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Abstract: The blasting operation considerably influences the overall productivity of opencast mines,
especially when blasting results in oversized fragments that impact the operations ranging from
excavation to milling. In this work, a numerical analysis of blasting performance was implemented
to optimize the blasting parameters and improve the fragmentation of the hard rock in a copper open
pit mine site in Brazil. In this paper, the methodology comprised data collection, 3D numerical model
construction for blasting optimization using Blo-Up software, calibration with historical data, and
predictive analysis, including testing two different blast designs. With the objective of achieving a
desired Pgj size of the blasting fragmentation, the results indicate an optimized calibrated model
with an overall error equal to 4.0% using a Swebrec distribution fitted to the model data. The optimal
Pgg size of the resulting muckpile was equivalent to ~0.53 m for the hard rock copper fragments,
which was close to the desired Pg size.

Keywords: blasting optimization; numerical modelling; fragmentation; hard rock mine; optimal size

1. Introduction

In opencast mine operations, the comminution process comprises the majority of the
total energy consumption. This process also impacts mine productivity, considering the
size of the muckpile fragments resulting from the blast. For this reason, the subject of rock
fragmentation, namely particle size distribution (PSD), during blasting operations has been
considered to improve the comminution efficiency [1], especially at hard rock mines [2—4].

Rock fragmentation is controlled by several factors related to the rock mass properties
and drilling and blasting design parameters [5]. A rock mass is described by the physical
and mechanical properties of both the intact rock and discontinuities, which can be used
to characterize the fragmentation strength of the rock mass during blasting operations.
The drilling and blasting design parameters include burden distance, drillhole spacing,
stemming height, and borehole properties. The explosive properties also impact the rock
fragmentation quality, such as the explosive type, heat and specific charge and other
controllable parameters that affect the energy efficiency in rock blasting [6].

The optimization of drilling and blasting parameters in terms of rock fragmentation
can contribute to improving the productivity of mine-to-mill operations (loading, trans-
port and milling) and minimizing the total operation costs [1,7]. For instance, the data
originating during the drilling of drillholes are an important data source for estimating
intact rock properties and impact of the comminution process [3]. Blasting operations have
been optimized through several methods. Leng et al. [8] applied different diameters of
blastholes to minimize oversized boulders and toes using a nonideal detonation model and
a statistical damage constitutive model. Amoako et al. [9] studied the prediction of blasting
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fragmentation distribution based on the blast design parameters using machine learning
techniques. A multilayered artificial neural network and support vector regression models
were used to predict mean rock fragment size, which could be used to improve loading
and excavation productivity.

The rock fragmentation is represented by modelling or simulation (i) by the muckpile
shape as the position and the shape of the fragment; (ii) by blasting design parameters;
and (iii) rock mass properties [5,10]. The particle size distribution is defined by sieving to
obtain mass weights of the remaining material on each sieve deck, and it is then plotted in
a histogram through weights vs. mesh size. Further, a cumulative distribution function or a
relative mass passing function (P) might be plotted, in which the particle size (X) is against
the cumulative undersize, and P represents the probability that a fragment is smaller than
X [10,11]. Alternatively, the PSD can be obtained through the processing of a digital image
or using lasers and sensors based on artificial intelligence algorithms [9,12-14].

1.1. Particle Size Distribution Models

Some empirical methods for predicting PSD of rock fragmentation by explosives
are described in the literature, mostly using two-parameters: the size coefficient and the
distribution coefficient [11]. The Rosin-Rammler model [15] has been widely accepted by
the scientific community and industry. In this model, the PSD of rock fragmentation from
blasting is expressed in terms of a factor, the median fragment size (Xs50), when the breakage
model is known. Although, different model distributions have been used to determine the
PSD curve using the 80% passing size (Xgg) [10,16].

