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Preface 

 

Almost four years ago, I decided to work in the field of blasting.  Initially, I did my 

diploma thesis in the blasting field where the study dealt with the evaluation of data 

coming from full scale blasts. 

After I graduated from the Technical University of Crete, I decided to take a step 

forward into the blasting profession and I made my application for a Master 

programme at Luleå University of Technology. 

A year ago, I met Professor Finn Ouchterlony for the first time and we discussed 

about new things that I had no experience of before. Before that time, I was not 

familiar with evaluation of fragmentation/shock waves and other related subjects. In 

that regard, I would like to thank Professor Finn Ouchterlony for giving me the 

opportunity to work with applied blasting principles. 

New ideas, tests, equipment triggered my interest into working further on this field; 

especially, on small scale tests carrying out different kinds of results.  

This field can be extremely difficult and complex with uncountable correlations 

between different design patterns, shock wave issues, fragmentation, gas work and 

other similar issues as well. It is daily updated with new information and results from 

different rock types, mines (underground/surface), conditions (dry/wet) and even 

physical states that make it even more complex. When you are working in this field, 

you have more questions than answers. Often times, circumstances may require you to 

revise things that you already know. 

Finally, I wish to thank my supervisor Daniel Johansson for his invaluable daily 

assistance because without his assistance, it would have been impossible to have this 

thesis work finalized. Thank you Daniel! 

Last but not least, I would like to express deep felt gratitude to my family members 

for their continuous support. 
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Summary 

 

Every mining method, underground or surface is adopted based on economical and 

geological criteria. The tests in this thesis have been conducted based on Sub - level 

caving mining method which is used by LKAB mines.  

The aim of these tests was to investigate the fragmentation in different long delay 

times and conditions, in small scale tests. The second task is to investigate the burden 

behavior under confined conditions. 

There were two different designs. The first design included a magnetic mortar with 5 

holes and specific charge 2.56 kg/m3. The second design included a magnetic mortar 

with the same properties as in the first design but with a different specific charge 4.16 

kg/m3. The dimensions of the blocks were 110x270x210 mm and the diameter of the 

holes was Ø 11. The common point in both designs was the ratio of spacing to burden 

which was kept stable at 1.57 (110/70 ≈ 82.5/52.33). The correlation between the two 

different designs has been done based on the delay time. The delay time is adjusted in 

that way so that the results from the two designs would be compatible. 

The results show an improvement in fragmentation for long delay by 32.94 % from 

110 μsec to 218 μsec. Additionally, they show the difference between V – shape and 

sequential firing pattern which is 46 % under confined conditions. 

The second task of the thesis was to investigate the burden movement and velocity. 

Three different methods have been implemented; draw wire, accelerometers and nails. 

The draw wire was slow to give good results probably due to high accelerations and 

some inertia issues. The accelerometers did not show the burden movement because 

the signal of the burden movement was hidden behind the reflections of the waves. 

The nails gave results that are good for analysis.  

Finally, the burden velocity had a peak value of 22 m/s and a maximum compaction 

of 14.3 mm. The value of compaction varies depending on different cases. The given 

compaction corresponded to V – shape firing pattern. However, for the sequential 

firing pattern the compaction was 12.6 mm, something that is reasonable due to 

different movement of the burden. 

 

 

Keywords: fragmentation, small scale tests, burden velocity, burden movement, 

compaction, confined/unconfined blasting. 
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List of symbols, abbreviations and definitions 

 

A Rock mass factor 

B Burden, (m) 

b Undulation parameter 

BNC connector Bayonet Neil – Concelman connector 

cp P – wave velocity 

cs S – wave velocity 

da Thickness of the confined material, (mm) 

e Explosive energy 

F Friction in the nails 

FC-R Cutting – resistance 

LKAB Luossavaara Kirunavaara Aktie Bolag 

LVDT Linear variable differential transformer 

Mp Mach number of P – waves 

Ms Mach number of S – waves 

P Porosity, (%) 

PETN Pentaerythritol tetranitrate 

q Specific charge, (kg/m3) 

SLC Sub level caving 

Split® Software for evaluation of fragmentation 

Swebrec Swedish Blasting Research center 

Swebrec function® Curve fitting function (after Ouchterlony) 

USC Strength of the confined material, (MPa) 

VOD, cd Velocity of detonation, (m/s) 

x50 Average fragment size, (mm) 

x50a Average fragment size of the debris, (mm) 

xmax Maximum fragment size,(mm)  

γ Adiabatic constant 

ρ Density of the magnetite, (kg/m3) 

ρe Explosive density, (kg/m3) 

ρα Degree of packing, (kg/m3) 

σΒΤ Strength of the magnetite, (MPa) 
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Some very useful definitions are (Rustan A., 1998): 

 

Delay time (μsec): a distinct predetermined interval of time between the initiation of 

two consecutive charges in order to allow for separate firing of the explosive 

charges. 

Burden velocity, (m/s): the average velocity of the burden rock mass after detachment 

from the solid rock mass. It depends on the strength of the rock and explosive 

and the confinement (burden, blasthole inclination, etc.).  

Compaction, (mm): The final position of the burden when it is blasted against the 

confined material.  

Velocity of detonation, (VOD), (cd), (m/s): the velocity at which the detonation waves 

travels through a column or mass of explosive. The detonation velocity of an 

explosive depends on the type of explosive, particle size, density, diameter, 

packing, confinement and initiation. 
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1. Literature review 

 

1.1.  Confined conditions 

 

Sub-level caving method is characterized by confined conditions. That is the broken 

material lies in front of the next round (new face). This condition leads to 

significantly coarser fragmentation than the unconfined conditions. 

Previous researchers have done several tests in order to improve the fragmentation 

producing by blasting. These tests are divided into two major groups: the free face 

blasting and the confined blasting. The free face blasting is when the loosening 

material from the previous round has been hauled away and the blasting under 

confined conditions is when the loosening material is still in front of the new face and 

the new round is blasted against that. 

Previous researchers have conducted experiments under confined conditions in half 

and model (small) scale as well.  

Half scale tests have been conducted by Olsson (1987) in the Malmberget mine 

belonging to LKAB. The purpose of these experiments was to determine the optimum 

void ratio i.e. the space of the confined material, in terms of the fragmentation. The 

void ratio varied between 10 and 100 % per row. 

These tests consisted of three campaigns and had been done within three years (1983 

– 1986). The tests were not under fully controlled environment; meaning each tests 

differentiated from each other due to different void ratios, geology and locations in 

the mine. The comparison and correlation between the tests was difficult due to 

different geological characteristics of each test. In order the results to be comparable 

the tests should have one common parameter. The common parameter was the 

initiation point that was top initiated in all tests.   

The design of the tests was a standard bench half scale design. The test area was 

located at the floor of a production drift in the Malmberget mine. The setup was 

composed by two concrete walls, one by the side and one in front of the bench. One 

steel plate at the top of the bench was provided in order to prevent fly rock and 

making the material more confined and the last part of the setup was a drainage 

system. The purpose of the drainage system was to remove the water that was used to 

estimate the void ratio. Based on the volume of the water filling the void, the void 

ratio was determined. 
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All the blasted material had been sieved and the average size was plotted against the 

void ratio (Figure 1). 

 

Figure 1: x50 versus void ratio (Olsson 1987) 

 

There is no clear trend between the tests but a general trend is plotted indicating that 

an optimum fragmentation is achieved when the void ratio is around 50 %.  

Due to fact that the tests were few in number, general conclusions cannot be drawn. 

Although, Olsson (1987) made one interesting conclusion that is the fragmentation is 

better under confined conditions because the energy released in the detonation is 

better directed into the crushing work. 

Small scale cylindrical tests have been conducted by Johansson (2007). The purpose 

of these tests was to determine the optimum fragmentation under confined conditions 

and to measure the compaction of the burden by changing the specific charge.  

The setup of the tests was based on standard small scale tests meaning it had been 

designed based on dimensional analysis of the large scale tests. The specimens were 

cylindrical and made of magnetite. The magnetite was provided by the LKAB mining 

company. The fragmentation of the magnetic mortar was compared with four different 
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magnetite types from the mine. There had also been used different types of confined 

materials: crushed aggregate – tamped (0 – 16 mm), crushed granite – poured (0 – 16 

mm), crushed granite (4 – 8 mm), crushed granite + 10 % of the dry weight with 

Plaster Paris (0 – 16 mm) and crushed granite – tamped (0 – 12 mm).  

The procedure of the tests was to blast the cylindrical specimen, collect the blasted 

material, sieve and measure the weight of the material, separate the blasted material 

from the aggregates by using a magnetic separator and finally, make the fragment size 

distribution. 

The specific charge varied from 0.1 to 2.6 kg/m3 by using different types of PETN 

cord (1.5 to 40 g/m). The blast design was under coupling conditions. 

The conclusions that were drawn by Johansson in terms of fragmentation are, the 

fragmentation is affected by the confined condition and it makes it coarser. That is 

why the confined material absorbs a significant amount of energy. As a result, the 

energy does not do crushing work.  

 

1.2.   Evaluation of fragmentation 

 

There are many ways to evaluate the fragmentation of a blast. The indicators can be 

the average fragment size (x50) of the material and the maximum fragment size (xmax) 

in a distribution curve. The value of the average fragment size can be obtained with a 

sieving process, when the total amount of blasted material is sieved. The dry sieving 

process has some restrictions such as the lowest limit of the fragmentation is 0.063 

mm (depending on the existing equipment). The sieving process can be both dry and 

wet sieving. The results may differ between these two methods of sieving due to 

adhere to of the fine particles to the coarser particles of the material. The fragment 

size distribution curve is obtained when the sieving process is already done and the 

results are available for processing. The process of the sieving analysis involves 

obtaining some characteristics of the blasted material such as the average size (x50), 

the maximum size (xmax) and the percentage of fines/boulders.  

In large scale models, it is difficult to sieve the blasted material due to high cost and 

disturbances to the production, if the sieving is taking place at a mine/quarry site. 

Another way to measure the fragmentation of blasting is by the image analysis 

methods like Split® (Split Engineering). This thesis is not going to deal with this sort 

of method. 

There have been made many attempts to describe the fragmentation in the field of 

rock blasting. There is exigent need to invent a good prediction model in blasting 

because full scale sieving is not cost effective.  
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There are several models such as the Kuz – Ram model and the Swebrec model 

describing the fragment distribution. 

The Kuz – Ram model (Cunningham, 1987) is the most widely used fragmentation 

model. The model is based on the expression of the average fragment size constructed 

by Kunzetsov (1973) and a Rossin – Ramler distribution (Rosin et al, 1933). The 

model consists of four equations; from which, one describes the fragmentation curve 

(Rossin – Ramler distribution), one gives the value for the average fragment size (x50) 

as a function of the blasting parameters, the third gives a value for the rock mass 

factor (A) and the last gives a value for the uniformity index (n). 

The Rossin – Ramler distribution can be written as: 

 

n

x

x
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The distribution has two main parameters, the average size (x50) and the uniformity 

index which fits quite well at the coarser part of the fragmentation but for the finer 

part, the distribution does not fit so well. This model does not take into account the 

maximum fragment size. 

In this thesis, the tool for describing the fragmentation is the Swebrec function® 

(Ouchterlony, 2005a). The model includes three parameters: the average size (x50), the 

maximum size (xmax) and an undulation parameter (b). This function describes quite 

well the fragmentation distribution (coarse/fine part). The Swebrec function has been 

tested against hundreds of sieved size distribution from several mining operations. 

The Swebrec function can be written as: 
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The undulation parameter b is a function of the average size (x50) and the maximum 

size (xmax) of the sieved material (Ouchterlony, 2005b).  

