm3 were 111 to 32 ppm. Of 9 samples, 7 

showed 0 ppm for NOx and for 2 samples got 

readings 0.3 and 0.4 ppm. The reason for these  

exceptions may be for example gases form    

booster. For a standard emulsion product CO   

concentration was 51 to 71 ppm and NOx 1.6 to 

2.2 ppm. The conclusion from these results is that 

HP gel detonation gases may contain higher    

concentration of CO than emulsion product but 

probably no NOx. HP gel product formulation can 

be modified oxygen positive which should         

decrease CO and no NOx produced. 

 

4.4   Sensitivity to initiation 

 

HP gel sensitivity to initiation was tested using 

three different concentrations for raw material HP; 

40, 50 and 60 w-% solution. The formulations 

were in oxygen balance and microspheres were 

used to adjust density. The sample density was 

1.02 to 1.04 g/cm3. The test material was packed 

in slightly conical Styrofoam cups having a        

diameter of 113 mm on the top and 75 mm on the 

bottom. A steel witness plate was used to observe 

possible detonation. For initiation, standard      

detonator and/or Forprime booster (25 g HE) was 

used. Sample temperature in this tests series was 

around 20⁰ C. The sensitivity decreased with     

decreasing HP concentration. With 60 w-% HP  

solution as a raw material the sample was cap   

sensitive. With 50 w-% HP solution standard   

detonator + Forprime was needed for detonation 

and with 40 w-% HP solution there was no       

detonation. Sensitivity of 60 w-% HP containing 

sample was tested also at -30⁰ C temperature with 

identical method. The samples were initiated with 

Forprime booster and detonated properly. The  

sensitivity to initiation at low temperatures is    

important to know when the product is planned to 

be used in the Nordic climate. 

 

4.5   Critical diameter 
 

Critical diameter was determined by packing the 

sample into triangle shaped shell made on       

plexiglass. The length of shell was 72 cm, width 

4.3 cm (assumption that critical diameter is much 

smaller than this) and height on the thick end 4.9 

cm, in the other end sample thickness was 0 cm. A 

VOD probe cable was taped on the inner bottom of 

the shell and the rear (thinner end) part of the shell 

was put on a steel plate. The sample was prepared 

using 60 w-% HP solution, oxygen balanced and 

in density of 1.07 g/cm3. Three samples were   

tested, initiation with standard detonator. The 

place of detonation interruption could be            

determined from VOD trace and also from the 

dent on steel plate. The values from VOD and dent 

coincided with around 2 cm accuracy and taking 

the geometry of the sample into account              

interruption at 62 to 67 cm distance means critical 

diameter of 4 to 7 mm. More accurate result can be 

obtained by using longer shell but in this study the 

increased accuracy wasn’t in scope. 

 

5   SUMMARY AND CONCLUSION 
 

The work so far has demonstrated that on the basis 

of technical properties such as energy, gas volume 

and VOD, HP gel explosive has the potential of 

becoming a nitrogen free alternative to AN-based 

products on the market. The open questions       

regarding chemical stability and resistance to    

water doesn’t give higher expectations than         

on site manufactured load and shoot product.     

Increased sleep time is a task for further             

development. 
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     Strong emphasis must be put on safety at every 

step of development. The planned next steps are 

getting CE approval for the product, designing and 

building a safe and suitable loading method to 

make field tests. Field test results will eventually 

show if the product and loading method fulfil     

requirements for safe use and are economically 

and technically feasible. 
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1 SCOPE 

 

It was in the 1980s that USBM published one of 

the first regulations to protect constructions from 

the effects of vibrations caused by mine blasts. 

Several countries have made their own regulations 

or recommendations since then with vibration  

limits that are often lower. However, on many 

sites, operators choose vibration limits that are 

lower than those of the existing standards, in order 

to limit the number of complaints received. The 

real question is how can we know what level of 

vibration is susceptible to create or worsen an    

existing crack in a construction. Within the scope 

of an environmental monitoring programme, we 

have developed a technology enabling us to        

associate building vibrations and the development 

of their cracking, in order to learn if there is a     

relationship between the evolution of damage to 

existing constructions and the seismic levels of  

vibrations created by mine blasts. 

 

2     DATA ACQUISITION 

 

In order to carry out these studies, some mines 

asked our partners and us to fully monitor houses 

that were thought to be representative of the chief 

types of existing disorders, i.e. cracks in structural 

parts (foundations, load-bearing walls) and cracks 

in non-structural parts (indoor wall-covering). The 

buildings were equipped with four types of         

instruments to measure the static opening of 

cracks, the dynamic opening of cracks, seismic 

tremors and temperature. 

     The principle, to discover whether there is a 

link between the seismic levels and cracks or their 

evolution in buildings, is to be able to associate a 

seismic level measured in a building with the   

New technology to understand the link between cracking  

and vibrations 
 
T. Bernard 
Thierry Bernard Technologie, Nice, France 

 

 

 

 

 

 

 

 

 
ABSTRACT: Mining, near buildings or housing, has always been the subject of complicated debates 

when it comes to the origin of cracks in buildings. Residents believe they are created by mine blasts, 

whereas for operators, the seismic levels are not sufficient to create or enlarge cracks. However, where 

is the truth? When trying to reply to this question, not from a theoretical standpoint but from a practical 

point of view, we have developed a technology enabling us to associate building vibrations and the    

development of their cracking, directly and in real time. Thus, it becomes possible to reply simply and 

objectively to the question of the link between cause and effect for vibrations and cracking. There are 

plenty of examples to support this. 
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evolution of an existing crack. The most            

traditional method is to install an extensometer on 

the crack and note the opening of the crack one or 

more times a day. Therefore, we obtain the       

evolution of the opening of the crack as the days 

go by. This is a static measurement because we are 

interested in the opening of the crack at precise 

moments of the day. 

     At the same time, a seismograph measures the 

seismic applications of the building and, in       

particular, we monitor those relating to mine 

blasts. There then ensues the tricky job of           

analysing these two data sets to see if there is a   

relationship between them. The chief difficulty is 

that when we record the seismic signal of a mine 

blast, it never coincides with one of the cracks 

opening static measurements but is always in     

between two measurements. Hence, if the second 

(the next) static measurement of the opening of the 

crack is higher than the first, we tend to accuse the 

seismic level, thus the mine blast. When the     

second measurement is lower, no conclusion can 

be drawn. 

     The system (Figure 1) that we implemented 2 

years ago, aims to simplify the interpretation       

of the data by synchronising all the seismic,       

extensometer and temperature sensors on the same 

acquisition unit. The synchronisation signifies that 

when a measurement is made, it is carried out 

simultaneously on all the sensors. The opening of 

a crack can thus be directly associated with a 

seismic level or a temperature. 

     Hence, two types of measurements are       

available: 
 

− Continuous so-called static measurements, 

over a series of given intervals, where the 

maximum value of each sensor is retained for 

that interval. The standard interval is set to 32 

s and can be decreased to as little as 1s       

according to needs. This method is often     

referred to as a ‘histogram’ due to its    

presentation. It enables the evolution of a 

value to be monitored throughout time in an 

overall manner. 

− So-called ‘dynamic’ measurements, where the 

system makes a simultaneous measurement of 

all the sensors (seismic, extensometers and 

temperature) with a sampling frequency of 

2000 Hz. One of the seismic sensors is     

Figure 1. Example of a system with geophones and accelerometers. 
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chosen as the reference sensor and this sensor 

triggers the recording of all the others when a 

vibration threshold is exceeded. This method 

is used to discover how cracks behave       

dynamically, i.e. when a seismic application 

‘shakes’ the building. 

3     THE STATIC OPENING OF CRACKS 

 

Figure 3 shows an ‘extensometric’ type sensor 

which measures the gap or the opening of the 

crack. 

Figure 2. Example of an in-situ system with geophones and accelerometers. 

 

Figure 3. Extensometer. 
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     The graph in Figure 4a illustrates the       

movements of various extensometers in a wall   

according to a short period of time (3 months). 

     The graph in Figure 4b illustrates the       

movements of an extensometer in a wall according 

to a long period of time (18 months). 

Figure 4a. Example of the evolution of the opening of a crack. 
 

Figure 4b. Example of the evolution of the opening of a crack. 
 

Figure 5. Evolution of the temperature near a crack. 
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4     THE STATIC MEASUREMENT OF  

       TEMPERATURE 
 

Each extensometer is equipped with a temperature 

sensor that measures the ambient temperature 

when the opening of the crack is measured. The 

graph (Figure 5) illustrates the variation of the 

temperature measured near an extensometer. 