The Rosin-Rammler model is written as:

Prrx) = 1 —exp —(X/Xc)" =1 — exp(—In2x (X/X5)"

=1—2exp —(X/Xs50)" = (1 —5exp — (X/Xsg0)") g

with X, as the characteristic size, and Xgj the 80% passing size. According to Ouchterlony
and Sanchidrian [10], through a series expansion of Equation (1), when X < Xz, then
Prr ~ In2x (X/X50)", and that in a log-log diagram, this reduces to a straight line of slope
n. In this way, X, might be written as:

Xe = (In2)"/"Xsp @

The PSD might be represented by three parameters, as well as the Swebrec
function [10,11] given by:

XmaX max b
P5webrec(X) =1/1+ <In( X ) /ln<XXSO>) ©

where P(x), is the cumulative undersize (%); Xmax is the maximum size of particles (mm);
Xis the particle size (mm); X5 is the sieve size that retains 50% of the material (mm); and
b is the shape parameter, called the undulation exponent or sometimes the natural breakage
characteristics (NBC) exponent [17]. This parameter might be between 1 and 2, where the
inflection point tends towards X = Xmax and X = X5, respectively [11].

The aim of this study was to optimize the blasting parameters through a numerical
analysis of a copper open pit mine in hard rock. Oversized fragments formed and impacted
the overall mine production, mostly crushing operations. The design blasting parameters
were evaluated and calibrated to achieve the best rock fragmentation size for the mining
system. For this purpose, the specific objectives were (i) the data collection and 3D model
construction in Blo-Up software; (ii) the calibration of historical data; and (iii) predictive
analysis.
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Programmed Burned:

Reaction Extent

1.2. Blo-Up Software

Blo-Up is a numerical model that combines 3D continuum and discontinuum numeri-
cal methods (Figure 1) to reproduce general trends in nonideal detonation, rock fracturing
and muckpile formation. The first model component, “Programmed Burn”, is used to
model the detonation process and axial blasthole flow. For the second component, a contin-
uum method is used to represent the near-blasthole volume and the detonation process.
The third component adopts a discrete element method (DEM) to represent the rock mass
and model the wave propagation and initial fragmentation through muckpile formation [9].

Axisymmetric Lattice

FALC model model

; 4

Rock mass

Stemming —»

Boundary condition

Explosive —p

Blastholes

Figure 1. Representation of numerical components in Blo-Up. Adapted from [18].

1.2.1. Explosive Model

According to Castro and Valencia [18], the numerical modelling process involves
modelling using the data blasting parameters (density, energy, reaction extent, equations
of state of the products and velocity of detonation-VOD). The model used is a nonideal
detonation model [19]. These data are represented in the central zone of a continuum
FLAC model with axial symmetry, developed by Itasca [20]. Then, the detonation process,
expansion and axial flow of the detonation products are simulated through a programmed
detonation algorithm [21]. The energy is released to the zones representing the explosive
based on a predetermined VOD.

1.2.2. Main Rock Body Representation

The FLAC zones are united in a simulation based on the “lattice” DEM. The rock mass
is represented as a set of nodes connected by elastic springs with tensile strength and a
viscous damping mechanism [18] (Figure 2).
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Figure 2. Main rock body representation in Blo-Up. Adapted from [18].

The energy dissipation that occurs in real rock masses is allowable by this viscous
damping mechanism and is dependent on a factor “«”, with 0 < o« < 1. Although Blo-Up
explicitly incorporates the presence of node sets in the rock mass, these are planes in which
the tensile strength of the springs that cut through the plane is decreased by a factor “F”,
with 0 <F < 1[18].

1.2.3. Fracture Mechanics in Blo-Up

The fracture mechanics and wave propagation in the rock mass are represented in the
Blo-Up model. During the energy transmission through the rock mass, motion equations
are generated for each point in the mass as a function of the sum of unbalanced forces [18],
as shown in Equation (1).

- = = . N
Y f=fot+fg+fz=m(X - g) 4)
where f is the force from lattice springs, fy is the viscous damping force and fg is the
gravitational force.

1.2.4. Fragment Size Calculation

As stated by Castro and Valencia [18], in the size distribution calculation, the lattice is
divided into fragments to define the fragment sizes; when fracturing occurs, the springs
connecting the nodes are broken. Blo-Up defines these fragments and their total volume
to maintain different sizes. The size of the fragments is the cube root of the volume of a
fragment. The volume of a fragment is the number of nodes that make up the fragment
times the nodal volume. The nodal volume is the lattice resolution cubed. The minimum
fragment size found always corresponds to the actual lattice resolution. For fragment sizes
below the lattice size, the PSD can be reflected by the adjusted probability distribution
equations of Rosin-Rammler (Equation (1)) or Swebrec (Equation (3)) [13].

