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ABSTRACT 

Field Measurements of Brow Break and Misfires in Sublevel Caving at Kemi Mine 

Valtteri Vauhkonen 

University of Oulu, Mining Engineering and Mineral Processing 

Master’s thesis November 2022, 85 pp. 15 Appendixes 

Supervisor at the university: Zong-Xian Zhang 

Blasting is one of the most important operations in mining, unfortunately this is often 

ignored. In reality, rock blasting has a strong impact on overall economical results of a 

mine. Brow break and misfires affect negatively ore extraction. Detonator position can 

influence both. For example, if brow break and misfires decrease, the impact of blasting 

on the environmental can be reduced. 

The scope of this thesis was to investigate how detonator position  affects brow break and 

misfires in sublevel-caving (SLC) -ring blasts at Kemi mine. Detonator position was 

changed to ¼ & ¾ of charged length in three middle holes of SLC-ring blast. Research-

based study point out that detonator position reduces brow break and misfires. 

The effect of detonator position was investigated by field blast tests. Top and bottom 

detonator system i.e., ordinary detonator position was compared with the new middle 

detonator position. Brow break was surveyed by tacheometer after the rings had blasted 

and mucked. Brow break was set in proportion to burden. Misfired blastholes were 

inspected visually by comparing designed blast delays to actual particle velocity data 

from geophone. 

Research-based studies found that detonator position affect the brow break and misfires. 

The blast field tests pointed out that the middle detonator system can reduce both brow 

break and misfires, compared with ordinary detonator system. Still, it is important to 

understand that there are non-controllable parameters as geological factors which may 

affect the result of the ring blast. The result of the thesis is one application to use in all 

SLC-mines. 

Keywords: Sublevel caving, Rock blasting, Brow Break, Misfires, Stress waves, 
Detonator position 
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1 INTRODUCTION 

Brow damage and misfires are two kinds of issues in sublevel-caving (SLC), but they 

relate rock break during the blast. Both are controllable and changeable. Brow damage is 

the original burden minus the remained burden after blast and mucking, in the roof on the 

production drift. Larger brow damage results in lower ore extraction, higher dilution, and 

worse safety to the people working in explosive charging and ore loading people (Zhang 

2011). Misfire is related to blast damage from adjacent holes. Misfires lower the number 

of explosives used in rock fragmentation, since actual lowered powder factor often yields 

poor fragmentation. Therefore, reduction of the brow damage and misfires are important 

in SLC. SLC field blast tests in Malmberg mine indicated that brow damage was markedly 

reduced first by the middle detonator and second by cartridge charge (Zhang 2011). This 

thesis considers brow damage and brow break as the same thing. Correspondingly, brow 

damage means the back break in the roof on the production drift. 

This thesis compares the scientifically based blast design to the ordinary blast design in 

the Kemi mine. The purpose of the thesis is to use research-based the ideal detonator 

position to reduce the blast damage. Previous research has shown that the ideal detonator 

position is the middle point of the explosive charge in a blasthole. Minor investiga t ion 

concerns how different uncharged collar lengths effect brow damage. Moreover, the sonic 

velocity of rock mass is compared with the blast induced stress wave to investigate if 

there is a difference between the compression wave velocity and velocity of detonation 

(VOD). The ideal case for good fragmentation would be that sonic velocity and VOD are 

equal or VOD is greater (Zhang 2016).  

The goal of this thesis is to increase the research-based applications to blast design and 

solve blast related problems in Kemi mine. The brow damage and misfire measurements 

are new measurements items. In that way, this thesis brings brand-new information about 

aspects related to rock blasting. There are many non-controllable parameters as geologica l 

factors that may change the blast related finding in other SLC-mines. As a result, the 

research-based finding must be tested before adding those to the production blast design.  

Sometimes finding in other mines does not work in certain rock conditions. For example, 

brow damage might increase by changing fundamental blast parameter to hurry. Brows 

are surveyed after blasts and mucking. Misfired blastholes are investigated by particle 

velocity measurements from geophones. All the last two measures are tightly related to 
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blasting since blasting is one of the most important operations on SLC-mining. Overall, 

the new investigation result can be used to support the decision-making blast designs. 

1.1 Hypotheses 

The blasting design contain many key parameters among the group of controllab le 

parameters. The result of blasting is bad often when considered back break or brow 

damage. This will affect ore extraction, mining safety and success of the overall 

production rate of the SLC-mining. It is vital to recognize the facts that mechanica l 

properties i.e., non-controllable parameters, of ore cannot be changed and the direction of 

the excavation front is not reasonable to be changed. 

Today the same blasting design is used for the whole SLC-mining in Kemi mine. The 

point is to change blasting design by locating detonators at proper positions in blasthole. 

The proper position is in double detonator system, ¼ & ¾ of charged length. By adapting 

these controllable parameters to blasting design it should reduce brow damage and reduce 

misfired blastholes. Reduce in brow damage prevent the loss of precharged blastholes. 

Overall, there is high potential to develop ordinary blast design by the new detonator 

position. 
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2 RESEARCH-BASED BACKGROUND 

Detonation in a borehole with explosive charge generate high pressure gases and high 

amplitude stress waves to originate from the blasthole wall into rock fragments. The 

importance of stress and gases generated two schools of thought regarding the theories of 

rock breakage by blasting. The argue focused on the relative importance of either the 

stress field or the high-pressure gases to fragmentation and cracking. The blasting process 

is complex and both parameters play important roles that the issue was clearly resolved 

not until experimentally. 

Langefors and Kihlström (1963) presented that the shock wave is not responsible for the 

actual breakage of rock, but only for providing the basic conditions for this process.  

Persson (1990) presented claims that reflected tensile waves carry insufficient energy to 

cause rock fragmentation, they support the growth of the dominant cracks already 

emanating from around the blasthole. Reduced scale blasting test proved the point that 

dominant cracks were not radiating from the blasthole as originally was supposed. The 

point was that dominant cracks at the free surface were caused by the stresses resulting 

from the reflection of P-wave as it travels back to the blasthole. In summary, dominant 

cracks initiate on the free surface and propagate inwards (Chi et al. 2018). 

Although blasting science is complicated process there have been pioneers such as 

Langefors and Kihlström to improve blasting techniques. Empirical design has been a 

predominant way to do blasting design even it is not optimal for rock fracture and 

cracking (Zhang 2019). Scientifically made design is based on measured and modelled 

data from stress waves that act on key role on development of blast design. Stress waves 

are high amplitude waves that are high impact, dynamic, process which can take place 

within only few milliseconds. The gas pressure phase is lower impact, quasi-static, 

process but it can still affect rock fragmentation and cracking due to lower loading rate  

(Langefors et. al 1963). 

Utilizing scientific methods and understanding the mechanism of liberating rock 

fragments i.e., stress wave theory, there is potential to use this knowledge to reduce the 

back break and get further improvements in rock blasting for SLC-mining (Zhang 2016). 

The mechanism on rock fragmentation and cracking by blasting is dealing primarily with 
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chemical reactions, detonation, shock waves, near field stress waves, crack propagation 

and fragment throw (Zhang 2021). 

Several parameters related to rock fragmentation and cracking are controllable and can 

be changed. These are related to reducing back breakage, ore extraction, and improving 

fragmentation. The controllable parameters influence the rock fragmentation and 

cracking: 

 Explosives (e.g., powder factor, velocity of detonation, energy, density, and 

suitability between rock and explosive) 

 Initiation (e.g., quality, quantity, and type of detonator) 

 Drill design (e.g., spacing, burden, caving height, diameter, and length of 

blasthole, subdrilling, undrilling, drilling pattern) 

 Blast design (e.g., detonator position, decoupled charge, stemming material and 

length, delay time, detonation pattern) 

 

After the development of production drift, the non-controllable parameters cannot be 

changed. The non-controllable parameters are naturally formed: 

 

 Rock mechanical properties (e.g., rock strength, local stress field, confinement, 

etc.) 

 Geological properties (e.g. discontinuities, structures, joints, voids, dips, density 

etc.) (Sari et al. 2014, Zhang 2016) 

One of the major problems related to SLC-mining is the formation of cracks from the 

middle holes of blast ring to production drift roof. To prevent this phenomenon, an 

engineer should consider the key parameters among the group of controllable blasting 

parameters.  

2.1 Stress Waves from Detonation 

This part considers the stress waves which propagate in rock material. Ground vibration 

can happen when two different tectonic plates collide or separate. We can sense this as a 

shaky feeling. Fundamentally, rock mass is transmitting energy as a wave from one point 

to another. The rapidity and size of the process define the amplitude of the wave. Driving 
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force is elastic stress set up by deformations within the strength limits of the rock mass. 

In mines, the blasting induced ground vibrations travels nearby and generates similar 

amplitudes than the earthquake from plate tectonics or other similar dynamic events. By 

means of stress wave theory, there is possibility to improve the productivity and quality 

of current rock blasting, especially reduce blast induced rock damage. 

Stress waves in solids can be divided into two groups: body waves and surface waves. 

Solid body as rock mass can have stress waves of only one kind as body waves. P-wave 

is the primary source of body waves, and the second source is S-waves as secondary 

wave. P-wave propagation and particle displacement is in the same or opposite directions. 

This is one reason for better propagation ability compared with S-wave which propagates 

as transversal direction. Discontinuities as joints and cavities influence propagation on S-

waves and joints perpendicular to the propagation direction will decrease or can even 

vanish S-wave (Zhang 2016). P-wave has the highest velocity and S-wave is considerably 

slower. Detonation produces short P-wavelength, but it will attenuate quickly with 

increasing distance, so the amplitude of P-wave decreases with distance from the hole 

(Persson et al. 1994, Rajasekaran 2009, Zhang 2016). 

P-wave is also called longitudinal waves, e.g., the particle motion is parallel in a direction 

of the wave propagation. The P-wave velocity cp i.e., the sonic velocity of rock can be 

defined as 

where 𝑣 is Poisson´s ratio, 𝐸 is the Young´s modulus, and 𝜌 is the density of the rock 

material where a P-wave propagates. The ratio of transverse strain to corresponding axial 

strain is called Poisson`s ratio and it varies typically between 0 and 0.5; 0.25 is suitable 

for many rocks (Zhang 2016). Young`s modulus can be defined in UCS, and it describes 

how the rock can stretch and deform. UCS is defined as the ratio of stress to strain. Greater 

value means, greater stress resisting capacity. Thus, the laboratory measured the strength 

of a rock specimen is always higher than the strength of the in-situ rock mass due to joints, 

fractures, joint fillings etc (Persson et al. 1994, USDA 2012, Zhang 2016). 

The detonation wave generated by rock blasting is a classic shock wave. The shock wave 

stresses the rock material considerably beyond its elastic limit and the wave velocity 

increases with increasing particle velocity. After the amplitude of initial wave decreases 

𝒄𝐩  =  √
𝑬(𝟏 − 𝒗)

 𝝆(𝟏 + 𝒗)(𝟏 − 𝟐𝒗)
 

 

(1) 
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under the elastic limit the wave is called a blast induced stress wave. In comparison to a 

shock wave, an elastic wave has constant wave speed. A stress wave address likewise a 

light when it arrives at a free boundary. Fig 2.1 illustrates situation where an incidence 

wave (P-wave) arrives at the free surface, as ring face, bench face or joint, happens 

reflection that follows the basic principles of light (Zhang 2016).  

 

Figure 2.1 P-wave reflection from the free surface. 

2.2 Rock Fragmentation and Cracking by Blasting 

In this chapter we are dividing the fracture process in different phases. Rock 

fragmentation and cracking by blasting is achieved by high impact, i.e., dynamic loading, 

introduced into rock mass. Mechanism is based on stress waves and flowing gases. The 

chemical reaction of explosives will produce extremely high-pressure gases (Zhang 

2008). Fracturing occurs if the stress exceeds the strength of a given point as it is defined 

by the physical properties of rock (Hoek 1968). 

Fragmentation conditioning by rock blasting can be defined as the change of the physical 

properties of the rock after blasting due to the extent of pre-existent cracks and creation 

of new fractures (Parra et al. 2014). In general, the main factors which impact on the 

formation of fractures and hence conditioning included: induced stress, mineralogica l 
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structure, texture, rock elastic and mechanical properties and natural porosity or pre-

existing cracking (Jern 2002). Since the 1970s many blast experiments have supported 

the following explanations on rock fragmentation and cracking by the small-sca le 

blasting: (1) the original bore hole expansion, (2) fractured zone formation, that did not 

begin on the borehole wall appeared around the borehole, and (3) radially symmetr ic 

stress wave front form outside of fractured zone (Zhang 2016, Zhang 2021). 

Detonation in blasthole generates the shock wave which shock pressure exceeds many 

times the compression strength of the rock. High compression stress will expand the 

blasthole walls as Fig 2.2 present by red colour, and a crushed zone shapes in a way of 

plastic deformation. Fig 2.2 presents the idea of the crushed zone coloured by orange.  

Plastic deformation is permanent distortion and last a few milliseconds in a blasthole. 

Shaping the crushed zone can consume plenty of energy released by explosives and it 

reduces the amplitude of stress and strain at a level where it chances in a form of elastic 

(or elastoplastic) stress waves. In other word, crushing continues until the stress has been 

attenuated to below the dynamic compression strength of the rock. For porous rock, the 

crushed zone can be larger due to the lower strength of the rock. The breakage effect of 

the shock wave will decrease with increasing distance from blasthole due to rapid 

attenuation of the shock wave (Persson et al. 1994, Zhang 2008, Zhang 2016). 