The undulation parameter can be written as: 
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The average size is given as (Cunningham, 1987): 
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Where 

A = rock mass factor 

Q = total charge mass in the blast (kg) 

S = weight strength of the explosive in % compared to ANFO 

q = specific charge (kg/m3)  

One can easily see that the Swebrec function takes into account the maximum size 

(xmax) of the blasted material, as opposed to the Kuz – Ram model that does not say 

anything about the maximum size (xmax) of the blasted rock. None of the models take 

into account the delay time which is a critical part of the blasting process. It has been 

proven that the accuracy and timing of detonation can influence the fragmentation. 

Katsabanis et all (2006) observed that the instantaneous initiation gives coarser results 

than the initiation with delay time. Additionally, none of the models take into account 

the firing pattern which gives different fragmentation in, for example, V – shape, Row 

by Row (Olofsson, 2002). 

The Swebrec function has been chosen in this thesis to fit to the sieved fragmented 

material to describe in more detail the two critical parameters, the maximum size 

(xmax) and the average size (x50). 

 

1.3. Wave theory 

 

During the explosion process two main types of waves are generated. These types are 

P and S waves. The velocity of each wave type (cp and cs respectively) in relation 

with the velocity of detonation (VOD) of the explosive produces three different cases 

as follows: 

 The supersonic case: VOD > cp > cs 

 The transonic case: cp > VOD > cs 

 The subsonic case: cp > cs > VOD 

Earlier research of the velocity of detonation in relation with the wave velocity has 

been done by Rossmanith et al and, Rossmanith and Kouzniak; who have presented 

analytical solution to the propagation of elastic waves in an infinitely long cylindrical 

charge with a finite velocity of detonation. They assumed continuous, homogeneous 
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and elastic medium. The propagating detonation front depends on the ratio between 

the velocity of detonation and the velocities of the waves. This ratio is called ‘Mach 

numbers’.  

 Mp =
pc

VOD  

 Ms = 
sc

VOD  

The two ‘Mach numbers’ define the shape of the detonation front (Figure 2).  

 

 

Figure 2: Stresses representative of supersonic (Mp = 1.29; Ms = 2.11), transonic (Mp = 0.90; Ms = 

1.47) and subsonic (Mp = 0.34; Ms = 0.55). P is the Dirac pulse (Rossmanith et al.). 

 

Based on Vabrabant’s analysis (2002), in the supersonic case, the reaction zone is 

moving faster than any of the waves. Therefore, there are two Mach type wave fronts 

(P – Mach and S – Mach). In the transonic case, the velocity of the reaction zone is 

larger than the S – wave velocity but smaller than P – wave velocity. A Mach type S – 

wave front occurs. As the P – wave radiates faster than the movement of the source, 

the P – Mach wave front does not exist. At the last case, in the subsonic case, the 

velocity of the source is smaller than the velocities of the P and S waves. As the P and 

S waves radiate faster than the velocity of detonation there are no P – Mach and S – 

Mach. The tests in this thesis are subjected in the supersonic case. 
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1.4. Determination of the P – wave velocity and the shock wave front 

angle 

 

The velocity of detonation is larger than the velocity of the P and S-waves in the 

thesis tests. In this case, there is supersonic state which is characterized by the 

formation of two conical waves, P and S. The velocity and the shock wave front angle 

can be calculated by using simple geometry and trigonometric functions (Figure 3). 

 

Figure 3: P –wave  

 

The P – wave velocity (cp) can easily be calculated by using simple geometrical 

functions.  As a result, the velocity at point A can be expressed by the following 

function: 

 
t

xx
c p

22 21 
  

where,  

x1 is the horizontal distance, x2 is the vertical distance and t is the difference in time 

between the initiation and point A (point that the accelerometer is located). 

The angle is equal with: 
















d

p

c

c
αsina  

where,  

cp is the P – wave  velocity and cd is the velocity of detonation. 

A 
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2. Test Procedure 

 

The purpose of the tests was to measure and compare the fragmentation and the 

compaction when some parameters change such as the firing pattern, the specific 

charge and the number of holes. The tests were composed of 6 magnetic mortars with 

different designs. The tests have been conducted based on the same procedure. The 

following schematic figure shows the procedure in 7 different stages (Figure 4). 

 

 

Figure 4: A schematic of the test procedure 
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2.1.  Dimensional analysis 

 

The experiment was conducted in a model scale in order to reproduce a relevant 

similarity, i.e. dimensions and results compared to full scale model, a mathematical 

tool has been used. The useful tool for that is the dimensional analysis. In this case the 

dimensional analysis is prepared by taking into consideration the velocity of the 

burden.  

The input parameters of the dimensional analysis are divided into four main groups; 

Blasting material, Confined material, Explosive and Nail. Different sort of parameters 

are involved in these groups.  

 

Figure 5: The testing block 

 

Blasting material: 

 H: [m]: Height 

 ρ: [kg/m3]: density 

 E: [N/ m2]: Modulus of elasticity 

 cp: [m/s]: wave speed 

 σΒΤ: [N/ m2]: Strength 

 B: [m]: Burden 

 Φ: [m]: Blasthole diameter 

 q: [kg/ m3]: Specific charge 
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Confined material  

 ρa: [kg/ m3]: Degree of packing 

 Pa: [%]: Porosity 

 USC: [N/ m2]: Strength 

 da: [m]: Thickness 

 x50a: [m]: Average size 

 

Explosive 

 ρe: [kg/m3]: density 

 VOD: [m/s]: Velocity of detonation 

 e: [MJ/kg]: Explosive energy 

 γ: [-]: adiabatic constant 

 Φe: [m]: Explosive diameter 

 

Nail  

 W: [kg]: Weight 

 F: [N/ m2]: Friction 

 FC-R: [N/ m2] : Cutting – Resistance 

 Φn : [m]: Nail diameter 

 

The analysis has been performed with the three fundamental quantities (Burden [B], 

density [ρ] and wave speed [cp]). In order to reduce the number of variables, some of 

them, which are listed below, are removed due to irrelevance: 

 H: [m]: Height (2-D analysis) 

 ρe: [kg/m3]: density 

 VOD: [m/s]: Velocity of detonation 
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 γ: [-]: adiabatic constant 

 Φ: [m]: Blasthole diameter 

 Φe: [m]: Explosive diameter 

 Φn : [m]: Nail diameter 

The diameter of the blasthole and the explosive have been replaced by the specific 

charge. The diameter of the nail has also been replaced by the weight of the nail. 

Therefore, the total number of variables is 15 but the three of them are fundamental 

quantities; which means, the amount of variables is reduced to 12 (m-n) = (15 – 3). 

Based on the Buckingham theorem, the burden velocity can be expressed by the 

following formula: 

vburden =   F(Πi, Πi+1,…,Πm) 

ρ
Π1

q
  

ρ

ρ
Π a

2   

a3Π p  

ρc
Π

2
p

4
E

  

B
Π a

5
d

  

B
Π 50a

6
x

  

ρc
Π

2
p

7
USC

  

ρc

σ
Π

2
p

ΒΤ
8   

2
p

9
ρc

e
Π   

310
ρΒ

Π
W

  

511
ρΒ

F
Π   
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5
R-C

12
ρΒ

F
Π   

 

The large scale parameters are shown in the following table. 

Table 1: The large scale parameters 

Parameter Value 

Burden, B 3 m 

Specific charge, q 1.3 kg/m3 

Density, ρ 5000 kg/m3 

Wave speed, m/s 4900 – 6200 m/s 

x50, aggregate (debris) 0.25 m 

 

Based on the above table, the dimensional analysis gives the following results. 

 

Table 2: Dimensional analysis 

 F-S M-S 

Π1 0.00026 0.00154 

Π2 0.4 D 0.7 D 

Π3 25 – 35% * 20 – 36% * 

Π5 1 0.86 

Π6 0.083 0.137 

*=Johansson’s results. 
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2.2.  Measuring the burden velocity 

 

Burden velocity is a good indicator for improving blasting performance. Burden 

velocity may affect important operating processes such as loading. The velocity 

measurements are helpful in achieving more efficient blasts; results must be available 

fast enough to be incorporated in subsequent blast design. The burden movement 

defines the profile of the muckpile making it easier for loading. However, it depends 

on the existing equipment because different loader requires different muckpile profile. 

There are many sorts of methods (mechanical, optical, electrical and magnetic) to 

measure the velocity of the burden.  

The magnetic method uses non – contact sensors such as eddy current sensors. The 

method is composed of one sensor and one target point that are installed opposite of 

each other. The distance between the installation point of the sensor and the target 

point defines the measuring range and is around 60 mm that means a measuring range 

of 80 mm. Based on this measuring range, the sensor is concluded to be rather big 

(140 mm). The target point should be at least 3 times bigger than the sensor which 

means more than 420 mm. This size is not compatible with the block design. This is 

the major reason for rejecting this sort of sensors (Personal communication with 

Micron – Epsilon Company). 

The fiber optic method belongs to group of the optical methods. The fiber optic 

method is composed of a probe and controller. The mirrored target disc is located 

opposite of the optical probe and reflects back the light coming from the optical 

probe. That means the path between the probe and the disc must be clear. Under 

blasting conditions that is difficult. The path will be fouled by dust and smoke. As a 

result, that is the main reason for rejecting this sort of method (Personal 

communication with Philtec Company).  

The self – shorting pins is a ‘contact method’. The major problem with this method is 

the bend of the pins. As a result, the records will be wrong. That is the main reason 

for rejecting this sort of method (Personal communication with Dynasen Company). 

The mechanical methods (draw wire, LVDT) have a serious problem with high 

accelerations. This sort of method is composed of a small spring inside the device that 

is not so strong to bear high accelerations. Another issue of the mechanical methods is 

that they are slow; meaning that the response time is very late. In the tests, a modified 

draw wire has been used. The modification was to change the internal spring with a 

stronger one. 

The short range sensors have some issues with the frequency and output rate (no 

faster than 2 kHz), and maybe they are sensitive to shocks, vibrations, dust and smoke 

(Personal communication with Sick Company). 
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One other possible way to measure the velocity of the burden is by using 

accelerometers. There are several kinds of accelerometers, some of them are suitable 

for double integration in order to obtain the displacement of the burden.  

 

2.2.1. The Nail method 

 

This method has been designed by the author. The principle of the nail method is 

when the plunger cuts the cables the Oscilloscope/recording device will record the 

time, at the instant the cable is cut, by giving a spike. With the obtained time, and 

measuring the distance that the plunger runs along the coax pipe, it is easy to calculate 

the velocity. 

There are two designs for this method depending on the resolution. The first set-up of 

the test was to use 20 coaxial cables (RG178/U) with diameter 1.8 mm. That design 

had 1.0 mm resolution. There was a problem with this set – up because of the cables. 

The cables at this size are very strong due to the sheath material being FEP Teflon®. 

This will increase the cutting resistance that means a higher amount of kinetic energy 

is required to cut the cable. The second set-up was to use RG174/U coaxial cables 

with diameter 2.55 mm. That means the resolution of the method will decrease 

(resolution = 1.7 mm). The sheath material of these cables is normal PVC. 

The nail method is composed of a nail (steel), a coax pipe (steel) and coaxial cables 

(Figure 6). The number of coaxial cables depends on the length and the accuracy. The 

plunger has been sharpened and hardened in accredited workshop.  

One problem was the room in front of the plunger. The available room has been 

increased in order to avoid pushing the following cable from the previous cutting 

parts of the cables. The original diameter of the nail was 10 mm and the original 

diameter of the coax pipe was 10 mm but it has been enlarged to 10.1 mm at the 

workshop. The main reason for that was to minimize the gap between the pipe and the 

nail in order to avoid any bend of the cable and to have a clear cutting. 
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Figure 6: The parts of the Nail method 

 

Calibration of the method 

 

The calibration of the method has been done in a laboratory at Luleå University of 

Technology. The procedure of the calibration was to drop an element with known 

weight from a certain height. The apparatus was composed of a special wooden 

structure and a rod to guide the element at the exact position (at the top of the 

plunger) (Figure 7). In order to increase the area of contact a small wooden piece was 

placed on top of the plunger. Two different elements have been used with different 

weights for having a clear picture of the method (Figure 8). 

