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Abstract: When researching rock blasting, the design parameters used for the analysis are usually the geometric
and charging ones. This study is based on a different approach, and focuses on the effect of timing, in specific
the role of delays in the initiation sequence. The data come from the results of full-scale blasts. The
experimental setting and location allowed to consider all parameter other than the number of delays as a
constant. The experimental results are analyzed relating the delay variables to fragmentation and KPIs of
downstream operations. It is shown how increasing the number of delays per unit of blasted rock and reducing
simultaneous adjacent holes produces finer fragmentation, reduces the amount of fines, facilitates the
secondary operations and reduces the risk of flyrock.
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1. Introduction

When analyzing the performance of rock blasting, the geometric (bench characteristics, drill
mesh, hole length) and charging (specific charge, position of charges, bottom and column charge,
decking) parameters dominate the design and prediction models; on the other hand the study of the
influence of timing on rock fragmentation and downstream operations is not fully developed [1].

Some of the research on the effects of timing on rock fragmentation is based on small-scale tests
blasts [2-5]. [2] performed small-scale tests in dolomite benches, using 0 to 45 ms delay intervals,
equivalent to 0 to 118 ms/m of burden. Delay intervals of 3 to 56 ms/m of burden obtained the smallest
particle sizes; coarse fragmentation resulted from short delays (<3 ms/m). In the short delay
configuration, the breakage mechanism was similar to that of pre-splitting: fractures connecting the
blast-holes and large blocks in the burden region. Coarse fragmentation also resulted from long
delays (>57 ms/m): in this case there was no cooperation between charges and the blastholes broke
the rock independently. [3] considered the role of gas flow between fractures caused by the stress
wave induced by the explosive. [4] performed small-scale blasts in hard Canadian granite: coarse
fragmentation results from, but the average fragment size does not change much once small delays
are used. [5] performed drop test to study the material grindability on three granites, comparing
specimens blasted and not blasted; in conclusion blasting appears to reduce the work index by 5-11%.
[6] conducted eight experiments on granite bench blasting models employing double holes with
delay times ranging from approximately 13 ms to 300 ms, finding an “optimal” inter-hole delay at
200 ps, where to simultaneous detonation, the median size was decreased by about 14.5% for the
inter-hole delay of 200 ps; the same authors in [7] conducted a similar test and found that, compared
to short delay times such as 27.36 us, x50 was improved by approximately 25% at the delay time of
180 ps. The results indicated a notable difference and substantial improvement in fragmentation
when the delay times fell within the range of no-shock-wave interaction. [8] conducted full-scale tests
on short-delay blasting using electronic detonators to enhance the tensile effect of the stress wave tail.
Field experiments revealed a 45.6% improvement in the mean size of fragments compared to blasts
with longer delay times. [9,10] proposed an analytical solution for predicting the supersonic
detonation of a cylindrically shaped explosive charge, which is suitable for numerical method . To
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validate the model, the authors conducted tests to investigate stress wave expansion from a
detonating borehole and stress wave interactions with geological features such as discontinuities,
interfaces, and cracks. Similar outputs were found by [11]. [12,13] conducted tests in an open-pit
limestone quarry, confirming that the right selection of delay timing can enhance fragmentation and,
consequently, improve subsequent extraction processes. [14] observed as that energy consumption
at the primary crusher is the sum of two components depending by the distribution of the muckpile:
the energy used for mechanical crushing and the energy used for winning the inertial resistances. [15]
discusses the limitation of electronic detonators, commenting that the delay time and initiation
accuracy are not typical governing factors for blast performances; [16] indicatively agrees with[15]
interacting stress waves have local impact, insignificant at the scale of the volume of fragmentation,
therefore very short delay will not generate significant change in fragmentation. [16] obtained
experimental results, and [17] numerical results, in agreement with [15], where showed no
significative differences in fragmentation where oibserved when there were shockwave interactions
compared to no shockwave interaction.

This research studies through full-scale experimental approach the role of delays and delays
density in blasts; the delay time is a constant, being 42ms as explained in the next section. Therefore,
this study will not focus on the performance of different delay times nor on the shockwave’s
interaction for different timing.

2. Materials and Methods

The research has been conducted at the Experimental Mine of the University of Sao Paulo, Brazil.
The research constants are as follows:
e  The rock and rock mass: dolomitic marble, moderately fractured.
e  The explosive: emulsion in cartridges, 64 mm in diameter.
e  The holes diameter: 76 mm.
e  The initiation system: detonating cord 10 g/m.

e  The sequencing system: pyrotechnic connectors for det cord with delay of 42 ms.

It must be noted that the scattering of the real time of delays around its nominal time was
considered as an unavoidable, systematic experimental error, present during all experiments,
therefore analysis such as [18] was not performed.

Figure 1 and Figure 2 show two examples of blast plans with a typical distribution of delays as
used during the research. All the experimental blasts took place at the last level of benches above the
quarry floor; a panoramic view of this sector of the quarry is shown in Figure 3.