After a while, the tangential stress close to the blasthole will be induced by the radial 

compression wave, and in that way will form tensile stress. Radial cracks form if the 

tangential tensile strength of exceed the dynamic tensile strength of the rock forming a 

radial fracturing zone as Fig 2.2 presents the cracked zone. Major of these radial cracks 

are close to the blasthole and few will propagate far. Length of the fractured zone depends 

on the physical properties of rock mass. Fracture toughness and rock strength determines 

crack propagation (Zhang 2016). The radial cracking propagates much slower than the 

blast induced shock wave. The radial cracking speed is less than 25% from shock wave 

velocity (Persson et al. 1994). Comparable results have been found later that the 

maximum velocity of crack propagation in rock like materials has measured to be up to 

33% and the mean crack velocity 8-30% of the compression wave velocity (Zhang 2016).  

Close to the blasthole the major damage is induced by compression waves, shear, and 

tensile failure. After a while the compression stress wave have attenuated through rock 

mass and reach the free surface, the wave is reflected as a tensile stress wave. If the 



14 

 

amplitude of the tensile wave is higher than the dynamic tensile strength of the rock, 

tensile failure i.e., spalling happens as Fig 2.2 presents. The higher amplitude of the 

compression wave affects the higher amplitude tensile wave (Zhang 2016). 

 

Figure 2.2 Crack initiation, crack branching and spalling process by dynamic load as 
a rock blasting. 

 

The gas pressure face is much low impact, quasi-static, process than the shock wave 

phase, which only takes a few milliseconds. Quasi-static stress can fracture rock in means 

of lower loading rate of rock. After the fractured zone is formed, these cracks can be 

propagated by high pressured explosive gases (Langefors et. al 1963). Anyway, the 

meaning of the gas pressure phase is argued, and research emphasizes that gas loading 

had no considerable influence on a creation of the micro fractures. The shock wave is 

responsible for micro fracturing (Olsson et al. 2002). The leakage of gas into joints 

significantly reduces the available blasthole pressure and changes normal fragmenta t ion 

process (Bhandari 1997). Finally, primary radial cracks will be further extended 

combining the fracture caused by the tensile wave if the amplitude of the tensile wave is 

great enough. A net of cracks will be formed, meanwhile the pressure of blasthole start to 
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drop back to atmosphere level due to the gas leakage from collar and the free face (Zhang 

2016). Note that gas velocity is much smaller than stress wave velocity. 

Further fragmentation and cracking on the blast process is due to particle collision i.e., 

secondary fragmentation. The kinetic energy carried by moving particles in rock 

fracturing is notable and it increases with increasing the loading rate. The above-

mentioned kinetic energy can be proper used for secondary fragmentation in blasting. Part 

of the muck should be left from the previous blast in front of the new face. After the 

second blast the fragments from first and second blast will collide and a part of kinetic 

energy from flying particles will be used in secondary fragmentation (Zhang 2017). In 

SLC-mining this question should be considered when blasting is performed beneath 

hanging wall and the waste rock flow from the upper level is not initiated. The secondary 

fragmentation is produced by the collision of caved waste rock and ore fragments after 

the waste rock or caving rock fill the stope. 

2.3 Single Hole Blasting Process 

Next, we are going to separate different phases from single blasthole deeper. The 

detonation process for rock blasting in a blasthole is a typical 3D dynamic event. 

However, 2D analysis is used often due to the complexity of 3D detonation problems. 

Simplified problems offer simplified solution. Analysis can be as accurate as the origina l 

measurements. Research-based 2D analysis from the problem is useful tool for 

investigating the mechanics of blasting and improves the blasting practise. The distinct 

phases must be separated in a single hole blasting to fully understood the blasting process. 

When phases have been identified, there is possibility to start to take effect, them even 

these phases are lasting a few milliseconds. 
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Figure 2.3 Single hole blasting process. (a) Detonation front (shock wave) which is 
assumed to be ideal, reaction zone (pressure wave), expanded borehole, crushed zone, 

and cracked zone; (b) pressure along the borehole; (c) pressure (detonation wave) 
history at reaction zone in borehole; (d) plane section B-B in (a). Blasthole A-E is an 
explosive column and E-F is stemming material. D is VOD; Cs is average velocity of 

shock wave and P-wave velocity in stem; DR is the velocity of reflected wave in 
detonation products; LEF is the length of stemming material; Tescape is the time during 

which gases escape from location B (Zhang 2016). 

 

Initiated explosive charge in a borehole, first produce the shock wave, and then follows a 

pressure wave in the reaction zone. Strictly after the pressure wave in reaction zone 

follows the rarefaction or Taylor wave. Three different waves are together called a 

detonation wave. If a pressure gauge is installed at point B, the results from the gauge 

will be shown in Fig. 2.3. Detonation pressure increases almost vertically to its peak value 

in its initiation point. After peak value the borehole begins to expand, and cracks 

propagate. The length of the detonation wave equals the blast induced gas pressure [Pa] 

(or the stress [Pa]) in the rock mass and it is mainly depended on time duration when 

detonation gases escape from the borehole. The amplitude of the detonation wave is the 

greatest in point B in Fig. 2.3. The detonation wavelength or gas pressure phase is 8 to 13 

times longer than detonation time. This indicates that detonation wave affects rock mass 

much longer time than corresponding detonation time implies (Zhang 2016). 



17 

 

Fig. 2.3 demonstrate many distinct phases during a detonation in the single hole. 

Detonation starts in point A in (a) which is the same position in O in (c). Horizontal line 

between OG in (c) mean the time when detonation travels from A to B (a). The Neumann 

spike (c) is called the shock peak which is output of shock front in B. After the shock 

peak, follows the reaction zone pressure. Beneath the reaction zone are detonation 

products whose pressure is decreased due to rock fracturing, rock crushing, gas escape, 

and so on. The pressure in detonation products is called Taylor wave or rarefaction wave 

(c). Beginning of the pressure curve GH is short and the rest of curve between G and H 

present the variation of pressure from detonation propagates B to E. When, the detonation 

front travels from E to F it reflects from F to E, the pressure at B varies from H to I. I to 

J pressure curve present reflected wave travelling from E to B with velocity DR. After 

that, the reflected wave will continue travelling to the bottom of the hole. Pressure drop J 

to K is related to this wave reflection moving from B to A when detonation gases will be 

escaping out of the borehole both the collar and fractured hole. 

Fig. 2.3 clarification is based on that borehole is long, and the wave reflection is ignored 

in stemming and at the bottom of the borehole. Really, the reflected wave from boundary 

E will be reflected again in bottom and goes up toward the collar again. Moreover, the 

pressure gauge at point B would not give as smooth curve as Fig 2.3 have shown due to 

wave reflection on the interfaces such borehole bottom and borehole walls (Zhang 2016). 

Additional detonation energy can be kept in a borehole a longer time if stemming is used. 

From Fig. 2.3 can be found that detonation wave or pressure wave time duration t = 

2LEF/CS can be increased and used for rock fragmentation and cracking. Area between H 

to I in (c) presents the time duration. Without a proper stemming material, the time period 

HI will disappear. Detonation gases will escape through B earlier by time period t = 

2LEF/CS. Consequently, it is crucial to use proper stemming in rock blasting (Zhang 2016).  

In brief, Fig. 2.3 describes different gas pressure phases and factors that influence the 

outcome of the blast:  

 Stemming 

 Velocity of detonation (VOD) and other explosive properties 

 Fracture toughness and strength of rock 

 Burden and spacing 
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 Borehole length & diameter 

 Coupling in charge 

 Quantity of detonators in a blasthole 

 Placement of the detonator in each borehole 

 Deck charge 

 And other factors. 

 

Stemming can keep the detonation energy in the rock mass long time enough to prevent 

the energy escaping from the collar of the borehole; the VOD defines energy distribution 

and the total detonation time, fracture toughness controls crack propagation, UCS and 

shear strength affects the expansion of the hole and rock crushing; the burden and the 

spacing determines the time period of tensile wave to propagate from the free face to the 

blasthole, and then influencing spalling on the free face, the time of borehole cracking, 

etc; borehole length with charge length influences the detonation time and gas leakage, 

borehole diameter is linked to the VOD; the amplitude of the shock wave is determined 

by the coupling ratio of charge and the quantity of detonators is linked to the amplitude 

and length of the detonation wave; detonator placement influences the detonation time; 

and the detonation energy distribution is linked to the deck charge (Zhang 2016). 

2.4 Mechanical Properties of Rock 

This part considers how different mechanical and geological properties in rock material 

affect fracturing process. Cracking and fragmentation of rock by blasting, in contrast to 

tectonic loading (static load), is a rapid disintegration of rock. Rock is facing to two kinds 

of loading, low impact (static) and high impact loads when explosive is detonated but 

tectonic load is affecting rock only by static loading. Rock is brittle material which has 

huge different between intact rock and rock which consists of both intact rock and 

discontinuities within the rock mass. A rock specimen behaves separate manner over a 

wide range of scale from microscopic cracks to fault systems seen with the naked eye 

(macro scale). 

Back break tends to occur along pre-existing joints and blast-induced fractures (Konya et 

al. 2003). Homogeneous rock material with great tensile and compression strength 

attributes does not fracture around a charged blasthole as much as the rock of lowered 



19 

 

strength which is already fractured. Rock crushing and radial cracking around the 

blasthole in non-homogeneous jointed rocks are dependent on the nature of joints. Tight 

or in filled joints results less back break versus open joints. The orientation of joints has 

shown to have dominant effect on the blast result for the final face and loose rock on the 

face. When the angle of discontinuities dips towards to the face, back break and crest 

fracture significantly increase (Bhandari 1997). 

Other parameters related to the physical and mechanical properties of rock and 

discontinuities are density, porosity, dynamic compression strength, dynamic tensile 

strength, shear strength, dynamic elastic properties, hardness, and grain size of intact rock, 

but also the orientation of discontinuities, strength, and roughness of cracks, and infill ing 

the material of joints. However, all these parameters must be considered as uncontrollab le 

(Sari et al. 2014). It is obvious that all of these have a certain role in terms of rock damage 

in the near field (back break) due to rock blasting. Still, rock can be considered as a 

continuum material even though they have certain discontinuities, especially when the 

rock is subjected to a certain confinement. The strength of rock is increasing with 

increasing confinement, for example under uniaxial strain conditions the strength of 

granite is much greater than the strength of hard steel (Persson et al. 1994). 

The following subjects are presented to be the most important characteristics as rock 

fracture toughness, rock strength, and the relation between rock strength and fracture 

toughness. These subjects help to understand how to break rock and support it. Moreover, 

3000 C° detonation produced gas heat can affect greatly on rock material breaking 

conditions under static or dynamic loadings. 

2.4.1 Rock strength and Fracture toughness 

Strength is the capability of a material to resist deformation. When a load is applied to a 

rock specimen, layers of atoms withing the crystal structure advances in relation to the 

adjacent layer of atoms. This process is stated the slip. The strength of a rock is frequently 

considered based on the maximum load that can be carried before total failure.  
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Figure 2.4 Strength test principles. (a) tension, (b) unconfined compression, (c) 
unconfined shear. 

 

Fig 2.4 presents schematically the different strength tests that are used to get basic 

understanding about the strength and fracture properties of rock. The most used rock 

strengths are compressive σc, tensile σt and shear strength σs. The tensile strength of rock 

is much smaller compared to compression strength. This strength variation can be 

expressed as: 

The compression strength of many rocks is 5 or more (Persson et al. 1994), and even 8-

15 times (Zhang 2016) greater than their tensile strength. The strength values of rock 

specimens vary due to randomly distributed weak planes, micro cracks, or flaws (USDA 

2012). Formula 2 show how apparent ease with which rock break in tension but it is only 

part of the result. The other result is the small energy requirement for deformation to 

fracture in tension. In order to fracture rock with minimum force and energy, the rock 

𝝈 𝐭  < 𝝈𝐬  <  𝝈𝐜  

(2) 
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material should be loaded by tensile stress. In the other hand, if the goal is support rock 

there is need to use compression stress (Persson et.al 1994, Zhang 2016). 

The static fracture toughness, KIC, conducts the ability of rock to resists crack initia t ion 

and propagation. Under low impact speed loading conditions, fracture toughness and 

tensile strength of rock are connected to each other by the linear empirical equation 

(Zhang 2002): 

Increasing confining pressure, increases the fracture toughness. Grain size has been 

noticed to affect KIC when decrease the grain size increase. Fig. 2.5 present the fact that 

the static fracture toughness of rock is keeping nearly constant, but the dynamic fracture 

toughness increases markedly with increase of the loading rate. Tests were done with 

using a Split Hopkinson Pressure Bar, SHPB. The test result means that rock material 

resists the dynamic fracture better than the static fracture. This indicates that is more 

energy efficiency use static fracture if possible (Zhang 2002). In this sense, there is 

possibility to use relatively low impact systems as Tunnel Boring Machine (TBM), rock 

drilling etc. However, dynamic load is easier to achieve by cheap and simple detonation 

in a blasthole. Moreover, even though under dynamic load the crack resisting increases, 

the size of rock fragments will decrease markedly (Zhang 2016). 

𝝈 𝒕   =  𝟔. 𝟖𝟖𝑲𝐈𝐂    

(3) 
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Figure 2.5 Rock specimen fracture toughness vs. loading rate (Zhang 2016). 

Detonation produces high temperature gases in blasthole. The temperature affects fracture 

energy. The thermal heat treatment of rock affect crack branching, micro cavities, and 

thermal cracking. Grain size determines the boundary area which means that the smaller 

the grain size is, the larger the ability to prevent the slip. Decreasing the grain size of the 

steel through cold, tends to dwindle grain boundary area and decrease the strength of the 

specimen. However, the effect of temperature of rock strength is not the same, in 

particular under static loading conditions. Heated rock under static load, tends to have 

lower strength that in under dynamic load which almost does not have any influence from 

heating. Moreover, static rock fracture toughness decreases with preheating. Under 

dynamic loading, the high temperature does not affect noticeably dynamic fracture 

toughness (Zhang et al. 2001, Zhang 2016). Overall, it is energy efficiently to use static 

load with heat treatment to break rock material. 