2. Background Review

The study area consists predominantly of the biotite-garnet schist (BDX) in an open
pit mine located in southwestern Par4 state in Brazil (Figure 3).
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Figure 3. Lithology of the study area. Reproduced with permission from Vale S.A. [22].

The intact rock properties for this lithology are generalized to the mean values among
rock classes I, Il and III (Table 1), as they represent the most common rock classes in the
mine [22]. The Young’s modulus of the BDX rock mass was estimated through the empirical
approach proposed by Hoek and Diederichs [23]. The shear zone of the mine area and the
intact rock properties for the BDX are shown in Figure 4 and Table 1.

Table 1. Intact rock properties and rock mass classification of BDX.

Hoek and Brown Classification

. RMR Tensile Strength Cohesion Densi

Lithology Classification (Mpa) (kPa) GSI m; oo E; (GPa) (t/mg';y
(MPa)

I 9.0 130 83 12 90 63.4 32

1T 9.0 130 66.5 12 90 63.4 3.2

BDX 11 9.0 130 50 12 90 63.4 32

v 25 70 25 12 25 94 2.7

Average BDX [, Il and I 9.0 130 50-83 12 90 63.4 3.2

Rock mass rating (RMR); material constant (m;); geological strength index (GSI); uniaxial compressive strength
(UCS); elastic modulus (E;).
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Figure 4. Shear zone of the hard rock of a copper mine. Reproduced with permission from Vale
S.A.[22].

Discontinuities in the form of shear zones, fractures and foliations can be recognized
all along the mine, reflecting only one structural domain in the entire mine [22]. The
orientations of the discontinuities that were included at the model stage are shown in
Table 2.

Table 2. Parameters of BDX discontinuities along the mine study area.

Structure Dip (°) Dip Direction (°) Spacing (cm) Persistence (m)
Foliation 68 243 70.4 20
Fractures Set 1 75 53 89.4 12.7
Fractures Set 2 80 143 89.4 12.7
Fractures Set 3 87 297 89.4 12.7
Fractures Set 4 75 4 89.4 12.7
Primary Shear
Zone (ZC1) 75 219 135.1 17.8
Secondary Shear
Zone (ZC1) 75 332 135.1 17.8

All the available background information about the intact rock and rock mass charac-
terization was used as inputs for the calibration process.

3. Materials and Methods

The optimization process developed in this study is summarized in the flowsheet of
Figure 5.
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Figure 5. Optimization methodology flowchart.

3.1. Drilling and Blasting Design

The drilling and blasting design considered the standard parameters for the drilling
pattern, explosives characterization, blasthole, charge information and detonation sequence
in the BDX. These parameters were addressed in terms of mean values. A blasting polygon
(L3_127_005_R00) performed in the mine [24] was taken into account in the calibration
process. The drilling pattern was characterized by a burden of 5.0 m, spacing of 5.6 m, area
per blasthole of 28.0 m?, blasthole diameter of 12 1/4, drill length of 16.1 m, subdrill length
of 1.0 m and dip angle of 90°.

The explosives used in the mine were provided by Orica [25]. For these drilling
patterns, the blasthole charge included two types of emulsions: Fortis Advantage System 70
(FDS 70) and Fortis Advantage System 100 (FDS 100), which main performance parameters
are reported in Table 3.

Table 3. Parameters of BDX discontinuities along the mine study area.

Explosive Parameter FDS 70 FDS 100
Reported Density (g/cm?) 1.15-1.25 1.15-1.25
Reported VOD (m/s) 3500-6000 3500-6000
RWS (%) 1.07 0.97
RBS (%) 1.6 1.45
CO; Output (kg/ton) 159 201
Mean Density (g/ cm?) 1.2 1.2
Last Measured VOD (m/s) 5636 5636

Velocity of detonation (VOD); relative weight strengths (RWS).
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The drilling pattern considered the use of gravel as the stemming of 5.5 m, and the
blasthole charge information, in terms of mean magnitudes, was as follows: charge length
of 10.2 m, charge weight of 966.2 kg, and specific charge of 655.6 g/t.