Figure 1. — Example of a blast with a low number of delays with respect to the number of blast holes.
Being the double triangle the delay element, it results 0.25 delays per hole.
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Figure 2. - Example of a blast with an average number of delays with respect to the number of blast
holes. Being the double triangle the delay element, it results 0.41 delays per hole.

Figure 3. - Vision of the site where the analyzed blasts took place.

All the blast tests took place at short distance one from the other, therefore the experimental
medium (rock mass) can be considered as a constant. The characteristics of the intact rock are shown
in Table 1, in which are reported the ultimate compression strength (UCS), the Schmidt hammer
rebound and the corrected point load test value (Is50). The main sets of discontinuities present in the
rock mass are shown in Figure 4.

Table 1. - Types of marbles present in the site object of this research and their main characteristics.

Schmidt Hammer

Lithology UCS [MPa] rebound [mm] Isso [MPal]
Marble, large grain size 71.6 50.8 4.6
Marble, medium grain size 63.8 43.6 25

Banded marble 42.2 494 2.6
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Figure 4. — Stereographic representation of the four main sets of discontinuities present in the rock
mass where the blasts took place.

Key Performance Indicators (KPIs) were collected and used to analyze the results. Said KPIs are
reported in Table 2, where their detailes description is given. Similar KPIs are used by Dragano et al.,
(2019) and Cardu et al., (2015).

Table 2. Definition of the Key Performance Indicators (KPIs).

KPI Description
It is the time of work of the hydraulic hammer employed for
secondary breaking, normalized to the volume of the bench before

Specific incidence of secondar blasting.
pec breakino Seco Y Sp The good or bad outcome of a blast in terms of particle size can be
& [h/m?] evaluated according to how many hours the hydraulic hammer has
worked on a muck-pile to reduce oversize blocks below the threshold
size value.
L. . It is the amount of material passing a mesh of 5 mm over the total
Percentage of fines in the fines amount of blasted material
muckpile [%] ’
Electricity Cost at the brimar It is the electricity consumption measured at the primary crusher via
ecnaty Ic‘)ssher P Y c a direct electricity meter installed at the circuit feeding of the engine,
e [R$/t] multiplied by the cost of kWh at the local electrical company.
P It is the passing diameter for the 80% in mass of the fragments
Passing size at 80% [mglgl] resulting from the blast, obtained via photographical analysis.
sp The density of delays per unit of mass of blasted rock. It quantifies
ific primi he i t of timi the blast plan.
Specific priming [nedelay/t] the impact of timing on the blast plan
In this research, flyrock is defined as the distance at which the
fragment that flew the furthest beyond the position of the muckpile.
Flyrock E, . . s
[m] The trajectory and landing position of the flyrock fragments were

observed via video analysis at high speed of the blast and resulting
movement of the muckpile.
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3. Results

The results are summarized in charts reported from Figure 5 to Figure 12. Each chart features
a dashed line, not representing linear regression but serving as a visual indicator of the data trend on
the scatterplot.

The incidence of the use of a hydraulic secondary breaker, quantified by Sy, is an indicator of the
quality of fragmentation: the lower are the hours of operation of the hydraulic hammer per unit of
volume of blasted rock, the better the fragmentation. Figure 5 shows the increase in the use of
hydraulic hammer at the increase of the number of adjacent holes blasted with the same delay.

045
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0.30
0.25
0.20 . ¢
0.15
0.10
0.05 *
0.00

Sb [h/m3]

0 1 2 3 4 5 6 7

n° of adjacent holes per delay

Figure 4. — The incidence of the use of a hydraulic secondary breaker in function of the number of
adjacent holes per delay.

The experimental points reported in Figure 6 show that increasing the blasthole density with D
larger than 3 m (number of blasthole with D>3m normalized respect the total number of blasthole
tends to 1), the value of Sv decrease considerably obtaining some experimental points close to 0.
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Figure 5. — The incidence of the use of a hydraulic secondary breaker in function of the number of
adjacent holes per delay.

On the other hand, Figure 7 shows that increasing the density of blasthole with D=2 m increase
in an approximately proportional way the quantity of fines produced; in other words, increasing the
distance between simultaneous holes, it induces a better distribution of the explosive energy
achieving more homogeneous fragmentation and lower value of fines.
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Figure 6. — The influence of the number of blast holes with D=2m on the percentage of fines in the

muckpile.

These two combined results suggest that managing a better decomposition of the blast by
increasing the distance between simultaneous holes can induce the explosive to work along the
burden towards the free surface instead of along the spacing between holes, obtaining a more
homogeneous fragmentation that reduces the production for coarser material and at the same time
avoids the excess of fines.
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Figure 7 shows a decreasing in the percentage of fines at the increase of the density of delay. Under
the same condition, increasing of SP dramatically decreases the particle size, in the preset study

quantified through P80, as seen in the trend of Figure 8.
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Figure 7 — When more delays are used per unit of blasted rock, less fines result from the blast.
Definition of “fines”: material passing a mesh of 5mm.
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Figure 8. — Increasing the specific priming (number of delays per ton of blasted rock) dramatically
decreases the particle size.