The lack of energy efficiency on the dynamic fracture is based on the stress wave 

reflection on the interfaces that contributes considerable energy loss (Zhang 2016). Rock 

engineers should consider the dynamic behaviour of rock mass rather than only static 

behaviour since many problems in rock structures are related to dynamic loads. It is also 

important to understand the source of crack propagation. The difference between blasting 

damage (dynamic) or unloading situation as rock burst (static) phenomenon in caving is 

significant. 
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2.5 Mechanism of Rock Fracture 

Numerous of rock failure in rock engineering is originated from one or more cracks in 

either micro scale or macro scale. For example, in rock blasting, the rock mass is broken 

into fragments due to the propagation of many cracks; in rock slope engineering, the 

failure of the slope is often caused by the unstable extension of discontinuities as of fault 

or a weak zone; in tunnelling damage related to crown and walls are induced by crack 

propagation; and in underground mine dilution from hanging wall, seismic events and 

rock falls are linked to the extension of several cracks. In the end, many kinds of rock 

failures are actually a fracture mechanics problem. 

In rock engineering, discontinuities in rock mass are often seen to be the biggest 

influencer for dilution and back break. To solve a fracture problem, must consider the fact 

that crack propagation is the source of failure. The crack will only extend on whether the 

stress exceeds the fracture toughness of the rock. As a result, the stress state near a crack 

tip and fracture toughness are vital to solve a fracture problem. This is particularly critical 

for underground mine, especially when the ring blasting goes deeper part of the orebody. 

To put it another way, the reduction of blast induced crack propagation in nearby rock 

structures as pillars, drifts, shafts, and decline. 

The most important aspect of the strength of brittle materials as rock is the ability to break 

by crack propagation (Persson et al. 1994). The energy absorbed by the rock specimen 

during the fracture is consumed in several forms: (1) the fracture and damage energy, 

which is used in the crack branching and producing new fracture surfaces; (2) the kinetic 

energy of flying fragments once the pieces from specimen is separated; (3) the rotation 

energy of the flying fragments; and (4) the other forms as acoustic energy and thermal 

energy (Zhang 2016). 
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Figure 2.6 Rock fracture model under static loading (upper) and dynamic loading 
(lower). The cracks and fracture process zone are not in scale (Zhang et.al 2021). 

 

Rock blasting trigger the process of rock fracturing. The fractured process zone appears 

surrounding the tip of the crack. Figure 2.6 illustrates opening mode (Mode 1) fracture 

toughness under different loading conditions. The fracture process zone is composed of 

various microcracks created by concentrated stresses. Stress at the tip of the crack is much 

greater than the applied stress (Persson et al 1994, Zhang 2016). Figure 2.6 specimen have 

homogenous material and crack branching is created by along a plane, although in case 

of non-homogeneous material a new surface is generated not only along grain boundaries 

but also through grains. If the load is slow enough (static) and aligned with the symmetry 

of the material, crack branching does not occur. Under dynamic load, crack branching is 

a common phenomenon. The crack branching must consume additional energy and it 

increases with increasing of the loading rate. Moreover, under the dynamic fracture, rock 

fragments fly away, and there are consumed of additional kinetic and rotational energies 

(Zhang 2016, Zhang et al. 2021). In rock blasting, the kinetic energy can be up to 28% of 

the total input energy if burden velocity is 20 m/s (Zhang 2017). 



25 

 

Observations indicate that crack propagation advance along grain boundaries, implying a 

tensile nature of the fracture (Zhang 2016), but in a jointed rock mass the case is not the 

same. In a jointed rock mass, the local tensile stress produced by the detonation of a given 

charge a given distance away from the blasthole is greatly influenced by the joint 

structure, particularly by any open cracks or joints filled with soft material. Moreover, the 

fracturing occurs along the joints rather than along direction of the maximum shear stress 

due the weakness of the joints compared with the solid rock between the joints (Persson 

et al.1994). Perhaps the most important aspect of the rock blasting in context of back 

break is the control of crack initiation, crack propagation and interaction with other 

cracks. 

2.6 Back Break and Brow Damage 

 

Figure 2.7 Dynamic rock fractures from ordinary drift blast. 

 

Blasting has a vital role in mining and rock engineering. However, uncontrolled drift 

blasting i.e., ordinary drift blasting can cause many negative effects on mining safety and 

environment. For example, ordinary drift blasting typically form dynamic rock fractures 

beyond the excavation line in underground drift (Bhandari 1997, Zhang 2016). Fig 2.7 

illustrated how the damage is in and near the surface of the drift as the surface is close to 

the blasted hole. The disturbed zone has lowered rock strength. That is one reason why a 

dynamic rock fracture such as back break or brow damage is so common in sublevel 
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caving. Ring blast can generate a dynamic rock fracture which deform a block from the 

roof as showed in Fig 2.8 that suggest a church-shape roof is formed from blasting (also 

due to other discontinuities and stress redistribution). The dynamic rock fracture is usually 

close to blast source, so such damage is easy to see. The clean contact surfaces of ore 

indicate that the brow break has generated after the blast el201-S00-575. 

 

Figure 2.8 Church-shape brow after blast el201-S00-575. 

 

Back break is defined as the rock broken beyond the limits of the last row of blasted 

production holes (Konya et al. 2003) or rock volume broken beyond the plane defined by 

the last row of blast holes (Rustan 2011). Brow damage is the blast induced damage on 

the edge of the roof in drift in SLC-mining (Zhang 2016). Fig 2.9 show that part of the 

burden R0 is broken off by blast R. The average width of this part of the burden along the 
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whole ring face is called back break (Bb). Nevertheless, Bd means only that part in the 

roof of the drift which is broken off. Brow damage is larger and often used for signifying 

back break rather than back break itself due to difficulties on measuring the back break 

in the field. 

Blasting SLC-ring as shown in Fig 2.2, generates the compressive stress wave which 

propagates to the free face or front surface of the ring. At the same time, the radial cracks 

will propagate from blasthole. Reflection happens on the free surface and the tensile wave 

generates as showed in Fig 2.2. Similarly, the tensile wave will pass through R0, R1, R2 

and R3 in Fig 2.9, since the total fracture (failure) process is slower than the velocity of 

the tensile wave. After the tensile wave passes R0, the brow break occurs due to the 

fracture process from the tensile wave. A brow break is a typical spalling by the tensile 

wave (Zhang 2016). Moreover, the compression stress wave plays a role in back break 

since it causes the radiating cracks from the blasted hole. Large radial cracks all over the 

ring face caused by blasting are predominant cause of the back break in addition to the 

effects of natural discontinuities in Kiruna mine (Wimmer et al. 2012). These different 

opinions related to the source of brow break prove that further investigation is necessary. 
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Figure 2.9 Back break (Bb), brow damage (Bd) and burden (B). 

 

The main factors affecting back break and brow damage are: 

 detonator position, quantity of detonators in a blasthole, blasthole size, specific 

charge, VOD, initiation sequence, contact circumstance of the front face of the 

rings, and geological circumstances of ore. 

To reduce the back break, the controllable parameters are ones to consider. To achieve 

better result from the ring blast when considered back break, the amplitude of the tensile 

stress waves must be reduced. This can be achieved by changing the size of the blasthole. 

Smaller blasthole size reduces the amplitude of the tensile stress wave. Other methods for 

reducing back break can be developed based on the main factors. The detonator close to 

the collar position affect more blast damage to brown compared with the middle detonator 

position (Zhang 2011). Using the double-detonator system in the middle part of the 

blasthole have reduced the brow damage (Zhang 2016). Correspondingly, back break can 

R 
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be reduced by the similar methods. The principles of these methods are simple: to reduce 

the stress at and near the back of the ring. 

Back break in open pit blasting has many similarities to that in underground blasting 

(Olsson et al. 2009). If the burden is excessively large, severe back break occur due to 

break and crack radiating further behind on the back wall. Excessive burden cause over 

confinement of the blasthole, which results in significantly higher level of ground 

vibration (which is related to backbreak) in the open pit mining (Konya and Walter 2003). 

The most influential parameters on stochastic modelling for evaluation of the back break 

where the stemming length, burden, and powder factor in the open pit mining (Sari et al. 

2014). Presplit control blasting has been proved to be an efficient technique to minimize 

wall damage and back break (Persson et al. 1994, Bazzazi et al. 2006, Zhang 2016). 

Presplitting is a blasting method that is used to make the crack along the contour before 

blasting actual ring (Rustan 2011). Overall, there are many controllable parameters to 

contribute to the face of the ring or pit wall. In the following chapter, start by introduc ing 

following controllable parameters: detonator position, powder factor and detonation 

pressure, VOD, and ignition sequence by simple 2D analytical figures. 
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3 RESEARCH-BASED STUDY 

This part of the thesis will introduce the current practice of drill, blast design and support 

pattern. These designs are analysed in theory. Current blasting practise is compared with 

the optimal one, considering the research-based solutions of new detonator position. 

3.1 Current Drill and Blast Practice at Outokumpu in Kemi Mine 

Table 3.1 SLC-layout design parameters 

Desing parameter Unit 

Sublevel interval [m] 25 
Sublevel drift spacing [m] 18 

Drift size [m] 7 x 5 
Burden [m] 2.8–3.2 
Tons per ring 3000-3800 

 

Table 3.2 Ring design parameters from production blasts in SLC-mining 

Desing parameter Unit 

Hole size (Ø) [mm] 89 

Uncharged collar length [m] 1–9 
Emulsion column length [m] 10–28 
Powder factor [kg/t] 0.2-0.3 

Ring inclination (°) 83-85° 
Stemming [m] Support claw 

Subdrilling [m] 0 
Minimum distance between charged parts of adjacent holes [m] 1.5 
Maximum distance between adjacent holes [m] 3.2 

 

3.1.1 Drilling layout 

The economically mineable chromite layer remains up to 90 m thick with a dip of 70-80° 

towards North-West (Kukkonen et al. 2009), which enables the predominantly a cross-

cutting SLC-layout. Economic considerations as well as rock mechanical reasons have 

led to a mining sequence with a diagonal stope face. Caving is started by connecting the 

drifts and ore positioned in the level above. Fig 3.1 presents how silo-shaped layout is 

contributed after the overcut level is excavated.  
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The SLC ring layout involves nine boreholes with the diameter of 89 mm and a burden 

of 2.8 to 3.2 m. The individual ring inclination varying from 83° to 85°. All boreholes 

have the same inclination in single ring. The specific drilling amount is typically 0.05 m/t 

for a full-size ring, which yields a tonnage of 3000 to 3800 of ore. 

 

Figure 3.1 SLC-layout in Kemi mine. 

3.1.2 Charging and Blasting procedure 

The charging of holes is done by lorry with the capacity of about five tonnes of emulsion. 

This lorry is specifically designed to pump the bulk-emulsion explosion (Kemiitti 810), 

which is sensitized by gaseous solution at the point of delivery to the borehole. The 

charging operation is carried out via electric and remote-controlled hydraulic systems. 

Charging start at the bottom of the hole and the retracted automatically, yielding a specific 

charge concentration of 4.5-5.5 kg/m. 

550-level (Opening- level) 

575-level 

EL204-S-600 EL202-S-600 
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Initiation system consists of two electronic detonators (Davytronic) composed of cap 

sensitive emulsion packed in a hollow plastic case (For Prime). Electronic detonators 

cover 100% of the SLC-production blasts in Kemi mine. The wireless electronic detonator 

system (Webgen) has been evaluated in SLC-mining, but the electronic detonator is still 

the one which covers production blasts. Before charging a support claw is set up at the 

end of a booster. The diameter of a charging hose is not enough to pass the plastic casing. 

As a result, every electronic detonator must insert in a borehole individually. In that sense, 

the charging hose must insert several times to the borehole even for charging one 

borehole. Charging top and bottom detonator system needs to insert the charge hose two 

times to the borehole. Middle detonator system needs even more individual inserting 

times, normally three. To avoid negative interactions as hole collapse from multiple hose 

inserting in the borehole, top and bottom detonator system should use. If the charging 

hose is changed and the booster can be passed, the middle detonator system can have as 

good the charging procedure than the top and bottom detonator system.  

Inserting the support claw finishes single borehole charging operation. The support claw 

is used as a stemming material and for preventing emulsion on falling to muck pile. 

Ability of the emulsion to hold up in a borehole varies. Many cases precharged ring have 

lost a few volumes of emulsion on the muck pile. This can cause problems for the next 

ring blasting and should be improved.  

The firing pattern is typically created to open the round symmetrically from centre 

blasthole of the ring with the delay interval 25ms with the same delay time for both 

electric detonators. The following general and charging restrictions are applied: (a) 

uncharged collar length is 1m or more, typically 1m for the side holes, (b) minimum 

distance between charged parts is 1.5m to ensure individual initiation (b) maximum 

distance between the adjacent holes is 3.2m to avoid unnecessary confinement. Typically, 

one ring is charged at the time. Therefore, “sleeping” times are minimal and 

crystallization within the emulsion is not concerned to be a problem.  

The key blasting related problems at SLC in Kemi includes: 

 Excessive brow damage in the middle of the ring (blast damage) 

 Undetonated blastholes i.e., misfires 

 Loose rock layer at the brown region (excavation damaged zone) 
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Excessive brow break can be up to 4 m in the middle of the ring. Excessive brow break 

results that precharged boreholes cannot be initiated due to detonator wires are cut in two 

during the last ring blast. This ends up a poor blast result for the next ring due to several 

blastholes cannot be initiated anymore. Brow break in the middle of the ring means 

possible lost the most favourable holes of the ring. Ore flows mainly from the middle area 

of the ring. Brow damage from ring side holes is not considered a problem. 

