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Abstract: Explosives are commonly used in the mining industry to extract minerals from hard
rock deposits. Therefore, an efficient explosive should ensure that the appropriate blast outcome
is achieved, taking into account the desired rock-breaking parameters and the costs of drilling and
blasting works. Depending on the type of deposit and follow-up processes, a proper blast result
may be characterized by fragmentation, muckpile shape, overbreaks, etc. Industry has struggled to
respond to the demand for bulk emulsion explosives with improved energetic parameters, having
so far been unable to do so safely, effectively, and cost-efficiently. Methods of improving blasting
parameters mainly rely on introducing a variety of additives to the emulsion explosive formulation
during production, which creates additional hazards at that stage. Alternative, safe methods of
achieving an improved energetic performance of emulsion explosives are, therefore, highly desirable.
This paper is focused on one such proposed method as a continuation of previous research works and
the performance of a novel bulk emulsion formulation under real mining conditions during the firing
of mine faces is described. The tests included density measurements over time, measurements of
impact and friction sensitivity, measurements of the detonation velocity in blastholes, determination
of brisance via Hess test, and analysis of rock fragmentation. Results were compared with those
obtained with a commercially available bulk emulsion explosive, highlighting that the performance
improvement achieved by the proposed emulsion modification method is not limited to artificial test
conditions, but translates well into actual application conditions.

Keywords: underground mining; blasting; explosives; detonation velocity

1. Introduction

The growing demand for metals and minerals translates into the need for econom-
ically sound, effective, time- and material-efficient methods of mining. However, there
are still some technical constraints associated with underground mining. Over the last
few decades, the development of mining explosives has led to a continuous improve-
ment in their energetic parameters while maintaining the highest effectiveness and safety
of blasting operations. Emulsion explosives, frequently referred to as “the latest gener-
ation explosives”, are a prime example of this trend, even though they were invented
more than 50 years ago [1]. According to the data provided by the Federation of Explosives
Manufacturers, the share of bulk emulsion explosives in the total usage of emulsions in
Europe is more than 85%, with this share expected to increase even further in the coming
years. This is mainly because no alternative methods of solid rock extraction have so far
proven to be effective enough [2,3].
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The mining industry is facing various challenges, such as the need for increased pro-
duction, reducing the time of the entire technological cycle, lowering deposit exploitation
costs and ensuring personnel safety, including the issue of the stability of underground
openings [4,5]. One such challenge, related to drilling and blasting operations, is the
general effectiveness of blasting, mainly in terms of explosive performance. The effect of
blasting is directly influenced by the working capacity of explosives—which, in a much
wider sense, may be defined as the quality of explosives. It should, however, be noted that,
apart from a number of manufacturing parameters which influence the working capac-
ity [6,7], the results of blasting are affected by many different technological parameters.
They are only observed in real mining conditions and cannot be evaluated under laboratory
conditions [8,9]. The most important factors from the adopted technology point of view are
the diameter of the blastholes, method of initiation or time between charging of explosives,
and firing.

According to recent studies [10], the detonation velocity increases with an increase
in blasthole diameter. Velocity of detonation (VOD) is used as a basic parameter in the
determination of the detonation pressure, which in turn represents the energy of the
explosive [11,12]. The problem of the blasthole diameter is especially significant when
high rock pressures are observed. This may lead to a reduction in blasthole diameters,
while causing a reduction in the charge diameter, but may also cause some problems
with charging (when using bulk emulsions). The initiation method in turn is important
for the effectiveness of the production. When initiating with the detonator only, the dis-
tance between the detonator position and the stable detonation velocity value is much
greater than when using proper boosters. However, according to previous research studies,
this does not affect the final detonation velocity value of bulk emulsions [13] but may
affect the VOD of ANFO explosives [14]. From a safety point of view, the time between
charging the blastholes and firing seems to be the most important factor. This problem
should be considered from two perspectives. The first is associated with the density
changes in time, which means that detonation velocity decreases with reductions in density.
Such an explosive becomes less energetic over time [15,16]. The second problem is con-
nected with the sleep time of bulk emulsions [17]. The sleep time is the time after which
the bulk emulsion loses its detonation capacity. As shown during field investigations, the
sleep time may even reach 6 months after the charging [18], meaning that each undetonated
explosive should be treated with extreme caution.

Other important factors that may only be observed in underground mines are the
temperature of rock mass and ambient temperature. With the increase in depth, the primary
rock mass temperature increases. Under such conditions, lower thermodynamic parameters
of bulk emulsions may be expected and their efficiency, expressed as velocity of detonation,
may be much lower [19,20]. A very important issue in the field of blasting effectiveness
is also detailed identification of the interaction between the explosive and the rock mass,
i.e., propagation of blast-induced fractures around the blasthole [21,22]. This should be
treated as the first step in the selection of relevant explosives for given geologic and mining
conditions. Therefore, it may be concluded that the determination of relationships between
the above parameters and their efficiency is critical in formulating reliable and credible
computational models describing the detonation process [23].