 

5     THE DYNAMIC MEASUREMENT OF THE 

       OPENING OF CRACKS 
 

The dynamic data represent the evolution of the 

opening of the crack in a short lapse of time (32 

seconds in this case). The measurement is taken 

2000 times a second with an extensometer and is 

triggered by the recording of seismic sensors  

(Figure 7), which in turn is triggered by the        

vibrations of the mine blasts. The graph in Figure 

6 illustrates a dynamic measurement of the     

opening of a crack throughout time. 

     It should be noted that the opening of the crack 

vibrates with the rhythm of the vibrations in the 

ground (See Figure 7) and that after the blast, the 

opening returns to its original value. 
 

     Various scenarios are visible in the analysis of 

the dynamic data of the extensometers. The first 

one is an oscillating movement of the crack around 

its average value with no visible evolution. This is 

the case for the recording in Figure 8. The          

vibration from the mine blast simply vibrates the 

crack and its average opening (light grey line) is 

not modified throughout time. The vibrations of 

this mine blast have no influence on the crack. 
 

     The second is in oscillating movement of the 

cracks with a visible evolution. In some cases 

(Figure 9) during the blast vibration, the average 

opening of the crack changes value. It can be   

noted that the jump, although clearly visible on the 

graph, represents a variation of 5 microns      

(thousandth of a millimetre) (195 microinch). 

    In    addition,    the    opening    will    disappear 

Figure 6. Example of the dynamic evolution of a crack with no effect. 

 

Figure 7. Recording of vibrations associated with the measurements of an extensometer. 
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Figure 8. Vibration of a crack with no evolution. 

 

Figure 9. Vibration example of a crack with a simple evolution. 

 

Figure 10. Vibration example of a crack with a return to original value. 
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throughout time (decreasing slope in grey line in 

Figure 10) to return to its original value (in a few 

minutes) that can be found in the static values. 

     In Figure 11, we can see several successive 

evolutions of the average value of the opening; the 

jumps are due to several blasts occurring one after 

another. In the same way as in Figure 7, the     

evolution of the opening of the crack is 6 microns 

(234 microinch), which is insignificant. 

     It can also be noted that in some cases, cracks 

close during the application (Figure 12) of the 

mine blast and also return to their original position 

after a few minutes. This behaviour depends on the 

orientation of the blast compared with the cracks. 

For all the data analysed, the maximum dynamic 

evolutions measured are all below 8 microns (312 

microinch), except one value in hundredths of a 

millimetre (0.039 in). 

6     THE CORRELATIONS 

 

The search for a correlation consists of displaying 

the value of a parameter according to the other to 

see if there is a correlation between the two. The 

system supplies synchronised values of the various 

parameters, so the correlations are direct and not 

interpreted. 

     The example in Figure 13 illustrates the       

correlation between the opening of a crack and the 

ambient temperature nearby. On the ‘Value of the 

extensometer/temperature’ graph, we can see that 

the points are lined up, which signifies that there is 

a linear correlation between the two parameters. 

Therefore, the opening of the crack is directly   

proportional to the temperature. 

     The search for a link between the dynamic 

movement of the crack during a mine blast, and 

Figure 11. Example of the vibration of a crack with multiple opening evolutions. 
 

Figure 12. Example of the vibration of a crack with a closing evolution. 
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the static opening of the crack, that was different 

to the opening resulting from the temperature.   

The first stage consisted of analysing all the      

dynamic measurements and measuring the main 

characteristic, i.e. the deviation of the opening 

measured between before the mine blast and after 

the mine blast. The dynamic data from an           

extensometer were automatically analysed by  

specially developed software. 

     For each extensometer, by tracing a graph 

whose horizontal axis represents the level of      

vibration (PPV) and whose vertical axis represents 

the dynamic opening of the crack in mm (or in), 

we obtain a graph of the following type (Figure 

14), where each point represents a level of          

vibration associated (synchronised) with a crack 

opening. 
     In the graph (Figure 14), we can clearly see that 

all the points are situated in a cone following the 

dynamic opening correlation of the crack           

according to the level of vibration. The maximum 

dynamic opening increases with the level of        

vibration. The straight top line represents the 

straight envelope (positive values) and is the     

expression of the correlation: maximum dynamic 

opening of the crack in relation to the PPV. The 

straight lower line represents the straight envelope 

(negative values) expressing the correlation:   

maximum dynamic closure of the crack in relation 

to the PPV. 

     Here is an example of information we can     

obtain from these measurements. By making the 

hypothesis that such correlation (dynamic opening 

of the crack/level of vibration) continues to be   

linear for higher vibration levels, it is possible for 

each crack to extrapolate the level of vibration   

that would lead to a dynamic opening of 0.2      

millimetres (0.008 in) that represents an average 

value frequently quoted in reports as being a     

significant visible evolution threshold of a crack. 

As a result, we obtain a rough probabilistic PPV of 

90 mm/s (3.54 in/s), which in some cases, might 

make some cracks evolve by opening 0.2          

millimetres (0.008 in), a value which is significant 

when the applications are repeated. This value is 

taken as the hypothesis of a threshold that can   

dynamically change the crack beyond the elastic 

field, permanently. It should be noted that this  

reasoning is valid both for the opening and closing 

of the crack. 

     WARNING: these values have no link with the 

level of vibration that might create a new crack in 

healthy material. To do so, we would need to      

attain the tensile breaking point, which for       

Figure 13. Example of the correlation value of the extensometer/temperature. 
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concrete, whose average compressive strength is 

25 Mpa (3625 psi), and which has a density of 2.4, 

is approximately 2 500 mm/s (98 in/s). 

 

7     CONCLUSIONS 

 

The system that is developed, including            

synchronised geophones, extensometers and    

temperature sensors enables us to carry out   

measurements on the movement of cracks when 

seismic applications are created by mine blasts. 

These simultaneous measurements provide        

answers to the question ‘Are mine blasts an        

aggravating factor in the opening of existing 

cracks?’ 

     Based on a relatively comprehensive equipment 

system for the surveillance of existing cracks, it 

has been possible to obtain the following findings: 

The main evolution of the opening of cracks is 

linked to variations in temperature. The linear   

behaviour, the proportionality between the static 

opening of a crack and temperature, is clearly 

identified with opening variations of a few tenths 

of millimetres. 

     The analysis of the dynamic opening of cracks 

(seismic applications) shows that cracks evolve 

with extremely low ranges (from a few microns to 

a hundredth of a millimetre) for vibration levels 

below 25 mm/s (1in/s). The opening is within the 

elastic field and the cracks return to their original 

opening a few minutes after the blasts. 

     An extrapolation of this dynamic opening     

enables us to provide a rough probabilistic           

estimate of 90 mm/s (3.54 in/s), which in some 

cases, might make some cracks evolve by opening 

or closing 0.2 millimetres (0.008 in), a value 

which is significant when the applications are    

repeated. 

     According to the direction of the mine blasts 

with regard to the houses, the cracks can react by 

closing during the seismic application. 

 

Figure 14. Example of the dynamic opening correlation (Y axis)/PPV (X axis). 
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1     INTRODUCTION 
 

There is a demand for a more optimised blasting 

and fragmentation of rock. Here, the properties of 

the explosives play an important role in the   

breakage mechanism, especially the interaction  

between detonation of the explosive and the rock 

to be blasted. Therefore, there is a need for an   

improved understanding of non-ideal detonations 

of explosives. This could develop improved   

models to describe the physics behind this       

phenomenon that involves for example VOD and 

shock front curvatures and energy transmissions 

and how these relate to the chemical compositions 

of explosives and its confinement. 

     Studies on non-ideal explosives both             

experimentally and theoretically have been done in 

Sweden, see for example Deng et al. (1999), Nie 

(2000), Bergh et al. (2014) and Yi et al. (2015). 

Other examples are Braithwaite & Sharpe (2013), 

Esen (2008) and Tran et al. (2016). The classical 

cylinder expansion test with a steel/copper       

confiner could introduce boundary effects such as 

rarefaction waves. These could influence the 

measurements of the shock front curvature as an 

example. Therefore, there is a need to use a      

confiner which removes the risk of this            

phenomenon occurring. Additional to this, the 

confiner should have similar properties as rock, 

since the use of emulsion explosives is mainly in 

Shock front curvature measurements of emulsion explosives 
 
D. Johansson, U. Nyberg, U. Stenman & H. Schunnesson 
Swebrec / Division of Mining and Rock Engineering, Luleå University of Technology, Sweden 

 

 

 

 

 

 

 

 

 
ABSTRACT: This paper will discuss a suggested methodology and data collection carried out within 

the EU-project SLIM (Sustainable Low Impact solution for exploitation of small Mineral deposits based 

on advanced rock blasting and environmental technologies). The field work took place during 2017 at a 

test site near Stockholm, Sweden. This paper suggests a method to measure the detonation front        

curvature and the velocity of detonation of explosives. The purpose for this is to increase the              

understanding of the detonation properties of emulsion explosives as used in many blasting operations 

around the world. In this study, the key parameters of the performance of the emulsion explosive are its 

non-ideal detonation front curvature and its velocity of detonation (VOD). The charge diameters have 

been varied Ø25 mm up to Ø65 mm i.e. from nearly critical diameters for a steady detonation up to     

diameters used in mining/quarrying and tunnelling. The suggested methodology also introduces a heavy 

and thick-walled mortar as a confiner for the explosive. This to simulate similar conditions as in blasting 

in rock. Additional to the proposed methodology and set-up, a scheme to analyse and evaluate the  

measurements is also proposed. 
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rock blasting and it will influence the interface  

angle between explosive and rock (Minchinton 

2015, Shoch 2012). 

