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Abstract 

 

The main objective of blasting is to produce optimum fragmentation for downstream 

processing. Fragmentation is usually considered optimum when the average fragment size is 

minimum and the fragmentation distribution as uniform as possible. One of the parameters 

affecting blasting fragmentation is believed to be time delay between holes of the same row. 

Although one can find a significant number of studies in the literature, which examine the 

relationship between time delay and fragmentation, their results have been often controversial. 

The purpose of this work is to increase the level of understanding of how time delay between 

holes of the same row affects fragmentation. 

Two series of experiments were conducted for this purpose. The first series involved 

tests on small scale grout and granite blocks to determine the moment of burden detachment. 

The instrumentation used for these experiments consisted mainly of strain gauges and 

piezoelectric sensors. Some experiments were also recorded with a high speed camera. It was 

concluded that the time of detachment for this specific setup is between 300 and 600 μs. 

The second series of experiments involved blasting of a 2 meter high granite bench 

and its purpose was the determination of the hole-to-hole delay that provides optimum 

fragmentation. The fragmentation results were assessed with image analysis software. 

Moreover, vibration was measured close to the blast and the experiments were recorded with 

high speed cameras. The results suggest that fragmentation was optimum when delays 

between 4 and 6 ms were used for this specific setup.  Also, it was found that the moment at 

which gases first appear to be venting from the face was consistently around 6 ms after 

detonation. 
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Chapter 1 

Introduction 

 

1.1. Time delay and fragmentation 

The influence of time delay on fragmentation has been well known at least since the 

introduction of electric blasting caps. It was thought that a delay between the detonation of 

neighbouring charges would provide maximum stress wave and gas interaction. However, the 

determination of the optimum time delay has proved to be very difficult. 

There have been various studies which examine the relationship between time delay 

and fragmentation. However, their conclusions have been often controversial. The main 

reason for that is the lack of fundamental understanding of how blast damage is induced 

during a blast, which is associated with the complexity of dynamic phenomena and the 

significant scatter in the data due to the variability of the rock properties. 

The effect of time delay on fragmentation has been approached from two different 

perspectives. The first school of thought suggests that short delays would optimize 

fragmentation through maximization of stress wave interaction. The second school of thought 

suggests that longer delays would optimize fragmentation through maximization of stress 

wave and gas interactions between two consecutive detonating charges, as well as through 

damage accumulation from the previously detonated charges. The fundamental understanding 

of the mechanism of damage is critical, as timing for the two mechanisms may be 

substantially different. 

Recent experimental studies at Queens’s University on small scale samples have 

provided some promising and consistent results. It seems that the average fragment size 
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becomes large for both very short and very long delay times. However these findings reflect 

specific conditions of rock and loading. Moreover, small scale tests introduce differences in 

energy efficiency. This work provided sufficient experimental evidence on the effect of delay 

on fragmentation but no clear understanding of the mechanisms involved. 

 

1.2. Research scope 

The purpose of this study is to expand on the findings of other small scale studies 

conducted in the laboratory and found in the literature and improve fundamental 

understanding of how time delay affects fragmentation. In order to achieve this, the 

experiments will focus on increasing the scale of previous experiments and on examining if 

the results can be scaled. Moreover, it will be attempted to deeper understand what happens 

when a charge detonates and quantify the events from stress wave propagation to burden 

detachment.  

 

1.3. Methodology 

The small scale tests that were conducted involved blasting of grout and granite 

samples. There were two different categories of tests: single hole tests and single row tests. 

The purpose of both categories was the determination of the time of detachment of burden 

with the use of strain gauges, piezoelectric sensors and high speed photography.  

The medium scale tests were conducted on a medium scale granite bench. The 

purpose of these experiments was dual. On the one hand, the influence of time delay on the 

fragmentation of natural rock was examined. For this reason the fragments were analyzed 

with image analysis software.  On the other hand, the mechanism of damage of small and 
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medium scale tests was compared. For this reason high speed cameras were employed. 

 

1.4. Thesis structure 

The current thesis consists of six chapters: 

 Chapter 1 – Introduction, which briefly describes the research scope and 

methodology. 

 Chapter 2 – Literature Review, which discusses the most important research 

works to date and explains why further investigation was necessary. 

 Chapter 3 – Methodology, which describes the research methods employed. 

 Chapter 4 – Small Scale Results and Discussion, which presents and 

discusses the results of the small scale experiments. 

 Chapter 5 – Medium Scale Results and Discussion, which presents and 

discusses the results of the medium scale experiments. 

 Chapter 6 – Conclusions, which summarizes the findings of the current thesis 

and suggests ways to further investigate them. 

1.5. Limitations 

There are certain limitations that emanate from the methods used in the current 

study. First of all, it should be noted that experiments in realistic size benches are usually 

plagued by significant scatter in the experimental results because of the effect of geology as 

well as the effect of boundaries. Free faces were jagged and rarely free of cracks, while the 

collar in rock outcrops was typically weathered rock.  

Moreover, the method of analysis of the fragments in the medium scale tests has 
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certain limitations. Image analysis tends to underestimate small fragments and ignores the 

out-of-plane dimension of a fragment. 

Finally, the number of the experiments that were conducted was limited due to cost, 

as a significant size bench had to be developed and maintained at the experimental research 

facility. Therefore, the number of observations is small, making trends difficult to interpret. 

This, unfortunately is common in large scale experiments, where rock conditions mask the 

effect of the parameters studied, unless the impact of such parameters is significant and 

beyond doubt.
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Chapter 2 

Literature Review 

 

2.1. Blasting and fragmentation 

Rock excavation with explosives has been the most commonly applied method, at 

least for the last couple of centuries. Especially after the invention of dynamite and the 

introduction of the common blasting cap by Alfred Nobel in the late 19th century, billions of 

tons of explosives have been used in a wide range of applications, i.e. mining, road 

construction, tunneling etc. The result was a significant increase in productivity and 

efficiency, which was a main contributor to the economic growth and the modern status of 

living. 

Especially in mining, the blasting process is of paramount importance. Table 2.2 

shows the typical blasting goals (ISEE, 2011). As it can be observed, blasting has multiple 

goals. On the one hand, fragment distribution maximization leads to minimum energy 

requirements in the downstream processes. On the other hand, successful blasting leads to 

increased safety through the control of flyrock, the minimization of vibrations and damage to 

the surrounding rock. 

Goal Purpose 

Fragment size distribution Downstream processing requirements 

Rock displacement 
 Facilitate future handling 

 Control flyrock 

Diggability Improve excavation performance 

Vibration control 
 Provide for public protection 

 Ensure regulation compliance 

Final condition of the remaining rock 

mass 

 Preserve next blasting surface 

 Create wall, roof, pillar, stability 

 Control ore dilution or damage 
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 Contact requirements 

Cost 
Optimize or control overall processing cost vs 

individual line item costs 

Table 2.1: Typical blasting goals (ISEE, 2011) 

Blasting is one of the four unit operations of the basic mine production cycle: a) drill, 

b) blast, c) load and d) haul (Hartman & Mutmansky, 2002). Optimum fragmentation (which 

can be summarized in small average fragment size and uniform particle distributions) leads to 

smaller swelling factors, which significantly increases the efficiency of loading and hauling of 

the blasted ore. 

 

Figure 2.1: Blasting induced microcracks (Katsabanis, et al., 2003) 

Successful blasting is really important for mining businesses as it is related to the 

efficiency of the subsequent size-reduction stages of the ore: crushing and grinding. With 

regards to crushing and grinding, optimized blasting has a triple impact: a) increased 

throughput, b) reduced energy consumption and c) reduced consumption of wear items (ISEE, 

2011). The energy consumption can be minimized in two different ways: Primary 

fragmentation through the maximum utilization of the explosive energy to produce optimum 
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fragmentation and secondary fragmentation to maximize the damage (micro-cracks) induced 

to the blasted ore (see Figure 2.1).  

Eloranta (1997) published the costs per unit operation for an iron mine. Although the 

numbers presented in Table 2.2 are case specific, they can provide a picture of the impact of 

blasting efficiency in the overall cost of the downstream processes of a mining operation. Ac-

cording to the author, although the energy of the explosive is over four times more expensive 

than electric energy, the poor efficiency of crushing and grinding indicates that it is a price 

that is worth to pay.  

Unit Operation 
Cost 

kWh/t $/kWh $/t 

Blasting 0.43 0.38 0.16 

Crushing 3.24 0.07 0.23 

Grinding 17.82 0.07 1.25 

Table 2.2: Energy consumption by unit operation (Eloranta, 1997) 

There are at least three different models that describe the energy consumption re-

quired to mechanically reduce the size of a particle distribution. The most commonly used is 

the so-called Bond’s third law of comminution which is given by the following equation 

(Eloranta, 1997; Hustrulid, 1999): 

𝑊 = 𝑊𝑖(
1

√𝑃80
−

1

√𝐹80
) 

where: 

W: The energy required in KWh/t 

Wi: Work Index, characteristic of the rock in in KWh/t 

P80: Product diameter (80% passing size) in μm 

F80: Feed diameter (80% passing size) in μm 
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Experiments on granodiorite blocks that were conducted at Queen’s University 

between 2002 and 2007 (Katsabanis, et al., 2008) showed that Wi is influenced by the amount 

of explosive mass per volume of rock (known as “powder factor”). From comparing the 

findings of Table 2.3 to those of Figure 2.2, the resulting change in Wi from the unblasted 

rock is not as high as it was earlier proposed by Nielsen and Kristiansen (Workman & 

Eloranta, 2003). 

 q, kg/m3 Wi, kWh/t Change from unblasted 

Barre 

Unblasted 12.2  

0.39 11.75 3.6 % 

0.78 11.43 6.3 % 

1.17 11.61 4.8 % 

Stanstead 

Unblasted 12.57  

0.39 11.58 7.9 % 

0.78 11.59 7.8 % 

1.17 11.23 10.7 % 

Laurentian 

Unblasted 11.56  

0.39 11.23 2.9 % 

0.78 10.99 4.9 % 

1.17 10.62 8.1 % 

 
Table 2.3: Influence of powder factor on Bond’s Work Index for three different types of granite 

(Katsabanis, et al., 2008) 

 

Figure 2.2: Influence of powder factor on Bond’s Work Index after Nielsen and Kristiansen 

(Workman & Eloranta, 2003) 
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2.2. The mechanism of damage  

The mechanism of rock fracturing due to the detonation of an explosive charge has 

two components. Firstly, a stress wave and its reflections travelling in the rock medium, 

which create fractures and possibly micro-fractures. Secondly, the expansion of the gas 

products of the detonation which creates the displacement of the rock, pressurization and 

extension of the existing cracks and possibly generation of new cracks (Katsabanis, 2003). 

The region around the borehole (zone 2 in Figure 2.3) is experiencing significant 

fracturing due to the compressive front of the stress wave.  A significant portion of the fine 

fragments of a blast originate from that zone. The compressive stress wave is reflected as 

soon as it reaches the free face. In cases where the distance to the free face (burden) is 

sufficiently small and the charge is adequately large, spalling may occur in the vicinity of the 

free face (Katsabanis, 2003). 

 

Figure 2.3: Damage zones around a borehole (Katsabanis, 2003)  

 

The reflected wave has two components: a tensile and a shear wave. Given that the 

tensile strength of a rock is significantly smaller than its compressive strength (a rule of 
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thumb is that the ratio is between 1/10 and 1/15), a large number of cracks may be created due 

to the reflection of the compressive wave in the outer region of influence of the borehole 

(zone 3 in Figure 2.3). 

Lastly, the produced gases pressurize and further propagate the cracks (zone 3 in 

Figure 2.3). The influence of gases on the final fragmentation is of great interest, because it 

might be associated with the selection of the optimum time delay between boreholes. In a 

recent study at Queen’s University on small grout cylinders the effect of gases was isolated 

from that of the stress wave with the use of copper tubes. The results indicate that there is a 

statistically significant difference in the amount of cracks propagated to the border of the 

cylinder between samples containing a single borehole that was either lined with a copper 

tube to inhibit detonation product penetration in the mass of the sample or unlined to allow 

gas penetration. (Ledoux, 2015). 