A recent study was conducted to develop and evaluate, under laboratory conditions,
anovel sensitizing agent formulation for bulk emulsion explosives with improved energetic
parameters [24]. The purpose of the study was to improve the effectiveness of blasting by
replacing the commonly used sensitizer by novel formulations. The results proved that
energetic parameters of new formulas were actually better in every aspect in relation to
the standard explosive, used commercially. The greatest advantage is that the sensitization
process is much faster and much more stable. Moreover, it was confirmed that new
formulations are capable of detonation after 5 min and the final density remains stable
after 30 min.
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Since the mixing of components using mixing—charging units in mines is not as precise
as manual mixing in laboratory conditions [25], the authors have made an attempt to verify
selected detonation parameters under real mining conditions. For this purpose, one of
the developed formulas was verified during regular faces firing and compared with the
standard bulk emulsion. Finally, the effectiveness evaluation of such an emulsion was
conducted. The tests included: density measurements over time, measurements of the
detonation velocity in blastholes, determination of brisance via Hess test, and analysis of
blasted rock fragmentation. In this paper, results of in situ trials using the underground
mixing—charging units are presented, which should be treated as the continuation of work
under development of a novel formulation of bulk emulsion explosive with improved
energetic parameters.

2. Materials and Methods

Evaluation of the blasting effect has been conducted under real mining conditions in
a deep mine in Poland and consisted of two rounds of trials, in each of which explosives
in four faces were fired. Each trial included the firing of two faces charged with BK-2 and
two with the commercially available ESL explosive for reference. The time interval between
the two rounds of trials was two weeks.

2.1. Trial Site

A trial panel was located in a deep underground copper mine in Poland, in which
the room-and-pillar mining method with roof deflection and pillar softening is practiced.
The average depth of excavations is approximately 800 m below the surface. The orebody
thickness does not exceed 1.8 m and is almost flat. It is formed from sandstone (2.8 m) and
a thin shale stratum located near the roof (Figure 1).
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Figure 1. Scheme of the mining face cross-section, depicting the geologic structure and dimensions of
the typical face over the considered panel.

Drifts are excavated using the drilling and blasting method. The shape of excavations
is in the form of an inverted trapezoid, with the average base of 5 m and an average width
of 7 m in the roof stratum. The height is approximately 3 m. Faces are fired using bulk
emulsion explosives charged by standardized mixing—charging units installed on blasting
utility vehicles. Explosives are initiated by non-electric detonators and explosive boosters.
No stemming is used in blastholes.

The same drilling and blasting pattern with the V-cut was used on each trial and
each face (same distribution of blastholes, same mass of explosives, same delays, etc.), as
presented in Figure 2. The blastholes had a length of 3 m, except those charged with 2.5 kg
of explosives (central ones), which were slightly shorter, and a diameter of 48 mm; thus,
3 m was also the expected advance per blast. The total number of blastholes was 41 per face,
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total mass of explosives per face was 138.5 kg, and the total firing time was 5000 ms. The
calculated powder factor was 2.40 kg/m?>.
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Figure 2. Drilling and blasting pattern used during underground trials: cross-section of the face (upper),
topside view of the drilled blastholes (lower).

2.2. Formulations of Explosives and Mixing—Charging Unit

All tests, except the impact and friction sensitivity tests, were performed on the same
batch of emulsion matrix (supplied by Nitroerg, Bieruri, Poland) for the underground bulk
emulsion formula. The matrix contains ammonium nitrate, calcium nitrate, water, oil, emulsi-
fier, and auxiliary components. The ESL emulsion was sensitized with a standard sensitizing
agent—an aqueous solution of sodium nitrite. For the modified BK-2 formulation, a more
comprehensive sensitizing agent formulation was utilized, as per the authors’ earlier work [24],
characterized by a lower water concentration (Table 1).

Table 1. Tested sensitizing agent formulations.

Concentration (wt.%)

Component
ESL BK-2
Ammonium nitrate - 47
Water 95.45 41
Sodium perchlorate - 8
Sodium nitrate 45 3.3
ph modifier and dye 0.05 0.7

The mixing—charging unit was installed on a blasting utility vehicle. It mainly con-
sists of the matrix and sensitizer tanks and pumps for the transfer of these components
(Figure 3). The production unit is controlled by a computer for accurate dosing of ingre-
dients. The mixing takes place in the middle of the loading hose, using a static mixer
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(Figure 4). Former constructions were based on a single mixer, while new ones already have
a double static mixer.

® pump
[ static mixer
l ~— |oading hose

— flow direction
of components

R A

Figure 3. Simplified scheme of the mixing—charging units for bulk emulsions. Arrows indicate flow
direction of the components.

Figure 4. Photographs of the single (left) and double (right) static mixers.

The flow of components in the loading hose is laminar, thus, the mixing takes place
using a cross-stream static mixer. However, due to large differences in the viscosity of
components, the fast flow, and relatively short mixing time limited by the length of the static
mixer, complete mixing is not possible, compared with manual mixing under laboratory
conditions. Thus, in order to investigate the significance of this aspect for the first and
second rounds of trials, a single mixer and a double mixer were employed, respectively.

