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Abstract

Purpose. Mine and quarry operators determine blasting efficiency by the sizes of fragments, while regulatory agencies
evaluate the same from the level of environmental discomfort. Thus, a conflict of interest exists. This research distinguishes
fragmentation efficiency from blasting efficiency. It proposes a new approach for evaluating blasting efficiency to break the
conflict of interests between the quarry operators and the regulatory agencies.

Methods. Five blasting events in the FYS granite aggregate quarry have been studied, and design parameters have been ob-
tained. As an indicator of blast-induced environmental discomfort, vibrations and air blasts are measured using a seismograph.
The WipFrag desktop and Kuz-Ram model are used to assess the resulting fragmentations. Blasting efficiency is evaluated as a
function of fragmentation and environmental constraints.

Findings. The powder factor affects the fragment size distribution and the environmental hazards of blasting but in a con-
flicting manner. Increased powder factor enhances good fragmentation but results in further environmental discomfort. Blast
event 4 has the highest fragmentation efficiency of 46.53%, while 3 has the highest environmental control efficiency of
69.47%. Cumulatively, blast event 4 has the highest overall blasting efficiency of 45.43%. Future research is expected to
standardise this novel approach and incorporate more blasting effects.

Originality. This work is the first attempt to quantify the efficiency of blasting operations in the aggregate quarry by com-
bining the fragmentation produced and the resulting environmental hazards in a single model.

Practical implications. The model proposed in this research can be adopted by quarry operators and regulatory agencies
for sustainable quarrying and mining to address identified conflicts of interest between them.
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1. Introduction On the contrary perspectives of regulatory authorities, a

Blasting and fragmentation efficiencies have always been ~ Plast with very low vibration levels and air pressure below
used indistinctly. Industrialists and regulators have indis-  acceptable limits is highly efficient. To them, it does not
criminately used the two terms to convey similar goals and ~ Matter if the blast produces rock fragments that are entirely
concepts. It should be emphasised that fragmentation and ~ boulders and cannot be handled by available equipment or
blasting efficiencies are interrelated but differ in scale. ~ Machine. This situation is an impasse that needs to be ad-
Fragmentation efficiency is primarily related to the fragment ~ dressed [1]. Consequently, a point of balance jointly accepta-
size distribution of the muck piles. It affects downstream  Dle by the industrialists and regulators must be established
processes and does not consider the harmful effects on the ~ for sustainable mining and stone quarrying.
environment, which require strict rules from various regula- Blast efficiency can be evaluated using various approaches.
tory authorities. A blasting that produces few or no boulders ~ The chosen method depends mainly on the further use of
with a high uniformity index is highly efficient for quarry ~ guarried products. Blasted muck pile can be assessed by
and mine operators. Nevertheless, such blasting may resultin ~ counting boulders, shovel loading rate, visual observation,
very high levels of ground vibration and air blast exceeding fragment size distribution, cost analysis and the effects of the

acceptable limits, resulting in lower blasting efficiency value  blasting operation on the environment.
in the assessments of regulatory authorities. Blasting breaks the in-situ rocks into sizeable fragments

that can be handled and manoeuvred by the available loading

Received: 26 November 2022. Accepted: 13 March 2023. Available online: 30 March 2023

© 2023. S.A. Shehu, K.O. Yusuf, H. Zabidi, O.A. Jimoh, M.H.M. Hashim

Mining of Mineral Deposits. ISSN 2415-3443 (Online) | ISSN 2415-3435 (Print)

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/),
which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

120



http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.33271/mining17.01.120
mailto:shehuthefirst@yahoo.com
https://orcid.org/0000-0001-9022-1277
mailto:kudiratoziyusuf@yahoo.com
mailto:srhareyani.zabidi@usm.my
https://orcid.org/0000-0003-4022-1193
mailto:onimisi.jimoh@fulokoja.edu.ng
https://orcid.org/0000-0002-9622-5153
mailto:mohd_hazizan@usm.my
https://orcid.org/0000-0003-0263-7446
mailto:shehuthefirst@yahoo.com

S.A. Shehu, K.O. Yusuf, H. Zabidi, O.A. Jimoh, M.H.M. Hashim. (2023). Mining of Mineral Deposits, 17(1), 120-128

and haulage equipment. A substantial proportion of the re-
sulting fragments must be reasonably smaller than the feed
size of the primary crusher without unnecessarily producing
excessive fines for efficient operation [2]. Thus, blasting is
technically the first stage of comminution. Blast fragmenta-
tion must be continuously evaluated and tailored to suit spe-
cific production requirements while ensuring efficient further
downstream operations [3], [4].