These two combined results indicate the same behavior as discussed above: managing a better
decomposition of the blast by increasing the distance between simultaneous holes can induce the
explosive to work along the burden towards the free surface instead along the spacing between holes,
obtaining a more homogeneous fragmentation that reduces the production for coarser material and
at the same time avoids the excess of fines. On the other hand, simultaneous holes at close distance
can create a cooperation of charges along the line connecting the two holes axes: this that may induce
the explosive energy to work along the surface between the holes with shear effect instead of
producing fragmentation. Increasing the distance between simultaneous holes reduces the possibility
of creating a shear effect, inducing the explosive energy to work on the line of least energy (the
burden) to produce fragmentation.

Considering the downstream processes, as said before, the incidence of the use of a hydraulic
secondary breaker is an indicator of the quality of fragmentation and, according to the experimental
points of Figure 9, higher SP reduces the use of secondary breaking by hydraulic hammer. This last
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result agrees with the trend observed in graph Figure 10: the higher the specific priming, the lower
the particle size, therefore the lower the electricity costs at the primary crusher.
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Figure 9. — As said before, the incidence of the use of a hydraulic secondary breaker is an indicator of
the quality of fragmentation: higher specific priming reduces the use of secondary breaking by

hydraulic hammer.
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Figure 10. — The higher the specific priming, the lower the particle size, therefore the lower the
electricity costs at the primary crusher.

Finaly, observing the dangerous phenomenon of flyrock: decreasing the holes detonating with
the same delay or short delays between them distribute the explosive energy in time in a better way
allowing burden relief, therefore leading, as shown in Figure 11, to less fly rock during the detonation.
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Figure 11. — Less holes detonating with the same delay or short delays between them distribute the
explosive energy in time in a better way: less flyrock results.

3. Discussion

The results of the experimental campaign have been analyzed observing operational KPIs. One
of the most important parameters is the specific priming (SP), i.e. the density of delay per unit of
blasted rock. SP was related to parameters associated with the quality of fragmentation resulting
from the detonation.

Recent research addresses the topic of delays in blasting. [19,20] consider crack growth: they
state that delayed initiation provides enough timing for preconditioning the surrounding rock for the
neighboring blasthole. [21] considered the initiation sequence of a row of holes: one-directional
initiation vs. initiating the row from the extremities towards the center: the order of ignition of blast
holes is from the center to both ends of the row of blast holes can produce a more uniform size of
fragmented rocks. Also [22] discuss fracture creation, considering also rock mass joints: for
simultaneous holes they state that cracks propagate along the lines between boreholes with larger
filled joint strengths. [23]Yin et al., (2021) study crack formation and damage to the surrounding rock
could considering shaped charge form and short time delay blasting scheme. [24] study no-delay
(simultaneous blasting): their work indicates that the number of simultaneous blast-holes has a much
smaller influence vivrations than site constants.

The present study suggests that simultaneous holes detonating at close distances, despite not
being contour charges, still behave with a cooperative effect along the line connecting the axes of the
two holes. This cooperation causes the explosive energy to exert a shear effect along the surface
between the holes, creating fines and coarse fragments instead of fragmenting effectively. Increasing
the distance between simultaneous holes diminishes the likelihood of creating a shear effect, directing
therefore the explosive energy to work along the line of least resistance (the burden) and promoting
effective fragmentation. An increase in the density of simultaneous blastholes spaced more than 3 m
results in better fragmentation, significantly reducing the work of second breaking by the hydraulic
hammer, bringing it close to zero. Transitioning from 2 to 6 simultaneous holes at 2 m distance leads
to a doubling of the fines produced, increasing from approximately 10% to about 20%.

In general, increasing the specific priming enhances the quality of fragmentation, reflected in
lower values of fines, a smaller P80, and lower impact of secondary breaking, along with a reduction
in costs at the primary crusher. Notably, P80 proves to be the most sensitive KPI, decreasing 25%
(from around 450 mm to approximately 360 mm) doubling the specific priming (+ 220% from 0.0025
to 0.008).
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4. Conclusions

The present research aimed to study and understand the effect of initiation delays on the result
of bench blasting at real scale. To do so, field tests were conducted with all other variables than the
number of delays being constant, including the rock mass due to the proximity of all the blasts.
Operational KPIs were used to quantify the result of the blast.

The parameters that mostly characterized the results obtained during this research have been
the distance between simultaneous holes and the specific priming, defined as the density of delays
per unit of blasted rock.

The analysis of results shows that increasing the number of delays in the initiation sequence per
unit of blasted rock leads to finer fragmentation, reduces the amount of fines and reduces secondary
breaking to the point of eliminating it.

The analysis suggests that production holes behave like contour holes if detonated
simultaneously in proximity: it is induced a cooperation of charges that creates a shear effect,
directing the explosive energy to work along the inter-axis line between the holes, producing fines
along the shear surface and coarse fragmentation in the rest of the blasted volume. Higher distance
between simultaneous holes favors instead the breakage along line of least resistance (the burden),
leading to smaller fragments instead of producing shear, therefore also reducing the amount of fines.
The proximity of simultaneous holes results in a form of dust-and-boulder behavior. From the point
of view of safety, avoiding the cooperation of charges also reduces flyrock.
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