The loose rock layer occurs in the excavation damaged zone which relates to drift blast 

damage. There are numerous church shape drifts in the Kemi mine. Church shape drift 

makes the drilling and charging operation more difficult. Moreover, over excavation of 

brow force to end mucking earlier due the opened brow where boulders can fall to 

production drift freely. Furthermore, poor diggability on the caving zone might be 

affected by the combination of excessive brow damage, misfires and collapsed blastholes 

(non-charged holes). The marker tests have proven that caving is ongoing and the stress 

waves from blast can break the diagonal stope shape. Therefore, lack of the energy from 

blast is no considered to be a problem. 

3.2 Reduction of Blast Induced Rock Cracking 

In sublevel caving mines the brow break is a challenge. Brow break indicates lower ore 

recovery and worse safety in the field. Brow damage is caused by too high energy 

concentration in the brow region. Reducing the brow break begins by focusing the energy 

distribution on middle parts of the blasting ring. This thesis shows three methods: (1) 

middle detonator system, (2) uncharged collar, and (3) firing pattern, but the focus in on 

the middle detonator system. First method reduces the two parts of the tensile stress 

waves, second reduce the amplitude of stress waves and third reduce the stress wave over 

lapping. After these changes, the middle detonator system was tested with respect to the 

top and bottom detonator system. 

First, the position of a detonator in a blasthole has been not well realized so far. Incorrect 

detonator position can be found to be in use in several mining sites in Finland. The 

detonator position is a new aspect to adapt in engineering blast design. Present design is 

not optimal and needs to be changed. Correct detonator position can be found by stress 

wave theory. Brow break can be reduced by placing the detonator close to middle point 
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of the charged column. Misfires can also be reduced by using middle detonator system 

compared with ordinary top and bottom detonator system (Zhang 2016). 

3.2.1 Detonator position 

 The detonator position greatly influences brow damage, based on the analysis of stress 

wave propagation from a blasthole (Zhang 2011, Zhang 2016). Theory claims that 

reflected tensile waves at the roof of the drift are assumed to diminish as the detonator is 

positioned higher up in the charge column. The following 2D-figures have two 

similarities: only P-wave is considered, and the total travel time of the P-wave is equal 

than detonation time. 

 

Figure 3.2 A) Double-detonator system in middle blasthole with top-(lower) and 

bottom (higher) detonator positions. B) Double-detonator system in middle blasthole 
with middle detonator positions. Stress wave distribution at the point where 
detonation have propagated ¼ of the charged length. Picture is on scale and present 

Kemi mine SLC-blasting. 

 

A) B) 

rock rock 
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In production blasts at Kemi mine, there are two detonators in each borehole and those 

are at bottom and top of the charged lengths. The middle hole is approximately 31 m long, 

and the charged part of the hole is 24 m, as shown in Fig 3.2: 

A) present situation is called ordinary blasting. In the ordinary blasting, after the 

detonation has reached ¼ or 6 m radius, the front of the compression stress wave is 

reflected from the free surface already and two tensile stress waves have emerged from 

the ring face. After that point, the detonation will continue to the middle part of the 

borehole and tensile stress wave spot will surround the brow region. In this spot, the ore 

begins to crack as soon as stress reaches the tensile strength of the ore. Simultaneous ly 

blasthole expansion and rock cracking continue. That process consumes plenty of 

detonation energy and partly reduces the tensile stress waves in a brow. 

B) the energy distribution of the blast can be changed by the detonator position. If using 

detonators at ¼ (6 m) and ¾ (18 m) of the charged length and initiate both at the same 

time, the tensile stress spot is illustrated as Fig 3.2 B) present. Figure 3.2 B) presents the 

propagation of the P-wave and the reflected tensile wave in case on the middle detonator 

system. Respectively, the region which is coated by the stress waves is the spot where 

rock fracturing begins. When, detonation has propagated ¼ (6 m) of the charged length 

the blasthole is totally exploded and the reflection from the free surface has happened. 

Even though the tensile stress wave covers as large area as in the ordinary case, there are 

critical differences. As shown in Fig 3.2 B), (i) the energy from explosive in the middle 

detonator system is completely used and P-wave or tensile wave have not reached the 

brown region. (ii) The red zone between two P-wave presents an overlapping zone. There 

two shock waves collide, and the end pressure is more than the sum of two original shock 

waves (Zhang 2016). Stress superposition in the red zone will speed up of the crack 

branching. Crack propagation consumes additional energy, rather than transporting it the 

brow region. Controlled crack initiation, crack propagation and crack interaction with 

other crack can make the difference. In other words, the loading rate increases when total 

detonation time of the borehole is decreases. The fragment sizes in the red zone are 

decreased with increasing the loading rate. Overall, brow damage in sublevel caving 

might be reduced by the middle detonator system. 



36 

 

3.2.2 Detonation energy and Gas pressure 

As presented earlier, the rock mass should be loaded with tensile stress that use of blast 

energy would be the highest. In the other hand, the brow region should keep on low 

compression phase if the goal is minimum brow break. In that sense Figure 3.2B) 

presented a case which affects smaller brow damage. In the matter of energy efficiency, 

as much energy from detonation should focus on rock to be fragmented. Moreover, the 

collar of the blasthole must keep uncharged for minimum crack propagation. 

 

Figure 3.3 A) Double-detonator system in middle blasthole with top-(lower) and 
bottom (higher) detonator positions. B) Double-detonator system in middle blasthole 

with middle detonator positions. Stress wave distribution at the point where 
detonation have propagated ¼ of the charged length. Picture is on scale and present 

Kemi mine SLC-blasting. 

 

Changing orientation and focusing on the same ring blast opening hole. Stress distribution 

and gas pressure with different detonator positions: 

A) B) 
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A) Fig 3.3A) presents the situation where detonation energy loss can be high from 

the middle hole of the ring. Detonation energy is distributed to areas which are 

already phased excavation damage. Production drift has faced excavation 

damaged zone from drift blasts. Upper-level stopes are caved on both sides. The 

upper triangle from the diagonal stope shape has faced plenty of blast damage and 

caving processes. In that way, blast induced gases can escape on borehole collar 

and on bottom of the borehole more efficiently than case B and produce the greater 

gas pressure leakage. Escaping gases can be one major reason for brow break due 

to unfavourable orientation of several structures in the brow.  

B) Fig 3.3B) present the situation where detonation energy is well distributed to area 

which is the priority to get fractured. Detonation energy is focused on the entire 

length of the borehole and the gas pressure phase can be greater than case A. After 

the peak value, the borehole begins to expand and cracks propagate. Detonation 

energy loss begins on the free face of the ring rather than the borehole collar. The 

leakage of gas significantly reduces the available blasthole pressure and changes 

normal fragmentation process. In that way, when the front of the P-wave travels 

to the brow region, the gas pressure has already come down from the peak value. 

Lower gas pressure is favourable in the area which is already faced excavation 

damage as the brow. 

3.2.3 Detonation time 

Detonation time highly correspond to VOD and elevated VOD produces higher 

performance of the explosive. Other related factors are detonator placement and charge 

length, as equation presents: 

Where Lmaximum is the maximum distance between two detonators which are initiated at 

the same time. 

𝑻𝐃  =  
𝑳𝐦𝐚𝐱𝐢𝐦𝐮𝐦

 𝐕𝐎𝐃
  

(4) 
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Figure 3.4 Single hole blasting stresses at point M with different detonator positions. 
(a) detonator at toe of the hole; (b) detonator at middle point (Zhang 2016). 

 

Detonation time using the ordinary system is 2.5ms when the average VOD is 4500 m/s 

(Fig 3.2A). This time can be halved by using the middle detonator system (Fig 3.2B). Fig 

3.4 presents how the detonator position affects the total detonation time. The detonation 

front can proceed in two directions by the middle detonator system. In that way, the whole 

detonation time of the blasthole is 1.25ms. The difference between detonation time for 

ordinary and middle detonator is the fact that detonation can proceed only one direction 

in the ordinary system. For instance, by assuming that Kemi mine mean crack velocity is 

similar to 8-30% of the P-wave velocity and the burden is 3 m, the radial cracks and 

reflected tensile wave will reach others when the cracks have propagated 0.45 – 1.4 m. 

Process takes 1 - 1.2ms when the average P-wave velocity of ore is 4500 m/s. Comparing 

crack propagation and detonation time, the burden is broken when 2.45ms has gone. At 

that point, the P-wave just reached the brow region and reflection of P-wave happens. 

The detonation pressure reduces when the burden is broken. In that way, low-impact gas 

pressure phase load reduces on the brow. 
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Short detonation time implies that total energy amount from explosive is used to the rock 

mass much faster. Shorter detonation time affects the higher amplitude of the detonation 

wave. Fig 3.5 presents two stress waves with the same amount of energy. Only difference 

is the release time. The stress wave on the left A) can initiate a fracture process but the 

right B) does not.  

 

Figure 3.5 Two stress waves A and B with different stress release rates.  

3.2.4 Decoupled charge and Peak stress  

One of the most effective factors on back break intensity is the coupling ratio that presents 

the ratio of diameter of the charge to the diameter of the blasthole in charged parts of the 

blasthole (Rustan 2011). The extent of blast damage from a fully coupled explosive 

charge showed that back break can be reduced by decoupling the charge (Iverson et al. 

2010, Zhang 2011, Zhang 2016). Decoupled charge is separated by air between the 

surface of an explosive charge and the blasthole wall (Rustan 2011). 
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Figure 3.6 Middle blasthole with 7 m uncharged length. Peak stress analysis on the 
ring in Kemi mine scale. 

 

Brow damage has been reduced by decoupled i.e., cartridge charge in the Malmberg mine 

(Zhang 2011). This method is simple, when the amplitude of the tensile wave is reduced 

from blast, the load at and near brow is reduced. The test in Malmberg mine resulted that 

brow damage had been reduced from 3 to 2.3 m by using decoupled charge (Zhang 2011). 

This method can be development more by simple adjustment, leaving one part of the 

blasthole without explosive charge. This method reduces the tensile wave stress even 

more than decoupled charge, as shown in Fig. 3.6. Fig 3.6 presents the relation between 

charged and uncharged parts of the blasthole. First blasted hole has the biggest uncharged 

part of the ring, and the highest confinement. The angle of breakage is smaller than other 

holes have due to those breakage angles consist of two free surfaces parallel to their axes. 

At the beginning of the tests, the uncharged parts of the blastholes were changed. This 

change produces similar volumes of explosives for three middle holes. The middle hole 

has the biggest uncharged part in ring blast as Fig 3.6 show. In that way, the middle three 

blastholes generated peak stresses will propagate more evenly than earlier design 
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provided which involves more explosives in the middle blasthole and less for adjacent 

blasthole as showed in Fig 3.7. 

 

Figure 3.7 Middle blasthole with 4 m uncharged length. Peak stress analysis on the 
ring in Kemi mine scale. 

3.2.5 Explosives and VOD 

Explosive characteristics as the explosive type (emulsion, ANFO, dynamite), density 

(varying between 0.8 to 1.6 g/cm3), strength, powder factor (ratio of the charge radius to 

the hole radius), which are all controllable. Various explosives produce different blasthole 

pressures. For example, the blasthole pressure produced by dynamite is several times 

larger than that ANFO (Sari et al. 2014). Lower-density explosives than dynamite (1.6 

g/cm3) as emulsion (1.2 g/cm3), have lower blasthole pressure. Research have shown that 

the lower the blasthole pressure is, the fewer the amount of the damage from back break 

(Bhandari 1997). To reduce back break, is it better to use emulsion explosive. The density 

of emulsion is from 0.99 to 1.02 g/ cm3 in Kemi mine. Considering the up hand drilled 

boreholes, the density of emulsion must be less than original emulsion due to the spraying 

charge method which adds air to mixture. 
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The speed of the shock wave is termed the velocity of detonation (VOD). VOD greatly 

affect the stress rate and gas expansion in rock blasting. Higher VOD results in shorter 

detonation time and often greater detonation pressure comparing with low VOD if charge 

length is kept constant. Greater VOD results greater stress and greater energy 

concentration to rock mass. If greater energy blast keeps on the same time in the blasthole 

than low energy blast, this should have strong correlation for better fragmentation. For 

purpose to keep high energy gases to blasthole, must use correct stemming material and 

length. To achieve the better usage of blast energy, VOD should have same or greater 

velocity than the sonic velocity (P-wave) of the rock (Tete et al. 2013, Zhang 2016). To 

benefit from greater energy concentration from charge i.e., VOD, it is critical to use the 

weakest link of rock strength i.e., tensile strength for fragmentation. Higher VOD will 

produce higher amplitude of the reflected tensile wave (Zhang 2016). 

Desensitization is considered a problem in rock blasting. The response of explosives can 

be affected by increasing density beyond of a certain value. Gaseous solutions on 

blasthole growth the dynamic pressure on the blasthole before detonation. The dynamic 

pressure by blasting address several issues. First, when cartridge charge is placed in a 

borehole with the greater diameter, the detonation produced gases can expands through 

the empty annular space and compress the air. High pressure air speed up a lateral force 

upon to the detonation front, supporting a rise in density. As a result of the process, a 

desensitization of charge which can cause a lowered VOD. Second, detonating adjacent 

blastholes, the dynamic pressure is exerted on the explosive column, causing the 

desensitization. Third, if the VOD of an explosive column is smaller than P-wave 

velocity, the explosive in front of the reaction zone is affected by compression part of the 

detonation wave (Zhang 2016). Compressed part of the charge column may not be 

detonated as it is demonstrated in Fig 3.8. 