The number of coaxial cables was 10 and the measuring length was 42 mm that 

means an accuracy around 1.7 mm. Testing this design required 1 pulse box and 10 

coaxial cables (RG174/U) and 10 BNC connectors. The number of the coaxial cables 

depends on the measuring length.  

The instrumentation that was used was composed of a pulse box and Picoscope 4424. 
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Figure 7: The calibration apparatus 

 

 

Figure 8: Two different elements 
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Calibration results 

Test procedure #1 

The results from the calibration of the method are shown in the following graphs. The 

first tests were done by using a mass of 1006.4 gr and the height was 1 m. The set-up 

of the Picoscope was, collection time 5 msec/div and 1MHz as the sampling rate. 

 

 

Figure 9: Typical result of the nail method 

 

Figure 9 shows a typical record of the Oscilloscope. At this test, the nail cut only 5 

cables (five spikes). The distance between two sequential spikes in the graph gives the 

time that is required in order for the nail to cover certain distance between the two 

coaxial cables in the coax pipe. The time is known, the distance between two 

sequential coaxial cables can easily be measured. Finally, the ratio between the 

distance and time gives the velocity at each part of the coax pipe. 
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Figure 10: Total length vs. Velocity 

Figure 10 summarizes the results of 13 tests. As can be seen from the figure, at the 

first part of the graph, the nail accelerates up to peak value and decelerates up to the 

fifth coaxial cable; after that the nail stops between the fifth and the sixth cable.  

Test procedure #2 

In order to test the total number of the installed cables (8 cables), the weight of the 

mass should be increased to 2526.4 gr. The coaxial cables, the height, the setup of the 

Picoscope were the same. 

 

Figure 11: Typical results of the second procedure 
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Figure 11 shows a typical record of the Oscilloscope. At this test, the nail cut 8 cables 

(eight spikes). Following the same procedure as the previous test, the velocities in 

different parts of the coax pipe can be obtained by measuring the time and the 

distance between two sequential coaxial cables. 

 

 

Figure 12: Total length vs Velocity 

 

Figure 12 illustrates the results from the nail method. As can be seen from the figure, 

there are two peaks in the graph. At the first part of the graph, the nail accelerates up 

to 4.83 m/s after that point the nail decelerates up to 2.98 m/s. The graph continues 

with new acceleration of the nail which means a new amount of energy (kinetic 

energy) is transmitted. The possible source of that energy is the bounce of the mass at 

the top of the nail (the wooden piece) which is, of cource, smaller than the initial 

kinetic energy but this time the nail has initial velocity which leads to a new 

acceleration of the nail up to 3.86 m/s and after that the velocity gradually becomes 

zero. The dotted line shows the normal path of the graph without bouncing of the 

mass and the total covered distance (for V= 0 m/s) is shorter than 54.93mm.  
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2.2.2. Draw wire 

 

Another alternative way to measure the velocity of the burden is by using draw wire. 

The principle of this device is the same as the potentiometer. In order to be used under 

blasting conditions (high accelerations) the spring inside of the draw wire is not the 

common installed spring but it is a stronger one for bearing higher accelerations. The 

set-up for testing draw wire was very simple and was used to obtain the behavior of 

the device at certain distance. The sensitivity of the draw wire is 0.13928 mm/mV. 

 

 

Figure 13: The set-up for testing the behavior of the draw wire 

 

The procedure of the test was to pull the wire out at a certain distance. In this case, the 

wire was pulled at 10 cm on the ruler and was left it to go 20 cm (the distance 

between the two wooden pieces) (Figure 13). The test was repeated 6 times and was 

conducted by hand without any special device for pulling and leaving the wire back. 

For the aforesaid reason there are some deviations on the velocities. 
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2.3.  The Model 

 

The model has been designed based on the SLC underground method that is used by 

the LKAB mines. The firing ring in the mines has 7 holes and the burden is 3 m. In 

the model scale the burden is 58.3 mm that means a scale factor of 1:51.  

The model contains two different designs of the blocks. 

First design 

The scale test under confined conditions is composed of the wave trap, a layer of self-

expanding cement, the magnetic mortar, the debris, the nails, the accelerometers and 

the steel plate. The wave trap is a big cement block with ‘Π’ shape (Figure 14). The 

layer of self – expanding cement minimizes any air gap between the block and the 

wave trap and leaves the shock wave to pass through it. The model block is the testing 

material with specific dimensions. The debris emulates the confined conditions. The 

nails are used to measure the movement of the burden and the steel plate keeps 

everything in their place. 

 

Figure 14: First model 
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Figure 15 illustrates how the actual result looks like with all the equipment to be 

installed and the confined material in front of the face of the magnetic mortar. The 

three banana connectors make the circuit between the accelerometers and the 

amplifiers. The coaxial cables at the bottom of the image go from the nails to the 

pulse boxes. 

 

 

Figure 15: The actual model 
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Second design 

The second design contains the same magnetic mortar (same recipe, same properties). 

The only thing that changes is the geometry of the drilling pattern meaning that the 

burden and spacing change. The change reduces the specific charge to 2.56 Kg/m3 

(Figure 16). 

 

Figure 16: Second model 

 

Dimensions of the testing blocks 

The shape of the magnetic mortar is rectangular with the longer side, the shortest side 

and the height to be 660 mm, 215 mm and 270 mm respectively (Figures 17, 18, 19 & 

20). From the drilling pattern point of view, the burden is 58.3 mm, the spacing is 

82.5 mm and the diameter of the holes is 11 mm. 

 

 
Figure 17: Front view of the block 
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Figure 18: Top view of first designed the block 

 

 

Figure 19: The actual magnetic mortar 

 

 

Figure 20: Top view of the second designed block 
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2.3.1.  Magnetic mortar 

 

For conducting the tests, a magnetic mortar was used with the following composition 

(Table 3): 

Table 3: The composition of the magnetic mortar 

Ingredient % kg 

Portland cement 25.62 28.17 

Water 12.64 13.9 

Glenium 51 (plasticizer) 0.25 0.28 

Tributylphosfate (defoamer) 0.13 0.14 

Magnetite powder 29.65 32.6 

Quartz Sand 31.71 34.87 

 

The magnetic mortar was made in a 65 litre cement mixer. Any ingredient of the 

mortar is weighted with 1/10 gram accuracy. The mixed material was poured into a 

rectangular mold and the holes for the PETN – cord were made by using plastic 

sticks, which were placed based on a certain drilling pattern. After 10 hours (curing 

time), the plastic sticks were pulled out in order to form the holes, they had a small 

deviation at the central part of the sticks which means that the holes were slightly 

curved. The blocks had been cured under high humidity conditions and with a relative 

constant temperature of around 20 degrees Celsius in the room where the blocks were 

placed. The average density of the magnetic mortars is 2459 ± 10 kg/m3 (Table 4). 

Table 4: Density data for the magnetic mortars 

Blocks Density kg/m3
 

1 2471 

2 2457 

3 2449 

 
Average 2459 

 

 

The physical properties of the magnetic mortar 

Earlier research has been done by Johansson D. (2008). The tests of this thesis have 

been done based on Johansson’s pattern. The composition of the magnetic mortar was 

kept the same. Therefore, the physical properties of the blocks were the same with 

previous tests. The mechanical properties of the mortar were measured by using two 
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methods, uniaxial compression test and the Brazilian test (Table 5). All the 

measurements for the mechanical properties have been done by Johansson (2008). 

Table 5: Mechanical properties of the magnetic mortar. 

Mechanical properties  

Young’s Modulus 21.9 GPa 

Uniaxial compressive strength 50.7 MPa 

Tensile strength 5.2 MPa 

P-wave 3808 m/s 

Density 2459.55 kg/m3 

 

2.3.2. The firing pattern 

The plan for the firing pattern was to be a V – shape for the first block with initiation 

point at the central hole. For the rest of the blocks, the firing pattern was sequential. 

 

2.3.3. Charging 

 

The explosive that was used was PETN – cord 20 g/m that gives a specific charge of 

4.16 kg/m3 for the first design and 2.56 kg/m3 for the second design. 

The following table shows the plan of the tests. 

Table 6: The tests plan  

Block Delay time, μsec Firing pattern State 

1 110 V-shape Confined 

2* 290 Sequential Confined 

3 110 Sequential Confined 

4 218 Sequential Confined 

5* 290 Sequential Free  

*the blocks having different design (5 holes) than the others blocks. 
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2.4.  The tests 

 

The tests were subjected to confined conditions but with different delay times and 

firing patterns. 

 

 1st row 

 

The distance between the steel plate and the face is almost the same with the burden, 

i.e. 63 mm (burden = 58.33 mm).  

Figure 21 shows the wave trap (black area), the magnetic mortar (red area), the steel 

plate (yellow line), the nails (black sticks through the steel plate) and the aggregates 

in front of the block (hatched area). 

 

Figure 21: 1st row 

 

 

 

 2nd row 

 

 

The distance between the steel plate and the face is 59.33 mm which is almost the 

same with the burden. The distance changes due to rough surface. The same nails (the 

same length) are going to be used like in the 1st row (Figure 22).  



36 

 

 

Figure 22: 2nd row 

 

 3rd row 

 

The last row will be blasted as free face (Figure 23).  

 

Figure 23: 3rd row 

 

The same procedure has been followed for the second design of the blocks. The fifth 

block (free face block) did not have the steel plate and the confined material in front 

of the face. 
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2.5.  Firing procedure 

 

The tests were conducted in two different places. The first was in Grindsjön at FOI 

site (Swedish Defense Research Agency) at Swebrec facilities and the second was in 

the LKAB’s mine in Kiruna at Kimit testing site. The tests were made in a rubber 

lined container in Grindsjön and in a rubber lined chamber in Kiruna. The purpose of 

using chambers was to minimize the losses. 

The first block was initiated with the Nonel system No.8 and the rest of them by using 

electric caps No.8. 

The VOD measurements were carried out by using Datatrap (MREL). The sampling 

rate was 10 MHz and the length of the explosive cord was 3 meters. 

The explosive that had been used were: first, Riogur 20 g/m and the velocity of 

detonation is 7540 m/s (Figure 24); second, Manticord AP by Orica 4.4 g/m and the 

velocity of detonation is 7289 m/s (Figure 25). The first type was used as the main 

explosive and the second as the distribution line that is the line sharing the shock 

pulse from the detonator cap to the explosives. That same line also defines the delay 

time through simple calculation by using the velocity of detonation and the desired 

delay time. 

 

Figure 24: Riogur 20 g/m VOD test 



38 

 

 

Figure 25: Manticord 4.4 g/m VOD test 

 

Figure 26 illustrates the connection of the cords. The first connection is a T-

connection between the 4.4 g/m cords. After that the cord goes into the small plastic 

cylinder. In the plastic cylinder, the cord is bent three times in order to increase the 

amount of explosive which comes in contact with the 20 g/m cord for having a 

successful initiation. The 20 g/m cord is carefully placed into the plastic cylinder 

where it comes in contact with the smaller cord. That is important to have a successful 

initiation; otherwise, if there is a small air gap between the small cord (4.4 g/m) and 

the 20 g/m cord, it will probably not detonate the 20 g/m cord. As a result, if any hole 

is not detonated, it will influence the fragmentation and it will not be under control for 

carrying out a successful experiment. 

Many tests have been done in order to prove that this procedure works perfectly. All 

the tests were carried out successfully. As a result, that procedure was followed in 

order to detonate the explosive in the tests. 
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Figure 26: The connection of the cords 

 

2.6.  Confined material 

 

The confined material is used in order to emulate the remaining material from the 

previous blasting round. In this case, the confined material was manufactured with 

specific properties. The composition of the confined material is given by the 

following table. 