In the question: “what are the characteristics of a stress pulse needed to achieve 

sufficient fragmentation?” the answer can be rather complicated. The following discussion is 

a simplified approach.  

The pressure of detonation of an explosive is given by the following equation 

(Katsabanis, 2003; Hustrulid, 1999): 

𝑃𝐷 = 0.25 ∗ 𝜌 ∗ (𝑉𝑂𝐷)2 

Where: 

ρ is the density of the explosive  

VOD is the velocity of detonation  
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The explosion pressure (or borehole pressure in the case of fully coupled charges), 

which describes the pressure applied to the walls of the borehole immediately after the 

detonation is approximately equal to 0.5PD (Hustrulid, 1999; Katsabanis, 2003). If we assume 

an ANFO charge with density of 0.8 kg/m3 and VOD of 4500 m/s then the borehole pressure 

will be equal to 2,025 MPa, a value that exceeds by far all known UCS values. 

 

Figure 2.4: Complete load-deformation curves for Tennessee marble specimens loaded under different 

rates (Peng, 1973) 

However, it should be noted that the strength of a rock is also a function of the 

loading rate that is applied on it (Hudson & Harrison, 1997). Bieniawski (1970) after 

conducting experiments on sandstone samples, concluded that there is a significant difference 

in the UCS values between the specimens that were loaded slowly and those that were loaded 

with fast rates. More specifically, the author reported a 25% increase in the UCS for those 

samples loaded under strain rates of 33,300*10-9/s compared to those loaded under strain 
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rates of  0.127* 10-9/s. Later experimental studies verified that the compressive strength is 

positively correlated to the applied strain rate (Peng & Podnieks, 1972; Peng, 1973). Results 

from one of them can be seen in Figure 2.4. None of the aformentioned studies included 

dynamic loading rates, like the ones that result from blasting. However, a relatively recent 

study at Queen’s Univeristy suggested that dynamic strength of a rock can be more than two 

times the static strength (Katsabanis, et al., 2010). 

From the above discussion, it can be inferred that in the regions where the stress 

pulse amplitudes exceed the compressive or tensile strength of a rock mass, new cracks are 

expected to form. It should also be noted that apart from the amplitude of the pulse, another 

key factor is its duration. The simplest way to examine the combined effect of these two 

factors is with the use of Langrangian diagrams, a concept which will be further discussed in 

paragraph 2.3.2.. 

 
Figure 2.5: Experimental setup for one of the 1 m3 samples (Wilson & Holloway, 1987) 

One of the most important experimental studies that deal with the mechanism of 

damage is the one by Wilson and Holloway (1987). It was comprised of ten tests on concrete 

blocks with volumes varying between 0.125 and 1 m3 (Figure 2.5), with a UCS of 35MPa and 

a density of 2.2kg/m3. The setup included three 135 mm deep drillholes with diameters of 6.4 
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mm and with burdens between 74 and 130 mm. The explosive loading was 1.5 to 5 g of 

PETN and it was initiated from the bottom. The employed instrumentation consisted of 

accelerometers, strain gauges, conductive graphite lines and high speed cameras with a 

filming rate of 35,000 fps. The purpose of the study was to understand the mechanism of 

damage and fragmentation. 

Among the other important findings of this study, the face of the block was found to 

be under tension while the sides of the area of influence of the free face were found to be 

under compression, shortly after the passage of the stress wave. Furthermore, the cracks that 

are mostly important for fragmentation originate from the area around the free face. The 

authors also claim that the velocity of the radial cracks was measured to be no less than 1000 

m/s around the borehole gradually falling to 200 m/s as the crack tip moves away from it. 

Their estimate about the duration of the fragmentation process is between 1 and 1.5 ms, which 

scales up to 7.7 and 20.2 ms per meter of burden (range of burdens used: 0.074-0.130 m). An 

important disadvantage of the study was the small number of tests, which complicates the 

analysis of the results, as well as the changing of many variables (diameter of the borehole, 

burden to diameter ratio and weight of charge), which also affect fragmentation and might 

have contributed to the scatter in the experimental results.  

 

2.3. Time delay and fragmentation  

Many researchers have tried to examine the effect of time delay on fragmentation in 

the last four decades. However, there has been a lot of controversy that is mostly associated 

with the limited number of experiments, the lack of fundamental understanding of how timing 
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affects fracturing and the significant variance of the results. This scatter is a result of the 

variability of rock conditions (for those studies that involved rock testing) the scaling issues 

of small scale tests, existence of unwanted boundaries and inability to observe crack or 

damage development as a function of time. 

 

2.3.1. Experimental studies 

One of the first detailed studies of the influence of time delay on fragmentation was 

conducted at the Martin Marietta Laboratories in Maryland (Winzer, et al., 1983). The tests 

consisted of blasting large limestone blocks, reduced scale limestone benches and full scale 

granite benches. The fragmentation was assessed through image analysis of high speed 

frames. The delays tested ranged between 1 and 30 ms/m of burden. In the reduced scale 

bench tests, the researchers reported a steep decrease in the fragment size between 1 and 3.3 

ms/m of burden and no changes thereafter. For the large scale tests on granite, the results 

indicated an optimum of 6.6 ms/m of burden for the less fractured material and 13.2 ms/m of 

burden for the more damaged material (Winzer, et al., 1983). 

One of the most important series of experimental studies were conducted by the 

United States Bureau of Mines. Three different sets of experiments were performed. The first 

consisted of blasting small height benches of limestone (Stagg & Nutting, 1987). The second 

consisted of full scale tests in limestone benches (Stagg & Rholl, 1987). The last one referred 

to reduced scale tests on dolomite benches with heights similar to the first set of experiments 

(Otterness, et al., 1991). 

The main problem associated with the above mentioned sets of experiments 

conducted by USBM is that the total number of tests is small for the number of variables 
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investigated. Katsabanis tried to limit this influence by normalizing the average fragment size 

for same scale and same loading geometry experiments through Kuznetsov’s equation 

(Katsabanis & Omidi, 2014) and concluded that time delay influences fragmentation.  

The average fragment size is given by Kuznetsov’s equation (Cunningham, 1987): 

𝑥50 = 𝐴 ∗ 𝑞−0.8 ∗ 𝑄
1
6 ∗ (

115

𝑆𝐴𝑁𝐹𝑂
)
19
30 

Where: 

q: the powder factor (kg/m3) 

Q: the charge per hole (kg) 

SANFO: the relative weight strength of the explosive to ANFO 

A: a rock factor 

 

If fragmentation is also influenced by time delay, then x50 should be a function of 

time as well. In that case, the following ratio should also be a function of time (Katsabanis & 

Omidi, 2014): 

𝑥50

𝑞−0.8 ∗ 𝑄
1
6

= 𝐴(𝑡) 

The data that are presented in Figure 2.6 are those from the three test series by 

USBM, after analysis from the author of this thesis. It is apparent from the graph that the large 

scale tests do not show any clear trends. However, it should be noted that this set of 

experiments consisted of only 6 single row blasts. Therefore, the statistical significance of this 

series of experiments is extremely limited.  
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On the other hand, the first reduced scale tests by Stagg and Nutting (1987), which 

consisted of 18 single row blasts on a dolomite bench, produced interesting results. In 

particular, it is evident that really short delays produce coarse fragmentation. Also, there 

seems to be an optimum delay time somewhere between 5 and 15 ms/m of burden and 

spacing1. 

 

Figure 2.6: Rock factor versus normalized delay time (data from Stagg & Nutting, 1987; Stagg & 

Rholl, 1987; Otterness, et al., 1991) 

 

The results from the last set of tests (Otterness, et al., 1991) are plagued by scatter. 

Even though this last set of experiments consisted of 29 experiments, most of the parameters 

                                                           
1 Numerous times in the literature time delay is scaled with regards to spacing. However, most of the times it is 

scaled with regards to burden. Both approaches are equally correct, because optimum time delay interval is 

probably related to the distance that the stress waves and the cracks need to travel in order to cover the region of 

influence of each borehole. It was decided that delay time should be divided by the hypotenuse of the 

parallelogram with sides B, S ( √𝐵2 + 𝑆2 ), which expresses the maximum distance between the borehole and 

the free face within the zone of influence, a compromise that tries to address changes in the S/B ratio. 
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were not kept consistent throughout the tests. This probably explains the scatter in the results. 

No safe conclusion can be drawn from this dataset. 

 

 

Figure 2.7: Average fragment size versus delay time (Katsabanis & Liu, 1996) 

 

Later experimental work at the Alan Bauer Explosives Laboratory provided some 

evidence that there is an optimum hole-to-hole time delay interval with regards to 

fragmentation. The experiments were conducted on a 2.1 m high granite bench, with a burden 

of 0.8 m, and a hole diameter of 40mm. As it can be observed in Figure 2.7, the optimum time 

delay interval is located somewhere between 6 and 8 ms/m of burden. An important 

disadvantage of this study was the method of fragmentation analysis, which was image 

analysis of high speed video frames. This method underestimated fine fragments which could 

not be resolved in the analysis (Katsabanis & Liu, 1996). 

Around a decade later, more experiments were carried out at Queen’s University to 

examine the influence of time delay on fragmentation. This time, small granite blocks with 
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dimensions of 0.91×0.36×0.21 m3 were tested. It was decided that a total of 23 holes should 

be drilled per sample, with a length of 18 cm each. The explosive that was used was 2.86 g of 

PETN per hole, resulting in a powder factor of 0.95 kg of PETN per m3 of rock, which is 

equivalent to 1.5 kg ANFO/m3. In the industry the range of powder factors for hard rocks is 

0.8 to 1 kg of ANFO /m3 (Orica Mining Services, 2015). The reason for this difference is the 

significant energy losses that result from the experimental setup (decoupled charges, lack of 

stemming, top initiation) (Katsabanis, et al., 2006). 

 

Figure 2.8: Fragmentation analysis results from Katsabanis et al. (2006) 

The results of this series of experiments, which are presented in Figure 2.8 are very 

interesting. According to the authors, the average fragment size is coarse for instantaneous 

initiation and is reduced for longer delays until it reaches a minimum. If the delay is further 

increased, then the average fragmentation starts increasing again. The same trends were 

observed for the coarse fractions (80% passing size). The only difference was that these trends 

were even clearer. No significant changes were observed in the lower fractions, possibly due 
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to the fact that fine fragments originate from the region around the borehole and are not 

influenced by the stress wave interaction between sequential holes. The results solidified the 

conclusions of previous experimental work that instantaneous delay produces significantly 

coarse fragmentation. Also, it was concluded that long delays produce no improvement in 

fragmentation, probably because the material in the region of influence of the previous 

borehole has already detached at the time of initiation of the next hole. The figure can be 

interpreted in two different ways:  

a. Optimum initiation was observed with delays around 1000 μs between holes, 

which corresponds to 11 ms/m of burden (7.4 ms/m of burden and spacing). 

b. If the results of the short delay and the results of the long delay (above 1000 μs) 

are excluded there is no influence of time delay on fragmentation. 

 However, experimental limitations did not allow performance of tests in the 100 to 

1000 μs range. 

 
Figure 2.9: Average fragment versus time delay (Johansson & Ouchterlony, 2012) 
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A subsequent experimental study of the Swedish Blasting Research Center at the 

Lulea University of Technology in Sweden examined the influence of short time delays on 

fragmentation. The specimens used were made of magnetic mortar with dimensions 0.65 × 

0.205 × 0.3 m3. Each sample contained two rows of 10 mm holes fired at different times, with 

a burden of 7 cm and a spacing of 11 cm. The explosive that was used was PETN and the 

resulting powder factor was equal to 2.6 kg/m3. In order to minimize the effect of multiple 

free faces, the samples were grouted inside a concrete yoke (Johansson & Ouchterlony, 2012). 