Fig 3.8 presents a situation when the detonation of the charged column is initiated by the 

collar detonator and the half of the charged column is still undetonated. Moreover, P-

wave velocity cp of the rock mass is two times greater than the VOD. As Fig 2.13 presents 

the compressed part of the stress wave has gone over the middle point of the charged 

length. This kind of situation can affect misfired blasthole. The middle detonator system 

can shorten the detonation time and prevent Fig 3.8 scenario.  
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the measured VOD in up hand drillholes in Kemi mine is 4510 m/s in average. Ultrasonic 

measurements verified that average P-wave velocity of ore is 4800 m/s. P-wave velocity 

is almost similar than the VOD. Still, the improved scenario would be equal or higher 

VOD than the P-wave velocity. This can be achieved by the higher concentration of 

explosives in emulsion. This might change the other factors related to brow break and 

should be done with extreme care.  

 

Figure 3.8 Hypothetical misfire due to twice as low VOD compared to P-wave 

velocity. 

3.2.6 Ignition sequence 

A proper delay time is often necessary for a better stress and energy distribution which is 

favourable to the rock fracture while total energy is not increased. Simultaneous initia t ion 

results in much higher ground vibrations than another with a delay time. This is especially 

important for multi-hole blasting. Fig 3.9 is a three-hole blast example without the free 

surface. H1, H2 and H3 are initiated at the same time. At location M, three blast-caused 

vibrations waves superimposed together which increase the total vibration wave 

amplitude. In this case vibration monitor is close to the source of explosives. In other 

words, l1, l2 and l3 are the same values. Consequently, a high particle velocity corresponds 

mvauhkon
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to a higher stress or strain. Superimposed waves affect nearly three times higher particle 

velocities than indicated by three curve H1, H2 and H3. 

 

Figure 3.9 Simultaneous initiation of three blastholes (Zhang 2016). 

Fig 3.10 show that three vibration waves are independent waves. Circumstances are 

similar to the Fig 3.9 presents. H1, H2 and H3 are blasted with a delay time which is long 

enough to separate vibration waves. The peak particle velocity in point M is equal of the 

maximum one from the single blasthole. Note that if delay is shorter than the length of 

the individual wave there will be superposition of three individual waves and the total 

vibration may be either greater or smaller than the individual wave (Zhang 2016). As a 

result, a simultaneous initiation of multi-hole blast rises multiple times higher vibrations 

than delayed blast if delay time is long enough. 

 

Figure 3.10 Delayed initiation of three blastholes (Zhang 2016). 
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Timing is one of the most important blast design variables and, unfortunately, it is most 

often ignored. Long delay times decrease the amount of backbreak in the open pit blasting 

(Konya and Walter 2003). Similarly, too short delay time may lead to severe back break 

(Gate et al. 2005). Experiences from Malmberg mine indicate that wavelength of a single 

hole blast is about 25-27ms (Zhang 2016). When a 30ms delay is applied between 

adjacent holes, the waves are completely separated, and superposition is avoided. This 

can be confirmed by measuring the stress waves such as particle velocities during the 

blasting in place nearby. 

Similar method was applied to blast design in Kemi mine. Particle velocity measurements 

indicated that a single blasthole generated the wavelength of 17 - 23ms. In that way the 

delay time between adjacent holes was changed from range 5 - 100ms to 25ms. When 

25ms delay time is applied between adjacent blastholes, the waves are completely 

separated, and superposition is avoided. Superposition from adjacent blastholes generate 

greater stress which may be negative for brow damage. 
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4 PROPERTIES OF KEMI ROCKS 

The ore was formed when a chromite-rich layer was first crystallized in the magma 

reservoir at the bottom of the intrusion. Due to several periods of intense deformation and 

metamorphosis, the chromite layer has displaced and fragmented and turned from its 

original horizontal position almost upright (Alapieti et al. 1990). On several occasions, 

the Kemi layer intrusion has experienced intense periods of deformation and 

metamorphosis, during which the original structures and chemical and mineralogica l 

properties of the intrusion have changed. Contusions and crevities resulting from 

deformation have been filled with talc, carbonate, palm mererite, uvarovite, chlorite, 

tremolite and rock clay, among others. Regional variation of slit directions can be high. 

Chromium ore is in the talc carbonate layer near the contact of talc carbonate and 

metaperidotite. The footwall rocks of intrusion belong mainly to talc carbonate and the 

hanging wall rocks are mostly metaperidotite (Kukkonen et al 2009). Talc carbonates 

mean UCS has been 59 ± 31 MPa and ore UCS tests have shown an average of 91 ± 35 

MPa. 

4.1 Sonic Velocity Measurements 

 

Figure 4.1 Sample id 1 to 10. Black colors in the cross-section of cores are specific 

lubrication from tests. 

 

Fig 4.1 presents the variance of the test samples. First, two sample ids 1 to 2 were fine 

granular ore which is darker colored. Second, three samples 3 to 5 contained coarse ore. 

Third, the samples 5 to 10 were waste rock which is whiter than the ore samples. The last 
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five samples examined the effect of the scale on test results. Drillhole K-5305 was in the 

EL19-700 area. A total of fifteen samples were utilized to determine the sonic velocit ies. 

Table 4.1 Sonic velocities for chromite as ore and talc carbonate as waste rock from 
hanging wall. Sample size: diameter*length. 

 

The sonic velocity of samples was determined by the ultrasonic device. The idea for the 

measurements came from the dilemma in Fig 3.8, which points out that the VOD should 

be equal or greater than the P-wave velocity of ore. Lab test findings were also used to 

refine the seismic reflection model in Kemi mine. Table 4.1 presents the sonic velocit ies 

of rock samples. Results indicate that ore and waste rock have many similarities in their 

structures because the sonic velocity is similar. Table 4.2 shows the average sonic 

velocities which are for ore 4800 m/s and for waste rock 4800 m/s with the same sample 

size. 

Table 4.2 Average sonic velocities of ore and waste rock with different sample sizes. 

 

The relation between diameter*length of the sample affects the sonic velocities. This is 

called the scaling effect. Scaling effect disturbs 10% greater average sonic velocity of the 

same core samples which are as close as possible relative to each other. Still, if the length 

of the sample increases 10*40mm the sonic velocity of the sample does not increase 

linearly due to fractures and other discontinuities of samples. The greater length of the 

sample can even dismiss the sonic velocities. Overall, sonic velocity of ore 4800 m/s but 

scale can have an effect on sonic velocity. Sonic velocity can be over 4800 m/s. 

4905 4770 4696 4607
5228 4762 4747 4649 4835 4848 5389 5044

5716 5396 5039

0

2000

4000

6000

8000

1 3 5 7 9 11 13 15S
o
n

ic
 v

e
lo

ci
ty

 m
/s

Sample iD

Sonic velocity 

ore 40mm*40mm, fine granular ore 40mm*40mm, coarse

waste rock 40mm*40mm waste rock 40mm*80mm

Sonic velocites

(diameter*lenght) 

Ore

40mm*40mm 

Waste rock

40mm*40mm 

Waste rock

40mm*80mm 

Average sonic velocity [m/s] 4800 4800 5300 



48 

 

5 FIELD MEASUREMENTS BLAST TESTS 

The aim of the field blasting test was to determine the impact of the detonator position on 

brow break and misfires. The ordinary blasting practice was compared with a new 

practice that consist of a research-based optimum where two detonators were placed on 

middle parts of the charged length. Test was completed in Kemi mine orebody which is 

called to Elijärvi. Fig 5.1 presents the location of the test area and underground facilit ies 

of one orebody in Kemi mine. 

 

Figure 5.1 Underground facilities of Elijärvi orebody. Arrow shows the direction of 
a mining front in vertical direction. Light blue dash line separate two orebodies; Viia 
and Elijärvi.  

Test area consists of two stopes EL204-S-600 and EL202-S-600. Fig 3.1 presents the silo-

shape layout. Test area draws works like silo and ore flow can 550- and 575-levels. 

Layout allows mucking over 100%. Recovery from test area can be high. Fig 5.2 shows 

the relation between drifts el204lop1-600 and el202lop1-600. Drifts are side by side. The 

pillar between two drifts is circa 10 m wide. Fig 5.2 presents the scanned profiles of these 

two drifts. Scanned profiles present the fact that there is less over excavation on drift 

profile el202lop1-600 than el204-lop1-600. This should mean that brow conditions are 

better in el202lop1-600. Still, Fig 5.3 present the better GSI for drift el204-lop1-600. Low 

values from GSI implied for highbrow break and possible misfires. Low-quality rock 

conditions forced using high rock support. Overall, the test area is not the ideal for the 

blast tests due to the high spatial variability of rock. In the other hand, there are numerous 

Elijärvi Viia 
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Underground benching 

SLC 

SLC 

Test area 

400 



49 

 

as low-quality rock areas around the mine. The methods that thesis uses can be utilized 

all over the mine and different orebodies. 

 

Figure 5.2  Production drifts el204lop1-600 and el202lop1-600. 

 

Figure 5.3 Geological Strength Index (GSI) from surveyed drift for test area 
el204lop1-600 & el202lop1-600. 

Support pattern in production drift el204lop1-600 consisted of the profile which included 

11 to 12 cable bolts (3-6 m) with the inclination of 85°. Cable bolts were built-up with 

transverse rebar straps. Moreover, the whole profile covered meshes with 2.4 m swelled 

bolts and shotcrete (50 mm). Support pattern was for the whole drift length in every 2.0 

el202lop1-600 

el204lop1-600 

el202lop1-600 

el204lop1-600 
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m steps. Support pattern in production drift el202lop1-600 consisted of the profile which 

included 11 to 12 cable bolts (4-6 m) with the inclination of 85°. Cable bolts were built-

up with transverse rebar straps. Moreover, the whole profile covered meshes with 2.4 m 

swelled bolts and shotcrete (50 mm). Support pattern is for the whole drift length in every 

1.5 m steps. In addition, meshes were in the rock contact in el204lop1-600 and in 

el202lop1-600 the meshes were mounted right after the shotcrete were set on the roof and 

walls. 

Orebody Elijärvi slit directions have been mapped and investigation found that it is 

possible to detect the main slit direction or directions from a single section of drift, but 

regional variation of slit directions occurs in both latitude and longitudinal and elevation. 

Both cadres and direction of the slits can change significantly even a short trip. For 

example, a different main slit direction may observe at the upstream end of a drift than 

the downstream end of a drift. Due to this, unambiguous regional main slit directions are 

not observed. In some drifts, there is more continuity of the main slit directions than others 

(Ihanus 2011). Fig 5.3 shows the spatial variability of GSI for blasts rings varying fair to 

poor. Totally test area is categorized to be good to poor rock conditions. To minimize the 

effect of rock and rock mass properties side by side stopes were selected for the tests. 

 

Figure 5.4 Test area stopes EL204-S-600 and EL202-S-600. Yellow blast solid mean 
9m uncharged length for middle blasthole with middle detonator positions green 7m 

uncharged length for middle blasthole with middle detonator positions and red mean 
7m uncharged length for middle blasthole with ordinary detonator position. 

EL202-S600 

EL204-S-600 
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Table 5.1  Summary test area parameters. Fig 5.4 presents blast fields as colored blast 
solids. 

Blast field 
204-S5-S8,S11-

600 

204-S12-S15-

600 
202-S4-S7-600 

Number of blasts 5 4 4 

Rock type Ore Ore, waste rock Ore 
Hole size (Ø) [mm] 89 89 89 
Burden 3 3 2.8, 3.2 

Uncharged collar length 
[m] 

2–9 1–7 1–7 

Emulsion column length 
[m] 

11–22 10–24 10–24 

Powder factor [kg/t] 0.21-0.22 0.25-27 0.22-0.25 

Actual Powder factor [kg/t] 0.17-0.21 0.21-0.26 0.17-0.2 
Ring inclination (°) 85° 85° 85-84° 

Stemming [m] Support claw Support claw Support claw 
Subdrilling [m] 0 0 0 
Minimum distance 

between charged parts of 
adjacent holes [m] 

1.8 1.5 1.5 

Maximum distance 
between adjacent holes [m] 

3.2 3.2 3.2 

 

The base lines for the drill and blast designs for the field test are shown in Table 5.1. All 

field test holes were charged to the double-detonator system. There are eleven 

measurements on brow damage and thirteen of misfires. Every brow measurement 

includes the misfire information. The brow region in the ring blasts el204-S11-600 to 

el204-S15-600 and el202-S7-600 were in the waste rock zone as Fig 5.6 and Fig 5.9 

presents. In the other ring blasts, the brown region was on the ore zone. The burden was 

constant all other blast except el202-S04, S05-600 and el202-S06, S07-600. Burden was 

3.2 m for blasts el202-S04, S05-600 and 2.8 m for blasts el202-S06, S07-600. The 

uncharged length of the blasthole was one parameter to study and different uncharged 

length were used as Table 5.1 presents. This will affect the charged column lengths and 

powder factors. Actual powder factor (kg/t) varies due to the different ore content of the 

ring and blastholes that cannot be blasted. The main reasons for holes that cannot be 

blasted were the over 3 m brow break that sheared detonator wires or the borehole were 

collapsed before charging. Collapsed parts of holes were mainly found in the upper 

triangle of the diagonal stope shape. The middle hole faced many problems on charging 

for designed lengths. Sometimes the cable bolts were in the middle of the borehole and 

cable wires blocks the charging. Drilling in sublevel caving mine contain only up wards 

holes. In that way there are difficulties of finding proper stemming material that could 
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keep the energy from blast in a borehole. The support claw can keep the emulsion in the 

borehole but does not keep escaping detonation energy in the borehole. There was no 

subdrilling because it could bring broken rock fragments from caving zone to boreholes. 

