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Abstract: When researching rock blasting, the design parameters typically used for analysis are the
geometric and charging parameters. This study focuses on a different approach based on the effect of
timing, specifically the role of delays in the initiation sequence. Data were obtained from the results
of full-scale blasts. The experimental setting and location allowed us to consider all parameters, other
than the number of delays, as constants. The experimental results were analyzed, relating the delay
variables to the fragmentation and KPIs of downstream operations. It was found that increasing the
number of delays per unit of blasted rock and reducing simultaneous adjacent holes produces finer
fragmentation, reduces the amount of fines, facilitates 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, and hole length) and charging (specific charge, position of charges, bottom
and column charge, and decking) parameters dominate the design and prediction models.
Meanwhile, research on the influence of timing on rock fragmentation and downstream
operations has not yet been fully developed [1].

Some previous studies on the effects of timing on rock fragmentation were based
on small-scale test blasts [2-5]. In Ref. [2], small-scale tests on dolomite benches were
performed, 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, while coarse
fragmentation resulted from short delays (<3 ms/m). In the short delay configuration,
the breakage mechanism was similar to that of pre-splitting; that is, fractures connecting
the blastholes 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. In Ref. [3], the role of gas flow between
fractures caused by the stress wave induced by the explosive was considered. In Ref. [4],
small-scale blasts in hard Canadian granite were performed. Coarse fragmentation was
observed, but the average fragment size did not change much once small delays were
used. In Ref. [5], drop tests were performed to study the material’s grindability on three
granites, comparing blasted and unblasted specimens. Blasting appeared to reduce the
work index by 5-11%. In Ref. [6], eight experiments were conducted on granite bench
blasting models employing double holes with delay times ranging from approximately 13
to 300 ms. The study identified an “optimal” inter-hole delay of 200 ps, where simultaneous
detonation reduced the median size by approximately 14.5%. The same authors in Ref. [7]
conducted a similar test and found that, compared to short delay times such as 27.36 us,
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x50 was improved by approximately 25% at a 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-shockwave interaction. In Ref. [8], full-scale tests were conducted
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. The authors in [9,10] proposed
an analytical solution for predicting the supersonic detonation of a cylindrically shaped
explosive charge, which is suitable for numerical methods. To 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]. The research described in [12,13] involved
conducting tests in an open-pit limestone quarry, confirming that the right selection of
delay timing can enhance fragmentation and, consequently, improve subsequent extraction
processes. The study in [14] showed that energy consumption at the primary crusher is
the sum of two components depending on the distribution of the muckpile: The energy
used for mechanical crushing and the energy used for winning the inertial resistances. The
limitations of electronic detonators were studied in [15], where it was commented that the
delay time and initiation accuracy are not typical governing factors for blast performances.
The author of [16] agreed with that of [15] in that interacting stress waves have a local impact
that is insignificant at the scale of the volume of fragmentation; therefore, a very short
delay does not generate significant changes in fragmentation. The experimental results
obtained in [16] and the numerical results in [17] are in agreement with [15], showing no
significative differences in fragmentation with shockwave interactions compared to that
without shockwave interactions.

This research investigates the role of delays and delay density in blasts using a full-
scale experimental approach. The delay time remained constant at 42 ms, as explained in
the next section. Therefore, this study focuses on the performance of different delay times
and the interactions of shockwaves at different timings.

2. Materials and Methods

This research was conducted at the Experimental Mine of the University of Sao Paulo,
Brazil. The research constants were as follows:

The rock and rock mass: dolomitic marble, moderately fractured.

The explosive: emulsion explosive under the commercial name DINAPEX, by manu-
facturer DINCON (Estrela, Brasil). Density of 1.15 g/ cm?, nominal VOD of 5200 m/s.
In cartridges, 64 mm in diameter.

The hole diameter: 76 mm.

The initiation system: detonating cord, 10 g/m.

The sequencing system: pyrotechnic connectors for det cord with a delay of 42 ms.
The height of the benches: approximately 9 m; consequently, the depth of the holes
was approximately 10 m, with a 0.9 m underdrilling design (taking into account field
conditions that may affect the effective height of the benches and thus the length of
the holes).

e The charge per hole: 30 kg of cartridge emulsion.

It must be noted that the scattering of the real-time delays around their nominal
times was considered an unavoidable systematic experimental error present throughout all
experiments. Therefore, analyses such as those detailed in [18] were not conducted.

Figures 1 and 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 the
benches above the quarry floor; a panoramic view of this sector of the quarry is shown in
Figure 3.



Appl. Sci. 2024, 14, 4657

30f10

Figure 1. Example of a blast with a low number of delays compared to the number of blastholes.
Each double triangle represents one delay element, resulting in 0.25 delays per hole. Not to scale.

AAAAAALRA P
S

Figure 2. Example of a blast with an average number of delays compared to the number of blastholes.
Each double triangle represents one delay element, resulting in 0.41 delays per hole. Not to scale.