The fragmentation results of this study are illustrated in Figure 2.9. The results of the 

first row are significantly different than those of the second row. The authors interpreted the 

observed scatter and the “dust and boulders” type of fragmentation of the first row as a result 

of the effect of the critical burden. They suggest that it could be solved by increasing the 

powder factor, either by increasing the charge per hole or by decreasing the burden. However, 

it must be said that the powder factor was 2.6 kg/m3, which is more than double the upper 

limit of the industry suggestions for hard rocks (Orica Mining Services, 2015). Of course, as it 

was discussed above, small-scale tests involve significant energy losses that make 

comparisons between them and full-scale blasts very difficult. 

An alternative explanation for the “dust and boulders” fragmentation is that the range 

of time delays tested is really close to the range of the instantaneous initiation and thus away 

from the optimum. Most of the experimental studies that were discussed above suggest that 

the optimum fragmentation is achieved with intra-row delays greater than 3.3 ms/m of burden. 

In fact, as it can be seen in Figure 2.9, even in this study the lowest x50 for the first row was 

achieved with a delay of 140μs (2 ms/m of burden or 1 ms/m of burden and spacing). 

Moreover, another test conducted at the same laboratory, with the same setup and delays of 
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4ms/m of burden achieved a slightly smaller average fragment size of 20 mm (Petropoulos, 

2011). Therefore, it can be assumed that the optimum intra-row time delay interval may lay 

further right in the graph. 

All the above led to the conclusion that further research was required. Researchers at 

Queen’s University conducted small scale experiments on grout blocks, to minimize the 

influence of material variability. The size of the blocks was 0.6 × 0.4 × 0.25 m3, their density 

was 2.34 g/cm3 and their average UCS was 50 MPa, after 28 days of curing (Omidi, 2015). 

Each block contained a single row of five holes, with a diameter of 12 mm and a length of 23 

cm. The burden was 7.5 cm and the spacing 10 cm. The initial charge per hole was around 

2.45 g of PETN, but it was resulting in a “dust and boulder” type of fragmentation, so it was 

decided to be doubled. The final powder factor for the experiments was calculated equal to 

2.48 kg/m3, similar to the one used by Johansson and Ouchterlony (Katsabanis, et al., 2014). 

 

Figure 2.10: Average fragment size versus time delay (Katsabanis, et al., 2014) 
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The results of this set of experiments can be seen in Figures 2.3.5 and 2.3.6. With 

regards to average fragment size, the optimum fragmentation was achieved with inter-row 

delays between 500 and 1000 μs (6.5 – 13 ms/m of burden or 4 – 8 ms/m of burden and 

spacing). As for the uniformity of the fragments (expressed as slope of the fragmentation 

distribution at x50), it was optimized with delays of 700 μs (which correspond to 9.3 ms/m of 

burden or 5.6 ms/m of burden and spacing). It should be noted that none of the classical 

definitions of uniformity showed any trend.  

 

Figure 2.11: Uniformity versus time delay (Katsabanis, et al., 2014) 

 

Figure 2.12: 80% and 20% passing sizes versus time delay (Katsabanis & Omidi, 2015) 
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Recent meta-analysis of the same dataset revealed an interesting finding. The change 

of the x50 and the distribution uniformity led the authors to think about examining the changes 

in the small and the large percentiles of the fragmentation distributions individually. As it can 

be seen in Figure 2.12, although the time delay function of the x80 is U-shaped, the x20 seems 

to be totally unaffected by the changes in time delay, except for the very short delays. This 

practically means that optimum time delay affects the larger fragments of a distribution, 

possibly by assisting the crack propagation in the region between two successive holes 

(Katsabanis & Omidi, 2015). 

In another recent study, Petropoulos et al. (2014) conducted experiments in a copper 

mine in Sweden. Six full-scale experiments with different inter-hole delay times were 

conducted. The delays that were tested were 1, 3, 6 and 42 ms (which correspond to 0.14, 

0.42, 0.84 and 6 ms/m of burden, respectively). Some of the results of the study are presented 

in Table 2.4. As it can be seen, there are clear trends. The main problem with this study is that 

each test consisted of hundreds of drillholes, which increased the influence of the rock 

properties in the resulting fragmentation, since totally different large areas were blasted for 

each experiment. A strong indication that the material properties were not constant throughout 

the tests is the fact that the Pearson correlation factor between x50 and crusher consumption, 

as well as between x80 and crusher consumption are very low (0.34 and 0.13 respectively), in 

other words there is hardly any correlation between crushability and size of the fragment. 

Furthermore, although the blasted rock mass in each test was huge, the total number of tests 

was again very small to be statistically significant. 
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Delay (ms/m) x50 (mm) x80 (mm) 
Crusher consumption 

(kWh/t) 

0.14 284 582 1.46 

0.14 241 527 1.48 

0.42 211 471 1.72 

0.84 401 899 1.29 

6 498 906 1.97 

6 242 489 1.54 

Table 2.4: Summary of the most important results (Petropoulos, et al., 2014) 

Another recent full scale study conducted by the Missouri University of Science and 

Technology presented some interesting results (Hettinger, 2015). The experiments were 

carried out in a granite quarry on a 25 m bench. Each hole had a 146 mm diameter, while 

burden and spacing were 4 and 5.2 m respectively. The muckpiles were analyzed with image 

analysis software. The results of this study can be seen in Figure 2.13. As it can be seen, 

besides the significant scatter, there seems to be a downward trend in x50 as delay time 

increases.  

 

Figure 2.13: 50% passing size versus time delay (data from Hettinger, 2015)  
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This trend becomes clearer if same delay results are averaged, which is shown in 

Figure 2.14. The author claims that fragmentation is optimized when using 25 and 10 ms 

delays (Hettinger, 2015). However, there is not sufficient evidence for the latter claim, since 

only one experiment was conducted with 10 ms delays, while it is obvious that there is 

significant scatter.  

 

Figure 2.14: Averaged results for 50% passing size versus time delay (data from Hettinger, 2015)  

 

2.3.2. Theoretical studies  

 

Rossmanith examined the interaction of the stress waves of two successive holes 

located in the same plane using Langragian diagrams. His approach suggests that 

maximization of the wave interactions would lead to optimization of the fragmentation. 
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works agree that instantaneous initiation leads to coarse fragmentation. Rossmanith  has also 

suggested that there might be other forms of interactions as well, i.e. the interaction between 

propagating cracks from the first hole and stress wave from the next one (Katsabanis, et al., 

2014). 

In 2006, Vanbrabant and Espinosa extended Rossmanith’s approach, examining the 

superposition of stress waves of two successive holes, not in the area between them but in the 

region beyond the second hole (Katsabanis, et al., 2014). Figure 2.15 presents a Langragian 

diagram that shows this interaction (as presented in Johansson & Ouchterlony, 2012). 

 

 

Figure 2.15: Langrangian diagram showing wave interactions in the area beyond the second hole 

(Johansson & Ouchterlony, 2012) 

Another interesting theoretical approach suggests that time delay might not be related 

to fragmentation at all (Blair, 2009). The author analyzed the experimental results by 

Katsabanis (2006) and concluded that excluding the data point of simultaneous initiation, the 

rest of the data show no statistically significant trend. Until the time of publication of this 
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article, there was indeed less significant experimental evidence that time delay is related to 

fragmentation. The paper suggests also that even the claim that instantaneous initiation leads 

to coarse fragmentation is not verified by all the data sets available. Of course, there is indeed 

a wide range of delays where no changes in fragmentation are observed. Nevertheless, as it 

was discussed in the previous pages, the recent work at Queen’s University provides strong 

evidence that both the average fragment and the fragmentation uniformity is a function of the 

hole-to-hole delay time (Katsabanis, et al., 2014; Katsabanis & Omidi, 2015).  

 

2.3.3. Industry suggestions and rules of thumb 

Hustrulid (1999) examined the problem of time delay optimization for a specific case 

of granite bench blasting. After making assumptions about the p-wave velocity and the 

velocity of crack propagation, he calculated the time of arrival of the waves and the cracks 

and compared his findings with literature suggestions. According to Langefors & Kihlstörm 

(Hustrulid, 1999), the optimum time delay is given by the equation: 

τ = KDT×B 

Where:  

KDT is a constant with values between 3 and 5 ms/m and  

B is the burden of the blast. 

Finally, the author suggests that industry observations have led to the conclusion that 

ΚDT in the Langefors & Kihlstörm empirical equation is small for fragmentation optimization 

and should be increased. The new range of values he suggests is between 3 and 5 ms/ft of 

burden (9.8-16.4 ms/m).  
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Another empirical formula for the calculation of the optimum inter-row time delay 

interval is provided by Fadeev et al. (Jimeno, et al., 1995). According to the authors the 

optimum time delay can be calculated by the formula: 

 

𝑇𝑅𝐵 = 2(
𝜌𝑟
𝐶𝐸

)0.5 

Where:  

 

TRB is the time delay between successive holes in ms/in of burden,  

ρr is the density of the rock in t/m3 and  

CE is the powder factor in kg/m3  

The range of values that are returned are between 4 and 8 ms/m of burden. 

Jimeno et al. (1995) suggest that the optimum hole-to-hole time delay interval 

depends on the type of the rock. Their empirical suggestions are demonstrated in Table 2.5. 

The ISEE Blaster’s Handbook suggests hole-to-hole time delays longer than 3.3 ms/m of 

effective burden  (ISEE, 2011). It also suggests that in surface blasting the burden usually 

starts detaching after 6.6 to 8.2 ms/m of effective burden and that the optimum time delay is 

around 1ms/ft (0.3ms/m) of burden before the time of detachment. As a general suggestion, 

the Handbook promotes experimentation, because selection of time delays for optimization of 

fragmentation is case specific.  

Rock type 
Delay time (ms/m of 

burden) 

sandstones, marls, coals 
6-7 

shales, salts and some limestones 
5-6 
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compact limestones, marbles, granites, gneisses, gabbroe, basalts and 

quartzites 
4-5 

diabases, porphyrites, gneisses, misaschists and magnetites 3-4 

Table 2.5: Inter-row time delay intervals for different types of rock (Jimeno, et al., 1995) 

Similar suggestions are given by explosives manufacturers (Orica Mining Services, 

2015). As a rule of thumb they suggest intra-row delays between 3 and 8 ms/m of spacing and 

inter-row delays between 15 and 30 ms/m of burden, so that sufficient detachment of the 

burden of the previous hole is achieved. 
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Chapter 3 

Methodology 

 

As it was discussed in the previous chapter, the question on the effect of delay time 

on fragmentation has not been answered satisfactorily. Most conclusive experimental 

evidence is based on small scale tests while most of the anecdotal evidence is based on 

industrial experience. However, there are indications that time delay influences fragmentation 

and that there is possibly an optimum region of fragmentation development. It was decided 

that more experiments should be conducted, in order to further investigate the correlation 

between time delay and fragmentation, but also to examine if the results of the small scale 

experiments by Katsabanis et al. (2014) can be scaled up. Two different sets of experiments 

were carried out: small scale experiments on grout and granite blocks to clarify why 

fragmentation becomes optimum with certain delays and medium scale tests on a 1.8 m 

granite bench to examine findings in larger scale experiments, approaching industrial scale. In 

the following sections, the methods and the employed instrumentation will be described. 

 

3.1. Small scale tests 

Small scale tests were conducted on grout and granite blocks in order to determine 

the time of burden detachment (tmin). Time of movement or time of detachment of the burden 

has been long thought of as an indicator of optimum time delay. The idea behind this concept 

is that early detonation of the following charge does not provide sufficient time for the first 

charge to create maximum damage to the rock mass between the two, while late detonation 

results in insufficient collaboration between consecutive detonating charges by separating 
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them.  