     VOD (velocity of detonation) is often used in 

blasting operations as a simple method for control 

of detonation velocity and the continuity of the 

detonation, but also an indirect measurement of 

the blast hole pressure. For cases with a limited 

access to experimental data, modelling of         

non-ideal detonation for mining applications can 

be possible with modest computational costs. By 

using a ‘streamline flow-based analysis’ it is     

possible to predict a velocity of detonation         

diameter effect to experimental VOD (See 

Braithwaite & Sharpe 2013). However, the      

number of experimental measurements is limited, 

especially for confined emulsion explosives. The 

detonation front curvature can be measured with 

for example contact pins or by optical methods 

such as streak camera recordings. The latter is 

more suited to well controlled conditions such as 

experimental test facilities and not in the field. 

     For detailed studies of VOD and detonation 

front shape, dense data sampling is probably        

to prefer. Therefore, VOD probe-rods and             

a streak recording camera has been used for       

this study. 

 

2     METHODLOGY 

 
The problem (i.e. non-ideal shock front curvatures 

and VOD) that has been addressed has both a  

practical and a theoretical application, from an  

operational perspective there is a need to             

efficiently use the energy released from the      

detonation into breaking the rock. The theoretical 

need is to increase the understanding to further  

develop non-ideal detonation models both           

analytically and numerically. 

     A series of experimental tests have been carried 

out to qualitatively evaluate the suggested method 

in terms of repeatability and robustness of the   

set-up. The suggested and tested procedure can be 

found in Figure 1. 

Figure 1. Procedure for shock front curvature measurements. 
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Table 1. Magnetic mortar recipe (after Johansson 

2008). 
 

Ingredient % 

Portland cement (Cementa) 25.6 

Water 12.6 

Glenium 51 (plasticiser) 0.3 

Magnetite powder (Minelco 

KPC) 

29.7 

Quartz sand (SIKA) 31.1 

Tributylphosfate (defoamer) 0.1 

 

     All the explosives where tested in heavy      

confined conditions i.e. the explosives were     

confined with mortar cylinders in order to achieve 

rock-like conditions and to reduce the boundary 

effects that may occur if the explosive was not 

confined (See Table 1 for the composition of the 

magnetic mortar). 

 

     The confiner has outer diameter Ø150 mm, 

length 660 mm and charge diameter was up to Ø65 

mm. This would give a wall thickness between 42 

to 63 mm. The length of the explosives are        

approximately 10 times inner charge diameter Ø 

(see Table 2). 

     The explosive (E682) was sensitised (micro 

spheres were mixed into the matrix at site) with 

approximately 3% glass micro spheres with     

density 0.20 g/cc (3M K20). In Table 3, the    

composition of the tested explosive can be found. 

The density and oxygen balance have been kept as 

constant as possible in order to reduce the number 

of variables in the testing scheme. Measurements 

of the density showed that the average density of 

E682 was 1165 ± 11 kg/m3. 

     In Figure 2, a test sample is placed on a table 

and lined up with the help of a construction laser 

instrument and Styrofoam between the confiner 

and the table. This to get the sample horizontally 

adjusted. The explosive is initiated automatically 

with help of an electric bridge wire detonator 

(EBW RP80 or RP 501, to the right in figure 2) 

and an EBW initiations system trigged by the 

streak camera. By pre-setting of the camera trigger     

output i.e. timing of the initiation, the light      

from the detonation wave breakout profile          

(to the left in figure) will be depicted on the   

streak camera CCDs. The main factors for a        

reliable data collection in this case are a stable  

setup of the test objects, homogeneous explosive, 

breakout surface and optical components of     

high quality. 

Figure 2. Experimental set-up. 
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Table 2. Explosive mortar confinement data. 
 

Campaign Wall mm Hole Øi mm Length mm No. tests Type of  

explosives 

1 42.3-63.0 24.0-65.3 ≥9.7×Øi 5 Pure emulsion 

2 62.0 -63.0 25.0-40.0 ≥9.5×Øi 5 Pure emulsion 

 

Table 3. Explosive composition. 
 

Content E682 

Oxidant  % 94.00 

Oil % 4.00 

Emulsifier % 2.00 

Target density (ρe)  kg/m3 1150 

Oxygen balance % ≈0 

 

     Figure 3 (left) shows details of the end surface 

of the charge. A thin 2 mm plate is in direct     

contact with the explosives and another 5 mm 

plate on top of the 2 mm ones with a 0.2 mm argon 

opening between these two. In Figure 3 (right) the          

detonation front is shown as it is pictured on the 

streak camera CCDs. 

     The light in Figure 3 rays out from the       

emulsion explosives/PMMA interface to a flat 

float glass mirror (38.0 x 150.0 mm) with           

aluminium coating R >90% at 400 650 nm and 

surface accuracy 4-6λ which reflects the light 

through a glass aperture in the security wall. In 

front of the camera there is a separate 600 mm 

Rodenstock   lens.   Finally,  the  light  passing  the  

camera interior lenses and the rotating mirror 

(driven by air pressure) before reaching the camera 

CCDs (See Cordin manual 2012). 
 

     Velocity of Detonation was continuously 

measured with the help of 1-metre-long stiff probe 

rods along the confiner inner wall. The probe   

specific resistance was 331.7 ohm/m. The probe 

can be seen in Figure 3 (left) to the left of the     

argon gas hose. 
 

     For this evaluation, a total number of 10 shots 

have been carried out including 1 test shot with 

PVC as confiner. However, that test functioned 

only as trial test for the set-up and was not          

included in the curvature analysis. The diameters 

have been varied from 25 mm to 65 mm and all 

detonation front data has been found to have fairly 

good quality, Table 4. Anomalies will be discussed 

in later in this paper. 
 

     The extent of the field work measurements of 

tested explosives are shown in Table 5. The      

detonation front data is in general of a higher  

quality for pure emulsion explosive compared to 

other non-ideal explosives such as ANFO. One 

observation during charging of test samples was 

that air bubbles could be mixed into the explosives 

i.e. a detonation front which propagates through 

the explosives are possibly time delayed at the air 

        

Lag ≈ 1 μs 

Flat mirror reflecting light to 
camera 

Figure 3. Assembly of breakout surface (PMMA plates), image scale, VOD probe, argon hose and 

indication of camera slit (left) and original detonation wave breakout profile for an Ø65 mm charge 

(right) recorded at CCD. 
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Table 5. Number of useable tests of the total tests 

for example 5 of 10 = 5 (10). 
 

Type of  

explosive 

Diameters 

Ø [mm] 

Type 1 

VOD 

Front  

curvature 

radius ϰ 

E682 (pure 

emulsion) 

25-65 5(10) 10 (10) 

 

Table 4. Test matrix. 
 

Test no Diameter 

[mm] 

Length 

[mm] 

Explosives 

type 

T1 PVC 37.0 500 E682 

T2 50.0 500 E682 

T3 50.0 500 E682 

T4 50.0 498 E682 

T5 50.0 500 E682 

T6 65.3 650 E682 

T7 40.0 400 E682 

T8 40.0 390 E682 

T9 40.0 480 E682 

T10 25.0 250 E682 

T11 25.0 238 E682 

 

bubbles. If, by chance, air bubbles/pockets are just 

behind the break-out surface at the end of charge a 

time delay will certainly occur resulting in a    

non-even wave front. This makes the data        

evaluation slightly more difficult. 

     According to Table 5, type 1 data are used     

directly for evaluation. For low quality or totally 

missing VOD data approximations (predictions) 

were used. 

 

3     RESULTS 

 

The results from VOD measurements for the pure 

emulsion can be seen in Figure 4 and Figure 5.  

Data are plotted together with reference data in 

PVC pipes with approximately the same          

composition and density, Nie et al. (2000). Data 

points for 1/Øi=10 were picked from earlier       

cylinder expansion tests for the same type of pure 

emulsion explosives but charged in copper pipes, 

Figure 4. VOD vs Øi for pure emulsion (including data from Nyberg et al. 2017). 
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such as Esen et al. (2005) and Nyberg et al. 

(2009). However, earlier tests in mortar confiners 

was also added to the plot (Nyberg et al. 2017). 