2.3. Auxiliary Materials and Software

The probes used for the determination of detonation velocity were manufactured by
MREL (Kingston, ON, Canada). They were VOD ProbeCables green with a unit resistance of
10.80 (3/m. Dedicated software, DAS—Data Acquisition Suite, was used for data analysis
from the VOD recorder.

Fragmentation analysis was carried out using WipFrag software, version 3.2.11.1,
developed by WipWare (North Bay, ON, Canada). Photos of the muckpile after firing were
taken using an Olympus Tough TG-6 camera (resolution 12 megapixels, lens aperture f/2.0)
dedicated for extreme environments.

Statistical analyses were conducted using Statistica 13 software developed by StatSoft
(Krakéw, Poland).
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2.4. Preparation of Explosive Samples and Charging of Blastholes

The explosive components were blended mechanically via standardized mixing—
charging units used for charging blastholes in the mine hosting the study. In the case
of the BK-2 formulation, the dosing settings of the sensitizer have been reduced by 3.5%
due to much greater reaction activity.

Blastholes were loaded following a standard procedure, using the charging hose with
3.5 kg of bulk emulsion, except the cut holes, into which 2.5 kg were loaded. Due to the
bottom initiation, the VOD in blastholes could be measured. The average length of the
explosive column was 130-140 cm.

During the blastholes charging, the samples for the density measurements and brisance
determination were loaded from the mixing—charging unit to the piping bag and then were
carefully elaborated into the relevant plastic cups. For this purpose, a precise mobile digital
balance was used.

The samples for the impact and friction sensitivity tests in turn were produced by the
manual mixing of components, due to the relatively small mass of the sample required for
such tests—the sample volume was insulfficient for the use of a mechanical stirrer. After

mixing, 10 mg samples were accurately weighed. The tests were conducted after the density
had stabilized.

2.5. Measurements of the Density over Time

Plastic cups with a set volume of 500 cm® were used for the determination of density
changes over time. They were weighed and filled with the mixture of the matrix and sensi-
tizer directly from the mixing—charging unit. Due to the chemical reaction (sensitization),
the mixture increased in volume, thus, the excess was removed from the top edge of the
cup to maintain the set volume of the samples, followed by weighing of the cup. Each
sample was weighed using an electronic balance, first at 5 min intervals for 60 min and
then once each after 180 min and 1440 min. The density was determined based on the ratio
of the net sample mass to the cup volume.

2.6. Determination of the Detonation Velocity

Detonation velocity values were obtained using the electrical method, via the continu-
ous resistance wire technique. In this method, a precise measuring probe of known linear
resistance is placed axially in the explosive column. When the detonation front progresses,
the probe is destroyed, and the resistance of the entire circuit drops in proportion to the
length reduction of the probe. Thus, a decrease in probe voltage vs. time is recorded by
a dedicated measuring device.

In this research, a DataTrap II Data/VOD recorder manufactured by MREL (Kingston,
ON, Canada) was used. This device allows independent measurements of detonation
velocity to be taken using eight channels, allowing the simultaneous measurement of VOD
in eight blastholes. The maximum recording rate in this system is 10 MHz per channel. The
uncertainty of the measurements declared by the manufacturer is +-2%.

During underground trials, six-meter sections of the VOD ProbeCables were attached
by electrical tape to the booster with a detonator and placed at the end of the loading
hose. Blastholes were then charged according to the standard procedure, i.e., the loading
hose was inserted to the bottom of the blasthole and the desired mass of the explosive
was loaded. After that, the VOD probes from each tested face were connected to the
communication (coaxial) cable and plugged to the recorder, which was located between
the fired faces (Figure 5). The VOD probes were put into two cut holes in each of the four
tested faces, which were fired with the first delay (same).
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Figure 5. Scheme of the VOD measurements in blastholes with construction of the explosive charge.

The data analysis was performed with Data Acquisition Suite software, which con-
verts the recorded data into a graph as a function of distance versus time. The software
automatically calculates and displays the VOD of an explosive at any selected location in
the graph.

2.7. Determination of Rock Fragmentation

Determination of the rock fragmentation was based on the image analysis method,
which is one of the most common methods utilized to measure rock fragment size distribu-
tion in mines. It was carried out using a 2D photogrammetry method based on analysis
of digital images of the muckpile using WipFrag software. The software applies an algo-
rithm to detect edges, which are used to render a polygon around the particles, in order
to determine the size—distribution [26,27]. To avoid issues caused by the spatial distribu-
tion of rock fragments in the muckpiles, each one was imaged multiple times during the
hauling process (Table 2).

Table 2. Summary of images used for fragmentation analysis.

Trial Round Face No. Explosive Type Number of Images
1 ESL 11
. . 2 12
#1 (single mixer)
3 BK.2 10
4 ) 12
1 15
> ESL 14
#2 (double mixer) 3 16
4 BK-2 14

The photogrammetry method includes the following steps: (1) acquisition of multiple
images representing each muckpile—pictures should be taken during hauling to depict
different cross-sections of the muckpile, (2) image processing and analysis using a dedicated
application—fragmentation analysis, and (3) determination of the size—distribution curve.