The instrumentation involved high speed photography, strain gauges for crack 

detection and piezoelectric gauges for the determination of tmin and will be described in detail 

in the following paragraphs. 

 

3.1.1. Experimental setup 

The size and properties of the four grout blocks tested were exactly the same as 

those adopted by Katsabanis and Omidi (2014). Namely, the dimensions of the blocks were 

equal to 0.6 × 0.4 × 0.25 m3. Each block consisted of a single row of five holes, with burden 

7.5 cm, spacing 10 cm, depth 23 cm and diameter 12.5 mm. Figure 3.1 shows a sketch of the 

grout sample. As for the properties of the material, the density was 2.34 g/cm3, the P-wave 

velocity approximately 4,000 m/s and the average UCS 49.8 MPa.  

 

 
Figure 3.1: Sketch of a grout sample 
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As for the granite samples, two different geometries were employed. Two granite 

blocks with dimensions of 0.51 × 0.26 × 0.26 m3 and a cubic sample with a side of 0.26 m 

were used in total. The diameter of the holes was equal to 12.5 mm and their depth was 23 

cm. As a result of the reduced length of the granite samples, a single row of four holes was 

drilled per sample with burden 7.5 cm and spacing 10 cm. The density of the material was 

2.67 g/cm3, the P-wave velocity around 3,200 m/s and the average UCS 112 MPa (Kim, 

2010). 

 
Figure 3.2: Sketch of a granite sample 

 

The explosive charge that was used consisted of two strands of PETN detonating 

cord per hole, with a nominal core load of 10.2 g/m (details on the properties of the explosives 

used can be found in Appendix C). Similarly to what was used in the experiments where 

fragmentation of the blocks at different delay times was investigated (see paragraph 2.3.1), 

this resulted in a powder factor of 2.5 kg of PETN per m3 of rock which is roughly equal to 

3.9 kg of ANFO per m3 of rock. A typical single hole charge can be seen in Figure 3.3. All 

drill holes were water coupled.   
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Figure 3.3: Detonating cord and electronic detonator assembly 

 

In order to achieve sufficient timing precision electronic detonators were used (Orica 

i-kon™ II, more details in Appendix C). According to the manufacturer, they provide a range 

of delays between 0.1 ms and 30 s and their precision is 0.005% (expressed as coefficient of 

variation). 

 

3.1.2. Instrumentation and equipment 

The employed instrumentation consisted of strain gauges for the detection of cracks 

on the faces of the blocks and piezoelectric sensors for the determination of tmin. Furthermore, 

high speed photography was used to provide supplementary information on crack formation 

and time of face detachment.  

The strain gauges are electrical resistors. A change in their length results in a change 

in their resistance, which is recorded as a change in voltage by the data acquisition system. In 

this study, long strain gauges (60 mm) were employed to increase the probability of crack 

detection. The strain gauges are attached with a strong adhesive, which guarantees that they 
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are in full contact with the surface they are applied on. A common problem when using strain 

gauges is electromagnetic noise produced by the ionization of the area around a detonating 

charge. To prevent this from happening the strain gauges were coated with EMF shielding 

tape and aluminum/nickel foil (technical details on the strain gauges can be found in 

Appendix B).  

In the first five tests, two strain gauges were placed half way from the top. The first 

was placed directly in front of the loaded borehole and the second was placed at a 45o angle, 

covering the area between two consecutive holes, as illustrated in Figure 3.4. The purpose of 

this setup is to determine the moment when cracks are formed on the face of the block. More 

specifically, it was expected that the strain gauge would be cut soon after the arrival of the 

cracks on the free face of the blast. 

 

Figure 3.4: Strain gauge setup 

 

The piezoelectric film sensors are made from piezoelectric crystals. The operating 
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principle of piezoelectric crystals is that they generate an electric charge when they are 

loaded. The piezo films that were used are very sensitive and when they are impacted or bent, 

they can produce high voltage (more details can be found in Appendix B). 

The piezoelectric film sensors were used in the first five experiments to determine 

time of burden detachment. The sensors were encased in plastic boxes to minimize the chance 

of impact from fine fragments. As is shown in Figure 3.5, only a small part of the sensors was 

exposed through a small opening on the boxes. Metal brackets were attached on the face of 

the blocks, directly in front of the opening, 2-3 mm away from the sensors. As the face starts 

moving, the metal bracket would hit the exposed part of the sensor providing the time of 

burden detachment. This setup is demonstrated in Figure 3.6. 

   

Figure 3.5: Piezoelectric sensor box setup (left) and sketch (right) 
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Figure 3.6: Metal bracket impactors  

 

 

Figure 3.7: MREL DATATRAP II™ (MREL, 2015) 

 



37 
 

Strain gauge and piezoelectric sensor signals were monitored with the MREL 

DATATRAP II™ data acquisition system. It has the ability to record eight channels with data 

acquisition rates up to 10 MHz (more details in Appendix B). Figure 3.7 shows the data 

acquisition system. 

High speed videos were recorded for the last three experiments with an Olympus i-

SPEED 2™ camera. This camera, which can be seen in Figure 3.8, has the capability of 

recording with frame speeds varying from 60 to 33,000 frames per second. The resolution 

varies from 800×600 pixels for low frame speeds to 96×72 for high speeds. In other words, in 

order to achieve sufficient frame rates to capture an event that lasts only a few milliseconds 

one needs to compromise image quality. For these experiments, it was decided that optimum 

results could be achieved with a frame rate of 10,000 frames per second (more on the 

technical details of this camera can be found in Appendix B). 

  

Figure 3.8: Olympus i-SPEED 2™ high speed camera 
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3.2. Medium scale tests 

Recent small scale experimental work suggests that the time delay between holes of 

the same row influences fragmentation (Katsabanis & Omidi, 2014 & 2015, Katsabanis, et al., 

2014). The results of these studies are consistent and repeatable. However, as it was discussed 

in Chapter 2, medium and full scale test results have been inconsistent and controversial. In 

previous studies, scatter hinders the interpretation of results. This scatter may be expected, 

due to the effects of geology and the variation of the blasting parameters of industrial blasts. 

Moreover, it has been difficult to conduct studies with significant changes of established 

practices and studies in laboratories being scarce ( (Petropoulos, et al., 2014)). 

The above mentioned controversy led to the decision that further testing should be 

conducted. A series of tests were conducted on a granite bench at the Alan Bauer Explosives 

Laboratory, near Verona Ontario. The employed instrumentation consisted of vibration 

monitors and high speed cameras. The fragments were analyzed with the use of WipFrag, one 

of the most common optical analysis packages (WipWare, 2015). 

 

3.2.1. Bench development 

Figure 3.9 shows the site that was selected for testing. The criteria for the site 

selection were the elevation, proximity to the road and the condition of the rock. Adequate 

elevation would minimize interaction with the water table, which would create problems with 

the fragmentation analysis. Close proximity to the main test site access road would make the 

transportation of equipment easier. Finally, in order to make sure that the effect of the 
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variability of the rock was minimized, an area with few visible cracks was selected. 

A pneumatic hand drill was used in order to drill the first holes with a diameter of 38 

mm and a depth of 2 m. The initial slot drill pattern is presented in Figure 3.10. The initial slot 

was expanded until a 2 m deep, 12 m long and 1.4 m wide trench was created. 

 

 

Figure 3.9: Testing area before the experiments 
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Figure 3.10: Initial slot drilling pattern (left) and result from the first blast (right) 

 

3.2.2. Mechanical parameters of the rock 

The results from a previous study (Archibald, 2015) were used to determine the 

mechanical parameters of the rock (Table 3.1). The study involved testing of twenty nine  

Mohr-Coulomb linear regression parameters Hoek-Brown Simplex analysis parameters 

σc = 174.4 MPa σc = 172.6 MPa 

C = 30.4 MPa σΤ = 8.75 MPa 

φ = 51.6ο m = 19.7 

Failure angle : 70.8o S = 1 

R2 = 0.914 R2 = 0.873 

Table 3.1: “Alan Bauer” explosives laboratory rock parameters (Archibald, 2015) 

NX core specimens, from which twelve were tested under unconfined and fifteen under 

confined compression conditions. The remaining two specimens were sectioned into wafers 

and were subjected to Brazilian tensile strength testing. The data from the testing were used to 
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determine the parameters of the Mohr-Coulomb and Hoek-Brown failure criteria. The p-wave 

velocity of the rock is approximately equal to 6,000 m/s (Roque, 1992). 

3.2.3. Experimental setup 

Each experiment consisted of blasting a single series of 6 drill holes with diameter at 

38 mm, depth 1.8 to 2 m, burden 0.75 m and spacing 1 m. The stemming was decided to be 

roughly 0.9×B. The holes were drilled with an industrial tracked drill which can be seen in 

Figure 3.11. 

 

Figure 3.11: Drilling at the Alan Bauer explosives laboratory 

Each bench row was twelve meters long, providing enough drill holes for two 

experiments. After each row of drill holes was successfully blasted, a row of wall control 

holes was blasted using decoupled charges and instantaneous initiation of all charges. The 

purpose was to ensure that damage from the previous row would not affect the results 

obtained from the next row of drill holes. A plan view sketch of the drilling pattern is 
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presented in Figure 3.12. 

 

Figure 3.12: Sketch of the blasting pattern 

The explosive that was used was Senatel™ Magnafrac, an ammonium nitrate 

emulsion manufactured by Orica. According to the manufacturer’s technical data sheet 

(Appendix C), this explosive has a velocity of detonation of 5,000 m/s, a density of 1.14 

g/cm3 and is sensitive to detonator initiation. The size of the cartridge that was used was 

32×400 mm with a weight of approximately 366 g. Therefore, the powder factor was 

approximately equal to 0.8 kg of emulsion per m3 of rock, which translates to 0.73 kg of 

ANFO per m3 of rock. 

To ensure maximum timing accuracy and precision that is needed for this type of 

experiments, it was decided to use electronic detonators for explosive initiation. The type of 

detonators used was the same as was used for the small scale experiments, i-kon™ II , 

programmed in 0.1 ms intervals (details in Appendix C). All holes were initiated from the top 

to minimize possible problems with cartridge insertion past the detonator lines due to the 

small difference between hole diameter and cartridge diameter. 

For each wall control shot a whole row of twenty four 38 mm holes was initiated 

instantaneously. The result of a wall control blast can be observed in Figure 3.13. The 
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instantaneous initiation was performed with Cordtex™ 10.2 g/m PETN detonating cord. A  

 

Figure 3.13: Result of a wall control blast 

section of the surface detonating cord connections is shown in Figure 3.14. The charge 

consisted of 1.3 to 1.5 m of Primaflex™ 85 g/m PETN detonating cord in the bottom and 0.5  

 

Figure 3.14: Surface connection of a wall control blast with PETN detonating cord 
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m of Cordtex™ 10.2 g/m PETN detonating cord in the upper section of each borehole to 

minimize cratering. All boreholes were left unstemmed. The technical data sheets of these 

explosives can be found in Appendix C. 

 

3.2.4. Instrumentation and equipment 

In order to evaluate damage to the remaining rock as well as interactions between 

vibration waves it was decided to monitor the vibrations from each shot. A Minimate Plus™ 

vibration and overpressure data acquisition system was used for this purpose. This data 

acquisition system has the capability of recording vibrations or overpressure with data 

acquisition rates between 1 and 16 kHz (more details provided in Appendix B). The vibration 

monitors that were used can record only vertical displacement. 

A plan view sketch of the position of the vibration monitors can be seen in Figure 

3.15. The vibration monitors were placed in the middle between the third and fourth 

boreholes. The distances behind the row of drill holes at which the four vibration monitors 

were placed were 0.5, 1, 2 and 3 m. 