For the calibration of the Blo-Up model, the stemming was considered ideal, providing
full confinement. The booster was located 1.0 m above the level of the drillhole bottom. For
the blasting sequence, the delay between blastholes in a single row was 5.0 ms, and the
delay between rows was 85.0 ms.

3.2. Historical Database Analysis

A database with 1596 historical blasting designs and 80.0% passing size (Pgg) was
filtered to select the data of the predominant lithology as a case study. Finally, the historical
database analysis included 284 blasting designs with fragmentation sizes between 2015
and 2019. The Pgj data were considered in a descriptive statistics analysis.

A drilling and blasting design (L3_127_005), performed in the BDX, was also used in
the calibration process; the data included the drilling patterns, blasthole charge information,
detonation sequence and PSD.

3.3. Calibration

As shown in Figure 5, the calibration stage involved the definition of the model
resolution, construction and calibration of the small model and large model, and finally the
optimization of the designs studied.

The model resolution was 0.16 m, considering the Blo-Up software runtime limitations
and the PSD. The PSD indicates that the passing percentage for a size of 0.16 m is 64.5% [24].
This means that Blo-Up was modelled with the upper 35.5% of the size distribution. After-
wards, two models were constructed and calibrated: a small model with three blastholes
and a large model with 30 blastholes.

The small model was aimed to produce a fast response in the exploratory stage of the
calibration and was run up to 50.0 ms, considering up to 40.0 ms after the last blasthole
detonation. The large model was developed to validate the results of the small model for a
more realistic blasting scenario and was run up to 600.0 ms. In these models, the detonation
time effectively represents the fragmentation due to detonation and blasting.

In the construction of the models, the boundary conditions were established to repre-
sent a bench of 15.0 m in height. The blastholes were located half a spacing distance and
half a burden distance from the edges in the model area that represents the free face. The
parameters of the blasting designs are shown in Table 4, and the model geometries are
shown in Figure 6.

Table 4. Blasting designs of the small and large models.

Free Face Burden Spacin Bench Hole Blasthole Stemmin Charge Subdrill
Model Distance v pacing Height Depth Diameters J Length
(m) (m) . (m) (m)
(m) (m) (m) (inch) (m)
Small 2.8 5.6 - 15.0 16.0 12 1/4 5.5 10.5 1.0
Large 2.5 5.0 5.6 15.0 16.1 12 1/4 5.5 10.6 1.1

In both models, the discontinuities observed for the BDX were included. Figure 7
shows the foliation, fractures (4 sets), shear zones (2 sets) and joints (7 sets).
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Figure 6. (a) Isometric view of the small model and (b) the large model in Blo-Up.
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Figure 7. Cross-section of the discontinuities of the (a) small model and (b) large model.

3.4. Optimization

After the calibration, the optimal blasting design was chosen for the optimization
process in terms of the desired fragmentation, which is a Pgy of 0.55 m. To determine the
optimal blasting, a total of 6 cases were tested (Table 5).
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Table 5. Cases for design optimization.

Model P1 P2 P3 P4 P5 P6
Number of Blastholes 30 30 30 30 30 30
Burden(m) 6 6 6.5 55 5 6
Spacing (m) 9 8 8 8 5.6 8.5
Blasthole Length (m) 16 16 16 16 16 16
Charge Length (m) 10.5 10.5 10.5 10.5 11.0 10.5
Subdrill (m) 1.0 1.0 1.0 1.0 1.0 1.0

The P1, P2, P3 and P4 cases had the same charge per blasthole and explosive, according
to the L3_127_005 blasting design. For all of these cases, the blasthole diameter was 121/4”.

4. Results and Discussions
4.1. Historical Database Analysis

The analysis of the 284 blasting designs with a Pg size are consolidated in the his-
togram of Pgj frequency in Figure 8.

. Frequency =8~ Accumulated (%)

120 - 100.00%
o0 1 - 90.00%

- 80.00%

- j - 70.00%
_ - 60.00%
€ 60 - - 50.00%
e l - 40.00%
;., 40 | - 30.00%
. - 20.00%
- 10.00%

0 | ! : : : , - > ; ———+ 0.00%
NN I N N - R\
Class

Figure 8. Histogram for Pgy in production blasting in BDX.