Since underground conditions are very difficult (no natural light, dust, humidity),
one of the challenges is to ensure good quality of the photographs and reliable input data
for analysis. Hence, pictures were taken by a camera with a low aperture and an additional
light source in the form of a high-power LED flashlight. It should, however, be noted
that this fragmentation assessment method has certain limitations caused by the image
resolution and delineation algorithm. Therefore, photos were delineated automatically and
corrected manually by adding or removing particle boundaries. At this stage, some fine
areas were also indicated if needed. The images were scaled using an object with known
dimensions; in this case, a bright foam ball, as presented in Figure 6.
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Figure 6. Sample photo of muckpile cross-section with a scaling ball (left) and part of the delineation
process (right).

Any systems using photogrammetry methods can be characterized by a limiting size
called fines cut-off (FCO), which means that below this value, the delineation is not reliable.
Consequently, for fines regions (below FCO), an error between the real size of particles and
those determined by analysis reaches the maximum value. Calculations of size-distribution
below FCO can be performed using calibrated distribution models, such as Rosin-Rammler
or Swebrec [28]. It should be noted that the calibration of distribution models requires the
provision of sieving analysis data, which is very problematic or even impossible in normal
underground operations. Thus, the model parameters were calculated statistically with the
input of raw data obtained from image analysis. Statistical analysis was conducted using
Statistica software. Calculation of model parameters was performed using the non-linear
estimation method (user regression, least squares method). As the estimation function,
the Swebrec equation was applied, which seems to be much better suited for blasting
fragmentation and determination of fines regions [29,30].

The Swebrec model can be expressed by the following equation:

1
= 1
f(x) 1+ [ln(Xmax/x)/ln(xmux/xSO)]b ( )

where: f(x)—cumulative percent passing [%], Xmx—size of the largest particle [mm],
x—particle size [mm], xso—particle size at 50% passing [mm], b—curve undulation.

The size of the largest particle was estimated in WipFrag software. Other parameters,
such as x50 and b, were calculated in Statistica. In addition, it must be noted that, even in
calibrated models, the error level below FCO can be significant (maximum value reaches
25-30% of FCO). Nevertheless, even non-calibrated models can provide valuable informa-
tion on the fines distribution.

The rock fragmentation analysis consisted of firing explosives in 8 faces divided into
2 trials differing in mixer type, i.e., 4 faces per trial (2 charged with ESL and 2 with BK-2).
Hence, all images in each trial concerned with a given type of explosive were analyzed
together as one database. This was the basis for the determination of histograms and
fragmentation curves.

2.8. Determination of Brisance via the Hess Method

Cylindrical lead rods of 99.97% purity were used for the determination of brisance,
from which the cylinders with a diameter of 40 & 0.2 mm and height of 60 & 0.15 mm
were made. The face surfaces were machined to 10 grade. They were placed vertically
on the floor of excavation. Then, on the top of this cylinder, a cylindrical 1.7035 steel disc
with a diameter of 41 & 0.2 mm and height of 10 & 0.2 mm was placed. Surfaces of steel
discs were machined to 2.5 grade and hardened to 150-200 HB. A 50 g explosive sample
loaded into a 3D printed plastic (PET-G) testing cup with an inner diameter of 40 mm and
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height of 65 mm was placed on this plate and initiated, according to the scheme in Figure 7.
As a result of firing, the lead cylinder was axially compressed. The change in the cylinder
height was used as a measure of brisance. Samples were initiated using a standard 0.65 g
PETN detonator. Since no reference material was tested underground due to the relatively
high temperature, the results were compared with each other.

holder with detonator

i
---11--- .
£ explosive sample
€ .
n
(=)
steel disc
£
E
o .
= lead cylinder
£
=
2 steel base
40 mm

Figure 7. Scheme (left) and view of the sample (right) for determining brisance via the Hess method.

2.9. Determination of Impact and Friction Sensitivity

Determination of the sensitivity of explosives to mechanical stimuli covered the impact
and friction sensitivity tests. As accepted, due to dynamic stimuli, stress and strain may
appear in the explosive, which results in local heating. Those areas of local heating are
the most likely causes of the explosive’s initiation [31]. Both tests were conducted under
laboratory conditions prior to large-scale underground trials.

The principle of the impact sensitivity test is that the sample of the tested explosive
is subjected to the action of a drop weight. As a result, the mass of the drop weight and
the drop height at which the initiation may occur is determined. For the impact sensitivity
determination, the Kast fall hammer was used (Figure 8). In this test, a 40 mm3 sample of
the explosive was placed using a spatula into the open piston device, which is comprised
of two steel rollers and a hollow cylinder. Then, the second roller was carefully placed
onto the piston to not damage the structure of chemical sensitization and pushed up to the
sample. The drop weight was then positioned at the desired height using a locking device.
In this test, drop weights with a mass of 5 kg and 10 kg were used. The height varied from
20 cm to 50 cm, which represents the impact energy from 10 J to 50 J (5 J interval from 10 ]
to 40 ] and also 50 ]). Six trials were conducted for each energy and each type of explosive,
which gives 2 x 48 samples. The results of the test are reported as initiation (sound, light
effect, smoke) or non-initiation, in accordance with the EN 13631-4:2002 standard [32].