 

Figure 3.15: Plan view sketch of the position of the vibration monitors 
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Apart from the vibration monitors, two high speed cameras were used to provide 

information on the time of the initial movement of the burden and contribute to the overall 

evaluation of the blast. The first camera (first on the right in Figure 3.16.) was an Olympus i-

SPEED 2™. This is the same that was used for the small scale experiments. The other high 

speed camera (first on the left in Figure 3.16.) that was used was a DEL Imaging Motion Pro 

500 fps™, which has a capability of recording high resolution videos with a frame speed of 

500 frames per second. 

 

Figure 3.16: The two high speed cameras in position before the first test 

3.2.5. Fragmentation analysis 

The fragmentation of the rock that was broken in the blast was evaluated by use of 

image analysis software. For this purpose, WipFrag™ was used. WipFrag™ is a software 

developed by WipWare (WipWare, 2015). It analyzes fragmentation pictures, creates the 

fragmentation net and provides the fragmentation distribution curve which is a calibrated by a 

single or double scale of known length.  
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The software calculates the size of a fragment by measuring the number of its pixels, 

converting its irregular shape to an equivalent circle and calculating the diameter of this 

circle. The equivalent diameter is then used for the calculation of the volume of the fragment, 

under the assumption that it is spherical (equivalent sphere). The scale is used to convert 

lengths and areas from pixels to length units. Figure 3.17. shows a fragmentation picture and 

the fragmentation net that was digitized manually. 

 

Figure 3.17: Fragmentation image and respective net generated by WipFrag™ 

Image analysis has some significant disadvantages. Firstly, when taking pictures of 

piles of material, the fine fragments are severely underrepresented in the picture. The reasons 

for this are that fine fragments may be covered under coarser material and that the resolution 

of the picture might be low. Increasing the resolution might not always be the best solution 

because it increases the noise in the picture, creating significant errors in the generation of the 

fragmentation nets. 

Moreover, there are errors associated with the method of calculation of the fragment 

size. The depth of a fragment is unknown so the volume of the equivalent sphere might not be 

close to the actual volume of the fragment.  
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One of the advantages most of the commercial software packages is that they are 

very easy to use. However, the automatic generation of the fragmentation net is far from being 

accurate. The situation becomes a lot worse when the pictures that are analyzed have speckles 

because they are usually misinterpreted as fragments, distorting the fragmentation net. If it is 

not manually corrected, the errors are augmented significantly. In the case of this study, 

manual correction of a fragmentation net was required, a process that was almost inevitable in 

most of the cases. Manual correction of the fragmentation net is time consuming, practically 

defeating the purpose and the benefits of image analysis for industrial applications, although 

automation algorithms are gradually improving.  

Finally, it should be noted that despite the disadvantages of the method, there are not 

many alternatives for analyzing fragmentation from medium or large scale tests. For this 

series of experiments each blast produced roughly 9 m3 (25 tonnes) of granite. Sieving this 

amount of material is almost impossible, as equipment of this size is not available at the 

laboratory. Thus, it was considered that even though image analysis cannot be considered 

accurate, it can still be used as an indicator of overall trends in fragmentation. 
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Chapter 4 

Small Scale Test Results and Discussion 

 

4.1. Single hole tests 

The first set of small scale experiments consisted of single hole tests. The explosive 

loading consisted of two strands of 10.2 g/m PETN detonating cord with water as a coupling 

medium. The purpose of this set of experiments was: 

a. to obtain the time when cracks at the free face are developed. This would be 

obtained from the time that the strain gauges attached to the face would break.  

b. to determine the time of movement of the face of the block with piezoelectric 

gauges. 

The setup of the first small scale blasts can be seen in Figure 4.1. A total of four 60 

mm long strain gauges was used. All of them were placed halfway down the length of the 

sample. The first one was placed at the right side of the sample, 75 mm away from the loaded 

hole. The second one was placed directly in front of the loaded hole at a distance of 75 mm. 

The third strain gauge was placed between the first (loaded) and the second hole, at an angle 

of 450 from the first hole (106 mm away). The last gauge was placed at a 450 angle from the 

second hole (190 mm from the loaded hole). As for the piezoelectric gauge, it was placed 

directly in front of the loaded hole. 

Figure 4.2 shows the strain gauge records from the first test. As was expected strains 

from strain gauges 1 and 2 are almost identical. They both start deforming at approximately 

45 μs after detonation and they fail at 70 μs. The arrival of the stress wave was expected  
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Figure 4.1. First small scale test setup 

 

 

Figure 4.2: Strain gauge records from the first test 

 

at around 40 μs, since the explosive was initiated from the top and the strain gauge was placed 

in the middle of the borehole. With a VOD of 6,500 m/s and a P-wave velocity of 4,000 m/s it 

would take exactly 36.4 μs for the stress wave to interact with the strain gauge. 

Strain gauges 3 and 4 are affected later. Strain gauge 4 was placed 190 mm away 

from the charge. Therefore, it was expected to start deforming at roughly 65 μs after 
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detonation, which is in accordance with the actual record. Strain gauge 3 was affected earlier, 

which is in accordance with what was expected. Both records for gauges 3 and 4 indicate that, 

as it was earlier suggested by Wilson and Holloway (1987), the side of the face was under 

compression.  

Figure 4.3 shows the record from the piezoelectric sensor. As it was explained in the 

previous chapter, a metal bracket was attached directly in front of the loaded hole. As the face 

of the block detached, it impacted the piezoelectric sensor. The moment of impact could be an 

approximation of the time when radial cracks from the detonation of the first hole are fully 

developed and the material in front of the borehole starts moving. Thus it provides an 

approximation for the time of detachment of the face. Since the piezoelectric sensors are 

really sensitive, the time of impact seems to be around 900 μs. The fluctuation before that 

point is possibly related to the shock wave or fine material impacting the sensor. 

 

Figure 4.3: Piezoelectric sensor record from the first test 
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The second small scale test setup was slightly different. As it is demonstrated in 

Figure 4.4, two strain gauges were placed at a 450 angle from the loaded hole, one above the 

other to examine the consistency of the observations. Furthermore, two piezoelectric sensors 

were used. The first one was placed directly in front of the loaded hole and the second was 

placed between the loaded hole and the next hole (second hole from the left in Figure 4.4). 

 
Figure 4.4: Second small scale test setup 

 

Figure 4.5 shows the strain gauge records obtained from the second shot. As it was 

expected, the strain records from the two strain gauges are almost identical for the first several 

microseconds but the second gauge fails later. Both gauges are first hit by the stress wave at 

roughly 30 μs after detonation. At first, they experience a short period of compression (at 

around 100 μs) and then they start to deform under tension until they fail. 
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Figure 4.5: Strain gauge records from the second test 

 

The records obtained from the piezoelectric sensors during the second experiment are 

demonstrated in Figure 4.6. As it was mentioned above, the first sensor was placed directly in 

front of the exploding borehole and the second between the first and the second hole. The first 

sensor was impacted at around 410 μs after detonation, while the second was hit 20 μs later. 

 
Figure 4.6: Piezoelectric sensor records from the second test 
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Figure 4.4). The only difference is that only one strain gauge was placed between the 

detonating hole and the one next to it. It should be noted that from the two piezoelectric 

sensors only the one placed between the two holes seems to have produced valid information. 

The other one is probably corrupted, possibly due to electromagnetic noise. 

In Figure 4.7 it is shown that the strain gauge starts extending at around 50 μs after 

detonation and continues deforming almost linearly until it fails roughly at 750 μs. Evidently, 

this record is significantly different than the previous experiments. Similarly to the first 

experiment, it is first impacted by the stress wave at around 50 μs which is really close to 

what was theoretically expected. However, the deformation rate and the moment of failure is 

a lot slower. This might indicate that the gauge did not fail as a result of a crack but later due 

to the displacement of the material. 

 

Figure 4.7: Strain gauge record from the third test 
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same results, even if the setup is strictly reproduced. In this case, it is possible that the 

differences in the obtained records are associated with the formation of the cracks on the free 

face. In some cases, post mortem inspection revealed cut strain gauge cables, which could 

also create a maximization of the output voltage. In other cases cracks ran through the strain 

gauges splitting them in half. In one case the piece of grout on which the gauge was mounted 

was detached as a whole. 

Figure 4.8 shows the record obtained from the piezoelectric sensor that was placed 

between the first and the second hole during the third test. It is not very clear when the sensor 

was impacted, because the record does not match with those from the previous tests. As it was 

explained in the previous chapter, these sensors are extremely sensitive, which could explain 

the negative before the positive peak. Moreover, it is possible that the gauge was placed 

inversed, which is an alternative explanation for the first negative peak. In that case, the 

moment of impact should be around 250 μs. 

 

 
Figure 4.8: Piezoelectric sensor record from the third test 
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The fourth test had a slightly different setup, which is demonstrated in Figure 4.9. 

The piezoelectric sensors were placed in the same way as in the previous two tests, one of 

them directly in front of the hole and the second in the middle between the first and the 

second hole. Similarly to the previous tests, in order to detect the formation of the cracks on 

the free face, a strain gauge was placed in the middle between the first and the second hole, 

above the second piezoelectric sensor. Two more strain gauges were placed on the top part of  

 
Figure 4.9: Fourth small scale test setup 

 

the block, one halfway between the first hole and the free face and the other between the first 

and the second hole. The purpose was to determine the moment that the cracks were formed 

on the top of the block. 

The obtained strain gauge records are presented in Figure 4.10. The records obtained 

from this test are suspected to have been affected by electromagnetic noise from the 

exploding charge. Therefore they will be not discussed. 
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Figure 4.10: Strain gauge records from the fourth test 

 

Figure 4.11 shows the records obtained from the two piezoelectric sensors. The first 

sensor is impacted at around 180 μs after detonation, while the second gets hit around 260 μs 

after detonation. It is clear that the moment of impact occurs significantly earlier than what 

was observed in the previous experiments. This is an indication of a faulty record. Two 

possible explanations are impact from a fragment created by spalling or the shock wave 

hitting the sensor. However, it has to be noted that no fragments were captured in the high 

speed videos. 

The last single hole test was conducted on a 25 cm×25 cm ×25 cm cubical granite 

sample. Similarly to the previous experiments, the burden was 7.5 cm and the spacing 10 cm. 

As for the employed instrumentation, two strain gauges and two piezoelectric sensors were 

used. The first pair of sensors was placed directly in front of the detonating hole, while the 

second one was placed halfway between the two holes. The setup is presented in Figure 4.12. 
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Figure 4.11: Piezoelectric sensor records from the fourth test 

 

 

 
Figure 4.12: Fifth small scale test setup 
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Again, the records obtained from the two strain gauges were significantly affected by 

what appears to be electromagnetic noise. More specifically, both lines in Figure 4.13 follow 

exactly the same trend for the first 50 μs after detonation, even before the stress wave first 

interacts with them and even though the gauges were placed over 50 mm apart. However, a 

safe observation can still be made from the rest of the record. The failure of the second gauge 

occurs approximately 68 μs after failure of the first gauge and this could be explained by the 

gauge positioning error.  

  

Figure 4.13: Strain gauge records from the fifth test 
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impacted, while the second one reproduces the pulse of the first impact. 

 

 

Figure 4.14: Piezoelectric sensor records from the fifth test 

 

The videos that were captured in the summer of 2015 were not satisfactory in quality 

because of poor lighting conditions caused by the weather. Therefore, it was decided that a 

supplementary single hole test had to be conducted to obtain a better quality high speed video 

from a single detonating hole on a grout sample. The explosive loading and the geometry of 

the sample were similar to those of the first two tests except that spacing was slightly 

increased (from 10 to 10.5 cm).  