Table 7: The composition of the confined material 

Ingredient % 

Cement 25.60 

Water 12.65 

Glenium 51* 0.251 

Tributylphosfate** 0.13 

Quartz sand 61.35 
 *plasticizer, **defoamer 

 

The cement was left for at least 28 days to cure in order to obtain the maximum 

strength. The environmental conditions where the cement was placed were with high 

humidity and the temperature was around 20 degrees Celsius. After the curing period, 

the cement was crushed into two different sizes; 0 – 16 mm and 0 – 8 mm. After that 
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the two different materials were mixed for having an average fragment size value 

close to 8.00 mm. The sieving results are shown in the following graph. 

 
Figure 27: Size distribution of the confined material  

 

The average size is around 8.00 mm based on the Swebrec function. In order to 

achieve this size the material was crushed, sieved and re-crushed again. As can been 

seen, the Swebrec function gives average fragment size 8.06 mm with R2 = 0.999 

(Figure 27). 
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3.  Main results 

 

The process of the results has been done in two parallel axes. The first axis was to 

obtain the fragmentation and to make the comparison between different delay times, 

firing patterns, different geometries (burden/spacing), specific charges and under 

confined/unconfined conditions. The second axis was to dynamically obtain the 

burden velocity and displacement (compaction) by using three different methods (the 

nails, the accelerometers and the draw wire). 

 

3.1.  Fragmentation 

 

In order to obtain the fragmentation of each row, the material was processed under 

well – established procedure. After blasting, the fragmented material was swept and 

collected form the blasting chamber and placed in buckets. The buckets were 

transported to the sorting plant of LKAB, where there is a sieving lab. All the material 

(magnetic block and debris) was sieved through different mesh sizes i.e. the opening 

in the mesh of the sieving form. After that the material less than 16.00 mm was 

collected in samples of maximum weight of 3 kg. The samples were transported to a 

university’s lab (LTU’s mineral processing lab) for further process. The material 

(samples) was separated in magnetic mortar and debris by using magnetic separator. 

Finally, the magnetic mortar and debris were sieved for getting the fine part of the 

fragment distribution curve.  

In the following pages there are many graphs of different rows with different 

properties (specific charges, delay times, firing patterns and conditions). In table 8, 

there is a brief description of the tests in order to easily see differences and 

similarities of the average fragment sizes in different graphs.  

 

Table 8: The design of the tests 

a/a 

Specific 

charge, 

kg/m3 

Delay time, 

μsec 

Firing 

pattern 
No. holes Condition 

B1Rx 4.16 110 V-shape 7 Confined 

B2Rx 2.56 290 Sequential 5 Confined 

B3Rx 4.16 110 Sequential 7 Confined 

B4Rx 4.16 218 Sequential 7 Confined 

B5Rx 2.56 290 Sequential 5 Free 
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The results of the fragmentation come from 5 different blocks with different design 

and delay times. Table 9 gives the values of the magnetic mortar for the average 

fragment size, the maximum fragment size, the undulation parameter and the R – 

square value i.e. is an indicator showing the fitting of the model. As can be seen from 

table 9, the R – square values are greater than 0.9987. 

 

Table 9: The Swebrec function fit and its parameters for the magnetic mortar 

Swebrec x50 xmax b r2 

B1R1 33.02 67.94 1.798 0.9988 
B2R1 35.94 529.49 4.98 0.9994 

B3R1 29.38 123.47 2.47 0.9992 
B4R1 19.73 65.79 2.14 0.9994 

B5R1 19.76 126.5 3.04 0.9993 

     
B1R2 21.56 86.56 2.6 0.9987 
B2R2 23.57 211.2 3.48 0.9997 

B3R2 15.76 94.53 2.75 0.9988 
B4R2 15.89 88.01 2.7 0.9993 

     
B1R3 13.34 82.67 3 0.9996 

B3R3 11.08 66.55 2.68 0.9989 
 

 

The average fragment size of the first row is coarser than the average fragment size of 

the second row. That is reasonable because the material of the second row has been 

influenced by the shot of the first row causing back breakage damage (radial cracks) 

to some extent. 

There is also a reduction of the fragmentation between the second and the third row, 

where the material is found to be very fine. In this case, the material is heavily 

fractured by the first and the second round and there are extensive cracks/fractures. 

Additionally, the third row was not under confined conditions meaning all the amount 

of energy by blasting came back to the material as a tensile wave. 
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Figure 28: Fragmentation with respect different delay times of the first row 

Analyzing the results from the first row, some interesting comparisons can be made 

(Figure 28). Comparing B1R1 and B3R1, both have the same delay time, specific 

charge, condition and design but the parameter that changes is the firing pattern which 

is V – shape and sequential respectively for the two blocks. B3R1 (33.02 mm) gives 

finer fragmentation than B1R1 (29.38 mm) by 11.02 %. Another comparable group is 

B2R1 and B5R1; in this case, the parameter that changes is the confinement condition 

and free face condition respectively. It is obvious that the free face block B5R1 (19.79 

mm) gives better fragmentation than B2R1 (35.94 mm) by 45 %.  

Another interesting result is that there is a tendency that the fragmentation becomes 

finer by increasing the delay time between the holes taking into account the blocks 

that have the same design (B1, B3 and B4). 

Analyzing the slope between B2R1 and B4R1 in a graph for specific charge vs. 

average fragment size (Figure 30), it seems that is not subjected to equation (1): 

8.050
1

q
x               (1) 

where, 

q = specific charge (kg/m3) 

 

There is a high deviation from the normal value proposed by Kuz – Ram model of the 

exponent of the specific charge (0.8) and the calculated value (1.235). 
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Figure 29: Fragmentation with respect to different delay times of the second row 

 

According to Figure 29, there are fewer values in the second row than the first row 

due to some problems, i.e. the extensive back breakage by the first shot of B5 was not 

possible to blast the second row (See appendix B5). Comparison of values from 

different blocks can lead to some interesting results. A comparison between B1R2 and 

B3R2 shows that the fragmentation becomes finer in B3R2 by 26.90 % (from 21.56 to 

15.76 mm respectively). 

In the second row, the slope between B2R1 and B4R1 (Figure 30) seems to be 

subjected to equation (1). In this case, the exponent is very close to the normal value. 
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Figure 30: Comparison between different designs 

 

Regarding to the last row (Figure 31), the difference in fragmentation between B1R3 

and B3R3 is 16.94 % (from 13.34 to 11.08 respectively). One point is missing, that is 

B4R3. It was not possible to blast due to extensive back breakage damage. 

 

 

Figure 31: Fragmentation with respect to different delay times of the third row 
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3.2.  Debris 

 

The confined material was pure cement. The material was placed in front of the face 

in order to emulate the SLC blasting conditions. Only the first and the second row 

were under confined conditions. The material had particular properties and 

fragmentation. The average fragment size was around 8.00 mm based on the Swebrec 

function with undulation parameter around 1.2. After the blast, there is a significant 

reduction of the average fragment size of the debris in some cases (Table 10). 

 

Table 10: The Swebrec function fit and its parameters for the debris 

Swebrec x50 xmax b r2 

B1R1 6.69 20.00 1.866 0.9971 
B2R1 4.41 25.30 1.959 0.9866 

B3R1 4.53 22.60 1.670 0.9811 
B4R1 5.69 21.11 1.518 0.9808 

     
B1R2 7.45 16.09 1.458 0.9974 

B2R2 4.79 24.17 1.754 0.9806 
B3R2 4.55 21.96 1.661 0.9802 

B4R2 7.47 20.00 1.457 0.9864 
 

 

Correlating the average fragment values of debris with the delay time (Figure 32), 

there seems to be a trend showing a reduction of the average value by increasing the 

delay time between the holes.  

One interesting result is that for B1 the average value changes by 16.37 % for the first 

row and only 6.87 % for the second row. This small reduction of the values may be 

caused by the different firing pattern (V – shape) or higher porosity than the other 

blocks (Table 11) as opposed to the others blocks where there is significant reduction 

of the average fragment size around 43.75 %. 
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Figure 32: Fragmentation of debris 

 

The porosity of the confined material varied from 30 to 45 %. That may cause 

influence on the results according to Figure 33. For porosities lower than 35 % the 

material becomes finer in comparison to debris with higher porosities. The values 

were reduced down to around 4.5 mm. 

 

Table 11: The average fragment size and the porosity 

a/a x50 Porosity 

B1R1 6.69 0.4488 

B2R1 4.41 0.3091 

B3R1 4.53 0.3581 

B4R1 5.69 0.3223 

   
B1R2 7.45 0.3600 

B2R2 4.79 0.3946 

B3R2 4.55 0.3255 

B4R2 7.47 0.3731 
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Plotting the average fragment size against the porosity (Figure 33), there is a trend 

showing that an increase in porosity influences the fragment size. Figure 33 clearly 

shows that the firing pattern plays an important role in the fragmentation of the debris. 

The two highest points in the graph belong to B1, the block with V – shape meaning 

that the burden movement influences the fragmentation of the confined material. 

Probably less amount of energy goes to the confined material due to different 

direction of the blast. In other words, in the V – shape, the vector of the movement of 

the blast is not perpendicular to the face due to the existence of a second lateral face.  

 

 

Figure 33: Average fragment size and porosity 
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3.3.  Burden movement 

 

The phrase ‘Burden movement’ includes the burden velocity and displacement. The 

results of the burden movement has been obtain by using accelerometers in different 

distances from the initiation point, draw wire in the middle point of the block and 

finally, nails.  

 

3.3.1. Equipment 

 

The instrumentation consisted of two Datatraps (MREL) with sample rate 10 MHz 

(10 million samples/sec), a Picoscope 4424 with sample rate 20 MHz (20 million 

samples/sec), 12 – bit resolution and an Oscilloscope (LeCroy type 9354 A) with 

sample rate 250 kHz (250 000 samples/sec). The total number of channels was 18. 

The actual number of channels was 9 but there were double recording for back – up 

purposes. 

The installed equipment consisted of one draw wire (Firstmark Company) with 

sensitivity of 139.38mm/V, four piezoelectric accelerometers (Dytran DY 3200 BM) 

with amplitude of measuring range 100 000 g and sensitivity of 0.048 mV/g, three 

piezoelectric accelerometers (Endevco 7255A – 1 Pyrotron) with amplitude of 

measuring range 50 000 g and sensitivity around 0.1400 g/V equipped with a built – 

in mechanical filter system to block out high frequency spikes and finally, three nails 

with resolution of 1.7 mm. 

 

3.3.2. The set – up of the first row 

 

The position of each equipment is: 

 The nails (1, 2, 3) 

 The accelerometer (1, 2, 3, 4, 5) 

 The Draw wire (D) (only in the first block) 
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The set – up of the first block 

 

The position of each device is shown in Figure 34. In the upper central point, all the 

methods were installed in order to have a good picture of the burden movement. In the 

lower central point, the nails were only used due to lack of accelerometers. The four 

available accelerometers were installed at points 1, 2, 4 and 5. In the upper left point 

only two devices were installed. The triangle that is formed by the points (1, 2 and 3) 

in the face of the block is assumed to represent the burden movement due to 

symmetry. The equipment has been installed close to each other for having 

comparable results. 

Figure 34: Diagrammatic set-up of the first row 

 

The set – up for the rest of the blocks 

The set – up of the other blocks is almost the same. The accelerometers 2, 5 and the 

Nail 2 are located close to the initiation point. That is why the firnig pattern became 

sequential. 

 D 
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3.3.2.1. Accelerometers 

 

The set – up of B1R1 is shown in the following image (Figure 35). There are 2 

accelerometers located at the upper face of the block, 3 nails that cover a part of the 

face, the draw wire that is located close to the nail and the accelerometer at point 1. 