For the friction sensitivity determination in turn, the Peters friction apparatus was used
(Figure 9), in which friction is created electromechanically between the porcelain cylinder
and the plate with the explosive sample. In this test, similar to the impact sensitivity test,
a 10 mm?® sample of explosive was placed on a flat porcelain plate attached to the sliding
carriage of the device. The porcelain cylinder clamped on the carriage was then lowered
using the weight mounted on the loading arm. The movement of the plate with the sample
was provided by a motor (stroke length 10 mm). In this test, six trials were conducted for
each loading, representing the normal force starting from 360 N (load of 10.8 kg lowered
at a distance of 360 mm). If detonation was observed at least once in six trials, the next
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six samples were tested using smaller loading at intervals specified in the EN 13631-3:2004
standard [33]. As before, the tests were conducted for each type of explosive.

’E F"E"‘ 1 013 T drop weight
; Tw [ . -

ﬁ ‘ guiding rods
A ‘

scale

piston device

steel block

concrete base

Figure 8. Scheme of the Kast fall hammer test.

porcelain plate

counter-weight with sample

electric
motor

Figure 9. Peters friction apparatus.

3. Results
3.1. Impact and Friction Sensitivity

The tests of impact and friction sensitivity were carried out under laboratory conditions
to verify the sensitivity level of explosives to mechanical stimuli, before underground trials
could be conducted. A criterion was set that the proposed explosive formulation cannot be
more sensitive to impact and friction than the commercial ESL explosive.

Among 48 samples tested in the energy from 10 J to 50 J, no sample showed ini-
tiation (no sound, no light effect, no smoke) by impact. The same applies to the ESL
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and BK-2 formulations, which means that the impact sensitivity value of both explosives
exceeded 50 7.

No detonation was observed during the friction sensitivity tests of the two explosive
formulations either. None of the 12 tested samples were initiated under the loading of
10.8 kg lowered at a distance of 360 mm, indicating that the friction sensitivity value of
both the ESL and BK-2 explosives exceeded 360 N.

3.2. Density

The explosive samples were sensitized chemically and, due to the reaction of am-
monium nitrate and sodium nitrite, a gradual decrease in sample density over time was
observed. This directly affects the detonation parameters and is the key issue for mine
operators to maintain high effectiveness of mining. Thus, such emulsions are desired,
achieving the final density and stabilizing within a relatively short and practically justi-
fied time. This time depends on the type of mine and adopted technology. The density
measurements were conducted for each trial and each type of explosive was tested based
on three samples. The results are presented in Figure 10 as the average values from
three samples and deviation between the maximal and minimal.

®ESL (Trial #1) e ESL (Trial #2)
1.30

1.25 25

120 "2
1.15 o§§§
1.10 .'o... b
1.05 L™ E } }
1.00

0.95

0.90 [
0.85

0.80
0 20 40 60 80 100 120 140 160 180 200

Density, g/em®

Time, min

®BK-2 (Trial #1) e BK-2 (Trial #2)
1.30
1.25 i}
120 %
L
ﬁ )
;_22 §§§§§§§§ B
0.90
0.85

0.80
0 20 40 60 80 100 120 140 160 180 200

Density, g/cm?

Time, min

Figure 10. Graphs of changes in the density of explosives in time: ESL (top) and BK-2 (bottom).

The analysis results indicate that the blending of components using a double static
mixer (#2) is much more precise than blending with a single mixer (#1). This is shown by
different density values of specific samples in trial #1. In turn, the differences between
densities measured in trial #2 are much closer to each other. Smaller dispersion is also
observed. This indicates that thorough blending is critical for maintaining higher detonation
parameters, since the sensitizer is more evenly distributed throughout the entire mass of
the matrix—greater reaction surface, and thus, greater gas volume and lower density. Thus,
a double static mixer is highly recommended for further blasting operations.
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The novel BK-2 formulation initially showed a much more rapid density decrease
than the ESL formulation. However, the density of the BK-2 formulation stabilized after
approximately 30 min, unlike ESL, whose density continued decreasing noticeably, even
after 180 min. In fact, all the densities measured in trial #2 reached a similar final density
value; nevertheless, the decrease observed between 30 min and 180 min for BK-2 was
approximately 0.06 g/cm?, and as much as 0.21 g/cm? for ESL.

3.3. Brisance

Detonation performance is fundamental in the evaluation of high explosive power
and describes the energetic capacity of explosives, and therefore, their power, strength, or
energy. The results are presented without units using other parameters, such as degree of
compression of the metal cylinder in the case of the brisance test. The results of Hess lead
block compression tests for the ESL and BK-2 formulations are presented in Figure 11.
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Figure 11. Comparison of brisance (left) and compression factors (right) determined for the tested
explosives using the Hess method.