Figure 4.15 shows eight consecutive frames from the high speed video that was 

captured. The main conclusion that can be drawn is that the first cracks on the free face 

appear roughly 300 μs after detonation (sufficient burden detachment occurs later on, 

probably around 500 μs). Moreover, it can be said that the number of cracks decreases as the 

distance from the detonating hole increases, as was expected. 
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Figure 4.15: High speed frames from the supplementary single hole test 

 

 

4.2. Single row tests 

The piezoelectric sensor records did not produce consistent results for the time of 
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detachment of the burden. This inconsistency could be associated with the setup (i.e. because 

some of the instruments were used for the first time in similar applications and could be 

influenced by other factors apart from the movement of the face (such as spall fragments from 

the face, stress wave pulse from the face etc.) or it might indicate that the time of detachment 

of burden is not precise and might be better described as a range.  

In order to get a better understanding of the fragmentation mechanisms, it was 

decided that high speed photography should be used for a visual estimation of time of 

detachment of the face. Three successful tests were conducted in total, two on grout samples 

and one on a granite sample. The geometry of the samples was the same as for the samples 

used for the single hole tests (see Figures 3.1.1 and 3.1.2). 

The experimental setup of the first single row test is demonstrated in Figure 4.16. 

Three strain gauges were used in this experiment. The first one was placed between the first 

and the second hole, the second one between the second and the third hole and the third one 

between the third and the fourth hole. 

 
Figure 4.16: Sketch of the first single row test setup 

 

The explosive loading per hole was exactly the same as for the previous set of 

experiments, using two strands of 10.2 g/m PETN detonating cord coupled with water. The 
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hole to hole delay was 0.1 ms. The data acquisition system was triggered 0.5 ms before the 

first hole was detonated. 

Figure 4.17 shows the strain gauge records obtained from the first single row test. 

Similarly to the single hole tests, the first strain gauge is initially undergoing compression for 

a significant period of time and then it deforms under tension until it fails at around 150 μs 

after the first hole is detonated. The second strain gauge record is similar to the first one, 

except that it fails roughly 100 μs later, as expected. Finally, the third strain gauge record is 

also similar to the first two, but fails roughly 150 μs after the second one.  

 

Figure 4.17: Strain gauge records from the first single row test 

 

This deviation is most likely related to the gauge positioning error. A difference 

from the previous tests is that the gauges seem to be under a compressive load, which was 

significant both in magnitude and in duration, especially for the second and the third gauge. 

Figure 4.18 shows high speed frames from the video that was captured during the 
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test. The filming rate was 10,000 frames per second. Both the lighting and the resolution of 

the video make it hard to distinguish cracks on the free face. A safe remark to be made is that 

the whole row is detonated before the area of influence of the first hole is detached. In other 

words, the delay used is most likely way shorter than the time of burden detachment. 

Sufficient detachment occurs around 0.5 ms after detonation. The vertical blue lines are used 

to assist face movement detection. 
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Figure 4.18: High speed frames from the first single row test 

 

The experimental setup of the second single row test was the same as the first test 

with the exception that no strain gauges were employed and a mirror was used to assist the 

crack detection on the corner of the block. The hole to hole delay was set to 0.8 ms.  
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Figure 4.19 shows the high speed frames obtained from the second single row test. 

The quality of this video is significantly better. Furthermore, the use of the mirror played a 

significant role in understanding the behavior of the material around the corner of the 

specimen. The mirror was placed in a position so that the other free face, as well as the front 

face at a different angle could be observed. The first frame shows the moment of detonation 

of the first hole. After 300 μs a vertical crack is visible on the top of the side of the block. At 

600 μs there is some swelling of the area around the hole without a significant increase in the 

number of visible cracks. Between 600 and 800 μs the area of influence of the first hole has 

definitely detached, while at 1500 μs venting through some of the cracks is visible. The above 

observations indicate that the moment of burden detachment is probably longer than 600 μs 

and therefore the delay used is most likely significantly longer than the optimum.  

The last small scale test was conducted on a granite sample (see Figure 3.2). The 

intra-row delay was equal to 0.3 ms. As it was described in the previous chapter, because of 

its shorter length, the granite sample had only four holes per row. Figure 4.20 shows six 

frames from the last single row test. It is clear that the first cracks are visible around 400 μs 

after the detonation of the first hole. Then, 600 μs after detonation the crack network is fully 

visible. And finally, 800 μs after the detonation of the first hole the burden should be 

considered fully detached. The above remarks suggest that the optimum delay time in this 

case is probably between 400 and 600 μs. 
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Figure 4.19: High speed frames from the second single row test 

 

 

 



67 
 

 

 
Figure 4.20: High speed frames from the third single row test 
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Similarly to the single hole tests previously described, two supplementary single row 

tests were conducted on April 2016, in order to obtain better quality high speed videos. The 

first test consisted of two holes detonating simultaneously and is shown in Figure 4.21. No 

differences were observed with regard to moment of appearance of the first cracks on the face 

and time of detachment of the face, which are around 300 μs and 600 μs after detonation 

respectively. An important observation is that gases do not appear to be venting from the 

cracks, an indication that gases could still work inside the specimen, even though the absence 

of stemming does not leave room for this possibility. Also, it has to be noted that contrary to 

the previous tests on grout samples, no yoke was used, since it was interfering with the 

viewing angles. 

Similar remarks can be made for the multiple delay test that was conducted. In this 

test a different delay was used between each pair of holes. The delay between the first and the 

second hole was 100 μs, between the second and the third 200 μs, between the third and the 

fourth 400 μs and between the fourth and the fifth 800 μs. The purpose of this specific test 

was to discover whether there are different crack patterns for each delay used. It was 

attempted to increase the amount of information that was extracted from the test. No 

difference was observed with regard to initial crack formation and time of detachment. 
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Figure 4.21: High speed frames from the two hole test 

The detonation sequence of the five holes was as follows: Hole 1 at 0 μs, hole 2 at 100 

μs, hole 3 at 300 μs, hole 4 at 700 μs, hole 5 at 1500 μs 

High speed video frames from this test can be seen in Figure 4.22. As it can be seen, 

the right corner of the specimen moves around 500 μs. At that point cracks are visible in front 

of the second hole. At 700 μs there are visible cracks in front of the third hole. At 1 ms there 

are some cracks in front of the fourth hole. At 1.3 ms more cracks become visible. At 1.8 ms 
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some cracks are visible in front of the fifth hole. More cracks are visible at 2 ms. Gas venting 

can be seen in front of the fourth hole at 1.4 ms. 

 

0.1 ms 

0.2 ms 0.3 ms 

0.4 ms 0.5 ms 

0.6 ms 0.7 ms 

0 ms 



71 
 

0.8 ms 0.9 ms 

1 ms 1.1 ms 

1.2 ms 1.3 ms 

1.4 ms 1.5 ms 

1.6 ms 1.7 ms 



72 
 

 
Figure 4.22: High speed frames from the multiple delay test. 

 

In order to further investigate possible variation in time of burden detachment, high 

speed video analysis was performed for all the grout block tests (Figures 4.2.6 and 4.2.7). 

Table 4.1. shows the results of face velocity measurements that were done for the grout tests, 
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and are labelled initial [i] (meaning the first two tests on grout that were recorded) and 

supplementary [s] (meaning recordings that resulted from the multiple delay test). The 

software that was used for the measurements is Blaster’s MAS by MREL (Panagiotou, 2015). 

It can be generally said that as expected, the velocity of the face decreases with time. 

However, no particular trends were observed for the different delay times that were used. A 

single factor Analysis Of Variance (ANOVA) was performed in order to examine the 

statistical significance of the observed differences in the means of the six delay groups 

(columns of Table 4.1). The analysis was performed in Excel using the Statistical Analysis 

Toolpack and results are shown in Table 4.2. The α level was set to 0.05 and the default null 

hypothesis (Ho) is no difference in the mean velocities of each group. 

 

 

Instantaneous velocity of the face (m/s) 

 Intra-row delay time (μs) 

t (ms) 100 (i) 100 (s) 200 400 800 (i) 800 (s) 

0.2 106 97 108 106 106 101 

0.4 83 82 83 85 76 82 

0.6 74 70 75 80 75 70 

0.8 73 68 74 72 73 64 

1 64 63 68 69 71 67 

1.2 62 64 62 63 65 66 

1.4 63 63 65 67 62 67 

1.6 65 62 60 64 63 58 

 

Table 4.1: Instantaneous velocity of the face versus delay time at t time (expressed as 

displacement/time, (i) and (s) stand for initial and supplementary for the tests that were duplicated)  

 

Anova: Single Factor   
 

  

     
 

  

SUMMARY    
 

  

Groups Count Sum Average Variance    

100i 8 590 73.75 221.6429    

100s 8 569 71.125 152.125    
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200 8 595 74.375 241.9821    
400 8 606 75.75 207.9286    

800i 8 591 73.875 197.8393    

800s 8 575 71.875 184.4107    

     
 

  

     
 

  

ANOVA     
 

  
Source of 
Variation SS df MS F 

 
P-value F crit 

Between Groups 114.4167 5 22.88333 0.113854  0.988664 2.437693 

Within Groups 8441.5 42 200.9881  
 

  

     
 

  

Total 8555.917 47          

               

 

Table 4.2: ANOVA results 

The results of the ANOVA are presented in Table 4.2. As it can be seen, the F-value 

is way below the F critical value. Therefore, Ho cannot be rejected which means there is no 

sufficient evidence to support the claim that the mean velocities of the face are significantly 

different for the various delay times used.  

 

4.3. Summary and discussion 

The strain gauges that were used in the single hole experiments revealed that the 

crack formation on the free face is a rather complicated phenomenon. Although the time of 

arrival of the stress wave on the free face was quite consistent (around 50 μs for a gauge 

placed at a 45o angle from the detonating hole), the determination of the time of gauge failure, 

which was the initial purpose for their use was not always possible.  
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Figure 4.23: Crack formation on a granite sample 

 

The failure in getting consistent results from the strain gauges can be explained. First 

of all, the material from which the gauges are manufactured is very strong and can withstand 

significant tensile and shear forces. Therefore, even if a crack runs directly through the gauge 

it may not fracture it in half. However, once a crack appears the rate of strain should increase 

significantly and rapidly until the gauge fails. Nonetheless, no repeatable pattern was 

recorded.  

Moreover, the failure of the gauge which is identified by the maximization of 

voltage can also be a result of cable breaks, especially when the failure occurs much later than 

what was expected. Figure 4.23. shows a crack cutting through the cables right next to the 

gauge. Of course, it is possible that cracks will not run through the gauge and that is why 

longer gauges were placed at critical positions to increase the likelihood of this. 

To address the difficulty of crack detection, Wilson and Holloway (1987) came up 

with a different setup. They used a soft lead pencil to draw conductive lines on the surface of 
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their samples. In theory, when a crack runs through these lines the conductive path is broken 

and the moment of crack creation can be determined (see Figure 4.24). However the method 

is not without trouble, as an unshielded gauge is easily affected by the electromagnetic noise 

that is created upon the detonation of an explosive charge in the surrounding space. 

 
Figure 4.24: Experimental setup for crack detection by Wilson and Holloway (1987) 

 

Similarly to the strain gauges, the piezoelectric sensors provided also inconsistent 

results with regards to the determination of time of burden detachment. The piezoelectric 

sensors at a 45o angle from the detonating hole recorded times of impact ranging from 120 μs 

to even 900 μs. In many cases, the moment of impact could not be precisely determined 

because the records were confusing (i.e. more than one major peak, large range of possible 

moments of impact etc.). 
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The inconsistency of the piezoelectric sensor records cannot be explained by the 

variability of the distance between the sensor and the mounted bracket. Throughout the 

experimental process, it proved difficult to accurately measure the distance between them (it 

usually varied between 2 and 6 mm). However, if we assume a face velocity between 95 and 

125 m/s then each millimeter of variable distance adds 8 to 11 μs delay, which does not 

explain the ranges observed. 

The only reasonable explanation for the inconsistency in the piezoelectric sensor 

records is the fact that the sensors are very sensitive. Even the pressure pulse created when the 

P-wave arrives at the free face of the blast, as well as air shock waves from the initiation of 

the charges, may create enough pressure on the surface of the sensor to bend it and affect its 

output. After the sensor is first impacted the vibrations produce a random pulse which is 

difficult to analyze or reproduce. 