Over the five years analysed, the average Pgy was equal to 0.25 m with a standard
variation of 0.07 m and a median of 0.22 m in the BDX. These rock fragmentation results
are due to different magnitudes of different drilling patterns, blasthole charges, and other
parameters. The analysis of Figure 8 allows us to infer that the historical database has 95%
designs with a Pgy < 0.32 m, even though there were cases with Pgy > 0.55 m, but those
were a minority in the data analysed.

4.2. Model for Fragmentation Analysis

Considering the old model for fragmentation, which had a Pg close to 0.80 m, and
the reports from mine operations related to boulders from the run of mine (ROM) with
oversize > 1.0 m were investigated. As mentioned before, this work aimed to optimize
mine blast design with an optimum size of Pgy equal to 0.55 m using Blo-Up software.
Figure 9 shows the PSD of the L3_127_005 blast and the old model for fragmentation
provided by the mine company.
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Figure 9. Particle size distribution: model for fragmentation and L3_127_005 blasting.

Through the analysis of Figure 9 and taking into account the desired Pg size of 0.55 m,
it can be observed that the L3_127_005 blasting had a smaller Pgy and P1gp smaller than
0.40 m. Analyzing these two PSD, the L3_127_005 presents a finer size, considering the size
results of the muckpile. The blasting pattern used in this blast was equal to 5.0 m x 5.6 m
and was considered regular blasting because it has similar results in terms of Pgy and the
same pattern.

The calibration stage aimed to reproduce the L3_127_005 blasting to obtain the frag-
mentation results of the BDX as observed at the site. For the optimization stage, two
different burdens, two spacings and two specific charges were assessed. With these param-
eters, the target was increasing the Pgy from ~0.21 m of the L3_127_005 blasting to achieve
the desired Pgy of 0.55 m [9].

4.3. Calibration Results

At the calibration stage, four models were considered. These models included (1) the
best case of the small model from Blo-Up and (2) the best case of the large model from
Blo-Up. The minimum size of these models was limited by the model resolution. Two
models based on a best-fit exercise through the Swebrec-type PSD better fit the data from
the Blo-Up model. These models included (1) the best case of the corresponding small
model and (2) the best case of the corresponding large model. The PSD obtained in these
models are shown in Figure 10.

The PSD showed that the models had some Pg variability related to their scale and
compared to the observed PSD, which could be explained by data unavailability from
particle sizes larger than 0.2 m. The large models had coarser fragment sizes than the
small models, and we noticed more conservative values in the range of sizes between
0.2 and 0.4 m, but a reasonable representation for the rest of the fine curves. The Swebrec
distribution models the whole range of sizes, with an error of 4.0% compared to the
observed Pgy of L3_127_005_R00 blasting. As was found by Coello-Velazquez et al. (2019),
the Swebrec distribution provides the best fit compared to the observed values.
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Figure 10. Particle size distribution of the calibration stage: Observed in the mine vs. predicted by
Blo-Up (best case).

To achieve the best cases above, vertical blast-induced damage was introduced, and in
the first run, it was exported. The result of this run was assumed to represent microcracks,
which occur within the rock mass due to vibrations and blasting. In the second run, the
vertical component of the damage was applied to the same model. Furthermore, it was
considered that the extension of the induced fractures and induced damage from blasting
occurred down to a depth of 3.0 m below the toe of the bench. This region was modelled
assuming that the tensile strength of the rock mass was 1.0 MPa weaker.

To better describe these different zones of the rock mass, the tensile strength was
divided into fresh rock, damaged rock and joints. The calibrated geomechanical properties
for the Blo-Up model are shown in Table 6.

Table 6. Calibrated properties for the Blo-Up model.

Calibrated Properties Value
Density (kg/m?3) 3.2
Young Modulus (Pa) 1.0x 1010
Poisson’s Ratio 0.24
UCS (MPa) 90
Tensile Strength of Rock (MPa) 4.6
Tensile Strength of Damaged Rock (MPa) 3.5
Tensile Strength of Joints (MPa) 32
Friction Angle (°) 32
Damping 0.3

The distribution of fragments was represented in the contour of the blasted rock
fragments over 0.5 m. Figure 11a shows the fragment contour for the BC Large Model
resulting from calibration in Blo-Up. Figure 7b shows the vertical cross-section along the
height of the bench. The analysis of these contours provides evidence that larger fragments
were concentrated in the upper part of the bench, including the damaged area and the area
below, and were located at the boundary conditions.
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Figure 11. Fragment contour over 0.5 m: (a) modelled by Blo-Up and (b) cross-section of the large
model in Blo-Up.