The in situ trials have proven that the brisance of the BK-2 formulation is higher than
that of the standard ESL explosive. This may be mainly observed for the BK-2 samples in
trial #2, in which a double mixer was used. The average compression factors for a single
mixer in trial #1 for both explosives are similar and remained within the uncertainty of
measurement. However, high dispersion between samples for BK-2 in trial #1 may be
observed, indicating some mixing problems and that the explosive was not homogeneous.
In the case of the double mixer, a 12% increase in the compression factor was observed for
BK-2 in relation to ESL.

3.4. Detonation Velocity

In principle, the results of detonation velocity measurements of confined explosives
(in blastholes) are higher than those detonated in the open air. This is mainly because the
force and pressure produced by detonation is intensified on a much smaller area. However,
as stated before, the VOD is affected by many parameters, especially when measuring in
situ. The VOD measurements were conducted during each trial and each type of explosive
was tested (four tests per explosive per trial). The time between charging the blastholes
and faces firing was approximately 150 min. The results are presented in Table 3.
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Table 3. Summary of the results of detonation velocity measurements.

Velocity of Detonation [m/s]

Trial no. Test No.
ESL BK-2
1 3710 3760
. ] 2 3850 3735
#1 (single mixer) 3 3880 3890
4 3720 3895
1 4030 4000
. 2 4060 3990
#2 (double mixer) 3 4000 4060
4 3990 4070

As proven during laboratory tests, the lower water content in the new formulation
causes an increase in the velocity of detonation. However, such a conclusion has not been
confirmed by underground tests. The average VOD of ES8L measured in trial #1, in which
a single static mixer was used, reached 3790 m/s, while the average VOD of BK-2 was
3820 m/s. The difference in the average values was 30 m/s only. However, having in mind
that the uncertainty of the measurements in the system used is £2%, it may be assumed
that the achieved VOD is similar for both explosive formulations.

Similar conclusions may be drawn from trial #2, in which a double mixer was applied.
The average value of VOD in the case of ES8L was 4020 m/s and 4030 m/s for BK-2. This
means that the detonation velocity of BK-2 was not improved during the large-scale field
tests in comparison with the results obtained during laboratory testing.

When analyzing the average VOD from both trials, an almost 6% increase was ob-
served in trial #2, in which the double static mixer was used. The average detonation
velocity (based on eight blastholes) increased from 3805 m/s in trial #1 to 4025 m/s in trial
#2. This proved that precise blending is crucial to maintain higher detonation parameters
of AN-based bulk emulsions.

3.5. Rock Fragmentation

Taking of the muckpile pictures started after approximately 90 min following the
completion of blasting. This was required for ventilation and removing of post-blast fumes.
A loader with a bucket capacity of 4 m3 was used to haul the excavated rocks. The total
volume of the ore from a single face was approximately 55 m3. The pictures were taken
immediately after each bucket was collected. While hauling, 104 pictures in total were
taken, including 45 in trial #1 and 59 in trial #2.

The analysis of the data collected during trial #1 included 23 pictures for ESL and
22 for BK-2 (sum from two faces). In the case of trial #2, the analysis of the size-distribution
curves was based on 29 and 30 images, respectively, for the ESL and BK-2 explosives. The
calculated fragmentation curves for both trials are shown in Table 4.

Based on Table 4, one may conclude that there is a slight difference in fragmentation
between faces blasted with ESL and BK-2. The size—distribution of the outcome from ESL
in trial #1 shows that more “fines” were produced in comparison with BK-2, which is a
little coarser. Nevertheless, the differences do not exceed 10%. The difference in fines
fraction (<3.16 mm) is approximately 5% and the content of particles bigger than 465 mm
reaches 4.9% for BK-2 and 9.7% for ESL. In trial #2 in turn, there is hardly any difference in
fragmentation between faces blasted using ESL and BK-2. In the range of 3.16 mm up to
1000 mm, the difference does not exceed 2% (the content of fines was approximately 35.00%
for E8L and 34.05% for BK-2). Similar results were observed for coarse fractions (>465 mm),
in which the content was 3.14% for ESL and 2.34% for BK-2.
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For reliable determination of the fines content in both cases, the Swebrec model was
applied and model data parameters were estimated using WipFrag software. Determination
of parameters was based on data above FCO, which was set for 10.0 mm. Below this
value, the fragmentation curve is almost flat up to 3.16 mm, which is a limit value for the
applied system (lower particles cannot be recognized by the algorithm). This indicates that
resolution of the system in this area was poor and the error increased rapidly. All estimated
parameters for both trials are presented in Table 5. The confidence level was 95%.

As mentioned before, the Swebrec function is much more reliable for the description
of the fines region in terms of blasting. Since very good fitting of the model to the data
(above FCO) was observed, cumulative fragmentation curves for both trials and both types
of tested explosives using the Swebrec function were compared, as shown in Figure 12.