The most valuable information acquired from these experiments was the time of 

detachment of the burden through high speed photography. Both the initial tests, as well as the 

supplementary tests revealed that the time of burden detachment for this specific setup should 

probably be longer than 300 μs, when the first cracks appear and also lower than 600 μs, 

when the burden is clearly detached and no further cooperation between neighboring charges 

is expected. This claim is reinforces previous research findings by Katsabanis and Omidi 

(2015), according to which the optimum delay for this experimental setup is around 500 μs 

(6.6 ms/m of burden). 
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Chapter 5 

Medium Scale Results and Discussion 

 

5.1. Fragmentation analysis results 

As was explained in Chapter 3, pictures of the muckpile were taken after every 

bench blast. Then, they were analyzed with the WipFrag™ image analysis software. The 

results from these analyses will be presented in Figure 5.1. 

 

Figure 5.1: x50 versus delay time 

The above scatter graph shows how x50
2 changes with time delay for the set of 

experiments that were done. Although there seems to be some scatter in these results, one can 

see that short and long delays provide the coarsest fragmentation. Although in some of the 

previous studies x50 versus delay time graphs were U or L-shaped (Katsabanis & Omidi, 

                                                           
2 x50 is the sieve opening size that allows 50% of the fragments to pass through. 
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2015), in this graph it can be seen that the x50 value for delays of 6 ms is coarser than those 

observed x50 values for delays of both 4 and 8 ms. However, this observation is not 

necessarily significant as scatter is expected. 

The situation becomes clear with a look at the other fractions of the fragmentation 

distributions. Figure 5.2 presents x10, x20, x50 and x80 values versus delay time3. It is clear that 

as we look into the finer fragment classes there seems to be no correlation between intra-row 

delays and sieve opening. On the other hand, as we look into the coarsest fragments the trends 

are amplified. 

 

Figure 5.2: xn versus delay time 

The data presented in Figures 5.1.1 and 5.1.2 are raw. As it was discussed in Chapter 

2 and above, similar experimental work resulted in U or L-shaped x50 graphs. No one can 

                                                           
3 Generally, xn is the sieve opening size that allows n% of the fragments to pass through. 

0,00

100,00

200,00

300,00

400,00

500,00

600,00

700,00

800,00

900,00

0 2 4 6 8 10 12

d
ia

m
et

er
 o

f 
eq

u
iv

al
en

t 
sp

h
er

e 
(m

m
)

dt (ms)

10% 20% 50% 80%



80 
 

dispute the fact that the method of analysis is not very accurate for reasons that are explained 

in detail in Chapter 3. A regression to the SWEBREC function could reveal other trends, as 

shown in Figure 5.3. The SWEBREC function is given by (Ouchterlony, 2005): 

𝑃(𝑥) =
1

1+(ln(
𝑥𝑚𝑎𝑥
𝑥

)/ln(
𝑥𝑚𝑎𝑥
𝑥50

)𝑏
         (5.1) 

 

where:  

x is the particle size 

xmax is the maximum particle size 

x50 is the average particle size 

b is a constant 

 

Figure 5.3: Experimental and SWEBREC predicted x50 versus delay time 
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Delay (ms) 

2 4 6 8 10 

xmax 1000 1000 1000 1000 1000 

x50 436.7062 275.8107 315.9441 230.9899 440.8114 

b 1.474058 2.752409 2.572538 2.7564 1.658625 

SEE 0.0585 0.0292 0.0266 0.0188 0.0456 

Table 5.1: SWEBREC distribution parameters for each test 

Figure 5.3 shows how the experimental x50 values compare to the SWEBREC 

derived x50 values. The trend of the SWEBREC derived x50 values is even more distinct. It is 

obvious that the SWEBREC predicted x50 values have an optimum region somewhere 

between 4 and 8 ms, even though no solid claim can be made about the exact point of 

minimization because of the suspicion of scatter.  

Table 5.1 shows the distribution parameters for each test. The last row of the table is 

the Standard Error of Estimate, one of the most common indexes used to measure the 

goodness of fit of nonlinear models. The assumptions made for the fitting were that xmax 

should be less than the spacing and b should be between 1 and 4. 

The uniformity of the fragments can be expressed as the slope of the SWEBREC 

function at x50. It can be calculated by differentiating the SWEBREC function for x=x50 as 

follows: 
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𝑠50 = 𝑃′(𝑥50) =
𝑏

4∗𝑥50∗ln(
𝑥𝑚𝑎𝑥
𝑥50

)
(5.2) 

Figure 5.4 shows the uniformity of the SWEBREC fragmentation curves describing 

the muckpiles for each test. The slope expresses the uniformity of the fragments. The trend of 

the graph is quite clearly an inversion of the trend of x50 versus time delay. In other words the 

uniformity of the fragmentation distribution is increased in the area where x50 appears to be 

minimum. Similar were the findings of Katsabanis, et al. (2014), who claimed that both x50 

and uniformity expressed as the slope of the SWEBREC function at x50 are optimized at 

around 500 μs, which corresponds to 9.3 ms/m of burden. 

Uniformity could also be expressed in a simpler form as the ratio of x80/x20 or 

x60/x10, although none of the two is an accepted measure. Figure 5.5 shows the uniformity of 

the various fragmentation curves expressed as the ratio x80/x20. In this case, the ratio is 

inversely proportional to the uniformity. Similar to the previous expression of uniformity, it 

seems that fragments are more uniform around the area of minimization of x50. 

 

Figure 5.4: Slope of the SWEBREC function at x50 
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Figure 5.5: Fragmentation uniformity expressed as x80/x20 versus time delay 

 

5.2. High speed photography results 

High speed photography was also used for an overall evaluation of the blast. A 

useful piece of information is the velocity of the face of the bench. Significant differences in 

the velocity of the face could indicate differences in the time of detachment. Figure 5.6 shows 

the face velocities for each test measured with Blaster’s MAS by MREL (Panagiotou, 2015). 

The velocities range between 22 and 25 m/s with the exception of the 10 ms test where the 

velocity was found to be equal to 14 m/s. These differences are not believed to be significant 

since there are some errors associated with these results. First of all, although the software has 

a tilt calibration tool, it is very sensitive to small changes, which could be a source of error. 

Also, some of the videos were not filmed with satisfactory image quality which could have 

affected the ability to track particles accurately. Finally, any drilling error definitely affects 

the burden of the blast which is negatively correlated to face velocity. 
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Figure 5.6:  Velocity of the face
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A lot of useful information can also be extracted by the visual evaluation of the 

high speed frames. Similar to the method used in the small scale tests, the moment of 

detachment of burden can be determined by comparing high speed frames. 

Figure 5.7 shows frames from the test with the 2 ms hole to hole delay time. Unlike 

the small scale tests, the face of the bench is not smooth and undamaged. A lot of fractures are 

visible, with some pre-existing and some induced by blasting of the previous row of 

drillholes. There are no significant changes from 0 to 4 ms after the first hole is detonated, 

except for some swelling of the material. At 6 ms the first gases escaping from the face are 

visible. Hence, it could be said that damage accumulation could take place until a maximum 

time of 6 ms. At 10 ms a lot more gas can be seen escaping from the newly formed and the 

pre-existing cracks and there is significant displacement in front of the first hole.  

High speed frames obtained from the second test can be seen in Figure 5.8. In this 

experiment the hole to hole delay was set to 4 ms. Between 0 and 3 ms there are hardly any 

changes on the face of the bench. As before, at 6 ms the first gases escaping from the face of 

the bench become visible. At 9 ms the gases escaping from the face and the swelling of the 

material have increased significantly. Moreover, the stemming starts getting ejected. At 15 ms 

the area in front of the first holes has been totally disintegrated and is moving towards the 

trench. 

Both delays tested seem to be below the time when gases fully penetrate the burden 

and vent through the free face. This time is thought to be the time above which a later 

detonating hole could affect fragmentation of a previously detonating hole. This claim is also 

confirmed by the fragmentation analysis results that were presented in the previous paragraph.  
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Figure 5.7: High speed frames from the 2 ms per hole test 
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Figure 5.8: High speed frames from the 4 ms per hole test 
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A problem with both Figures is the low resolution that does not allow detailed observations.  

Figure 5.9 shows nine frames from the test with 8 ms hole-to-hole delays. The first 

three frames at 0, 2 and 4 ms are very similar to what was shown in the previous two Figures. 

The difference is that stemming gets ejected sooner than in the previous cases and there is 

excessive gas escaping from the top of the bench, something that is definitely not believed to 

be related to variation in time delay. Similar to the first two tests the first gases are ejected 

from facial cracks at 6 ms after the detonation of the first hole. Moreover, as it was also 

observed in the previous tests there are hardly any new cracks on the face even 14 ms after the 

detonation of the first charge.  At this point it should be noted that the exact moment of 

burden detachment cannot be precisely determined because there is a lot of swelling that  

happens gradually a few milliseconds after initiation. 

The situation is similar in the case of the 10 ms per hole delay. Figure 5.10 shows 

six frames from this test. Frames at 0 and 4 ms are similar but in the latter the burden has 

slightly expanded. Similar to all the previous tests, the first gases escaping from cracks on the 

face of the bench appear around 6 ms after the detonation of the first hole. Between 8 and 12 

ms the rock keeps expanding and more gases penetrate the cracks. At 16 and 20 ms new 

cracks appear and the burden of the first hole is further displaced. The detachment of the 

burden, although difficult to see in these static frames, has most likely occured a lot earlier, 

probably sometime between 6 and 10 ms after the first hole is initiated. 
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Figure 5.9: High speed frames from the 8 ms per hole test 
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Figure 5.10: High speed frames from the 10 ms per hole test 
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5.3. Vibration results 

 

Figure 5.11: Waveforms recorded at various distances for all tests 
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As was expected, the vibration records showed that vibration at the back is affected 

by delay. Namely, the shorter the delay the higher the possibility for overlaps (constructive 

interference).  

Figure 5.11. shows the recorded waveforms for the five different delays that were 

used. The monitor that was closest to the blast is suspect for faulty readings, probably because 

of damage to the rock on which it was anchored. This becomes more apparent in the 4 and 6 

ms graphs. Separation of pulses can be first seen in the 6 ms graphs and is obvious in the 8 ms 

graph. One can speculate that the optimum intra-row time delay with regard to fragmentation 

should lay close to the earliest delay that produces separated waveforms. 

 

 5.4. Summary and discussion 

Optimum fragmentation was achieved with 8 ms hole-to-hole delays, although it 

should be clear that both the method of analysis and the nature of these experiments usually 

produce significant scatter.  Therefore, it can be said that generally intermediate delays (4, 6 

and 8 ms) produced the finest fragmentation. On the other hand, very short or very long 

delays (2 and 10 ms) generally produced coarser fragmentation. This claim was further 

reinforced after comparing the SWEBREC functions that describe the muckpiles produced 

from each test.  

A closer look at the different fractions of each muckpile led to the conclusion that 

the differences are smaller for finer fragment classes. Thus, x10 and x20 for each test showed 

hardly any difference with different delays. On the contrary, x80 for 2 and 10 ms delays was 

almost double that between 4 and 8 ms. 
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The uniformity of the fragments showed an inverse trend. The fragmentation 

analysis results revealed that uniformity, expressed both as the slope of the SWEBREC 

function at x50 (s50) and as the ratio x80/x20, was optimum for intermediate delays, although 

x80/x20 for 8 and 10 ms delays was similar. 

The above claims are consistent with the results from previous studies. As it was 

presented in Chapter 2, Katsabanis and Omidi (2015) having done tests on small grout 

samples found that x50 is minimum when a delay of 6.6 ms/m of burden was used. Moreover, 

the authors found that the relationship between x80 and delay time is U-shaped, meaning that 

very short or very long delays produce coarser x80 and intermediate delays produce finer x80. 