 

 

Figure 35: B1R1 set – up 

 

A typical record of the accelerometer is presented in the following graph (Figure 36). 

The first pulse is called the first arrival, based on that the P – wave velocity can be 

calculated through simple calculations taking into account the difference in time 

between the first initiation spike and the first point that deviates from the zero line of 

the accelerometer. After that, the graph continues having some reflections of the 

waves from the surfaces of the block. These reflections also include the burden 

movement but it is difficult to define the time span of that movement. It is hidden 

under the reflections and S – wave arrival. The spike that is flat at the top means that 

the signal is out of the measuring range of the accelerometer. After a certain time, the 

rest of the waveform is coming from the initiation of the second hole and following 

holes. Finally, the graph normally goes to zero level but in some cases the signal will 
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show disturbed pattern. There are several explanations for that; for example, a broken 

cable can give this kind of result or when the accelerometer is moved away from the 

installation spot. 

 

Figure 36: Accelerometer 1 

Figure 37 illustrates the first integration of the original coming signal, the main reason 

for that is to obtain the peak velocity. The value of the peak velocity is quite high 

(5081 mm/s) which means the accelerometer is in the shock zone because it is placed 

very close to the blasthole (98.85 mm).  

 

 

Figure 37: Peak value of Accelerometer 1 
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The process with such kind of data can give some interesting results such as shock 

wave front velocity, the angle of the shock wave front, the peak velocity and the 

period (Table 12). 

Table 12: Results of the accelerometer waveforms 

B1R1 
Δt,  

μsec 

Δx, 

mm 

Velocity, 

m/s 
Angle 

Peak velocity 

mm/s 

Period, 

 μsec 

Lambda, 

mm 
F, kHz 

acc1 34.10 98.85 2898.08 20.18 5081 40.90 0.118 24.4 

acc2 69.40 204.40 2944.83 20.41 242 38.10 0.112 26.2 

acc4 106.90 340.43 3184.53 22.60 881 106.91 0.340 9.3 

acc5 109.80 351.12 3197.62 20.67 518 83.61 0.267 11.9 

 

The shock wave velocity can be plotted against the distance in order to observe the 

behavior of the velocity in certain distance from the blast hole (Figure 38). 

 

 

Figure 38: Distance vs. Shock wave velocity  

 

All the results are located in the relevant appendices for each block and each row. The 

correlations between different methods and different blocks and rows will be 

discussed later in this chapter. 
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3.3.2.2. Nails 

 

The Nail method is composed of a coax – pipe with 10 holes and 10 coaxial cables 

passing through these holes. The resolution is 1.7 mm. There is an extensive 

description of the method in previous chapter.  

A typical graph obtained from this method is shown in the next graph (Figure 39). 

 

Figure 39: Initiation spikes and the nail’s spikes (Nail 1) 

 

Figure 39 illustrates the initiation spikes (red) and the nail spikes (black). As can be 

seen the nail starts moving after 193.50 μsec meaning that the burden starts moving 

after 193.50 μsec. The duration of the burden movement is 629.291 μsec and the 

covering distance ranges between 12.6 and 14.3 mm. The reason for this range is that 

the nail can stop between two sequential holes. The distance between two sequential 

holes is 4.2 mm (2.5 mm (diameter of the coaxial cable) + 1.7 mm (distance between 

two sequential holes)). Table 13 shows the values from the nail at point, where Δt is 

the interval time between two sequential spikes. 

 

Table 13: Results based on the nails 

Δt, μsec Velocity, m/s 
Cumulative 

Compaction, m 

190.2 22.6 0.0042 

138.35 31.08 0.0084 

303.75 14.15 0.0126 
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In the calculation of the velocity, several factors have not been taken into account 

such as the friction between the plunger and the pipe, cutting resistance of the cable 

which are all related with the burden velocity. 

 

 

Figure 40: Typical movement of the burden during blasting  

 

The burden velocity initially accelerates up to a peak value and decelerates after that 

(Figure 40). The points in the graph are coming from the original results of the nails. 

The velocity can also be calculated based on the total time (duration of the burden 

movement and the total covered length) that gives a velocity that ranges from                         

20.02 to 22.72 m/s for a compaction from 12.6 to 14.3 mm respectively. 

All the results are located in the relevant appendices for each case. 
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3.3.2.3. Draw wire 

 

The draw wire is a mechanical method to measure short displacements. The 

mechanical methods are not suitable to measure displacements under extremely high 

accelerations.  

The record obtained by draw wire (Figure 41) is a straight line in the beginning, 

normally in the zero level; but in this case, the wire was pulled out up to a specified 

distance (127 mm). That is not the proper way that the draw wire normally takes 

measurements, it is in an inversed way. That resulted in the breakage of the wire, for 

this reason the graph goes down close to zero and also it is not clear when the burden 

starts moving. 

 

 

Figure 41: Draw wire 

 

An attempt was made to isolate a time span that is believed to correspond to the 

burden movement based on the nails (Figure 42). The analysis of such kind of results 

is a difficult task due to many issues (time span, weak wire, etc.). The time has been 

normalized for regression purposes. The missing part of the graph contains very high 

values that influence in a great extent the regression line. The regression line shows 

that the distance increases further, which is wrong.  
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Figure 42: Draw wire 

 

Figure 43 clearly portrays that the draw wire is not suitable for this kind of tests. The 

draw wire starts measuring after the last spike of the nails meaning too late and slow 

response of the device. Some interesting points are: possible inertia problems due to 

the spring inside the device and the very weak wire to bear so high accelerations. 

 

 

Figure 43: Initiation – Nail – Draw wire 
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4. Combining results from different methods, blocks and 

rows 

 

This chapter is going to present and combine different results obtained from different 

methods, blocks and rows.  

The first combination of the results is the shock wave velocity in short and long 

distances (Figure 44). The first row (virgin material) gives higher shock wave 

velocities than the second row (disturbed material). One possible explanation for this 

difference is that there are cracks/fractures in the remaining material meaning that the 

shock waves decays faster (probably, they do not follow a straight path to the sensor 

but the sensor records a kind of reflections) than in a rigid material. It is not possible 

to make a regression through the data due to high scatter of the data. However, some 

observations could be made such as a trend that the velocity seems to be stabilized for 

long distances. For short distances, some points coming from the second row overlap 

with points of the first row. For the distances shorter than 100 mm, at least for the first 

row, the velocities are higher than longer distances meaning that the senor is in the 

shock zone. 

 

Figure 44: Distance against Shock wave velocity (Scatter graph) and Box – whisker graph. 

Figure 44 (Box – whisker graph) clearly shows that the highest values of the shock 

wave velocity is given in the range of 100 – 130 mm from the first blasthole. After 

that point, the average value of the velocities seems to be stable for longer distances. 

Concentrating the results of the fragmentation of the tests in a table is easier to make 

comparison between different blocks and rows. Table 14 summarizes the results of 

the tests. 
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Table 14: Cumulative results of the tests 

 
x50, mm 

Delay time, 
μsec 

Condition 
Specific charge, 

kg/m3 Holes 

B1R1 32.28 110 c, V 4.16 7 

B2R1 35.54 290 c 2.56 5 
B3R1 29.75 110 c 4.16 7 

B4R1 27.69 218 c 4.16 7 
B5R1 19.84 290 f 2.56 5 

 
    

B1R2 21.04 110 c, V 4.16 7 

B2R2 23.14 290 c 2.56 5 
B3R2 15.36 110 c 4.16 7 

B4R2 15.72 218 c 4.16 7 
B5R2 ------ 290 f 2.56 5 

 
    

B1R3 13.22 110 f, V 4.16 7 

B3R3 11.34 110 f 4.16 7 
 

As it is expected, the lower specific charge gives coarser fragmentation in some cases. 

In more details, the coarsest fragmentation is given by B5R1 (Figure 45). When 

comparing the blocks with the same delay times and specific charge but with different 

conditions (confined and free face) the difference in fragmentation is significant; 

additionally, the free face block with specific charge 2.56 kg/m3 is almost comparable 

with the second row of the blocks with higher specific charge.  

Another interesting result is that in B3 & B4 second row the fragmentation is almost 

the same and the only parameter that changes is the delay time. It is not possible to 

extract any conclusion for confined and free face shot for the second row of B2 and 

B5 blocks.  

Finally, the finest fragmentation is given by the third row due to extremely fractured 

material by the previous two blasts; moreover, the last row was designed to be free 

face. The amount of energy is totally absorbed by the magnetic mortar material 

because there is no any confined material to absorb a part of that energy. As a result, 

these two parameters give the finest fragmentation of the tests. 
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Figure 45: Specific charge and average fragment size 

As it can be seen from figure 45, the first row gives coarser fragmentation than the 

second and third rows (Figure 46). One interesting result is that the fragmentation 

becomes finer under confined conditions for such long delay times. As it can clearly 

be seen, in the first and the second rows, there is a trend of reducing the 

fragmentation. 

 

Figure 46: Delay time and fragmentation 
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Figure 47: All the fragmentation results 

 

The last graph regarding the fragmentation illustrates all the average fragment size 

values (magnetic mortar and debris) (Figure 47). There is no any big difference in 

fragmentation between the first and the second rows in debris. That means that the 

same amount of energy goes to the confined material by the first and the second row. 

However, it seems that longer delay times give better fragmentation for the confined 

material. 

 

 

 

 

 

 

 

 

 



62 

 

5. Burden velocity 

 

The burden velocity is one of the most critical parameter in the design of a blast. The 

burden velocity in small scale tests is in the same range of the large scale tests, it 

varies from 10 – 20 m/s (Table 15). The results in the table are the average values of 

the nails in different points. The standard deviation is quite high that means the data 

are quiet unstable and they fluctuate in a great extent. Most of the ‘unstable’ data 

comes from the second row. The explanation for that is the mounting was not as it 

should be due to very rough surface (Figure 48). 

 

Table 15: The results by the Nails 

Compaction, 
mm 

Velocity, 
m/s 

Standard 
deviation 

0.0 0.00 0.00 

4.2 16.39 8.08 

6.7 22.03 12.49 

8.4 13.52 9.38 

12.6 11.04 9.86 

 

 

Figure 48: The actual mounting of the equipment for the second row 
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Figure 49 clearly illustrates the burden velocity against the compaction. Initially, the 

burden accelerates from zero point to a peak value of 22.03 m/s. After that, it 

decelerates down to 13.52 m/s and gradually goes to the last point of 11.04 m/s. That 

is the last point that the Nails recorded the burden movement. Probably, after that 

point the burden velocity goes abruptly down to zero. There are values that show 

extremely slow velocity for further compaction (14.3 mm). 

 

 

Figure 49: The burden velocity by the Nails 

 

In the following table, there are the compactions of each block and row. It is obvious 

that the V – shape block (B1) gives higher compaction than the rest of the blocks. 

Table 16: The compaction results of each block/row 

Nails 
Compaction 

1 2 3 

B1R1 12.6 - 14.3 12.6 -14.3 ----- 
B1R2 ---- 10.9 - 12.6 12.6 - 14.3 

B2R1 6.7 - 8.4 10.9 - 12.6 10.9 - 12.6 
B3R1 10.9 - 12.6 6.7 - 8.4 12.6 - 14.3 

B3R2 2.5 - 4.2 10.9 - 12.6 6.7 - 8.4 
B4R1 12.6 - 14.3 10.9 - 12.6 6.7 - 8.4 

 

The next two figures show the compaction from two different perspectives. Figure 50 

represents a side view of the block and the two lines correspond to the final place of 

the burden after the blast. The inclination of the lines means that the burden is not 



64 

 

moved parallel but with an angle of 79o from the horizontal plane. The trend line 

describing the maximum points can show the maximum compaction at the crest of the 

block, which is 12.76 mm. 