Vixen-I version 5.1 was used for the ideal VOD 

(Hansson 2009). The TDR measurements in rock 

(LKAB) with similar explosives are used as well 

as reference (Nyberg et al. 2017). 

     The results from VOD measurements below 

show some scatter (outliers) which can be          

explained with electric spikes on some of the     

recordings (not type 1 data), some differences on 

the true explosive density (we are using data from 

different batches) and homogeneity deviations    

after charging in confiners. The exact contribution 

from mentioned factors are not known. 

     The detonation front break-out profiles were 

Figure 5. VOD vs 1/Øi for pure emulsion (compared with other researchers and set-ups). 

 

Figure 6. Example of fitted shock front curvature for Øi = 37 mm. 
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recorded with the high speed streak camera. The 

camera has a capacity to measure events on       

nanosecond scale which enable detailed studies of 

detonation waves. The extent and content of the 10 

tests has been shown in Table 4. The profile       

repeatability seems fairly good. One example can 

be seen in Figure 6, where a fit to the data has 

been applied. Some of the profiles are slightly 

non-symmetric and with local anomalies. This is 

possibly due to air cavities just behind the           

interface explosives/PMMA, but it could also be 

an effect of non-ideal explosives and detonation 

i.e. it is natural for the wave front not to be       

perfectly symmetrical for these explosives. The 

anomalies and non-symmetric break-out profiles 

and some deviations from expected of VODs 

cause some extra evaluation of the data. 

     The measured curvature and its repeatability is 

shown in Figure 7. For all the charge diameters 

except Ø65 mm (only one shot) the repeatability 

seems fairly well. However, it was observed that 

the difference of the curvature radius curvature ϰ 

(kappa) could be up to 20% for the tests with   

Ø25 mm.  

4    CONCLUDING REMARKS 
 

A simple and inexpensive test set-up has proven to 

work well. Field data are considered to be a useful 

basis for data simulations and future analyses    

especially for rock fragmentation, blasting      

damage, etc. The experimental results have shown 

that the data quality is quite good. There are some 

anomalies for both the VOD and the detonation 

wave form. The results of this work have given us 

an increased understanding of blasting in small 

charge diameters which becomes important for the 

blasting and mining industry when demand for  

reduced costs and environmentally friendly    

technology increases. 

     In the case of VOD and the measurements that 

have been carried out. The error recorded is   

probably due to electrical interference from the  

ignition system which initiates the EWB           

detonators with a 4 kV voltage. 

     Inhomogeneous explosive i.e. air bubbles and 

density variation have been considered to affect 

the measurement results. Therefore, an earlier   

developed charging technique has been used and 

Figure 7. Break-out profiles for E682 emulsion. 
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further developed for these tests (Nyberg et al. 

2017). The technology allows visual inspection of 

the explosive prior to loading the mortar cylinders, 

which reduces the risks of data anomalies. But the 

charge is not perfect, resulting in irregularities in 

the data especially for the detonation front        

curvature. 

     As expected, the detonation front curvature  

varies naturally depending on the diameters of the 

charges, which also applies to the VOD (diameter 

effect curve). The camera with current settings 

resolution at nanosecond level allowing accurate 

measurement of the curved front and detailed 

analysis. The optical beam path and image quality 

have been checked prior to each test to eliminate 

any damage, material defects, etc. The optics for 

the tests were pre-checked to avoid image         

distortion and scaling errors. 
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1 INTRODUCTION 

 

In the last couple of years, a new non-ideal        

explosive has been developed in Australia and 

work has been done to characterise its               

performance. To prepare this new explosive    

mixture, hydrogen peroxide (HP) was mixed with 

fuel and then sensitised with voids. Details of this 

research have been published elsewhere (Araos & 

Onederra 2013, 2015). Most of that research was 

conducted using cylindrical charges. One of the 

outcomes of this work was that the velocity of  

detonation (VOD) of sensitised HP/Fuel-based 

mixtures behave as non-ideal and furthermore, the 

explosive belongs to the group II as defined by 

Price (1967) in her work. 

     In 2017, tests were conducted using square and 

rectangular shaped pipes to determine the           

The ideal detonation behaviour of a void-sensitised, non-ideal  

explosive 
 
M. Araos & I. Onederra 
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ABSTRACT: This paper will show the interesting behaviour of void sensitised explosives, belonging to 

the group II and that are, of course, non-ideal explosives. A gas-bubble sensitised hydrogen peroxide-

based explosive mixture was tested to determine its critical diameter. A range of densities (i.e. 0.50 and 

1.04 g/ml) were tested. A conical pipe was used, to have a more precise measurement of the critical    

diameter. It was found that the length of the conical charge leftover after the detonation of each density 

varied. In the case of the product at low-density (0.68 g/ml), the conical charge was fully consumed, and 

it was estimated that the critical diameter was at least 8 mm with a VOD of about 2,400 m/s. This was 

surprising in some ways, as results of the same explosive at larger diameters and different low densities 

also manifested VODs in the range of 2,200 – 2,800 m/s. It was hypothesised that the VOD of the      

explosive does not change much or at least the VOD is in a narrow range at low densities. No previous 

results of gas-bubble sensitised explosives, detonated at different densities using conical charges, was 

found in the literature. However, sensitised emulsions VOD Vs inverse of diameter, have shown that for 

low density products, the slope of the line is nearly flat (no change on the VOD at different diameters). 

The existence of this behaviour implies that void-sensitised products, either ammonium nitrate or in this 

case, hydrogen peroxide-based ones, approximate a behaviour that is characteristic of ideal explosives, 

where the VOD does not depend on the diameter or the density. But more importantly, this finding 

opens the opportunity to explore their use in small-scale rock fragmentation testing that has in the past 

been limited to high VOD ideal explosives. 
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Table 1. Composition of HP/Fuel-based explosive. 
 

 Value 

HP 100% (%) 41.5 

Water (%) 41.5 

Fuel (%) 17.0 

OB -0.24 

Density (g/ml) 1.20 

 

influence of the sides of the pipes on the VOD 

detonation properties (Araos et al.). In that        

opportunity, the HP/Fuel-based mixtures were 

sensitised with O2 gas bubbles. 

     In this paper, the work undertaken using shaped 

conical charges (herein cones) to determine both 

the critical diameter and the VOD of an O2-bubble 

sensitised HP/Fuel-based mixture will be          

presented. This technique has been well described 

by Jaffe (1962), and allows to determine the      

critical diameter in a single shot. 

     The detonation process of these cones was   

recorded using an ultra high-speed camera at 

80,000 frames per second. This allowed to observe 

the reaction zone of the explosive and expansion 

of gases. 

 

2 EXPERIMENTAL PARAMETERS 

 

The explosive used in these tests consisted of a 

mixture of HP and fuel, which was mixed and  

sensitised at the blasting site, at a temperature of 

25 – 30ºC. The formula for the explosive is shown 

in Table 1. This type of formula has been         

previously characterised and reported (Araos & 

Onederra 2013, 2015). 

 

     The gas bubble sensitisation of HP/Fuel-based 

mixtures was achieved by decomposing some part 

of the HP in the formula. The gas formed for the 

sensitisation was O2. To achieve the HP            

decomposition, a gassing solution made of NaOH 

(13.0 g/L) and NaHClO (52.5 g/L) was used. This 

solution, which is a household bleaching agent, 

was obtained from a local supplier. 

     A stirrer attached to a hand drill was used to 

disperse the gassing solution bubbles throughout 

the mixture. 5 different explosive samples, having 

each of them a different density, were prepared. 

The reason for the testing of 5 different densities is 

that the sensitised HP/Fuel-based mixtures present 

different VOD and different densities, which is 

expected for explosives of the group II. Therefore, 

the goal was to find the critical diameter for 5   

different densities. 

     Once gassed, the explosive samples were   

loaded in to the cones, which were hand made    

using a flexible plastic sheet. Figure 1 displays the 

cones’ dimensions. 

 

     Explosives conical charges were initiated with 

detonators and 25 gm booster. To measure the 

VOD, a standard resistive wire technique attached 

to a Microtrap instrument (MREL) was used. The 

measurement cable was attached to the exterior of 

the pipes. 

     In order to see the detonation process of the  

explosives, the video footage of the detonation 

was taken using a Photron SA-X2 Colour High-

Speed Camera. Marks were made to the cones  

every 50 mm to have a reference when measuring 

The  footage  of  the  detonation  was  captured  at  

700 mm

34 mm

8 mm

Figure 1. Dimensions of the cones. 
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Figure 2. Picture showing the cone remnants. 
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Table 2. Critical diameter and VOD at the critical 
diameter for sample. 
 