Table 4. Cumulative fragment size—distribution curves (blue) and histograms (red) for considered cases.
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Table 4. Cont
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Size (mm) % Passing

- 1000.00 98.40%

/ 681.00 98.40%

464.00 96.86%

316.00 92.50%

215.00 87.20%

147.00 80.62%

100.00 73.15%

68.10 64.57%

46.40 54.23%

31.60 44.63%

21.50 38.88%

14.70 36.39%

10.00 35.48%
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4.64 35.03%

3.16 35.00%

215 0.00%
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0.22 0.00%

0.15 0.00%

1000 0.10 0.00%
Size (mm) % Passing
1000.00 100.00%
681.00 100.00%
464.00 97.66%
316.00 93.41%
215.00 86.48%
147.00 80.84%
100.00 74.20%
68.10 66.29%
46.40 55.49%
31.60 44.76%
21.50 38.17%
14.70 35.48%
10.00 34.54%
6.81 34.23%
4.64 34.07%
3.16 34.05%
2.15 34.01%
1.47 0.00%
1.00 0.00%
0.68 0.00%
0.46 0.00%
0.32 0.00%
0.22 0.00%
0.15 0.00%
1000 0.10 0.00%

E8L (face 1 and 2)

BK-2 (face 3 and 4)

Trial #2 (double mixer)

Table 5. Estimated model parameters of the distribution model for both trials.

Explosive Standard Confidence Limit
T Parameter Value E
ype rror Lower Upper
Trial #1 (single mixer)
Xmax 684 mm n/a n/a n/a
ESL X50 69.50 mm 3.03 mm 62.75 mm 76.25 mm
b 2.50 0.13 2.21 2.82
Xmax 866 mm n/a n/a n/a
BK-2 X50 100.14 mm 4.30 mm 90.57 mm 109.72 mm
b 2.48 0.13 2.20 2.77
Trial #2 (double mixer)
Ximax 1080 mm n/a n/a n/a
ESL X50 35.09 mm 1.56 mm 31.66 mm 38.52 mm
b 2.61 0.11 2.37 2.86
Ximax 608 mm n/a n/a n/a
BK-2 X50 35.86 mm 1.85 mm 31.73 mm 39.99 mm
b 2.08 0.11 1.83 2.32
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Figure 12. Comparison of Swebrec models for both trials.

From Figure 10, one may conclude that the maximum differences between the given
fractions in trial #1 slightly exceed 11%. The maximum difference is 11.1% and can be observed
in the range of particle size between 50 mm and 200 mm. In the fines region in turn, the
differences are negligible. Finally, it can be concluded that, from a practical point of view, the
changes in the fragmentation distribution obtained in trial #1 using two types of explosive are
insignificant and do not have a major impact on the blast outcome in relation to fragmentation.
Similar conclusions may be drawn from the results of trial #2, in which a double static mixer
was used. The plotted curves showed that there was hardly any difference between both cases.
It can, therefore, be concluded that the type of explosive and the mixing method did not affect
the fragmentation of blasted rocks. However, it should be emphasized that there is a visible
difference between the fragmentation achieved in trial #1 and trial #2, indicating a significant
influence of the mixing method. Much better fragmentation was achieved for both explosives
in trial #2, in which a double mixer was used.

4. Discussion

The results of the research showed that parameters of the novel bulk emulsion ex-
plosive with improved energetic parameters obtained during underground trials are not,
in principle, consistent with results obtained in the first phase of investigations under
laboratory conditions. Differences in the energetic performance of the two explosive for-
mulations are relatively minor. Most of the tested parameters are similar for each type of
explosive and each type of component mixing (single or double static mixer). The novel
BK-2 formulation exhibits a similar sensitivity level to mechanical stimuli (impact and
friction) as the standard E8L explosive.

The sensitization of BK-2 is much faster and much more stable than that of ESL. In
underground conditions, where temperature usually ranges from 25 °C to 35 °C, it is capa-
ble of detonation after 5 min. Moreover, the final density is obtained after approximately
30 min. In comparison, the standard ESL explosive in such conditions is capable of deto-
nation after at least 30 min. It usually achieves the final density after more than 12 h. In
addition, the time between the loading of blastholes and firing varies depending on the
location of the blasting site, which is limited by the ventilation constraints.
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It should, however, be noted that sensitization cannot be too rapid, because an exces-
sively fast reaction will cause certain difficulties from a practical point of view, such as
an increase in pressures and other problems related to the mixing—charging unit. However,
the were no significant problems with the loading unit for the BK-2 formulation and all
the pressures and flows were normal. On the other hand, it is much better and safer, while
charging, to operate with emulsion that is not capable of detonation. Thus, this time should
not be too short. It should definitely be reduced in relation to the standard ESL, but within
reason. More important, however, is the stability of the BK-2 formulation, which became
stable after about 30 min.