Figure 3. Image of the site where the analyzed blasts took place.

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

Schmidt Hammer

Lithology UCS [MPa] Rebound [mm] Is50 [MPa]
Marble, large grain size 71.6 50.8 4.6
Marble, medium grain size 63.8 43.6 2.5
Banded marble 42.2 494 2.6

PLANE DIP DIP DIR.
1 193 36
2 165 45
3 235 60
4 2 5

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 detailed descriptions are given. Similar KPIs were used

by [13,14].

Table 2. Definition of the key performance indicators (KPIs).

KPI

Description

Specific incidence

The working time of the hydraulic hammer employed for
secondary breaking, normalized to the volume of the bench
before blasting.

of secondary [h/sll;ﬁ] The good or bad outcomes of a blast in terms of particle size
breaking can be evaluated according to how many hours the
hydraulic hammer has worked on a muckpile to reduce
oversize blocks below the threshold size value.
Percentage of fines fines The amount of material passing a mesh of 5 mm over the
in the muckpile [%] total amount of blasted material.
- The electricity consumption measured at the primary
tE}iCtT;nltZrCOSt at C crusher via a direct electricity meter installed at the circuit
P Y [R$/1] feeding the engine, multiplied by the cost of kWh at the
crusher
local electrical company.

L o Pgo The passing diameter for 80% of the mass of the fragments
Passing size at 80% [mm] resulting from the blast, obtained via photographical analysis.
Specific primin SP The density of delays per unit of mass of blasted rock,

P P & [n°delay/t] quantifying the impact of timing on the blast plan.
In this research, flyrock is defined as the distance at which the
Ja fragment traveled furthest beyond the position of the
Flyrock [ n}{ 1 muckpile. The trajectory and landing positions of the flyrock

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

The results are summarized in charts reported in Figures 5-12. 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, serves as
an indicator of the quality of fragmentation: the fewer hours that the hydraulic hammer
operated per unit of volume of blasted rock, the better the fragmentation. Figure 5 shows
the increase in hydraulic hammer usage with the increasing number of adjacent holes
blasted with the same delay.

0.45
0.40 *
0.35
0.30
0.25
0.20 . ¢
0.15
0.10
0.05 ¢
0.00

Sb [h/m?3]

0 1 2 3 4 5 6 7
n° of adjacent holes per delay

Figure 5. The frequency of hydraulic secondary breaker usage as a function of the number of adjacent
holes per delay.

The experimental data points reported in Figure 6 show that as the blasthole density
increased with a D larger than 3 m (number of blastholes with D > 3 m, normalized with
respect to the total number of blastholes tended toward 1), the value of S, decreased
considerably, with some experimental points approaching 0.

040 - *
035 -
030 -
025 -

0.20 4 *

Sb [h/m?]

0.15 -
0.10 -
005 | ¢
0.00 : : A :

0.00 0.20 0.40 0.60 0.80 1

n° blasthole with D>3m / n° blasthole tot

o e

0 1.20

Figure 6. The frequency of a hydraulic secondary breaker usage as a function of the number of
adjacent holes per delay.

On the contrary, Figure 7 shows that increasing the density of blastholes with D =2 m
resulted in an approximately proportional increase in the quantity of fines produced. In
other words, increasing the distance between simultaneous holes led to a better distribution
of explosive energy, resulting in more homogeneous fragmentation and a lower fine content.
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Figure 7. The impact of the number of blastholes with D = 2 m on the percentage of fines in the muckpile.

These combined results suggest that achieving better blast decomposition by increas-
ing the distance between simultaneous holes can redirect the explosive force along the
burden toward the free surface, instead of through the spacing between holes. This leads to
more homogeneous fragmentation, reducing the production of coarser material while also
preventing an excess of fines.

Figure 8 shows a decrease in the percentage of fines with an increase in delay density.
Under the same conditions, an increase in SP dramatically decreased the particle size,
quantified through P80 in the present study, as depicted in the trend shown in Figure 9.

25.00
— 20.00
15.00 *

10.00 *

percentage of fines [%

0.00
0.0020  0.0025 0.0030 0.0035 0.0040 0.0045 0.0050 0.0055 0.0060

SP (n° delays/t)

Figure 8. When more delays are used per unit of blasted rock, fewer fines result from the blast.
Definition of “fines”: material passing a mesh of 5 mm.

These 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 toward the free surface instead of through
the spacing between holes, obtaining a more homogeneous fragmentation that reduces the
production of coarser material while also preventing an excess of fines. On the contrary,
simultaneous holes at close distances can result in the cooperation of charges along the
line connecting the two hole axes. This may induce the explosive energy to work along
the surface between the holes with a shearing effect, instead of producing fragmentation.
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Increasing the distance between simultaneous holes reduces the likelihood of creating a
shearing effect, directing the explosive energy to work along the line of least energy (the
burden) to promote fragmentation.
470 -+
450 - *

430 ~

mm)]

= 410 -

P80
.