Density 

(g/ml) 

Critical  

diameter 

(mm) 

VOD at critical 

diameter (m/s) 

0.54 13 ± 2 1916 

0.68 < 8 2477 

0.81 17 ± 2 2161 

0.94 20 ± 2 1777 

1.05 > 34 1725 

 

a speed of 80,000 frames per second. For a product 

detonating at 2500 m/s, the camera, at 80,000 

frames per second, captures a frame every 32 mm 

along the detonating pipe. This means that for a 

pipe 700 mm in length, the camera captures 

around 20 usable frames to observe the detonation 

process. 

 

3     EXPERIMENTAL RESULTS 

 

3.1   Critical diameter 

 

Gas-bubble sensitised HP/Fuel-based mixtures, at 

different densities were detonated in cones. After 

the test, the cone remnants were collected and are 

shown in Figure 2. The densities of the explosive 

samples in the cone are displayed at the bottom 

part of the picture. Note that a full cone is shown 

at the right-hand side of the picture, with a length 

of 750 mm and that had the VOD cable attached to 

the side. 

     No remnants of the conical charge were found 

for the HP/Fuel-based mixture at density 0.68 

g/ml. At this stage, it is assumed that both the 

product fully detonated (and hence no remnants 

were found after the test) and the critical diameter 

for that density would be below 8 mm (the         

diameter in the smaller end of the conical charge). 
 

3.2   VOD of cones 

 

Table 2 displays the critical diameter at which the 

detonation stopped with the VOD at that diameter. 

Note that this VOD is approximated, and it was 

obtained by measuring the length of the conical 

charge remnant and matching that length to the 

VOD length trace obtained by the Microtrap       

instrument. Then the VOD at that point was      

calculated. It is also worth pointing out that after 

the detonation has stopped, the cone could have 

been destroyed for an extra couple of millimetres, 

which in turn influenced the way the VOD was 
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Figure 3. Plot for critical diameter and VOD at that specific diameter. 
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Densidad (g/ml) 

0.54 0.68 0.81 0.94 1.05 

     

     
 

calculated. Further work will be required to        

determine both the exact VOD and exact length at 

which the detonation stops. 

     Figure 3 displays the critical diameter Vs VOD 

plot for the conical charges. As mentioned, the 

VOD calculation at the point where the detonation 

stopped is approximated. Notwithstanding that, the 

plot shows clearly that at density 0.68 g/ml the 

critical diameter is quite small (it was assumed 8 

mm, the diameter of the lower end of the cone). 

Figure 4. First and last frames of the detonation process for the cones at different densities. 
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Figure 5. VOD peak for gas-bubble sensitised HP/Fuel-based mixtures. 
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3.3   High speed images of detonations 

 

Figure 4 displays images of the detonation       

process. The images shown are the first (top of the 

cone) and the last frame where the detonation was 

observed. 

     It is noticed that for density 0.68 g/ml, the   

detonation process lasted longer, which coincide 

with the length of the cones’ remnants.              

Unfortunately, the light produced by the           

detonation was too low for the high-speed camera 

to capture detailed frames, and the measurement of 

the VOD was not possible. 

 

4     DISCUSSIONS 

 

4.1  Critical diameter 

 

The conical shaped explosives demonstrated that it 

is able to measure the critical diameters and      

discriminate between those diameters at different 

densities. 

     Based on the lengths of the cone remnants 

shown in Figure 3, it is observed in the right part 

of the plot that the lower the density, the smaller 

the diameter at which the VOD for this             

gas-sensitised HP/Fuel-based explosive is         

sustained. However, there is a density point below 

which the charge needs a diameter increase to  

detonate – in this case the product at density 0.54 

g/ml failed to detonate at 11 – 15 mm diameter. 

     This type of explosive has a maximum VOD at 

approximately 1.00 – 1.05 g/ml, as shown in the 

plots displayed in Figure 5 (reproduced from 

Araos et al. 2017). 

     An obvious inference from these results would 

be that the highest sensitivity of the product would 

be at the density where the VOD is the highest,    

as suggested by Allum (1997). However, if      

sensitivity is related to the minimum diameter that 

an explosive sample can be detonated (critical    

diameter) rather than the highest VOD, the results 

showed in Figure 3 do not support Allum’s         

inference, as the highest sensitivity of the 

HP/Fuel-based mixture is reached at a density of 

0.68±0.02 g/ml. For this density it is observed that 

the mixture completely detonated in a diameter of 

approximately 8 mm (diameter of the explosive 

sample at the end of the cone). According to Price 

et al. (1967), the difference between group I and 

group II explosives is that high explosives (Group 

I) increase their critical diameter when voids are 

incorporated (which also brings the density down). 

For group II explosives, on the other hand, the   

critical diameter decreases when voids are          

incorporated. However, Price’s work also 

acknowledges that in some composite explosives 

there is a transition zone where they can move   

between group I and group II, which would       

depend on the density. Figure 6 shows the critical 
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Figure 6. Comparison of critical diameter for explosives group I (Price) and II (this work). 
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diameter results of this work, compared with the 

critical diameter of TNT (Price 1967). For TNT, 

the lower the density, the larger the critical         

diameter – TNT’s line shows a negative slope the 

entire range measured. The X-axis shows the % of 

theoretical maximum density (TMD) which was 

calculated using the formula = (density/theoretical 

density) x 100. So, it can be observed that below 

58% TMD, the critical diameter line for the 

HP/Fuel-based mixture changes to a negative 

slope, like high explosives. 

     The results from the low density in the cone 

tests result raises the question of what would be 

the VOD of the product at density 0.68 g/ml,   

highly sensitive to initiation) at different diameter 

(or larger diameter)? will the VOD vary (increase 

due to the large diameter) or not? 

     To answer the above questions, the work    

conducted by Lee will be used to infer some      

hypothesis (Lee et al. 1990). In that work, the 

VOD of a GMB-sensitised emulsion explosives 

was measured while changing both the density and 

diameter of the charge. The aim of the test was    

to determine the infinite VOD at different         

densities when plotting the inverse of the pipe    

diameter (1/Diameter) and the VOD, for more     
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on this matter see Cooper et. al. (1996). This      

infinite VOD may or may not match the ideal 

VOD of the product, but it is a good indication    

of the maximum VOD that an explosive could 

reach. The plot with Lee’s data is displayed          

in Figure 7. If this plot is studied in more detail,    

it is seen that the slope of the data VOD Vs 

1/Diameter increases negatively with the increase 

in the density of the samples. However, the     

samples of emulsions that detonated at density 

0.80 g/ml shows a slope of nearly zero at the     

different diameters (approximately 25, 50 and   

100 mm). Note that in the original reference,      

the end of the fitted line was concave downwards, 

as the VOD tend to drop dramatically at smaller           

diameter. That concave end of the curve was not 

represented in the plot, however that does not     

affect the analysis in this research. 

     Work in emulsions (Yoshida et al. 1985) and 

nitromethane (Prestes et al.1995) obtained similar 

data with a slope close to zero for low densities 

charges in the plot VOD Vs 1/Diameter. 

     The fact at the slope of the product detonated at 

low density and different diameters is nearly zero 

seems to suggest that there may be a density point 

in the GMB-sensitised emulsion explosive where 

the slope could be zero and that the VOD would 

be independent of the diameter of the pipe, or in 

other words, at that density the explosive has       

an ideal behaviour – the VOD is independent        

of the diameter of the charge. If that is the case, 

the behaviour of explosives of the group II      

could be described by the following                 

characteristics:  

     A density where the VOD reaches a maximum 

– as found by Price (1966). A unique density (or 

narrow density range) where the explosive         

behaves as an ideal explosive, in a range of 50 – 

60% of the TMD. 

     An important application of this ‘ideal’         

behaviour for the gas-sensitised HP/Fuel-based 

mixture is that it could allow to conduct rock 

breakage studies at small scale, which so far have 

been conducted using small quantity of high      

explosives (Miller et al. 1990, Parra et al. 2015, 

Khademian et al, 2017). By using a group II      

explosive, within the range where it behaves as 

‘ideal’ explosive, holes of different diameters 

could be drilled in rocks and studies of the effect 

of VOD of the rock, maintaining the VOD       

constant, could be conducted. Currently those 

types of studies are not possible because as       

soon as the diameter of the explosive is increased, 

the VOD changes, so any breakage has the          

influence of two parameter at the same time. 

4.2  High speed video analysis 
 

The low light of the explosives samples only       

allowed to observe the length of the detonation. 

Ideally, the high-speed camera should allow to see 

more details. This light problem is relatively   

simple to solve and that will be considered for    

future tests. 

 

5     CONCLUSION AND FUTURE WORK 
 

The measurement of the critical diameter using 

cones showed that the tests offer a simple way to 

determine critical diameter. The test also unveiled 

an interesting behaviour for gas-sensitised 

HP/Fuel-based mixtures – they can behave as ideal 

explosives at certain densities. This type of work 

will be conducted with emulsion explosives in the 

future to ascertain if the same behaviour is         

observed. At this stage, based on Lee et al. results, 

and other authors, it seems that will be the case. 