 

 

Figure 50: Compaction and height of the block 

 

Figure 51 is a top view perspective of the block and shows the final place of the 

burden after the blast. The two lines correspond to the maximum and minimum value 

of the compaction based on the nails. The angle of the burden movement is 168o from 

the horizontal plane. The trend line shows that the maximum compaction at the edge 

of the block will be 13.6 mm and a permanent displacement of the burden will shift 

by 7.92 mm. 

Combing the two figures (50 and 51), it can generally be realized that the burden 

moves in two different directions with different angles. There is differential 

movement of the burden from the top point to bottom point.  

The above numbers about the compaction are the maximum values of the burden 

movement. Figure 52 illustrates that the burden after the blast comes back; in this 

case, the backward movement is 4.4 mm. That kind of movement was not possible to 

measure by the existing equipment in order to obtain the backward velocity. 
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Figure 51: Compaction and length of the block 

 

Figure 52: The actual result of the blast 
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6. Discussion – Conclusions  

 

Sub – level caving method is characterized by heavily confined conditions. In most 

cases, the next round of blasting is against the loose material coming by the previous 

round.  

Previous researchers have done small scale tests in order to obtain vital data for 

improving the mining and downstream process.  

Johansson (2011, not published yet) has done similar tests investigating the influence 

of timing (delay time) on the fragmentation. The researcher investigated possible 

wave interactions (compressive and tensile tail of the shock wave). The results were 

that there is a small decrease in fragmentation for very small delay time for free face 

tests. 

Combing the results of Johansson’s (2011, not published yet) work with the results of 

this thesis the following graph can be made. Figure 53 contains only the confined tests 

because there are also free face tests but the results of these tests are not compatible 

with the confined test results. 

 

 

Figure 53: Fragmentation in different delay times. 
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One interesting conclusion that can be drawn is that for such long delays the 

fragmentation seems to become better (finer) than the shorter delays. The difference 

in fragmentation for short delays is reasonable because the tests with lower 

fragmentation have been done with higher specific charge than the other ones. Based 

on these tests the optimal fragmentation obtained with delay time 218 μsec 

corresponding to 4.1 msec/m or 0.24 m/msec for the small scale tests under confined 

conditions and overcharged. 

The following two figures show the slopes of two different specific charges 2.56 and 

4.16 kg/m3 respectively. Figure 54 is composed of Johansson’s (2011, not published 

yet) results and this thesis results. The slopes come from two different block designs 

(5 holes and 7 holes), the common point between the two designs is the ratio of 

spacing to burden (110/57 = 82.5/52.33 = 1.57). In order for the results to be 

comparable, the delays have been equated to different designs. The conditions in both 

cases are confined. The block with lower specific charge has delay time 146 μsec and 

the block with higher specific charge has delay time 110 μsec. In this case, the slopes 

are quite high. For the first row it is 1.438 and for the second row it is an even higher 

value of 2.387. It means that there is no good agreement between these two designs 

because the slope, at least for the second row, is out of the given value proposed by 

Kuz – Ram model which is 0.8; moreover, it is out of the range proposed by  

Ouchterlony and Moser (2006) for small scale tests which is 0.96 – 1.53. 

   

 

Figure 54: Specific charge and average fragment size (146 – 110 μsec) 

 



68 

 

Figure 55 also gives the slope between different values of specific charge but the 

delay time is much higher than the previous graph. The delay time in this graph is 290 

and 218 μsec for 5 holes design and 7 holes design respectively. However, in this 

case, there is good agreement with the two designs. The first row gives slope 1.235, 

which in the range for small scale tests. One more thing that should be taken into 

account is that the material of the first row is not disturbed by any blast (virgin 

material). Regarding the second row, the slope is 0.812 which is almost the slope 

given by Kuz – Ram model. In this case, the material is disturbed by the previous 

blast which means the material emulates in better way the reality due to existence of 

cracks/fractures which are not in a certain direction but in more stochastic way. 

 

 

Figure 55:  Specific charge and average fragment size (290 – 218 μsec) 

 

Comparing the two figures (54 and 55), it becomes obvious that in longer delay times 

the two designs come into agreement. Unfortunately, there are no full scale results to 

make a comparison between model and full scale tests. 

Another interesting result that may influence the fragmentation is the extensive back 

breakage which was not possible to charge the next round in some cases. That 

happened in very long delay times (greater than 218 μsec) which may be influenced 

by the gas expansion (Figure 56, 57 and 58). Some careful observations (in – situ and 

through images) show that there was a kind of interaction between the shock 

wave/crack propagation and the gas expansion. One common point in figures 56, 57 

and 58 is that the back breakage appears after the initiation of the second hole and 
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before or after the initiation of the third hole. In other words that happens after 436 

μsec. 

That phenomenon happened in both conditions (confined and free face), in smaller 

extent in the confined condition because of a part of the energy was absorbed by the 

confined material. In the free face shot, the phenomenon was in greater extent because 

all the amount of energy was released to the magnetic mortar and came back as tensile 

wave. The direction of the cracks is in the direction of the firing pattern. 

 

 

Figure 56: Extensive back breakage damage (B4R3, confined) 

 

 

Figure 57: Extensive back breakage damage (B5R1, free face) 
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Figure 58: Back breakage damage (B2R1, confined) 

 

Some other interesting conclusions can also be drawn by processing the results. 

 The model that has been used in order to fit the fragment distribution curves is 

the Swebrec function which gives quite good fitting with an R – square values 

greater than 0.998 for the magnetic mortar and greater than 0.980 for the 

confined material (debris) 

 The V – shape firing pattern gives coarser fragmentation than the sequential 

patterns for both of the materials (magnetic mortar and debris) under confined 

conditions by 46 % for the magnetic mortar and 34 % for the debris 

 The losses cannot accurately be calculated due to extensive back breakage. 

However in general lines, the losses are around 3 % 

 The fragmentation for the overcharged blocks goes down by 45 % than the 

blocks with lower specific charge. There is no any noticeable difference for 

the confined material 

 The model scale tests allow to conduct many tests with low cost and without 

disturbances in production line comparing with the full scale tests. 

Regarding the second set of measurements (the burden velocity/compaction), after the 

analysis of the data, some interesting conclusions can be drawn. 

 The V – shape gives higher compaction by almost 2 mm 

 The burden moves with different angles in different directions 

 There is evidence that the burden after the blast moves few millimeters 

backwards in the small scale tests 

 The peak velocity reaches the value of 22 m/s 
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 There is a small air gap between the blasted burden and the new face (Figure 

59). The air gap has been filled by the confined material. Taking into account 

that the burden moves earlier than the confined material, which means that the 

air gap already existed when the confined material started moving 

 The average value of the compaction for the first and the second row are     

11.22 ± 2.3 mm and 11.12 ± 2.17 mm respectively. As can be seen, the 

compaction of the first and the second is almost the same. The compaction is 

independent of the condition of the material (virgin or disturbed material) 

 

 

Figure 59: The burden after the shot 
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7. Future Research 

 

As every model/test has advantages and disadvantages, the models/tests in this thesis 

gave very important and interesting results. However, it was not possible to 

investigate other phenomena like interaction between gases and shock waves. 

Therefore, there are some suggestions that can be made for future research. 

 

 Investigation of any possible interaction between gas work and shock 

waves/crack propagation and the influence of that on the fragmentation 

 

 The behavior of the burden in quite long delay time in model scale and full 

scale as well 

 

 Further investigation even in small scale tests and half/full scale tests having 

the same set – up as in this thesis. This could give some very interesting 

results for the compatibility of the results obtained from small scale to the 

half/full scale. Taking into account that in a small scale everything is under 

controlled environment (no geological variations), the question is if the results 

are going to be reproduced in the half/full scale, of course, related to the scale 

factor. 
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9.1.  Block 1 

Row1 

Fragmentation – Magnetic Mortar 

Table 17: Fragment distribution 

Mesh size, mm Mass passing, % 

63 100.00 

45 71.81 

31.5 46.91 

22.4 33.30 

16 22.85 

11.2 16.54 

5.6 9.13 

2 4.05 

1 2.84 

0.5 2.34 

0.25 1.95 

0.125 1.52 

0.063 0.87 

0 0.00 

 

 

Figure 60: Fragment distribution curve of magnetic mortar 
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Debris 

Table 18: Fragment distribution of the debris 

Mesh size, mm Mass Passing, % 

20 100 

11.2 78.24384942 

5.6 41.1834781 

2 19.26245237 

1 14.05706461 

0.5 11.52836497 

0.25 8.546181928 

0.125 7.496753157 

0.063 1.208777376 

0 1.22125E-14 

 

 

Figure 61: Fragment distribution curve of the debris 
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Accelerometers 

 

Figure 62: Initiation spikes 

 

 

Figure 63: All signals (red = initiation, black = acc1, blue = acc2, yellow = acc4, green = acc5) 
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Accelerometer 1 

 

Figure 64: Accelerometer 1 

 

 

Figure 65: Peak velocity 

Peak velocity = 5067 mm/s 
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Accelerometer 2 

 

Figure 66: Accelerometer 2 

 

 

Figure 67: Peak velocity 

Peak velocity = 2029 mm/s 
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Accelerometer 4 

 

Figure 68: Accelerometer 4 

 

 

Figure 69: Peak velocity 

Peak velocity = 881 mm/s 
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Accelerometer 5 

 

Figure 70: Accelerometer 5 

 

Figure 71: Peak velocity 

Peak velocity = 518 mm/s 

 
Δt, μsec 

Δx, 

mm 

Velocity, 

m/s 
Angle 

Peak 

velocity 

mm/s 

T,  

μsec 

Lambda, 

m 
F, kHz 

acc1 34.10 98.85 2898.0 20.18 5067 40.90 0.118 24.44 

acc2 69.40 204.4 2944.8 20.41 2029 38.10 0.112 26.24 

acc4 106.90 340.43 3184.5 22.6 881 106.90 0.340 9.35 

acc5 109.80 351.12 3197.6 20.67 518 83.61 0.267 11.96 
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Figure 72: Distance vs P wave velocity 

 

Figure 73: Peak velocity and distance 
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The nails 

 

Figure 74: The nail 1 

 

 

Figure 75: Compaction and Velocity 
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Figure 76: the nail 2 

 

 

Figure 77: Compaction and Velocity 
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Draw wire 

Based on the nails results, the total covered distance of the burden ranges between 

12.9 and 14.6 mm and the time is 629.7976 μsec (14.6 mm).  

 

 

Figure 78: Draw wire 

 

The box in the above figure shows the part of the graph that is related with the burden 

movement the starting time is 671.193 μsec after the initiation and the finishing time 

is 601.098 μsec later that means the duration of the burden movement is 601.098 μsec 

and the distance is 13.03 mm. The velocity of the burden is estimated at 16.85 m/s. 

The fluctuation might be result of the oscillation of the corner brace that could be the 

explanation of lower values and higher values after the point of interest. 

The graph goes down to zero because the wire was broken. 
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Figure 79: Draw wire 

Figure 2 shows the isolated data from the figure 1. The missing part of the graph 

contains very high values that influence in a great extent the regression line. The 

regression line shows that the distance increases further which is wrong.  