1.5 m distance between charged parts of adjacent holes were adapted to avoid misfires 

and that every blast hole will detonate for it designed individual time. 

5.1 Stope EL204-S-600 

 

Figure 5.5 Stope EL204-S-600. 

 

Stope EL204-S-600 consists of sixteen individual blast rings as Fig 5.5 presents. First 

blast cut space for other ring blasts. After the box-cut has been done, the next goal is to 

achieve the total height of 31 m. Box-cut was 20 m height and was successful. Fig 5.6 

presents the individual blast rings. Ring blast S01 were successful but brow break was 

over 3 m after blast and mucking S02. Ring S03 detonator wires were sheared during 

mucking. That forced to do drilling from drift el202lop1-600 for breaking the burden 

from S03 and S04, similar method as Fig 5.11 shows. Fig 5.5 presents the first test rings 

which are colored yellow. Yellow blast solids consist of four individual blasts from S05 

to S08. Blasts S05, S06 and S08 were successful. 

Brow break during mucking was intense from ring blast S07 and mucking was stopped 

in early stage. There was a possibility to brow failure to continue even more than 3 m. 

EL204-S-600 
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That forced to blast ring S08 without precharging S09. In that way, there was loss of the 

boreholes S09 and must do another drilling from el202lop1-600 (Fig 5.11). Two rings 

were drilled, charged, and S11 were precharged. Fig 5.5 presents those rings as a gray 

color between yellow and green blast solids. Green blast solid consists of five individua l 

blasts that were all successful. Overall, there was only one brow break over 3 m after blast 

(Fig 6.1) and the loss of boreholes from ring S09. 

 

Figure 5.6 Longitudinal view of blast rings of stope EL204-S-600. Red string (box) 

presents the ore lens. 

 

Fig 5.7 presents the detonator positioning on the blast field test in EL204-S-600. 

Detonators were charged to height of 25 m (upper) and 13 m (lower) from collar. The 

difference between a) to b) is the uncharged length of the blastholes. First a) have 9 m 

uncharged length and second b) have 7 m uncharged length. The length of the uncharged 

part may change the fracturing process by focusing on energy in different spots of the 

ring face. 

S15  S14   S13    S12   S11    S10   S09    S08    S07   S06   S05   S04   S03   S02   S01             S00 

 



54 

 

 

Figure 5.7 Detonator positioning in a) middle detonator system on el204-S05 to S08, 

S11-600, and b) middle detonator system on el204-S12 to S15-600. 

 

5.2 Stope EL202-S-600 

Fig 5.8 presents the stope EL202-S-600 which consists of fifteen individual ring blasts. 

Red blast solids present the four individual ring blasts from S04 to S07. Designed opening 

cut were 20 m height. Rise was blasted in two pieces by the wireless electronic detonator. 

First blast had box-cut. After the mucking was completed, the surveyed height of the box-

cut was 20 m. Second phase included blastholes that makes the box-cut wider. This was 

the first time in SLC-mining that up hand drilled cut-box was surveyed. The result of the 

blast was excellent. This kind of two blast (cut, widener blastholes) system would not be 

able to do with regular electronic detonators. 

 

6m 
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6m 

7m 
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Figure 5.8 Stope EL202-S-600. 

Fig 5.9 presents the longitudinal view of the blast rings for the stope EL202-S-600. Rings 

S01-S03 are rings that lift the height of the stope. First ring that reaches on the upper-

level caving zone was ring S04. Still, typically it needs at least two full height ring blasts 

that caving material start to fill the stope. The brow break measurements consist of four 

blast rings, S04 to S07. Blast ring S08 to S14 were not blasted during the time of this 

thesis. Ring blasts S00 to S03 were successful. Fig 5.9 shows the ore lenses by red boxes 

which indicate that the brow of the blast ring S07 can be at the waste rock layer. 

Moreover, there was over excavation on the drift profile on blast rings S06 to S07 which 

is shown by the yellow string in Fig 5.9. This implies lots of dynamic rock fractures from 

drift blast. 

 

Figure 5.9 Longitudinal view of blast rings of stope EL202-S-600. Red string (box) 
presents the ore lens. 

EL202-S-600 

S14  S13  S12  S11  S10   S09   S08  S07  S06  S05  S04  S03   S02   S01         S00 
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Fig 5.10 presents the layout ordinary charged system. Detonators are located by the top 

(lower) and bottom (upper) of the borehole. Detonators were mounted by the support claw 

as one part of the booster. The ordinary detonator system includes 7 m uncharged collar 

length for the middle hole. The vertical distance was up to 24 m between two detonators.  

 

Figure 5.10 Layout of ordinary detonator system presented with three middle 
blastholes. Blast field el202-S04 to S07-600 used this system. 

5.3 Brow Damage Measurements 

First, the goal of this study was to determine brow damage and misfires from similar blast 

rings with different detonator positions. For that reason, brow surveys el204-S05-600 and 

el204-S11-600 was ignored because they did not show enough similarities with other test 

rings. Misfire information can still be used from those two blast rings due to different 

investigation goals. Misfired blasthole is caused as a result of the explosion of adjacent 

holes rather than the previous ring blast.  Those two rings were the first rings to be blasted 

after the blasts done by drift el202lop1-600. Fig 5.11 shows the drilling layout of blasts 

el204-S03, S04-600 and el204-S09, S10-600 which do not cause similar blast damage to 

the brow region than other test blasts. 

7 m 

24 m 
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Figure 5.11 el204-S03, S04-600 and el204-S09, S10-600 ring design. 

 

Fig 2.8 presents the typical shape of the brow damage (Church shape). Brow damage is 

one part of the back break, but it is the one that matters the most. In this thesis four values 

of brow break are considered: brow damage on the left, on the right, in the middle and 

the maximum value in the roof of the drift. Brow damage from middle area is typically 

the highest. Brow damage was surveyed by multiple points from the interface between 

open stope and drift roof. Points were united by string lines. String lines illustrate the 

shape of the brow after the blast and mucking was done. In order to blast all precharged 

blastholes from next ring, brow break must be less than the burden. Still, there are cases 

where brow damage in the middle of the roof has been larger than the burden and every 

blast holes can be blasted. In these cases, the detonator wires are coming from broken 

part of the brow. For example, the brow damage in the ring blast el202-S05-600 was 3.5- 

m and the burden were 3.2 m (burden behind was 2.8 m). Three middle holes were in the 

broken brow region as Fig 5.12 presents, which prevented the start of the mucking. In that 

way, the detonator wires were not sheared. All blast other blast holes were able to 

detonate, and two out of three middle holes were able to be detonated in ring blast el202-

S06-600. 

Fig 5.12 presents the information in a picture that brow survey include. Blue line presents 

the boreholes that are precharged before blast el202-S05-600. Light blue dashed line 
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presents the surveyed brow. In this case, the brow was surveyed before mucking because 

the el202-S06-600 was blasted without mucking of el202-S05-600. 

 

Figure 5.12 Brow survey data connected with picture after blast of el202-S05-600. 

5.4 Misfired Blastholes 

In this study, the misfire information is connected with brow data. Connecting the data of 

two measurements may point out some relation. Misfired blastholes were captured by 

particle velocity measurements, by comparing designed blast times and measured 

individual stress waves from blastholes. Blast times for each ring blasts are presented in 

Appendixes 2-14. Every blast will begin in programmed time of 100ms. This is the time 

when first stress wave will be visualized on geophone data as 0ms. If the blasthole does 

not produce any stress wave or the stress wave is non markable by visual inspection, 

blasthole was considered undetonated. All boreholes in the blast field test were charged 

with electronic detonators. 

Fig 5.13 presents the location of the geophones. Measured particle velocities from ring 

blast el204-S05-600 to S08, el204-S11 to S15-600 and el202-S04-600 comes from a) 

el202-S06-600 

el202-S05-600, brow before mucking 
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geophone. Second stand b) presents data from ring blast el202-S05-600 to el202-S07-

600. Geophone a) were next by drift for blasts ring blast el204-S05-600 to S08, el204-

S11 to S15-600 and in the same drift for ring blast el202-S04-600. Geophone b) were at 

the same drift for all blasts el202-S05-600 to el202-S07-600. The horizontal distance of 

the geophone a) varies from 15 to 22 m the ring blast to ring blasts. Moreover, the 

horizontal distance of geophone b) varies 32 to 24 m to ring blasts. There was one 

geophone for all measurements and b) presents the place where geophone was relocated 

due to possible flying rock from ring blast el202-S05-600. 

 

 

Figure 5.13 On left actual geophone pinned on concrete stand in drift wall a). On the 

right the horizontal distances from blast rings to geophone b) placement. 

 

In this thesis, the particle velocity was used to determine misfired holes. The geophone 

has three axes, all of which were utilized in the analysis. Blasthole is considered detonated 

if the blasthole produce even on one axis a large enough stress wave by visual inspection. 

For the analysis, the measured particle velocity impulses were compared with designed 

detonation times. 
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Figure 5.14 El202-S05-600 brow after blast. H1, H2, …, H9 presents the id of the 
borehole. 

 

Last thing, this thesis connects brows and misfires. Fig 5.14 presents the misfired 

blastholes connected with the brow survey. Blue crosses are the designed points for 

borehole drilling. Light blue dash line indicates the surveyed brow. Red dots present the 

blastholes that were not able to blast due to brow damage. In other words, brow damage 

is more than the burden, if there may be red dots. If there are yellow dots, they show the 

undetonated holes from ring blast. Black dots show the collapsed boreholes or boreholes 

where bolts prevent the charging. 
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6 FIELD MEASUREMENTS RESULTS 

The results are presented by two methods: first brow damage and second misfire 

information. Brow damage measurements are divided into four categories: brow damage 

on the left, in the middle, on the right and the maximum value. The middle point is in the 

middle of the drift. The left point comes 2.65 m from the middle point and the right point 

comes 2.65 m from the middle point. Points are presented by looking north. Brow damage 

is the original burden minus the remained burden after blast and mucking. Brow break is 

presented as a percentage which is lost compared to the original burden. Second the 

misfired blastholes are presented by visual inspection from particle velocity data. After 

the result, both brow damage and misfires data are combined. Last thing is to evaluate the 

finding from this thesis. 

6.1 Brow Damage 

6.1.1 el204-S06 to S08-600 

The test area consisted of four blasts. Blasts used the middle detonator system with 9 m 

uncharged length for the middle hole. The circumstances in first blast el204-S05-600 were 

not similar enough for adding it to test results. This blast was left out and, in that way, the 

first blast area consists of three measurements. Fig 6.1 and Appendix 1 present the brow 

damage values. Average maximum value for el204-S06 to S08-600 was 2.8 m. After the 

blast and mucking was done there was only left 0.2 m to the next precharged ring on 

average. Maximum value was typically close to the middle point and these test blasts 

were not exceptions. In these test blast maximum value was close to hole number 4 which 

blasts as a second right after the first hole (middle hole). Maximum brow damage was up 

to 100% in blast el204-S06-600, but there were not lose of precharged blastholes from 

el204-S07-600. Moreover, the surveyed brow el204-S07-600 was after the 40% mucking 

of the total tonnes from ring. Ring el204-S08-600 was blasted earlier than it should. The 

brow damage during the mucking was too intense and there was risk to lose the next ring 

el204-S08-600. 
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Figure 6.1 Brow data from blasts el204-S06 to S08-600. 

Fig 6.2 presents the percentage which was lost after the blast and mucking. Brow damage 

in the middle part of the roof was 88%. Damage on the left was 52% and 68% on the 

right. The maximum value 93% after these test blasts and mucking. Fig 6.1 shows that 

93% mean 2.8 m brow damage. 

 

Figure 6.2 Brow data from blasts el204-S06 to S08-600. Brow damage is presented 
as % to burden. 
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6.1.2 el204-S12 to S15-600 

The test results consisted of four blasts el204-S12 to S15-600 which are in Appendix 1. 

Blasts used the middle detonator system with 7 m uncharged length for the middle hole.  

First blast el204-S11-600 brow region did not face as much blast damage than other so it 

must be left out. Fig 6.3 presents the maximum brow loses from these four test blasts.  

Similarly, as el204-S05 to S08-600 maximum value was close to fourth blast hole. The 

brow formed as u-shaped after the first blast. Brow damage on the left in second blast 

generated the largest brow damage compared with all test’s blasts. Brow damage seems 

to diminish moving to South. The two last brow shapes were very linear and tidy. The 

average maximum brow damage to all four test blasts was 2.5 m. Brow damage value 

might be even less if every blast would be mucked the same tonnage. Blasts el204-S13 to 

S15-600 mucked tonnes from the draw was 1.3 to 2.5 times more than the mucked tons 

from other test blasts. Brow surveys before mucking and after had confirmed the fact that 

brow damage continues during mucking.  

 

Figure 6.3 Brow data from blasts el204-S12 to S15-600. 
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Fig 6.4 shows the brow damage on the left (52%) and on the right (46%). For middle part 

it was 73%. The maximum value on four test blast was 83%. In that way, the average 

remaining burden was at least 17%.  

 

Figure 6.4 Brow data from blasts el204-S12 to S15-600. Brow damage is presented 
as % to burden. 