They also concluded that uniformity is also likely to be optimized for intermediate delays. 

Furthermore, an older study which involved medium scale tests on the similar material to the 

one used in the current work has revealed similar trends for x50 (Katsabanis & Liu, 1996).  

On the other hand, as it was shown in Chapter 2, full scale study results are often 

contradictory. Although the reduced scale tests from USBM showed similar trends for x50 

(Otterness, et al., 1991) full scale test results showed hardly any change in x50 for different 

delay times (Stagg & Rholl, 1987). This could be a result of the fact that the authors examined 

the effect of many different independent variables in a small number of experiments, which 

were conducted on arguably non-homogenous and anisotropic materials. The results of the 

recent study by Petropoulos et al. (2014) are inconclusive as well, something that can be 

attributed to the variability of the rock conditions, since very large areas of a mine were used. 

Moreover, the authors focused on short delays and did not investigate the effect of 

intermediate and large delays.  
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However, recent experiments on full scale granite benches at the Missouri State 

University (Hettinger, 2015) led to the conclusion that fragmentation is optimized when using 

delays of around 6.25 ms/m of burden, a result that falls within the optimum range of the 

current study. 

As it was discussed above, there is some evidence (Katsabanis & Omidi, 2015) that 

fragmentation may be optimized not due to significant changes in the fine and medium 

fragment classes, but most likely due to small changes in the coarse classes of the muckpile 

(which could practically mean even a split in half of the large boulders). The extension of 

even a few cracks in an oversize fragment could result in a significant reduction in the 80% 

passing size. A possible explanation is optimum interaction between cracks, or cracks and 

tensile pulses produced by neighboring charges. 

The effect of the gases in the blasting induced damage was recently examined at 

Queen’s University (Ledoux, 2015). According to the results of this study, which involved 

testing of small-scale grout cylinders, gases do not play a significant role in the overall 

damage. However, the number of incomplete cracks (cracks that did not reach the free face) 

of the copper-lined samples (copper cylinders were placed inside the drillholes to minimize 

the gas effects) was consistently higher an indication that fragmentation optimization might 

be related to extension of a few cracks in the coarse fragments of a muckpile. 

To better understand this claim, two “artificial” fragmentation image analyses were 

performed with WipFrag™. Figure 5.4.1 shows the two fragmentation nets generated with 

WipFrag™. As it can be seen, the only difference between the two fragmentation nets 

generated is that the two largest particles are split in half in the second analysis, simulating 
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what was explained above. 

The results from the analysis are presented in Table 5.2. As it can be seen, by 

splitting the two largest fragments in half, the x10 did not change at all, x50 was reduced by 

27% and x75 was reduced by 30%. A similar mechanism could explain the consistent x50 

optimization in the intermediate delay region. 

 

Figure 5.4.1: Artificial fragmentation nets 

 

  Equivalent diameter (mm) 

  x10 x50 x75 

Normal 34.54 485.20 743.10 

Optimum 34.42 354.20 518.10 

% Change -0.3% -27% -30% 

Table 5.2: Results from the artificial fragmentation analysis 

The high speed photography analysis did not produce a specific moment, rather a 

range of the time for burden detachment. The rock mass in front of each detonating charge 

seems to be expanding almost linearly and cracks gradually become visible on the free face. A 

very important finding is that gases in all tests were consistently escaping from the face of the 
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bench around 6 ms after detonation, which implicates that optimum delay for this setup is 

shorter and that no further interaction between neighbouring holes should be expected beyond 

that point. Finally, the face velocities of the bench ranged from 14 to 25 m/s and did not seem 

to be affected by changes in the hole-to-hole delay time. 
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Chapter 6 

Conclusions 

 

A series of small scale tests were conducted on grout and granite blocks. The 

purpose of these experiments was to understand why fragmentation is optimized when certain 

hole-to-hole delays are used. Strain gauges, piezoelectric sensors and metal impactors, as well 

as a high speed camera, were employed to provide a better understanding of the mechanism of 

delay blasting. More specifically, it was attempted to determine the exact time of burden 

detachment, since it is believed that no further cooperation between neighboring detonating 

holes should be expected beyond that moment. 

The records obtained from both the piezoelectric sensors and the strain gauges were 

not consistent, something that is expected due to the large number of failure mechanisms that 

occur during a blast. However, the time of arrival of the stress wave was consistently around 

50 μs for gauges placed at a 45o angle from the exploding hole. The piezoelectric sensors that 

were employed for the determination of the time of burden detachment provided ambiguous 

results. The piezoelectric sensors at a 45o angle from the loaded hole recorded times of impact 

ranging between 120 μs and 900 μs, arguably a very large range. This is probably associated 

with the increased sensitivity of the sensors, which could have easily produced false readings 

in some cases. 

The results from the small scale videos suggest that the time of burden detachment 

should be around 600 μs. For the same material and geometry, Katsabanis and Omidi (2015) 

claimed that optimum fragmentation (expressed as minimum sieve size from which 50% of 
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the fragment mass is passing [x50] and maximum slope of the SWEBREC function for x=x50 

[s50 ]) is achieved when 500 μs delays are used between holes of the same row, which falls in 

the aforementioned range.  

Another series of medium scale experiments was conducted on a granite bench. The 

purpose of these experiments was to scale up the findings of small scale experiments, which 

were conducted recently at Queen’s University. Similar to the experimental results of the 

previous small scale tests, the medium scale tests indicate that optimum fragmentation 

(expressed again as maximum x50 and s50, as well as minimum x80/x20), which was assessed 

via image analysis software, was optimum for intermediate delays (between 5.3 and 10.6 

ms/m of burden or between 3.2 and 6.3 ms/m of burden and spacing). Moreover it was found 

that the moment at which the gases first escaped through the face of the bench was 

consistently around 6 ms after detonation, a moment which could indicate the termination of 

all damage inflicting processes. 

All the above, as well as the results from previous studies [Stagg & Nutting (1987), 

Katsabanis & Omidi (2014), Katsabanis, et al. (2014), Katsabanis & Omidi (2015)] indicate 

that fragmentation can be improved through proper delay timing of the blast holes. The 

optimum zone is easier to distinguish in small scale tests, where the scatter is less due to the 

smaller variability of the rock conditions.  

Table 6.1 presents a comparison between the results of older studies and the results 

of the current study. As it can be seen, the optimum hole-to-hole delays vary between 3.2 and 

8.8 ms/m of burden and spacing. It has to be noted, that the scale and the material properties 

in each study were different and therefore the results are not directly compareable.  
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Study Material Scale 

Optimum 

delay time 

(ms/m 

of√𝐵2 + 𝑆2) 

Method of 

fragmentation 

assessment 

(Stagg & 

Nutting, 1987) 
Dolomite Medium ~ 8.8 Sieving 

(Katsabanis & 

Liu, 1996) 
Granite Medium 3.2 - 6.3 

Image analysis 

from high speed 

camera frames 

(Katsabanis, et 

al., 2006) 
Granodiorite Small ~ 7.4 Sieving 

(Katsabanis & 

Omidi, 2015) 
Grout Small ~ 4 Sieving 

(Hettinger, 

2015) 
Granite Full ~ 3.8 Image analysis 

Current work Granite Medium 3.2 - 6.3 Image analysis 

Table 6.1: Optimum delay times from different studies 

There is no doubt that more data are necessary in order to better understand the 

mechanism of damage inflicted by consecutive detonating charges. More experimentation on 

homogenous and isotropic materials might lead to a better fundamental understanding of this 

mechanism.  

Although proper delay timing is not perfectly understood yet and most likely not the 

main contributor to blasting efficiency, possible improvement in fragmentation due to proper 

delay timing comes at no cost, with sub-millisecond delay detonators that are produced by all 
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major explosive manufacturers today.  
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Appendix A: Fragmentation analysis results 

Delay   2 ms  4 ms 6 ms  8 ms 10 ms 

D1 1% 17.67 16.42 25.62 9.70 21.23 

D5 5% 44.49 52.45 58.42 27.88 54.07 

D10 10% 69.66 76.70 85.85 47.44 87.33 

D20 20% 122.60 120.00 134.80 86.03 148.50 

D25 25% 140.60 140.20 159.10 106.60 183.80 

D30 30% 167.80 161.50 188.10 127.80 219.30 

D50 50% 356.90 255.30 304.60 226.50 387.50 

D70 70% 643.30 391.60 441.20 342.60 614.70 

D75 75% 702.70 435.40 475.40 381.50 678.90 

D80 80% 762.20 479.10 532.60 420.30 743.10 

D90 90% 881.10 1004.00 766.30 498.00 871.60 

D95 95% 940.50 1045.00 883.10 743.40 935.80 

D99 99% 988.10 1079.00 976.60 948.70 987.20 

Xc  562.40 332.20 394.80 293.30 527.40 

n  1.34 1.38 1.73 1.26 1.30 

b  1.77 3.47 2.55 2.63 1.99 

Xmax  745.90 1087.00 791.50 772.80 805.80 

0.60 mm  0.00 0.00 0.00 0.00 0.00 

0.85 mm  0.00 0.00 0.00 0.00 0.00 

1.00 mm  0.00 0.00 0.00 0.00 0.00 

1.40 mm  0.00 0.00 0.00 0.00 0.00 

2.00 mm  0.01 0.87 0.00 0.66 0.24 

3.35 mm  0.01 0.87 0.01 0.67 0.25 

4.00 mm  0.02 0.87 0.01 0.67 0.25 

4.75 mm  0.03 0.87 0.02 0.68 0.25 

5.60 mm  0.05 0.87 0.03 0.69 0.26 

6.70 mm  0.08 0.88 0.05 0.72 0.26 

8.00 mm  0.15 0.88 0.07 0.81 0.29 

10.0 mm  0.28 0.89 0.13 1.03 0.34 

12.5 mm  0.45 0.93 0.21 1.46 0.43 

16.0 mm  0.79 0.98 0.35 2.20 0.61 

25.0 mm  1.94 1.37 0.95 4.21 1.28 

31.5 mm  2.82 1.95 1.43 5.99 2.04 

35.5 mm  3.66 2.46 1.76 6.98 2.58 

37.5 mm  3.96 2.65 1.99 7.36 2.77 

40.0 mm  4.37 2.96 2.24 8.15 3.02 

50.0 mm  5.77 4.50 3.58 10.63 4.42 

75.0 mm  11.15 9.57 7.80 17.30 7.99 

100. mm  15.38 15.95 12.87 23.42 12.06 
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125. mm  20.50 21.02 17.78 29.38 16.39 

150. mm  27.73 27.55 23.43 34.90 20.22 

300. mm  46.84 59.52 49.32 64.52 41.40 

500. mm  57.95 82.39 78.61 90.26 61.07 

1000 mm  100.00 89.57 100.00 100.00 100.00 

Min  1.15 1.70 1.13 1.41 1.64 

Max  745.90 1087.00 791.50 772.80 805.80 

Mean  30.07 61.54 45.19 26.96 43.99 

Mode  500.00 150.00 300.00 150.00 500.00 

Stdev  60.37 80.07 76.21 46.85 79.62 

Sphericity 0.69 0.67 0.68 0.69 0.67 

Particles  1272.00 1101.00 1833.00 2084.00 1308.00 
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Appendix B: Instrumentation and equipment specifications 

 Strain gauge specifications, copied from www.showa.com 
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Piezoelectric film specifications, copied from www.te.com 
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Data acquisition system specifications, copied from www.mrel.com 
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Olympus i-SPEED 2 product guide, copied from www.av-iq 
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Vibration monitor specifications, copied from www.instantel.com 
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Appendix C: Explosives, initiation systems and blasting equipment  

copied from www.orica.com



129 
 



130 
 



131 
 



132 
 



133 
 



134 
 



135 
 



136 
 



137 
 



138 
 



139 
 



140 
 



141 
 



142 
 

 
 