390 -

370 - *

350 T T T T T T T T 1
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009

SP [n° delays/t]

Figure 9. Increasing the specific priming (number of delays per ton of blasted rock) dramatically
decreases the particle size.

Considering the downstream processes, as mentioned before, the frequency of hy-
draulic secondary breaker usage serves as an indicator of fragmentation quality. According
to the experimental points in Figure 10, a higher SP resulted in reduced usage of a hy-
draulic hammer for secondary breaking. This observation aligns with the trend depicted
in Figure 11: The higher the specific priming, the smaller the particle size, thus leading to
lower electricity costs at the primary crusher.

0.45

0.40 ¢

0.35

0.30

0.25

0.20 v .

0.15

0.10

0.05 ¢

0.00 +o >

0.0020 0.0030 0.0040 0.0050 0.0060 0.0070 0.0080 0.0090 0.0100
SP (n° delays/t)

Sb
[h/m3]

Figure 10. As mentioned before, the frequency of hydraulic secondary breaker usage serves as an
indicator of fragmentation quality: Higher specific priming reduces the need for secondary breaking
by hydraulic hammer.

Lastly, regarding the dangerous phenomenon of flyrock: Reducing the number of
holes detonating with the same or short delays between them allows for more efficient
distribution of the explosive energy over time, facilitating better burden relief. This, as
shown in Figure 12, results in fewer instances of flyrock during detonation.
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0.095 -
0.09 - ¢

0.085 - ¢
0.08 -

0.075 ~

crusher [R$/t]

0.07 -+

0.065 -

Electricity Cost at the primary

0.06 T T T T 1
0 0.002 0.004 0.006 0.008 0.01
SP [n° delays/t]

Figure 11. The higher the specific priming, the smaller the particle size and thus the lower the
electricity costs at the primary crusher.

90.00

80.00 .

70.00

60.00

50.00 * o
40.00 *

Flyrock [m]

30.00 .
20.00
10.00

0.00 * *
0.0000 0.0010 0.0020 0.0030 0.0040 0.0050 0.0060 0.0070 0.0080 0.0090 0.0100

SP [no delays/t]

Figure 12. Fewer holes detonating with the same or short delays between them distribute the explosive
energy over time, resulting in reduced flyrock.

4. Discussion

The results of the experimental campaign were analyzed by observing operational
KPIs. One of the most important parameters is specific priming (SP); that is, 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 has addressed the topic of delays in blasting. Studies on crack growth
Refs. [19,20] suggest that delayed initiation allows enough timing for preconditioning the
surrounding rock for neighboring blastholes. The study in [21] considered the initiation
sequence of a row of holes, comparing one-directional initiation to initiating the row from
the extremities toward the center. It was found that initiating blastholes from the center to
both ends of the row can produce a more uniform size of fragmented rocks. Additionally,
Ref. [22] discussed fracture creation, considering rock mass joints; for simultaneous holes,
they suggested that cracks propagate along the lines between boreholes with larger filled joint
strengths. Furthermore, Ref. [23] studied crack formation and damage to the surrounding
rock, considering shaped charge form and short time delay blasting schemes. In the study
by [24], which focused on no delay (simultaneous blasting), it was indicated that the number
of simultaneous blastholes has a much smaller influence on vibrations than site constants.
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The results of the present study suggest that simultaneous holes detonating at close
distances, while not contour charges, still exhibited a cooperative effect along the line
connecting the axes of the two holes. This cooperation caused the explosive energy to
exert a shearing effect along the surface between the holes, resulting in the creation of fines
and coarse fragments instead of effective fragmentation. Increasing the distance between
simultaneous holes reduced the likelihood of creating a shearing effect, thereby directing 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
apart resulted in better fragmentation, significantly reducing the need for secondary breaking
by hydraulic hammer, bringing it close to zero. Transitioning from two to six simultaneous
holes at a 2 m distance doubled the fines produced, increasing from approximately 10% to 20%.

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

5. Conclusions

The present research aimed to study and understand the effect of initiation delays on
the outcome of bench blasting at full scale. To achieve this, field tests were conducted, with
all variables except the number of delays kept constant, including the rock mass (due to the
proximity of the blasts). Operational KPIs were used to quantify the blast results.

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

Analysis of the results showed that increasing the number of delays in the initiation
sequence per unit of blasted rock led to finer fragmentation, reducing the amount of fines
and secondary breaking to the point of eliminating it.

The analysis suggests that production holes behave similarly to contour holes when
detonated simultaneously in proximity: It induced cooperation among charges, creating a
shearing effect that directed the explosive energy to work along the inter-axis line between
the holes. This produced fines along the shear surface and coarse fragmentation in the rest
of the blasted volume. Conversely, a greater distance between simultaneous holes promoted
breakage along the line of least resistance (the burden), leading to smaller fragments instead
of shearing and consequently reducing the amount of fines. The proximity of simultaneous
holes resulted in a form of dust-and-boulder behavior. From a safety perspective, avoiding
cooperation among charges also reduces flyrock.
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