     It is recommended to conduct tests in rocks, at 

different diameters and using the explosive in its 

‘ideal’ zone detonation range. This may allow to 

understand better the interaction rock breakage – 

VOD – density. 

     High speed video of the detonation process for 

this gas sensitised HP/Fuel-based mixture was 

quite challenging and it should be repeated. The 

data gathered allowed to support the data obtained 

with the VOD instrument, however the light   

emitted by the explosives in combination with the 

narrow aperture of the camera lens did not allow to 

observe more details of the detonation process. A 

wider aperture is recommended in future tests. 

Additionally, work needs to be done on the video 

resolution. At this moment, the resolution is       

acceptable, but it needs to be improved, so the    

details of the reaction zone can be seen with more 

definition. 
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1 INTRODUCTION 

 

Blasting technology has dominantly developed 

from the invention of dynamite by Alfred Nobel in 

1867 and from this time blasting operations have 

become a more effective and efficient method of 

blasting. But, blasting brings about a lot of     

problems due to noise and vibrations. Some       

vibrations generated by blasting can damage  

nearby buildings and provoke a sense of            

discomfort for inhabitants. The reduction or the 

regulation of the vibration impact means a      

problem for most quarries. Bench blastings are 

generally known as an effective way of vibration 

reduction. Applying this method, the particular 

charges in the boreholes are blasted one after     

another with a certain time delay. There is a      

mutual interference in the seismic waves activated 

during the blasting operations and the Peak       

Particle Velocity (PPV) can be reduced by means 

Verification of optimal millisecond timing delay of blasting in 

quarries with electronic detonators 
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ABSTRACT: Blasting induced vibration is one of the fundamental problems in the quarries and intense 

vibration can cause critical damage to environment nearby the quarries. Blasting operations generate 

seismic waves with different maximum particle velocity and wide spectrum of frequencies. This process 

depends on the properties of the rocks, properties of charges and technology of blasting. It is very      

important to study how to control vibration induced by blasting in the mitigation of negative effects of 

blasting in quarries. Maximum values of the particle velocity are depended on great number of different 

factors. Using the electronic detonators, an optimal millisecond interval has been sought to reduce the 

intensity of vibrations due to interference of seismic waves. Experiments confirmed the theoretical      

assumptions that the greatest reduction in vibration intensity occurs when seismic waves are in the     

opposite phase. The results of the experiments were confirmed in practice during the operation of the 

blasting works in various quarries in the Slovak Republic. 
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of appropriate timing. In spite of theoretical     

simplicity, it is mostly much more difficult to 

forecast PPV in an adequate precise way            

because of failings in timing delay between      

particular charges and nonhomogeneous rock        

medium. 

     Different studies have been worked out on    

vibration regulation and moreover the following 

well-known practical methods were applied 

(Persson et al. 1994, Langefors & Kihlström 

1978), whose recommendations are as follows: 
 

− application of time delay between the     

boreholes 

− reduction of borehole numbers in the same 

time delay 

− application of multi-row blastings and        

appropriate time delay between rows 

− application of charge distribution and         

appropriate timing between charges 

− division of quarry wall into more benches and 

as a consequence it leads to charge capacity 

reduction for one borehole. 
 

       According to the above mentioned facts it can 

be assumed that the application of time delay is 

advantageous for local vibration reduction because 

the verified time scheme of blasting operations has 

to be applied. Although this method was proposed 

by Langefors (Langefors & Kihlström 1978), we 

have found out that the accuracy of this method is 

not always sufficient. The accuracy of detonation 

timing by means of conventional pyrotechnical 

detonators presented a problem which was solved 

by introduction of electronic detonators. The     

application of electronic detonators enabled the 

vibration reduction. 

       The development of highly precise digital 

electronic detonators enabled a very precise timing 

of blasting operations. The vibrations can be      

reduced by applying the principle of superposition 

of waves in the phase or in the opposite phase 

(Leššo 2018). The key factor leading to the        

vibration reduction is the appropriate timing delay. 

The optimum timing delay was firstly described in 

the literature (Duwall & Fogelson 1962), which 

was applied for the millisecond timing delay of 

blastings in quarries. 

       At blasting operations it is assumed that the 

method of timing delay calculation is derived from 

the propagation velocity of seismic waves and 

their frequency. Furthermore, the calculation of 

the timing delay takes into consideration the effect 

of disturbance by means of the superposition of 

seismic waves. Two seismic waves can achieve 

the maximum disturbance of vibration when the 

timing delay is the half-period of waves          

propagation. In the literature (Ogawa 1994, Dojčár 

& Pandula 1998) the timing delay is stated         

according to the experience of many projects. 

Langefors proposed the interval of millisecond 

timing delay as follows Δt = T/2 (T is the period of 

vibration waves), which enables the mutual        

interference of the most of vibrations under the 

condition of the constant vibration cycle and the 

same vibration types. Wada found out that if the 

model of linear superposition is applied for the 

regulate vibration the best result can be achieved if 

the timing delay error is less than 1–3 ms (et al. 

1994). The times of delay are assessed both       

according to the effect of rock medium              

disintegration and the effect of waves’               

superposition. The structural characteristics of the 

rock medium, in which the blasting operations are 

carried out, can be identified by means of the 

measurement of propagation velocity of seismic 

waves in situ (Pandula & Kondela 2010). 
 

       At millisecond timing of blasting operations 

there can be observed the simultaneous wave 

propagation from different sources. If there is a 

phase difference of two waves in a certain point    

2 or another paired multiple, it leads to an           

interferential amplification. If the phase difference 

is an unpaired multiple, there comes to an           

interferential attenuation. The different cases of  

interference are very complicated because the     

interfering waves can differ from each other in 

wave length, amplitude, phase and direction of 

wave propagation. The simplest presence of        

interference is the one of two wave propagations 

with the same wave length, spreading through the 

rock medium with the same phase velocity and the 

same direction. This is the case of blasting         

operations. The final interference amplitude of two 

equivalent wave propagations is the highest in the 

place of seismic waves collision with the same 

phase and on the contrary the lowest is in the place 

of seismic waves collision with the opposite phase. 

Therefore, it is necessary to draft the millisecond 

timing of blasting operations on dependence of 

structural characteristics of rock medium, which is 

characterised by the velocity and frequency of 

seismic waves (Tatsuya et al. 2000). 
 

       In this paper there are presented the single-

row millisecond blastings in boreholes in which 

the boreholes were initiated one after another from 

the boundary with predefined timing delay. We  

assume that the possibility of reproduction of   

single-row blasting is quite effective, in other 

words, the seismic waves propagation from each 

point of blasting proves the same procedure. At the 
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same time each blasted borehole contains the same 

charge. The borehole length, the borehole          

distribution and the borehole size were the same as 

this principle is commonly applied in blasting   

operations and moreover it corresponds with     

current draft method of blasting operations. (Kou 

& Rustan 1992). 
 

2 EXPERIMENTAL MEASUREMENTS IN 

THE TREBEJOV QUARRY 
 

2.1   Brief description of the Trebejov quarry      

        geology 
 

Trebejov quarry is located to the east of the  

Figure 1. A - Geological map of the surroundings of the Trebejov quarry, B - in the quarry. 

 

Key to Figure 1 - Quaternary: 1 – clay, gravel, sand (Holocene); 2 – sandy gravel, gravel (Pleistocene);  

3 – deluvium (unstructured) mainly loam stony Neogene; 4 – klčovské formation varhaňovské gravel, 
polymict, weathered, without pebbles of carbonates (upper Baden-lower Sarmatian) Mesozoic;  

5 – variegated clayey shales, clay sandy shales, with interbeds of quartzite (lower Trias); 6 – lúžňanské 

formation– quartzite, quartzite sandstone, locally with the interbed shales (lower Trias); 7 – Ramsau  
dolomites (ladin). 

 

 

Figure 2. Position of experimental blasts. 

 

Key to Figure 2. Experimental blasts: No. 693 (V1), No. 694 (V2,V3), No. 695 (V4,V5), No. 696 (V6,V7), 

No. 697 (V8,V9) and No. 698 (V10, V11) in relation to the measuring profiles P and T. L1=32.5 m L2=40 

m, L3=60 m,  L4=80 m. Distance between G1 and G13 = 48 m, between G1 a G24 =96 m. 
 

 



 

 

- 430 - 

Table 1. Data on position of the bench blasts and distance of measuring standpoints (family house) from the blasts 
(Figure 2). 
 