In terms of the brisance determination via the Hess method, the BK-2 and E8L for-
mulations achieved comparable values when using a single mixer. In the case of a double
mixer (trial #2), an approximately 12% increase in the compression factor was observed for
the BK-2 formulation in relation to ESL. In comparison, the difference in brisance obtained
under laboratory conditions for BK-2 was almost 32% higher than the brisance of ESL.
This shows how precise mixing influences the working capacity of novel formulations
of explosives. It should also be noted that the brisance results cannot be referenced to
results of high explosive samples due to safety constraints. Moreover, the impact of high
temperatures of lead cylinders on results has not been defined so far. Thus, the results were
compared with each other.

The measurements of detonation velocity did not prove the results obtained during
laboratory tests., i.e., that lower water content in the new formulation will cause an increase
in the detonation velocity. In conditions where the emulsion components were blended
manually, the VOD of BK-2 was, on average, almost 19% higher than that obtained for ESL.
The in situ tests have confirmed that the differences in the average values remained within
the uncertainty of the measuring system in both trials, which means that the detonation
velocity of novel formulations was not improved during the large-scale field tests.

In the case of blast fragmentation analysis, it may be stated that the differences in the
fragment size—distribution in both trials are insignificant. The shape of plotted curves from
each trial and for each type of explosive are similar. Thus, it may be concluded that for
given mining and geologic conditions, the type of explosive and the method of component
mixing did not affect the fragmentation of blasted rocks.

There is, however, one issue to which special attention should be paid. This is the
method of component mixing using a static mixer. In this research, single (trial #1) and
double (trial #2) static mixers were implemented and verified. The mixture of the matrix and
sensitizer is much more homogeneous when using a double mixer than when using a single
one. In fact, the mixture is not homogeneous, but far better blended using a double mixer,
which was confirmed by different density values of specific samples in trial #1. Meanwhile,
the differences between densities measured in trial #2 are much closer to each other. This
proves that precise blending is critical for maintaining higher detonation parameters and
a double static mixer is recommended for both the ESL and BK-2 formulations. In the
case of BK-2, a much greater effect of precise mixing on the spread of density values
may be observed. Thus, one can expect that the refinement of the mixing system for
a novel formulation will result in a significant improvement in energetic parameters, which
has been proven during laboratory tests where the mixing was very precise and almost
perfect. In contrast to ESL, the BK-2 formulation is based on a hybrid sensitization, i.e., that
apart from the gassing reaction, the reaction of precipitating fine ammonium perchlorate
crystals in the matrix occurs in parallel, which can only be achieved with very precise
mixing of components.

The same conclusion can be drawn from the brisance tests, in which the highest com-
pression factor was obtained for BK-2 when a double mixer was used. From a detonation
velocity point of view, an approximately 5-6% increase in average values was observed
in tests with a double static mixer. The average VOD measured for ESL increased from
3790 m/s to 4020 m/s and from 3820 m/s to 4030 m/s for BK-2. This proves that slightly
higher detonation velocities may be achieved when a double static mixer is used. Finally,
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this finding also applies to the results of fragmentation, which was improved by more than
20% in some fragment size ranges, when the double mixer was used.

5. Conclusions

A comparison of the results of experiments conducted in actual use conditions and
those conducted in laboratory conditions, discussed in our previous work [24], shows that
the emulsion explosive densities obtained under laboratory conditions cannot be obtained
using commonly used mixing—charging units, due to the method of component mixing.
Despite the inadequate mixing of BK-2, its performance is comparable to that of ESL.

Consequently, developing a mixing—charging system that would allow a sufficient degree
of mixing to be achieved and, therefore, allow peak performance of BK-2, is an important
aspect of future work on modifying emulsion explosive formulations. Taking into account
the prospective results of laboratory tests and the observations from the presented work,
achieving the above goal necessitates further tests, so as to refine and redevelop the mixing
method for the BK-2 formulation.

On the other hand, despite the use of a single mixer and inaccurate mixing, no misfires
were observed for BK-2, and the produced explosive has similar physical parameters to those
of the standard ESL emulsion explosive formulation. This indicates that the BK-2 formulation
exhibits a high degree of tolerance to technical issues or errors taking place during the charging
of the blastholes, potentially alleviating occurrences which would otherwise compromise the
viability of a less error-tolerant emulsion explosive formulation. It should also be highlighted
that the faces were loaded using a mixing—-charging unit that was designed specifically for
the standard ESL emulsion explosive formulation. Nevertheless, the results achieved for
the novel BK-2 formulation are very promising. From a mining point of view, the greatest
advantage of this formulation is its rapid stabilization of the density over time.

In summary, a significant improvement in the sensitization rate, a shorter time required
to reach the final emulsion explosive density, and an increased stability of the sensitized
bulk emulsion have all been achieved. This is especially important when firing several
faces loaded at different times. Although the rate, at which the final parameters of the
bulk emulsion explosive are achieved can in principle be further shortened, further work
needs to take into account that the sensitization process cannot be too rapid, because
an excessively fast reaction will cause certain practical and technical difficulties, such as
increased pressure in the blastholes, as well as possibly introducing inhomogeneity defects
in the sensitized emulsion explosives.
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