6.1.3 el202-S04 to S07-600 

The third test area consisted of four blasts. Appendix 1 will present the exact values for 

each surveyed brow. Four test blast presents data from ordinary charging where 

detonators were in the top and bottom of a blasthole. The brow surveyed from el202-S05-

600 without mucking. The ring el202-S06-600 had to blast without mucking that church 

shape brow damage would not continue and shear the precharged blastholes detonator 

wires. Mucking would add the brow damage and the loss of the brow would be higher 

than the measured points indicate. Ring blasts S04 and S05 used the burden as 3.2 m and 

the burden to S06 and S07 were 2.8 m. Fig 6.5 present the surveyed brows for the test 

blasts and the maximum values. Brows were typically u-shaped, and the maximum values 

were close to the middle hole. Blast el202-S05-600 generated brow damage which was 

110 % to the burden. This meant brow damage of 3.5 m to burden 3.2. Overall, brow 

damage on the left side was 67% and 54% on average as Fig 6.6 presents. Brow damage 

on the left side was the highest in blast field tests on average. Brow damage at the middle 

point was 89% on average and it was the highest in comparison with other two blast test 

fields. Maximum value was smaller than the blast field el204-S06 to S08-600. 
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Figure 6.5 Brow data from blasts el202-S04 to S07-600. Burden (B) on left. 

 

 

Figure 6.6 Brow data from blasts el202-S04 to S07-600. Brow damage is presented 
as % to burden. 
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ordinary system. Brow damage from the middle point was the highest from ordinary 

detonator systems and lowest from middle detonator system with 7 m uncharged length 

in middle blasthole. Brow damage on the right side was the highest from the middle 

detonator system with 9 m uncharged length and lowest from the middle detonator system 

with 7 m uncharged length. The maximum brow damage came from the middle detonator 

system with 9 m uncharged length and lowest from middle detonator system with 7 m 

uncharged length. There seems to be variation from non-controllable variables as 

geological factors. If there would not, the middle detonator system with 9 m uncharged 

length in middle blasthole should have the lowest brow damage values. 

  

Figure 6.7 All test field brow measurements with different detonator systems. Brow 

damage was presented as % to burden. 

 

Fig 6.8 presents how two middle detonator blast fields together compared to the ordinary 

system. In that way, the average brow damage to burden was lower in all cases with the 

exception of the right point. The difference between middle detonator systems to ordinary 

system was on the left point 15%, 10% at the middle point, -2% on the right point and 

3% at the maximum point. Results indicate that the middle detonator system might reduce 

the brow damage. The difference is not significant in right and maximum point, but in the 

production scale, there is possibility to reduce brow damage by the middle detonator 

system. 
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Figure 6.8 All middle detonator system test blasts compared with ordinary detonator 
system. Brow damage was presented as % to burden. 

6.2 Misfired Blastholes 

This study uses production SLC-ring blasts on the data source. Detonation times are 

comparable as any kind of SLC-ring blast could use. The usage of single fire blastholes 
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visually by comparing detonation time to stress wave data from geophone. Visual data 
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were blasted with delay of 25ms. 

6.2.1 el204-S05 to S08, S11-600 

Table 6.1 presents the first test field which consisted of five ring blasts. The test consisted 

of a total of 44 blastholes. There was one hole that could not be charged due to cable bolt 

wires in a borehole that blocked the charge hose. Appendix 2 present the particle velocity 

data from blast el204-S05-600. There is time on horizontal axes and particle velocity on 

vertical axes. Data consist of seven obvious stress waves and other two stress waves are 

not logical. In that way, the first blast included two misfired blastholes. There might be 
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one misfire. Third blast el204-S07-600 particle velocity data is in Appendix 4. This data 

presents nine logical stress waves from nine blastholes. Blastholes H2 and H1 produce 

higher stress wave due to those are the closest ones to geophone which was on a right side 

of the drift. Fourth blast el204-S08-600 generated eight obvious stress waves as showed 

in Appendix 5. The borehole H7 was not charged so all blastholes detonated. Total time 

for that blast was only 175ms due to H7 was not on the blasting plan. Fifth blast el204-

S11-600 consist of nine individual stress waves as Appendix 6 presents. There might be 

some problems on the detonation of H2 due to relatively low particle velocity from that 

detonation. For comparation, particle velocity of el204-S12-600 H2 was about -100 mm/s 

and el204-S11-600 H2 was about -15 mm/s. Test area consist of three blastholes that 

failed to detonate. The total misfire percentage was seven. 

Table 6.1 Particle velocity measurements of el204-S05 to S08, S11-600 

Blast field 204-S5-S8, -S11-600 

Number of ring blasts 5 

Number of blastholes 44 
Number of detonations 41 
Number of misfires 3 

Detonation % 93 
Misfire % 7 

 

6.2.2 el204-S12 to S15-600 

Table 6.2 present the second test area which consisted of four ring blasts. The test 

included 35 blastholes. One borehole was blocked by swelled bolt and was unable to be 

charged. Appendix 7 show eight logical stress waves with correct detonation times in ring 

blast el204-S12-600. There was one misfire in H3. H3 detonation time was 175ms and 

there was one small stress wave on correct time but not real detonation. There might be 

that only detonator and booster fired but did not ignite emulsion. Second ring blast el204-

S13-600 is shown in Appendix 8. Ring blast consists of eight stress waves. H6 did not 

generate logical sings of detonation. This hole was charged over 100kg emulsion and 

should produce a great stress wave. Third ring blast el204-S14-600 present nine obvious 

stress waves in Appendix 9. This was one of the clearest results. Last ring blast el204-

S15-600 in this category is in Appendix 10. Measurement presents seven stress waves 

because H2 were not charged. Only misfire was H9. Detonated blastholes were 32 out of 

35. Three misfired blastholes from 35 mean detonation percentages of 91. 
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Table 6.2 Particle velocity measurements of el204-S12 to S15-600 

Blast field 204-S12-S15-600 

Number of ring blasts 4 
Number of blastholes 35 
Number of detonations 32 

Number of misfires 3 
Detonation % 91 

Misfire % 9 

 

6.2.3 el202-S04 to S07-600 

Table 6.3 present the information from third blast field with the ordinary detonator 

position. The number of ring blasts were four with 35 blastholes. First blast el202-S04-

600 presents nine logical stress waves at correct detonation times in Appendix 11. Second 

blast el202-S05-600 was the most interesting measurement from particle velocities in this 

study. The first five blastholes generated normal stress waves and particle velocities as 

showed in Appendix 12, but four blastholes were missing. There might be several reasons 

for misfires. 110% brow damage to burden can be one reason. Still, all holes which did 

not generate stress waves were charged. Third blast el202-S06-600 consist of seven stress 

waves according to Appendix 13. H6 was lost due to large brow damage or flying rock 

from earlier blast. There was one misfires in H9. Last ring blast in this study was el202-

S07-600 which is presented in Appendix 14. There were no misfires, and the stress wave 

of each hole was logical. Blast field el202-S04 to S07-600 produced total of five misfired 

blastholes. In that way, the misfire percentage was 14. 

Table 6.3 Particle velocity measurements of el202-S04 to S07-600 

Blast field 202-S04-S07-600 

Number of ring blasts 4 
Number of blastholes 35 
Number of detonations 30 

Number of misfires 5 
Detonation % 86 

Misfire % 14 

 

Fig 6.9 presents the data from Table 6.4. Combining the middle detonator system blasted 

rings and comparing data with the ordinary system, there was the bigger misfires 

percentage from the ordinary detonator system. 
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Table 6.4 Summary of all blast tests. 

Blast field 204-S5-S8,S11-600 204-S12-S15-600 202-S4-S7-600 

Number of ring blasts 5 4 4 
Number of blastholes 44 35 35 
Number of detonations 41 32 30 

Number of misfires 3 3 5 
Detonation % 93 91 86 

Misfire % 7 9 14 

 

 

Figure 6.9 Result from particle velocity measurements. All middle detonator system 
test blasts compared with ordinary detonator system.  

 

Fig 6.10 presents the data from all blasted holes in this study. There were eleven misfired 

blastholes from 113. This means that every 10th blastholes did not detonate in SLC-

blasting practice in Kemi mine. In other words, the success rate of a blasthole detonation 

was 90%. All blast field misfire data table is in Appendix 15. 
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Figure 6.10 Blasthole information from all test blasts. 

6.3 Combining Brow Data and Misfires 

 

Figure 6.11 Brow data combined to misfired blastholes from blasts el204-S05 to S08-
600. 
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Last thing was to combine the brow surveys and misfired blastholes by visual inspection. 

The first blast field has three undetonated blastholes and one uncharged borehole as Fig 

6.11 shows. First valid blast for analysis was el204-S06-600. There looks like not to be 

any relation to misfire and brow region survey. Still, Large brow damage at the middle 

point implies that three middle holes (H6, H5 and H4) might affect the great damage zone 

for H7 and affect the misfire. Last ring el204-S08-600 uncharged borehole H7, might 

affect small brow damage on the right side. Anyhow, linking undetonated blastholes and 

brows was complicated. 

 

Figure 6.12 Brow data combined to misfired blastholes from blasts el204-S11 to S15-

600. 

 

Second blast field have three misfires and one uncharged borehole as Fig 6.12 presents. 

There were many similarities between the first blast and the second blast field. Large 

brow damage might be linked to misfire in el204-S12-600 H3 and el204-S13-600 H6. 

Misfires located close to point where the maximum brow damage was.  El204-S15-600 

uncharged blasthole H2 can be linked for small brow damage as the first blast field 

indicated. 
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The third blast field generated five undetonated blastholes and two lost blastholes due to 

large brow damage or flying rocks. Fig 6.13 show el202-S05-600, which have even four 

misfired blastholes. One reason for that might be 110% brow damage in this blast. Five 

middle holes may cause plenty of blast damage to H9, H8, H2 and H1. El202-S06-600 

misfired blasthole H9 do not show similarities to earlier thought. Overall, linking brow 

damage to misfired blastholes was not possible only by visual inspection. There should 

be more links as recovered ore tons, pictures from draw and boulder findings from muck 

pile. 

 

 

Figure 6.13 Brow data combined to misfired blastholes from blasts el202-S04 to S07-

600. 

6.4 Evaluation of the Field Measurements 

Generally, this study consisted of 13 ring blasts. Brow damage measurements consist of 

11 brow surveys and misfired blastholes consist of 13 rings with 113 blastholes. 

Uncertainties effecting on the brow damage such ring blast el204-S05-600 and el204-

S11-600 were found and those had to ignored from the results. Inside of the blast fields 
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Lost blasthole due to brow damage 

Undetonated blasthole 
S04 

S05 

S06 

S07 

H9 H8   H7    H6        H5      H4      H3   H2    H1 



74 

 

el204-S12 to S15-600 (1-7 m). Same uncharged collars from 1 to 7 m used in third blast 

field el202-S04 to S07-600 with the ordinary detonator position. All other parameters 

remained constant in the blast tests. So, the total variance comes from sources as the 

detonator position, uncharged collar length and geological factors. 

Assessing the middle detonator position there must bear in mind that every hole in a blast 

ring did not use the middle detonator position. Appendix 2 show the proper positions of 

the detonators. For example, H3 and H7 used the ordinary detonator position. This was 

to make charging faster in sense that ordinary charging reduces one insertion of the charge 

hose to the borehole. Moreover, by considering the detonator positions for H1, H2, H8 

and H9, the lower detonator was lower than the middle point and the higher detonator 

was at the bottom of a borehole. Still considering the most important holes of the ring 

blast (H5, H4 and H6), those used detonators in positions of ¼ and ¾ of the charged 

length. For example, by dividing the ring in three sectors, can refine the interpretat ion. 

Three middle holes (H5, H4, H6) consist of 330 kg emulsion, three left side holes have 

180 kg emulsion (H9, H8, H7) and three right side holes (H3, H2, H1) have the emulsion 

of 180 kg according to Appendix 7. Three middle holes were charged twice as many 

explosives than the other six. In that way, the greatest blast damage come from three 

middle holes. In the ordinary detonator system, all boreholes were charged with top 

(lower) and bottom (higher) detonators as Appendix 11 show. 

Blast field el204-S06 to S08-600 present the biggest values for brow damage in the 

middle detonator system. The brow damage is the highest on average of all blast fields at 

maximum point. The brow damage percentage varies from 85 to 101% at maximum point. 

These blasts were on the ore zone. SLC- ring blasts generate typically circa 3m brow 

break in Kemi mine. Brow damage was close to point, where ending up losing next 

precharged ring blastholes. Still blast damage ended until precharged holes and there were 

not any lost holes in this blast field. The blast field had 2-9m uncharged collars. Peak 

stress for the middle hole should be lowered and the brow damage should be lower than 

the brow damages from other blast fields. The brow damage might be affected by the 

excavation damaged zone on the drift roof and non-controllable variable as geologica l 

factors. The expected value for this blast field should be the lowest if there were no other 

factors. 
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The misfired blast holes from blast field el204-S05 to S08, S11-600 presents information 

on how the detonator position affects the misfires. Based on the particle velocity 

measurements H7 misfires two times and H9 one time. Misfired blastholes used ordinary 

detonator position. The three middle holes of the ring blasts affect lots of blast damage to 

other blastholes, and top and bottom detonator system failed to ignite the emulsion. These 

finding are on the same line with Zhang’s field measurements of misfires in Malmberg 

2011. 

Blast field el204-S12 to S15-600 presents the smallest amount of brow damage from the 

test blasts. The maximum damage percentage varies from 59 to 97 %. The blast field 

generated the smallest values of brow damage in every category. In this sense blast field 

was successful. The brows of S14 and S15 were not on the ore zone. This might affect 

the brow damage marginally. Still, if comparing the UCS of ore and waste rock, results 

imply higher of brow damage on waste rock zone due the lower strength. Moreover, the 

uncharged lengths are lower than the first blast field. 1-7 m uncharged parts in blasthole 

should produce higher peak stress values from the blastholes, and the brow should be 

more affected by the blast damage. Still, the middle detonator system worked excellent, 

and all measured brows are after the mucking, so there were not any problems related the 

brow damage during the mucking or blast. This implied low blast damage to the brow 

region. 