Borehole 

 

Blast No. Blast coordinates Distance from the blast to the 

measuring standpoint S12 (m) 

x y Z oblique horizontal 

V 1 693 -264218.93 -1226642.99 348.96 - 644 

V 2 694 -264226.31 -1226658.40 348.83 - 636 

V 4 695 -264228.14 -1226675.40 348.94  634 

V 6 696 -264229.68 -1226692.32 348.96  632 

V 8 697 -264233.44 -1226708.96 348.95  629 

V 10 698 -264239.07 -1226785.96 348.05  631 

 

Trebejov village in the Ramsau dolomites. The  

dolomites are from light grey to grey only rarely 

are they dark grey. The thickness of the dolomite 

rock beds in the quarry vary from 10 to 100 cm. 

Sometimes they appear such as massives. As they 

are rheologically really hard rocks they create in 

the terraine morphologically dominant shapes. 

There can be found mainly microcrystallic     

sometimes thicker crystallic dolomites with a low 

content of fossils first of all lamellibranchia, 

dasycladacean –presumably diplopora. Residuals 

of crinoids can be observed only rarely in the     

dolomites. In many places of the quarry the        

dolomites are karsificated along the tectonical 

structures or they create breccia. From the         

microstructural point of view there are present 

dolomicrites, but sometimes sparite can be found 

in the ortochemical component. 

 

2.2   Measurement methodology and applied  

        instrument at bench blasting measurement 

 

For the measurement and graphical record of the 

seismic effects of blasts the following digital  

seismic instruments were applied at the particular 

measuring standpoints.: 
 

− vibrograph UVS 1504 seismorecorder by the 

firm ABEM - S1 

− vibrograph ABEM Vibraloc and              

seismorecorder by the Swedish firm ABEM - 

S2 and S3 

Figure 3. (Left) Measurement of seismic profile position T1 at the III Etage with the seismic apparatus  
Terraloc Mk 8 during the measurement of propagation velocity of seismic waves at No. 693 and 694. 

(Right) Position of the vibrograph Vibraloc ABEM at the measuring profile P1, standpoint S2 at the  

distance 26.5 m from the borehole mouth V1 measuring the vibration velocity during the experimental 
blasts No. 693 and 694. 
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− vibrograph VibraZEB VM-7D+ and        

seismorecorders by the firm Vibra - S4 

− vibrograph Mini - SuperGraph and           

seismorecorders by the firm Nomis – S11 

− vibrograph Minimate Pro6 and                

seismorecorders by the firm Instantel - S12 

− vibrograph Svantek and seismorecorders by 

the firm Svantek - S12 

− seismograph Terraloc Mk 8 by the firm 

ABEM - profile T1-T4. 

 
       For the measurement of the seismic effects on 

the measuring standpoint S11 the digital           

four-channel vibrograph Mini - SuperGraph and 

the seismorecorders by the firm Nomis were used 

(Figure 4). The measuring standpoint S12 was 

placed in the interior of the building object No. 91 

and at the entrance of the cellarage of the           

examined object – dwelling house No. 91. At the 

measuring standpoint S12 there were placed the 

vibrographs in the middle of the hall at the wall 

and Minimate Pro 6 in the entrance. The             

vibrographs provide a digital and graphic record of 

all three vibration velocity components of the    

environment, horizontal longitudinal – vx,          

horizontal lateral– vy, vertical– vz.. The               

vibrographs UVS 1504, Minimate Pro 6,         

Mini-SuperGraph and ABEM Vibraloc have an 

AD converter with automatic 14 bit dynamic       

extent which corresponds to 0.05 ÷ 250 mm.s-1. 

For these measurements the electrodynamic      

geophones were applied with frequency extent 1 ÷ 

1000 Hz and responsiveness 20 mV/mm.s-1.     

Furthermore the three-component geophone by the 

firm Instantel with frequency extent 2 ÷ 1000 Hz 

and responsiveness 10 mV/mm.s-1 was applied. 

The geophones were set on a special support with 

sharp steel spikes which assured continual contact 

with the floor. The vibrographs operate              

autonomously, they carry out tests of channels   

automatically without any intervention and         

influence of the operator recording the measured 

and registered characteristics of the vibration. 

Simultaneously with measurement of the vibration 

velocity and their attenuation at the profiles P 

there were measured the propagation velocity of 

the seismic waves applying the seismic apparatus 

Terrraloc Mk 8 (Figure 3). 

 

3     VIBRATION SOURCES 
 

The sources of the seismic effects were the        

experimental blasts No. 693 – 698 at the dolomite 

layer of the quarry situated ca 0.5 km in the East 

from the village. The borehole size was 105 mm, 

slope 65°, depth 30.7 m and borehole distribution 

4.0 m. The charge capacity in one borehole was 

180 up to 190 kg of explosives Andex and 5 kg of 

explosives Poladyn 31 Eco (Table 2). The total 

charge capacity was 2042 kg. The blasts were   

carried out by means of electronic timed           

detonators UNITRONIC 600 (Figure 5). The     

experimental blast No. 693 was carried out at time 

0 in one borehole V1. The experimental blast No. 

694 was carried out in two boreholes V2 and V3 

with millisecond timing 0 and 1 ms. The            

experimental blast No. 695 was carried out in the 

boreholes V4 and V5 with millisecond timing 0 

and 5 ms. The experimental blast No. 696 was  

carried out in two boreholes V6 and V7 with     

millisecond timing 0 and 10 ms. The experimental 

Figure 4. The monitored building object No. 91 in Trebejov village and the measuring standpoint S11 and 
S12 at the entrance to the building object No. 91, wih the position of three-component vibrograph Mini-

SuperGraph and Minimate Pro 6. 
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Table 2. Data on applied explosives and millisecond timing at the experimental blasts No. 693 – 698. 
 

 

timing No. 697 was carried out in two boreholes 

V8 and V9 with millisecond timing 0 and 15 ms. 

     The experimental blast No. 698 was carried out 

in the boreholes V10 and V11 with millisecond 

timing 0 and 20 ms (Table 2). Before charging the 

inclinometer the measurement of the boreholes V1 

up to V11 was accomplished. (Figure 5).           

The placement of blasts in the quarry is illustrated 

in Figure 2. 

 

4     MEASURED VALUES 

 

In advance of the measurements the apparatus 

placed at the measuring standpoints were           

calibrated and their responsiveness was checked. 

At the measuring standpoints the graphical course 

Figure 5. Charging, incklinometer measuring of boreholes and construction of charges No. 693 - 698 at the 
III etage of the quarry. 
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was recorded of the individual components of 

seismic vibration at experimental blasts No. 693 – 

698. The individual graphical records last four 

seconds, Figure 6. The vibrographs were            

positioned at the measuring standpoints enabling 

assessment of impact generated by the technical 

seismicity on the surveyed objects. During this 

measurement we placed the measuring equipment 

UVS 1504, in the quarry at the measuring      

standpoint S1 in nearby distance from the       

boreholes of experimental blasts. At the        

standpoints S2 and S3 the seismic apparatus      

Vibraloc was placed. At the measuring standpoint 

S4 there was situated the measuring apparatus   

VibraZEB VM-7D+. This way there were created 

the measuring profiles from P1 to P5 near to the 

experimental blasts No. 693, 694, 695, 696, 697 

and 698, which enabled to achieve the values of 

vibration velocity. (Tables 3 and 4) in order to   

assess in a very precise way the principle of the 

seismic waves attenuation law from the blasts to 

the receptors, the surveyed object in the village 

Trebejov. The measured values at the different 

measuring standpoints are demonstrated in the  

Table 3. 

     For the measurement of vibration velocity and 

frequency of seismic waves from the blasts the 24 

channel seismic apparatus Terralok Mk8 was    

applied. The recorded seismic entry from the     

experimental blast No. 693 is illustrated in       

Figure 7. 

 

5 MEASURED SEISMIC EFFECTS OF THE 

BENCH BLASTS AND THEIR ANALYSIS 

 

Due to the analysis of frequencies of seismic 

waves propagation at the profiles measured with 

the apparatus Terraloc Mk 8 it can be stated that 

the frequencies at the individual profiles are      

different having the value mostly lower than 30 Hz 

Figure 6. Graphical record and frequency analysis of particular vibration components according to the  

measurements at the standpoint S2 (26.5 m from the blast) in the quarry – seismic apparatus ABEM Vibraloc 
at the experimental blast No. 693 at the profile P1. The first channel-z, the second channel-x, the third  

channel-y at the standpoint No. 693. 
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Table 3. Measured values of the frequency (Hz) of 
seismic waves propagation at the profiles from T1 

to T4. 
 

Blast # Profile Distance in metres 

  30 40 60 80 

693 T1 22.7 24.5 23.8 20.4 

694 T1 36.5 27 22.7 20.4 

695 T2 29 21 23.5 21.3 

696 T2 26 22 20.2 21.3 

697 T3 23.5 22 23.5 15.7 

698 T4 29 24.7 17.9 13.5 

 

(Table 3). These frequencies correspond to the   

extent of rock medium violation which were      

exposed to seismic waves generated by              

experimental blasts No. 693 – 698. 
 