 

 

Figure 80: Initiation – Nail – Draw wire 
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Two points of interest are: 

 The draw wire seems to be slow comparing with the nails (Figure 3) 

 The wire is very weak to bear so high accelerations 

 Inertia issues 
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Row 2 

Fragmentation – Magnetic Mortar 

Table 19: Fragment distribution 

Mesh size, mm Mass Passing, % 

63 100.00 

45 88.00 

31.5 66.93 

22.4 53.14 

16 38.34 

11.2 27.65 

5.6 14.50 

2 5.32 

1 3.51 

0.5 2.71 

0.25 2.07 

0.125 1.94 

0.063 0.96 

0 0.00 

 

Figure 81: Fragment size distribution curve 
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Debris 

Table 20: Fragment distribution 

Mesh size, mm Mass Passing, % 

16 100 

11.2 75.11801 

5.6 37.97222 

2 19.19635 

1 14.42091 

0.5 11.89203 

0.25 8.653515 

0.125 5.94687 

0.063 1.013603 

0 0 

 

 

Figure 82: Fragment size distribution curve 
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Accelerometers 

 

Figure 83: Initiation 

 

 

Figure 84: All the signals (red = initiation, green = acc1, blue = acc2, black = acc4) 
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Accelerometer 2 

 

Figure 85: Initiation and accelerometer 

 

Figure 86: Peak velocity 

Peak velocity = 8094 mm/s 
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Acc1 

 

Figure 87: Accelerometer 1 

 

Figure 88: Peak velocity 

Peak velocity = 6053 mm/s 
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Accelerometer 5 

 

 

Figure 89: Accelerometer 4 

 

Figure 90: Peak velocity 

Peak velocity = 1482 mm/s 
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Figure 91: FFT spectrum 

F = 16251Hz  

R2 Δt, μsec Δx, mm 
Velocity, 

m/s 
angle 

Peak 
velocity, 

mm/s 
T μsec Lambda, m F, kHz 

acc1 47.51 73.41 1545.0 12.41 8094 73.1051 0.112 13.67 

acc2 102.78 173.91 1691.9 11.35 6053 43.1985 0.073 23.14 

acc5 198.69 351 1766.5 12.91 1482 61.5347 0.108 16.25 
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The nail method 

Nail 2 

 

 

Figure 92: the nail method 

 

 

Figure 93: Compaction and velocity 
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Nail 3 

 

Figure 94: the nail at the point C 

 

 

Figure 95: Compaction and velocity 

 

 



98 

 

Draw wire 

The draw wire is located at the upper central point on the face of the block.  

 

Figure 96: Initiation – Nail – Draw wire. 

 

Figure 1 shows the initiation spikes (red), the spikes from nails (blue) and the draw 

wire. The draw wire starts recording 1.7668 msec after the initiation of the first 

blasthole which means that the instrument is slow. In order to get an idea about the 

compaction of the burden and the velocity there is an assumption that the compaction 

is 14.6 mm, the same as the nail. This distance corresponds to the small black box in 

Figure 1. This box gives a time 777.498 μsec and the velocity is 18.77 m/s.  
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Row 3 

B1R3 

Fragmentation – Magnetic Mortar 

Table 21: Fragment distribution 

Mesh size, mm Mass Passing, % 

63 100 

45 98.95286 

31.5 94.6775 

22.4 88.66399 

16 82.97342 

11.2 62.67869 

5.6 33.74324 

2 13.28418 

1 8.502033 

0.5 6.435056 

0.25 4.780359 

0.125 4.515242 

0.063 2.046687 

0 0 

 

 

Figure 97: Fragment distribution curve 
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Initiation 

 

 

Figure 98: Initiation spikes 
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9.2.  Block 2 

Row 1 

Fragmentation – Magnetic Mortar 

Table 22: Fragment size distribution 

Mesh size, mm Mass Passing, % 

63 75.29823 

45 61.962 

31.5 43.81974 

22.4 31.06466 

16 20.44697 

11.2 14.06867 

5.6 6.980218 

2 2.76252 

1 1.810928 

0.5 1.393523 

0.25 1.055325 

0.125 0.70565 

0.063 0.524062 

-0.063 8.55E-15 

 

 

Figure 99: Fragment size distribution curve 
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Debris 

Table 23: Fragment size distribution 

Mesh size, mm Mass Passing, % 

20 99.44612 

11.2 82.15103 

5.6 54.20468 

2 33.37586 

1 26.0145 

0.5 21.55118 

0.25 15.59794 

0.125 4.351898 

0.063 1.623417 

-0.063 9.99E-15 

 

 

Figure 100: Fragment size distribution of debris 
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Accelerometers 

 

Figure 101: Initiation spikes 

 

 

Figure 102: All the signals (red=init, yellow=acc2, green=acc3, blue=acc5, black=acc5) 
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Accelerometer 1 

 

Figure 103: Accelerometer 1 

 

 

Figure 104: Peak velocity 

Peak velocity = 2208 mm/s 
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Accelerometer 2 

 

Figure 105: Accelerometer 2 

 

 

Figure 106: Peak velocity 

Peak velocity = 3269 mm/s 
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Accelerometer 3 

 

Figure 107: Accelerometer 3 

 

Figure 108: Peak velocity 

Peak velocity = 1906 mm/s 
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Accelerometer 4 

 

Figure 109: Accelerometer 4 

 

 

Figure 110: Peak velocity 

Peak velocity = 842 mm/s 
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Accelerometer 5 

 

Figure 111: Accelerometer 5 

 

Figure 112: Peak velocity 

Peak velocity = 557 mm/s 
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Table 24: Cumulative results by the accelerometers 

R1 Δt, μsec Δx, mm 
Velocity, 

m/s 
Angle 

T, 
μsec 

Lambda, 
m 

F, kHz 
Peak velocity, 

mm/s 

acc1 68.53 217.14 3168.4 24.84 70.20 0.222 14.24 2208 

acc2 35.00 97.5961 2788.2 21.70 98.70 0.275 10.13 3269 

acc3 79.30 264.858 3339.7 26.29 73.29 0.244 13.64 1906 

acc4 170.39 560 3286.4 25.87 113.71 0.373 8.79 842 

    
 

    
acc5 15.19 110 

 
 

   
557 

 

 
Figure 113: P – Wave velocity 

 

Figure 114: Peak velocity 
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Nails 

 

Figure 115: initiation and nails (red=init, green=N1, blue=N2, black=N3) 

Nail 1 

 

Figure 116: N1 

 

Velocity = 14.49 < v < 28.99 m/s 

Compaction 4.3 < x < 8.6 

dt = 296.608 μsec 
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Nail 2 

 

Figure 117: N2 

Velocity = 16.83 m/s (taking into account only the first two spikes) 

Compaction 10.9 < x < 12.6 

dt = 255.495 μsec & 5.866 msec 

 

 

Figure 118: Nail 2 
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Nail 3 

 

 

Figure 119: Nail 3 

Velocity = 14.02 m/s (taking into account only the first two spikes) 

Compaction 10.9 < x < 12.6 

dt = 306.711 μsec & 1.1431 msec 

 

Figure 120: Nail 3 
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Row 2 

Fragmentation – Magnetic Mortar  

Table 25: Fragment size distribution 

Mesh size, mm Mass Passing, % 

63 89.63133 
45 76.32993 

31.5 61.61998 
22.4 48.9618 

16 35.78834 
11.2 26.92682 

5.6 14.68585 
2 6.1134 

1 4.037005 
0.5 3.074081 

0.25 2.274007 
0.125 1.428742 

0.063 0.847672 
-0.063 8.3E-15 

 

 

Figure 121: Fragment size distribution curve 
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Debris 

Table 26: Fragment size distribution 

Mesh size, mm Mass Passing, % 

20 99.0346 

11.2 79.15962 

5.6 50.4834 

2 33.77581 

1 27.28424 

0.5 22.83679 

0.25 16.64796 

0.125 4.509896 

0.063 1.742077 

-0.063 1.6E-14 

 

 

 

 

Figure 122: Fragment size distribution curve 
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Accelerometers 

 

 

Figure 123: All singals (red=ini, purple=acc1, yellow=acc2, green=acc3, blue=acc4, black=acc5) 

 

 

Figure 124: Initiation 

 

 

 



116 

 

Accelerometer 1 

 

Figure 125: Accelerometer 1 

 

 

Figure 126: Peak velocity 

Peak velocity = 2300 mm/s 
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Accelerometer 2 

 

Figure 127: Accelerometer 2 

 

 

Figure 128: Peak velocity 

Peak velocity = 1704 mm/s 
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Accelerometer 3 

 

Figure 129: Accelerometer 3 

 

 

Figure 130: Peak velocity 

Peak velocity = 1605 mm/s 
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Accelerometer 4 

 

Figure 131: Accelerometer 4 

 

Figure 132: Peak velocity 

Peak velocity = 637 mm/s 
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Accelerometer 5 

 

Figure 133: Accelerometer 5 

 

 

Figure 134: Peak velocity 

Peak velocity = 226 mm/s 
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Table 27: Cumulative results by accelerometers 

R2 Δt, μsec 
Δx, 
mm 

Velocity, 
 m/s 

Angle T, μsec Lambda, m F, kHz 
Peak velocities, 

mm/s 

acc1 180.504 241.24 1336.4 10.21 476.15 0.636 2.10 2300 

acc2 35.00 98.49 2813.2 21.90 375.59 1.056 2.66 1704 

acc3 141.91 286.69 2020.2 15.54 288.20 0.582 3.47 1605 

acc4 228.412 560 2451.7 18.97 266.10 0.652 3.75 637 

acc5 29.40 110 3740.6 29.74 31.60 0.118 31.64 226 

 

 

 

Figure 135: Peak velocity 
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9.3.  Block 3 

Row 1 

Fragmentation – Magnetic Mortar 

Table 28: Fragment size distribution 

Mesh size, mm Mass Passing, % 

45 70.6637 

32 53.04538 
25 44.07273 

20 36.70631 
16 28.11815 

11.2 22.25588 
5.6 12.61863 

2 6.434419 
1 4.771855 

0.5 3.952803 
0.25 3.125157 

0.125 2.087625 
0.063 1.251385 

-0.063 -1.5E-14 

 

 

Figure 136: Fragment size distribution curve of the magnetic mortar 
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Debris 

Table 29: Fragment size distribution 

Mesh size, mm Mass Passing, % 

20 100 

11.2 80.30602 

5.6 52.43764 

2 34.4338 

1 28.24453 

0.5 24.33263 

0.25 18.75795 

0.125 6.069365 

0.063 2.529054 

-0.063 9.33E-15 

 

 

Figure 137: Fragment size distribution curve 

 

 

 

 

Accelerometers 
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Figure 138: Initiation 

 

 

Figure 139: Overlaid signals (green=acc5, red = initiation, blue = acc2, black = acc1). (sec vs volt) 
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Accelerometer 1 

 

Figure 140: Accelerometer 1  

 

 

Figure 141: Peak velocity 

Peak velocity = 2486 mm/s 
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Accelerometer 2 

 

Figure 142: Accelerometer 2 

 

 

Figure 143: Peak velocity 

Peak velocity = 2248 mm/s 
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Accelerometer 5 

 

Figure 144: Accelerometer 5 

 

 

Figure 145: Peak velocity 

Peak velocity = 300 mm/s 
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Table 30: Cumulative results by the accelerometers 

R1 Δt, μsec Δx, mm 
Velocity, 

m/s 
Angle T, μsec 

Lambda, 
m 

F, Hz 
Peak 

velocity, 
mm/s 

acc1 85.89 313.542 3650.2 28.95 108.03 0.394 9.25 2479.1 
acc2 145.79 504.804 3462.3 27.33 92.11 0.318 10.85 2195.5 

acc5 37.78 92.5 2447.9 18.94 35.19 0.086 28.41 300 
 

 

Figure 146: P – wave velocity 
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Nails 

 

Figure 147: Overlaid nails (red=init, green = N1, blue=N2, black=N3) 

 

Nail 1 

 

Figure 148: Nail 1 

Velocity 23.86 < v < 22.22 m/s 

Compaction 8.6 < x< 12.9 mm 

dt = 180.20 usec & 193.506 usec 
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Figure 149: Nail 1 

Nail 2 

 

Figure 150: Nail 2 

Velocity 33.76 < v < 42.20 m/s 

Compaction 6.8 < x < 8.5 mm 

dt = 201.404 usec 
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Nail 3 

 