Blast field el204-S12 to S15-600 consisted of three misfired blastholes. H3 and H9 used 

the ordinary detonator positions and H6 presents the middle detonator position. Three 

middle blast holes affect H3 significantly. Similar finding was in the first blast field H7. 

The top and bottom detonators were not optimal. Anyhow, H6 was one and only blasthole 

which used absolute middle detonator system in the tests and failed to detonate. Still, 

most of the misfires came from blast holes with the ordinary detonator system. 

Blast field el202-S04 to S07-600 with the ordinary detonator system affected single the 

highest brow damage in the tests. Ring blast el202-S5-600 formed 110% brow damage to 

burden. One reason for large brow damage might be earlier blast S04 where H6 was 

partially charged and actual the burden for H6 in ring blast 202-S5-600 could be more 

than 3.2 m. Rock blasting is a rapid and complex system with many variables. Still, 

emphasis can only be on controllable parameters as blasting after completion of the 

production drift. 
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Blast field el202-S04 to S07-600 with the ordinary detonator system generated most of 

the failures in detonation. Ring blast S05 particle velocity measurement had significant 

effect on the result from the ordinary system misfires. Four blast holes failed to detonate. 

Reason for that was hard to find. One of the reasons may be large brow damage which 

had effect on H1, H2, H8 and H9. Blast was not mucked and there was only data from 

geophone which proved the misfires. The ordinary detonator position might affect this 

with unfavourable orientation of several structures and their activation in blast i.e., 

geological factors. Moreover, the ordinary blast field included two blastholes that were 

lost due to brow damage. Blast S07 H7 detonator wires were sheared during the mucking. 

According to feedback received through blast field tests the middle hole of the ring has 

had problems to connect back to programming device before blast has done. This mean 

that in the ordinary detonator position, the bottom detonator has lost the connection. There 

might be several broken structures and blocks that move on relation to blasthole. 

Movement may shear the detonator wires and affect the miss connection. The middle 

detonator system does not use the bottom detonator and in that way the middle detonator 

system may prevent shearing of detonator wires. 

Future blast field tests, for brow damage should do by pairs, first with two middle 

detonator systems ring blast and right after two ordinary detonator system ring blast. This 

might reduce the geological factor and lower the impact of boreholes that could not be 

charged. Moreover, drilled borehole surveys should do due the inaccuracy of the boring 

machine and operator. In several cases, one or two boreholes were found not to be in a 

same line with others due to craters and church-shaped roof in the production drift. 
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7 CONCLUSIONS AND RECOMMENDATIONS 

The effects of detonator position on brow damage and misfires were investigated by 

relevant theories and in the field of the Kemi mine. The field blast tests using the new 

detonator position were compared with ordinary production blasts using top and bottom 

detonator position. 

The new findings from this thesis show that the middle detonator system in SLC-ring 

blast can reduce: 

- Blast damage 

- Brow break 

- Misfires 

Other results from this thesis work are: 

- Peak stress analysis found out that it is better to use 7 m uncharged length for 

middle hole rather than 4 m. In that way, tensile stress can be reduced in the brow. 

In that way blast induced stress is distributed to ring face rather than the brow 

region. 

- If the VOD of an explosive column is smaller than P-wave velocity, the explosive 

in front of the reaction zone is affected by compression part of the detonation 

wave. VOD should be equal or greater than the P-wave velocity of rock. 

- Overlapping of stress waves from adjacent blastholes increases the risk of brow 

damage. Single-hole blasts test induced circa 20ms stress wave from blasthole. 

By using 25ms delay between adjacent holes, the stress waves are completely 

separated. 

Lab tests with the ultrasonic device found out the fact that ore and talc carbonate have 

similar structures and geology base, and both generated sonic velocities i.e., the P-wave 

velocity of 4800 m/s on average. VOD of the current up hand drilled hole emulsion 

(4510m/s) correspond the average P-wave velocity of rock mass in Kemi mine. Scaling 

effect might increase the P-wave velocity, but in production scale blasts the spatial 

variability of rock mass can dimmish it similarly. 
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The blast field tests showed that changing the detonator position to middle part of charged 

length: 

- Can reduce brow damage. 

- Number of misfires can be reduced. 

- Number of lost precharged blastholes due to brow damage can be reduced. 

Other practical discoveries: 

Blast field tests consist of 13 ring blasts. During the tests, two blastholes were lost by 

brow damage and a total of 11 misfires were discovered. Misfires produced possibly 

670kg emulsion which pass to muck pile and later to underground water systems. The 

loss of the emulsion corresponds the quantity of single SLC-ring blast emulsion. Single 

field test blast ring yielded 52 kg emulsion loss from misfires on average. For example, 

100 production SLC-blasts with the similar misfire percentage, might yield 5200kg loss 

of emulsion. This data did not include precharged boreholes, lost due to brow damage. 

The quantity of emulsion lost per borehole is shown in Appendix 15. Moreover, these 

findings support the fact that the nitrogen emission by misfires is significant. Kemi mine 

should focus on reducing the nitrogen emissions by reducing misfires in the future. 

Blast field tests pointed out that most of the misfires comes blastholes which used the 

ordinary detonator position. When the detonator is not properly placed, the risk of misfire 

may be increased. There is possibility to reduce both misfired blastholes and brow 

damage with the middle detonator position. By changing the ordinary detonator position 

to the middle detonator system, the effect of nitrogen emissions on the underground water 

system and later to tailing ponds could reduce. 

I suggest that: 

- Blast field test with the middle detonator system continues by designing a new 

blast ring which uses detonators in positions ¼ and ¾ of charged length in every 

borehole. 

- Brow damage and misfire measurements should remain in assorted stopes. Next, 

the result of this study should be compared to blast field test with the new blast 

ring design which uses the middle detonator system in every nine boreholes. 



79 

 

- Kemi mine should focus on reducing misfires in SLC-ring blasting. This thesis 

recommends the usage of the middle detonator system. The change would reduce 

the number of misfires and, by extension, the nitrogen emissions. 

- Blast contractor must replace the old charge hose with a new smaller diameter 

hose. Hose with a smaller diameter passes two boosters and detonators in the 

borehole. The change enables making a smoother column of emulsion. Smooth 

emulsion column produces consistent VOD. 

- Recovery of ore should be added as one of the interests on the future blast field 

tests. 

- Research-based design should use on improving the other controllable parameters 

such as the burden, ring inclination and powder factor in SLC-mining in Kemi 

mine. 
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8 SUMMARY 

This thesis focused on solving blast related problems at SLC-mining in Kemi mine. Blast 

design can be improved by changing of the controllable parameters as detonator position. 

The effect of detonator position was studied by following the principles of stress wave 

theory. First, the subject was studied by relevant theories and second by the field blast 

tests. Not optimal top and bottom detonator system i.e., ordinary system was compared 

with a new ideal detonator position in middle part of the blasthole. 

Empirical design has been the main way in blasting design, even though empirical design 

is not ideal for fracture and cracking rock. Scientifically made design is based on 

measured and modelled data from stress waves that act on a key part on developing the 

blast design. Stress waves can easily be measured and modelled. This thesis focuses 

mainly high-impact load as the blast induced stress waves and less for low-impact load 

as the gas pressure phase in rock blasting. By adapting the stress wave theory to the blast 

design, the approach on the blast design is advanced. 

Rock is brittle material and can be fractured only by the crack propagation. When the 

strength of the rock is exceeded, the rock will fail. The tensile strength of many rocks is 

generally by far the weakest link. In order to fracture rock with minimum energy, rock 

should load by the tensile stress. If the goal is on increasing rock stability, compression 

load should increase in the rock mass. Rock material can resist the blast induced high-

impact load i.e., dynamic load rather than low-impact i.e., static load. In a sense of energy 

usage, the best way to induce a rock fracture is by using a low impact system as TBM. 

Still, the dynamic rock fracture by detonation is the cheapest and the most effective way 

to fracture a rock. The blast induced compression wave reflects as a tensile wave on the 

free surface. By adapting the principles of stress wave theory there is possibility to reduce 

blast damage on the brow region. Similarly, the proper usage of explosive energy for rock 

fragmentation can be achieved by stress wave theory. 

Brow damage is a characteristic phenomenon in SLC-ring blast. The brow damage occurs 

on the roof of the production drift which has faced blast damage from drift blasts earlier. 

Drift blast affects the excavation damaged zone on which a considerable number of 

fractures have set up. Dynamic rock fractures have shaped the brow region. Church shape 
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is one kind of brow shape in SLC-mining. The high church shaped roof is linked to a large 

number of blast damage, discontinuities, and stress redistribution. 

Misfire is affected by adjacent blastholes. The blast damage may activate joints and other 

discontinuities. Detonation pressure escapes though open structures and lower the usage 

of available detonation energy. Ideal detonator placement reduces the misfired blastholes. 

Misfire decreases the actual detonation energy per ore tonne. Reduced energy affects 

negatively on rock fragmentation. The distance between adjacent blastholes increases by 

misfires and produces boulders to muck pile. Boulders can delay the mucking operation 

and next working stages. 

In research-based part, the ideal detonator position was considered to be ¼ and ¾ of the 

charged length of the blasthole. Ordinary blast design uses the top and bottom detonator 

system which first focus on the stress distribution and rock fractures close to the caving 

area and brow region. Fracturing occurs in both areas rather than only on the free face of 

the ring. The ideal detonator position was found by relevant theories. Theories found that 

middle detonator system, compared to the ordinary detonator system, has several 

advantages: i) two detonation fronts collide (superposition) in the middle part of the 

charged length and the end pressure is more than the sum of two original shock waves, 

ii) shorter detonation time release the explosives’ energy faster. Shorter stress release time 

boost crack propagation and consume additional energy (from superposition) already in 

the middle parts of the ring. In these phases, the blast induced compression wave has not 

reached on the brow region. When compression wave reaches to the brow, the available 

energy of the compression wave is reduced.  

Blast ring peak stress analysis compared two different uncharged collar lengths for middle 

blasthole. The analysis found that the 7 m uncharged part is proper for current SLC-ring. 

Stress distribution is improved in comparison with 4 m uncharged part for middle hole 

blast design. Four-meter uncharged length forces leaving uncharged part for adjacent 

blastholes very high in SLC-ring. Evenly distributed uncharged parts might reduce 

misfires due to excessive blast damage from the middle blast hole. Moreover, the adjacent 

blastholes in SLC-ring should have at least 25ms delay due to single blast holes produced 

circa 20ms stress wave. As a result, the stress waves from adjacent holes do not overlap 

and generated vibrations are smaller. In the other words, long enough delays improve 

rock conditions on the brown region. 
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Lab measurements of the core samples generated the sonic velocities of ore and waste 

rock. Sonic velocity corresponds the blast induced compression wave velocity. On this 

wise, the average P-wave velocity in Kemi mine is 4800 m/s. Average VOD is 4510 m/s 

which is close enough to P-wave that the compression part of the P-wave is not in front 

of the reaction zone of explosive (detonation front). Compressed part of the charge 

column might not detonate and therefore VOD should be equal or greater than the P-wave 

velocity of a rock mass. 

Blast field tests compared the ordinary detonator system with the middle detonator 

system. The ordinary detonator systems i.e., affected larger brow damage and more 

misfires compared with the new tested middle detonator system which used detonator in 

¼ and ¾ of charged column in the three middle holes of the SLC-blast ring. The test 

results indicate that chancing to the middle detonator system on every blasthole, might 

reduce misfires even more. However, more tests should do with the middle detonator 

system which uses middle detonators in every blasthole of SLC-ring and compare with 

the results of this study. The result of this thesis is one application to use in every SLC-

mine. However, there are many non-controllable parameters as geological factors which 

might affect the results. For that reason, the changes in blast design must test carefully 

before transferring those to production blasts. 

Generally, this thesis points out that blast design based on scientific facts as stress wave 

theory has advantages compared with ordinary blast design (empirical). The detonator 

position has impact on reducing brow damage and misfires in SLC-mining. 
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APPENDIX 1. Brow damage data table. 

 



 

 

APPENDIX 2. 204-S05-600 particle velocity measurement. 
  

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 



 

 

APPENDIX 3. 204-S06-600 particle velocity measurement. 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 



 

 

APPENDIX 4. 204-S07-600 particle velocity measurement. 
 

 
 
 

 
 

 
 
 

 
 



 

 

APPENDIX 5. 204-S08-600 particle velocity measurement. 
 

 
 

 
 

 
  



 

 

APPENDIX 6. 204-S11-600 particle velocity measurement.

 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 



 

 

APPENDIX 7. 204-S12-600 particle velocity measurement. 
 

 
 
 
 

 
 

 



 

 

APPENDIX 8. 204-S13-600 particle velocity measurement. 
 

 
 

 
 

 
 
 

 
 

 
 

 

 
 



 

 

APPENDIX 9. 204-S14-600 particle velocity measurement. 
 

 
 

 
 

 
 
 

 
 

 
 

 

 
 

 
 

 



 

 

APPENDIX 10.204-S15-600 particle velocity measurement. 

 

 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 

 



 

 

APPENDIX 11. 202-S04-600 particle velocity measurement. 
 

 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 



 

 

APPENDIX 12. 202-S05-600 particle velocity measurement. 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 
 

 
 

 
 
 

 



 

 

APPENDIX 13. 202-S06-600 particle velocity measurement. 
 
 

 
 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 
 

 
 

 
 



 

 

APPENDIX 14. 202-S07-600 particle velocity measurement. 
 
 

 
 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 

 
 
 

 
 



 

 

APPENDIX 15. Misfire data table. 
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