     According to the theory on seismic waves 

propagation and attenuation the biggest attenuation 

can be achieved at millisecond timing only if the 

waves generated by further blast are in the         

opposite phase. Due to the calculations made by 

Leššo, at the frequency 35 Hz of the seismic 

waves it can be achieved applying the millisecond 

timing 14 ms (Leššo 2018). In case of seismic 

waves propagation 4300 m.s-1 measured with the 

seismic apparatus Terraloc Mk 8 this maximum  

attenuation can be achieved in distance 60 m from 

the blast. At the seismic waves frequency 30 Hz it 

can be achieved by millisecond timing 17 ms. This 

attenuation can be achieved in the distance 70 m 

from the blast. In case of seismic waves frequency 

25 Hz it can be achieved by millisecond timing   

20 ms. 
 

     This maximum attenuation can be achieved in 

the distance 86 m from the blast. At the seismic 

waves frequency 20 Hz it can be achieved           

by   millisecond timing 25 ms. This maximum    

attenuation can be achieved in the distance of 107 

m from the blast. At the seismic waves frequency 

15 Hz it can be achieved by millisecond timing - 

33 milliseconds. This maximum attenuation can be 

achieved in the distance of 142 m from the blast. 

Due to the frequencies of seismic waves measured 

at the seismic profiles it can be stated that the    

average frequency of seismic waves at the profiles 

is 22 Hz. The optimum millisecond timing        

corresponding to this frequency is 23 ms and the 

distance in which this maximum attenuation can 

be achieved is in this case 99 m from the blast. 
 

     In Figure 8 there are demonstrated the        

maximum values of peak particle velocity at the 

standpoint S12 (building object No. 91 in the     

village Trebejov) at the experimental blasts No. 

693, 694, 695, 696, 697 and 698. It can be         

observed in the graphical presentation that the 

highest attenuation of the seismic waves generated 

by blasting operations in the quarry and the lowest 

values of the peak particle velocity at the building 

object No. 91 were achieved by applying          

millisecond timing 15 ms and 20 ms. The highest 

values of vibration velocity were measured at    

millisecond timing 5 ms.     

Figure 7. Seismic record accomplished with measuring apparatus Terraloc Mk 8 of the profile T1 at the  

measuring standpoint No. 693 with identified propagation velocity of seismic wave 4368 m.s-1, frequency 

24 Hz in the rock medium of the dolomites in the quarry. 
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Table 4. Measured values of peak particle velocity [v] and frequency [f] at the experimental blasts  
No. 693 – 698. 
 

Blast 

No. 
Profile Standpoint 

vx 

mm. s-1 

vy 

mm. s-1 

vz 

mm. s-1 

fx 

Hz 

fy 

Hz 

fz 

Hz 

L 

m 

693. - Village 1 0.81 1.15 0.81 15 6.5 23.2 644 

694. - Village 1 1.46 1.55 1.26 13.8 7.5 0.87 636 

695. - Village 1 1.59 1.13 0.87 9.8 6.6 23.2 634 

696. - Village 1 1.23 1.63 0.81 9.1 10.2 10.2 632 

697. - Village 1 1.2 1.62 0.82 8.1 9.4 10.6 629 

698. - Village 1 0.98 1.58 0.58 6.7 7.5 10.2 631 

693. - Village 2 0.87 1.02 0.67 5.1 6.6 11.7 654 

694. - Village 2 1.48 1.33 1.0 5.1 5.9 12.5 646 

695. - Village 2 1.49 0.99 0.66 5.1 7.3 12.5 644 

696. - Village 2 1.11 1.07 0.75 5.1 7.3 12.5 642 

697. - Village 2 0.85 1.13 0.75 5,1 7,3 12,5 639 

698. - Village 2 0,76 1,08 0,53 5,1 6,6 5,9 641 

693. P1 Quarry S1 121 105 111 1.1 14 0.3 32.5 

693. P1 Quarry S2 78.5 124 119 12 11 23 40 

693. P1 Quarry S3 45.9 43.4 64.8 15 22 38 60 

693. P1 Quarry S4 16.48 22.13 29.34 10 20 21 80 

694. P1 Quarry S1 111 102 101 0.3 14 9.6 32.8 

694. P1 Quarry S2 99.3 119.1 192 17 6.1 23 40.2 

694. P1 Quarry S3 63.1 71.1 59.4 10 25 9.8 60.2 

694. P1 Quarry S4 39.2 38.58 48.26 13 22 21 80.1 

695. P2 Quarry S1 111 111 102 6.2 24 0.3 32.5 

695. P2 Quarry S2 87.5 99.7 156 11 19 18 40 

695. P2 Quarry S3 55.4 17.3 81.6 15 1.2 32 60 

695. P2 Quarry S4 61.01 20.76 59.84 10 2 25 80 

696. P3 Quarry S1 111 110 108 0.3 7.8 0.3 32.5 

696. P3 Quarry S2 122 36.7 82.7 14 8.6 14 40 

696. P3 Quarry S3 28.1 24.1 43.7 7.6 22 23 60 

696. P3 Quarry S4 32.95 17.55 25.34 9 20 20 70.7 

697. P4 Quarry S1 111 112 84 0.7 17 10 32.5 

697. P4 Quarry S2 78.3 45.6 110 9.6 4.2 11 40 

697. P4 Quarry S3 33.2 24.5 25.7 10 17 22 60 

697. P4 Quarry S4 32.63 24.20 29.63 9 14 20 80 

698. P5 Quarry S1 119 109 110 1.1 7.2 0.3 32.5 

698. P5 Quarry S2 89.5 63.3 99.1 8.9 8.7 31 40 

698. P5 Quarry S3 48.4 49.6 30.0 29 22 19 60 

698. P5 Quarry S4 17.19 8.7 30.35 19 19 32 78 
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     In case of timing 20 ms (blast No. 698) there 

was achieved a lower value of peak particle       

velocity than at blast No. 693, at which one     

borehole was blasted. 

 

6     CONCLUSION 

 

The results of the seismic effects measurements at 

the experimental blasts No. 693 – 698 on 7       

November 2018, carried out in the Trebejov   

quarry, proved that the highest attenuation of 

seismic waves generated by technical seismicity in 

the quarry was achieved at millisecond timing 15 

milliseconds and 20 milliseconds. The lowest   

values of peak particle velocity 0.53 mm/s-1 at the 

surveyed object were recorded at millisecond   

timing 20 milliseconds at experimental blast No. 

698. The accurate millisecond timing was enabled 

due to electronic detonators Unitronic 600. 

 

REFERENCES 

 
Dojčár, O. & Pandula, B. 1998. Výskum technickej 

seizmicity v lome Včeláre, Výskumná správa,     

F BERG TU Košice, 42 s. 
 

Duwall, J.E. & Fogelson, D.E. 1962. Review of     

criteria   estimating   damage  to  residences  from 

 

       blasting vibrations. U. S. Bureau of Mines RI 

5968, 19 pp. 
 

Mogi, G. & Kou, S-Q. 1999. Optimum delay time  

design in delay blasting. Sixth international   

symposium for rock fragmentation by blasting, 

145-148. 
 

Kou, S-Q. & Rustan A. 1992. Burden related to 

blasthole diameter in rock blasting. Int J Rock 

Mech. Min. Sci. & Geomech. Abstr. 29(6),     

543-553. 
 

Langefors, U. & Kihlström, B. 1978. The modern 

technique of rock blasting. A Halsted Press 

Book., 281-288. 
 

Leššo, I. 2018. Optimalizácia milisekundového  

časovania pri trhacích prácach v lomoch. 

Manuskript, Košice 2018, 5 s. 
 

Pandula, B. & Kondela, J. 2010. Metodológia     

seizmiky trhacích prác, SSTVP Banská Bystrica, 

DEKI Design, s. r. o., 156 s. 
 

Persson, P.A., Holmberg, R. & Lee, J. 1994. Rock 

blasting and explosives engineering. CRC press, 

Inc., 365-367. 
 

Wada, Y., Ma, G.C., Nakajima, T., Suk, C.G., Ogata, 

Y., Katsuyama, K., Miyake, A. & Ogawa, T. 

Figure 8. Graphical presentation of measured maximum values of peak particle velocity x at the standpoint 
S12 (buiding object No. 91 in the village) at millisecond timing. 



 

 

- 437 - 

1994. A study on the control of vibration caused 

by a blasting. Explosion, Explosive and            

Pyrotechnics, Vol . 55, No 6, 174-179. 
 

Tatsuya, H., Gento, M. & Kou, S. 2000. Optimum  

delay interval desing in delay blasting.              

International Journal for Blasting and         

Fragmentation. Vol. 4, No. 2, 139–148. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

- 438 - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