4.4. Optimization Results

Considering the spacing optimization with cases of varying spacing, a constant burden
of 6 m, and a charge length of 10.5 m for each blasthole, large models P1 and P2, with
spacings of 9.0 m and 8.0 m, respectively, had a runtime of 550.0 ms (30 blastholes). Figure 12
shows the PSD results for each model.

=+P1(8=9m)-Blo-Up P2(S=8m)-Blo-Up  =-L3 127 005 Blasting =-P1(8=9)- Swebrec Dist, P2 (5 =9) - Swebrec Dist +L3 127 005 Blasting

100 o 100 T

90

80

0.01 0.10 100 10.00 001 0.10 1.00 10.00
Size (m) Size (m)

(a) (b)

Figure 12. Spacing optimization results: (a) Blo-Up model and (b) best fitted Swebrec distribution.

From the PSD, model P2 achieved the best Pgy of ~0.53 m, which was close to the
desired Pgy. This result was obtained with a drilling pattern of 6.0 m of burden and 8.0 m
of spacing and with the same charges per blasthole as blasting design L3_127_005.

For the burden optimization, cases P3 and P4 had different burdens, a spacing of
8.0 m and a charge length of 10.5 m. Models P3 and P4 had burdens of 6.5 m and 5.5 m,
respectively, and the results are shown in Figure 13.
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Figure 13. Burden optimization results: (a) Blo-Up model and (b) best fitted Swebrec distribution.

The results of burden optimization failed to achieve Pgy~0.55 m, and model P3 had a
coarse size distribution; on the other hand, the P4 model shows finer results than expected.
This finding indicates that a burden of 6 m is enough to achieve the desired Pgy of 0.55 m.

Finally, the charge length optimization considered the P5 models with burden and
spacing maintained at 5.0 m and 5.6 m and charge lengths of 10.0 m and 11.0 m, respectively.
The results of the charge length optimization are shown in Figure 14.

=+P3 (Charge = 100 m) - Blo-L Ph (Charze = 11 m) - Blo-Up =13 127 (03 Blasting = 5 o : sy
" 4 P = S ~-P3 (Charge = 10 m) - Swebrec Dist P6 (Charge = 11 m) - Swebrec Dist L3 127 003 Blasting
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Figure 14. Charge length optimization results: (a) Blo-Up model and (b) best fitted Swebrec distribution.

The charge length optimization results show that a finer PSD can be obtained that
does not approach the desired target of Pgy~0.55 m. Compared with the other optimized
models, P5 and P6 were not better in terms of performance.

The Pg of the optimized model indicates that the best case is model P2, with a Pgy of
~0.53 m, the closest value to the desired Pgy. This was optimized with a blasting design
with a burden of 6.0 m and spacing of 8.0 m.

5. Conclusions

In this study, a Blo-Up model was constructed to optimize fragmentation from blasting
in the BDX lithology of the study area to achieve a desired Pgy of 0.55 m. Through historical
data, observations of a blasting example (L3_127_005), and a predictive analysis, the
parameters were calibrated.
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Regarding the calibration, the best case had a Pgy of 0.25 m, and a total error of 4% was
obtained when comparing the best fitted Swebrec distribution and the Blo-Up data with
the data from the L3_127_005 blasting. For the optimization process, some assumptions
were made to better represent the rock mass conditions under vibration and blasting.

Based on the results of the blasting optimization applied for the copper mine in hard
rock, the recommended blasting design for BDX must follow the P2 model, with a burden of
6.0 m, spacing of 8.0 m, borehole diameter of 121/4”, hole length of 16.0 m, gravel stemming
of 5.5 m, charge length of 10.5 m, and subdrill length of 1.0 m, considering the explosive
Fortis Advantage 70/100 [25] with a blast sequence of 5.0 ms between holes and 75.0 ms
between rows. It is suggested that future works execute this optimal bast design on an
industrial scale to validate the PSD of rock fragmentation reached in this work.
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