Figure 151: Nail 3 

Velocity 25.51 < v < 28.87 m/s 

Compaction 12.6 < x < 14.3 mm 

dt = 505.701 usec 

 

Figure 152: Nail 3 
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Row 2 

Fragmentation – Magnetic Mortar 

Table 31: Fragment size distribution 

Mesh size, mm Mass Passing, % 

45 93.8022 

32 77.75088 

25 69.07558 

20 59.62555 

16 51.61199 

11.2 39.41314 

5.6 21.1296 

2 9.736215 

1 6.938574 

0.5 5.655001 

0.25 4.402016 

0.125 2.75431 

0.063 1.366595 

-0.063 5.77E-15 

 

 

Figure 153: Fragment size distribution curve 
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Debris 

Table 32: Fragment size distribution 

Mesh size, mm Mass Passing, % 

20 100 

11.2 81.27576 

5.6 52.18967 

2 33.73458 

1 28.00856 

0.5 24.45343 

0.25 18.96535 

0.125 5.768091 

0.063 2.336912 

-0.063 -1E-14 

 

 

Figure 154: Fragment size distribution curve 
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Accelerometers 

 

Figure 155: Overlaid signals (red=initiation, yellow=acc1, green=acc2, blue=acc3, black=acc5) 

(sec vs volts) 

 

 

Figure 156: Initiation 
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Accelerometer 1 

 

Figure 157: Accelerometer 1 

 

 

Figure 158: Peak velocity 

Peak velocity = 2636 mm/s 
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Accelerometer 2 

 

Figure 159: Accelerometer 2 

 

 

Figure 160: Peak velocity 

Peak velocity = 275 mm/s 
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Accelerometer 3 

 

Figure 161: Accelerometer 3 

 

 

Figure 162: Peak velocity 

Peak velocity = 2570 mm/s 
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Accelerometer 5 

 

Figure 163: Accelerometer 5 

 

 

Figure 164: Peak velocity 

Peak velocity = 300 mm/s 
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Table 33: Cumulative results by the accelerometers 

R2 Δt, μsec Δx, mm 
Velocity, 

m/s 
T, μsec 

Lambda, 
m 

F, kHz 
Peak velocity, 

mm/s 

acc1 9.1.11 222.47 2441.7 683.69 1.669 1.46 2647 

acc2 52.39 120.53 2300.2 290.39 0.667 3.44 
 

acc3 75.31 180.76 2399.9 357.59 0.858 2.79 2588.1 

acc5 265.72 591.00 2224.1 98.28 0.218 10.17 873.21 

 

 

 

 

Figure 165: Peak velocity 
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Nails 

 

 

Figure 166: Overlaid initiation and nails (red= initiation, green=N1, blue=N2, black=N1) 

 

 

Figure 167: Nail 1 

Compaction 4.2 < x < 5.9 mm 

 

 

 



141 

 

Nail 2 

 

Figure 168: Nail 2 

Velocity 28.96 < v < 33.47 m/s 

Compaction 10.9 < x < 12.6 mm 

dt = 158. 697 usec & 217.676 usec  376.373 usec 

 

Figure 169: Nail 2 
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Nail 3 

 

Figure 170: Nail 3 

Velocity 1.5 < v < 1.88 m/s 

Compaction 6.7 < x < 8.4 mm 

dt = 4.46 msec 
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Row 3 

Fragmentation – Magnetic Mortar 

Table 34: Fragment size distribution 

Mesh size, mm Mass Passing, % 

45 95.62491 
32 91.64492 

25 84.97898 
20 75.68871 

16 64.13658 
11.2 49.55816 

5.6 29.15795 
2 13.99117 

1 9.717361 
0.5 7.712058 

0.25 5.664288 
0.125 3.090591 

0.063 1.381132 
-0.063 6.2E-15 

 

 

Figure 171: Fragment size distribution curve 
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Initiation 

 

Figure 172: Initiation 
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9.4.  Block 4 

Row 1 

Fragmentation – Magnetic Mortar 

Table 35: Fragment size distribution 

Mesh size, mm Mass Passing, % 

45 93.107022 

32 73.785957 

25 62.033232 

20 50.09112 

16 41.697338 

11.2 31.690889 

5.6 17.24584 

2 8.4123305 

1 6.2132699 

0.5 5.1595199 

0.25 4.0852089 

0.125 2.5938956 

0.063 1.4836029 

-0.063 3.2E-14 

 

 

Figure 173: Fragment size distribution curve 

Debris 
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Table 36: Fragment size distribution 

Mesh size, mm Mass Passing, % 

20 99.61 

11.2 76.00505 

5.6 45.91743 

2 29.95684 

1 25.27402 

0.5 22.36978 

0.25 17.14447 

0.125 5.060811 

0.063 1.93015 

-0.063 2.3E-14 

 

 

Figure 174: Fragment size distribution curve 

 

 

 

 

  

Accelerometers 
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Figure 175: All signals (red=ini, black=acc1, blue=acc2, yellow=acc3, green=acc4) 

 

 

 

Figure 176: Initiation 

 

 

 

Accelerometer 1 
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Figure 177: Accelerometer 1 

 

 

Figure 178: Peak velocity 

Peak velocity = 1493 mm/s 

 

 

 

 

Accelerometer 2 
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Figure 179: Accelerometer 2 

 

 

Figure 180: Peak velocity 

Peak velocity = 2270 mm/s 

 

  

 

Accelerometer 3 
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Figure 181: Accelerometer 3 

 

 

Figure 182: Peak velocity 

Peak velocity = 1865 mm/s 
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Accelerometer 4 

 

 

Figure 183: Accelerometer 4 

 

 

Figure 184: Peak velocity 

Peak velocity = 174 mm/s 
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Accelerometer 5 

 

Figure 185: Accelerometer 5 

 

Figure 186: Peak velocity 

Peak velocity = 173 mm/s 
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Table 37: Cumulative results by the accelerometers 

R1 Δt, sec Δx, mm 
Velocity, 

m/s 
Angle T, μsec 

Lambda, 
m 

F, kHz 
Peak velocity, 

mm/s 

acc1 60.62 196.7 3246.0 25.49 119.92 0.389 8.33 1493 

acc2 25.30 87.3 3450.7 27.23 110 0.379 9.09 2270 

acc3 76.31 243.9 3197.0 25.08 157.59 0.503 6.34 1865 

acc4 24.80 87.5 3527.8 27.89 53.37 0.188 18.73 
 

acc5 174.604 587.5 3364.7 26.50 114.00 0.383 8.77 173 

 

 

Figure 187: Peak velocity 
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Nails 

 

Figure 188: initiation and nails (red=initiation, green=N1, blue=N2, black=N3) 

 

 

Figure 189: Nail 1 

Table 38: Results by the nail 1 

Δt, sec Δx, m Velocity, m/s 

0.000239402 0.0042 17.54371 

0.000298992 0.0042 14.0472 

0.00118271 0.0042 3.551166 
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Compaction 12.6 < x < 14.3 mm 

 

 

 

Figure 190: Nail 1 

 

Nail 2 

 

Figure 191: Nail 2 
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Table 39: Results by Nail 2 

Δt, sec Δx, m Velocity, m/s 

0.000412 0.0042 10.18197 

0.00033 0.0042 12.71175 

 

Compaction = 10.9 < x < 12.6 mm 

 

Nail 2 

 

 

Figure 192: Nail 2 
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Nail 3 

 

Figure 193: Nail 3 

Velocity 30.60 < v < 38.37 m/s 

Compaction 6.7 < x < 8.4 mm 

Δt = 218.898 μsec 
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Row 2 

Fragmentation – Magnetic Mortar  

Table 40: Fragment size distribution 

Mesh size, mm Mass Passing, % 

45 92.29582 

32 81.02747 

25 69.03274 

20 59.70644 

16 50.71509 

11.2 38.41938 

5.6 20.18587 

2 9.397312 

1 7.058869 

0.5 5.981916 

0.25 4.839799 

0.125 3.025847 

0.063 1.688811 

-0.063 7.3E-15 

 

 

Figure 194: Fragment distribution curve  
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Debris 

Table 41: Fragment size distribution 

Mesh  size, mm Mass Passing, % 

20 100 

11.2 70.07128 

5.6 36.23034 

2 23.08733 

1 19.60715 

0.5 17.38642 

0.25 13.46368 

0.125 3.910402 

0.063 1.519906 

-0.063 0 

 

 

 

Figure 195: Fragment size distribution curve  
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Accelerometers 

 

Figure 196: Initiation 

 

 

Figure 197: All the signals (red=initiation, red2=acc1, grey=acc2, pink=acc3, yellow=acc4, 

green=acc5, blue=acc7, black=acc7) 
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Accelerometer 1 

 

Figure 198: Accelerometer 1 

 

 

Figure 199: Peak velocity 

Peak velocity = 5352 mm/s 
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Accelerometer 2 

 

 

Figure 200: Accelerometer 2 

 

 

Figure 201: Peak velocity 

Peak velocity = 3062 mm/s 
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Accelerometer 3 

 

 

Figure 202: Accelerometer 3 

 

 

Figure 203: Peak velocity 

Peak velocity = 2090 mm/s 
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Accelerometer 4 

 

 

Figure 204: Accelerometer 4 

 

 

Figure 205: Peak velocity 

Peak velocity = 264 mm/s 
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Accelerometer 5 

 

 

Figure 206: Accelerometer 5 

 

 

Figure 207: Peak velocity 

Peak velocity = 1390 mm/s 
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Accelerometer 6 

 

 

Figure 208: Accelerometer 6 

 

 

Figure 209: Peak velocity 

Peak velocity = 4998 mm/s 
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Accelerometer 7 

 

 

Figure 210: Accelerometer 7 

 

 

Figure 211: Peak velocity 

Peak velocity = 520 mm/s 
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Accelerometer 9 

 

 

Figure 212: Accelerometer 9 

 

 

Figure 213: Peak velocity 

Peak velocity = 3941 mm/s 
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Table 42: Cumulative results by the accelerometers 

R2 
Velocity, 

m/s 
Δx mm Δt, μsec Angle T, μsec 

Lambda, 
m 

F, Hz 
Peak velocity, 

mm/s 

1 2371.8 246.99 104.13 18.33 
   

5352 

2 1898.117 80.17 42.23 14.58 128.299 0.243 7.79 3062 

3 2055.575 147.04 71.53 15.82 185.817 0.381 5.38 2090 

4 2142.223 82.50 38.51 16.50 64.7902 0.138 15.43 
 

5 2373.375 577.5 243.32 18.34 320.703 0.761 3.11 1390 

6 3005.611 138.95 46.23 23.49 29.2063 0.087 34.23 4998 

7 2950.755 269.73 91.41 23.03 78.6185 0.231 12.71 520 

9 2375.246 415.93 175.11 18.36 417.501 0.991 2.39 3941 
 

 

 

Figure 214: Peak velocity 
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Figure 215: P – wave velocity 

Comparison between different accelerometers at the same point. 

 

Figure 216: Accelerometer 1 vs Accelerometer 7 
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9.5.  Block 5 

Fragmentation – Magnetic Mortar 

Table 43: Fragment size distribution 

Mesh size, mm Mass Passing, % 

45 86.57589 

32 69.84391 

25 60.31883 

20 50.31219 

16 42.43441 

11.2 31.64783 

5.6 16.37329 

2 7.235443 

1 5.018644 

0.5 3.990431 

0.25 3.02474 

0.125 1.805928 

0.063 0.911038 

-0.063 7.9E-15 

 

 

Figure 217: Fragment size distribution curve  
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Initiation 

 

 

Figure 218: Initiation 
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Row 2 

 

No shot due to extensive back breakage damage 

 

Figure 219: Extensive back breakage 

 

 

 

 

 