The mechanism of rock fragmentation by explosives ac-
counts for the level of disturbance to the people living within
the vicinity and the damage to surrounding structures [5].
During blasting, an initiated or detonated explosive changes
rapidly within a few thousandths of a second to a gaseous
state at a very high temperature and pressure. This quick
reaction can produce a pressure of 18000 atmospheres that is
exerted against the walls of the blast hole [6]-[9]. The result-
ing energy is then transmitted as a compressive strain wave
into the circumferential rock mass at a velocity of between
2000 to 6000 m/s, causing rock breakage.

Blasting and explosive usage are potential sources of
many human and environmental hazards. Actual rock break-
age effectively utilised only about 5 to 15% of the total
available explosive energy released during blasting [10],
[11]. Sanchidrian et al. [12] studied energy efficiency in the
single-hole confined blast and concluded that available frag-
mentation energy is 2 to 6% of the total energy. The remaining
energy causes various environmental disturbances [13], [14].
These adverse effects of blasting are unavoidable and cannot
be eliminated but can be mitigated to permissible levels to
avoid human and environmental discomforts. Among the
negative impacts of blasting, ground vibration and airblast take
topmost priority to engineers and regulatory agencies.

The economy, productivity, and operational cost of min-
ing and quarrying are significantly influenced by the particle
size distribution of a muck pile [15], [16]. A well-designed
blast gives rise to good fragmentation and minimal environ-
mental disturbances. Sastry and Chandar [17], [18] have
emphasised that the prime objectives of blasting should be
centred on optimal fragmentation and safety. In designing a
blast, the blast geometry, explosive properties, geological
factors, the quantity of explosives, delay timing sequence,
conditions and extent of available free surfaces are vital
factors influencing fragmentation and blast efficiency [19].
Fundamentally, the controllable blast parameters are de-
signed to accommodate the non-controllable ones to obtain
anticipated outcomes.

A higher level of fragmentation improves productivity,
while a low level of vibration and airblast ensures human and
structural safety [20]. However, fragmentation and environ-
mental effects are influenced by the amount of powder fac-
tor [21], [22]. A higher amount of powder factor improves
fragmentation and, thus, productivity [23]. Nevertheless, the
blast-induced vibration and airblast also increase with an in-
crease in the powder factor [24], [25]. This impasse calls for
an optimum powder factor for sustainable blasting operations.

Segarra et al. [23] investigated the effects of powder fac-
tor on different percentage passing and concluded that frag-
mentation improves with powder factor. The most common
tool for evaluating the impacts of blasting on structures and
human beings is the Peak Particle Velocity (PPV) [26]-[29],
as shown in Equation 1 [30], [31]. The vibration (PPV) level
increases with the maximum quantity of explosives per de-
lay. Thus, a higher amount of explosives ensure finer rock
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fragments but causes more vibration and airblast [32]. How-
ever, optimal fragmentation can be judiciously obtained
without undermining safe environmental limits:

PPV = k[@}a,

where:

PPV — the peak particle velocity;

Q —the maximum quantity of explosives detonated per
delay;

R — the distance between the blast point and the measur-
ing point;

K and a - site constants related to the rock feature and
blasting conditions.

This research distinguished fragmentation efficiency
from blast efficiency and proposed an approach for evaluat-
ing the two terms relatively. The study evaluates blast effi-
ciency as a function of desired fragmentation size, environ-
mental effects, and regulatory constraints. Thus, fragmenta-
tion efficiency is viewed as a component of blast efficiency.
The proposed approach can be adopted by both mine opera-
tors and the regulatory authorities by setting a common
standard limit to break the conflicts of interest.

M)

2. Methodology

Blast design parameters were obtained for five blast opera-
tions of the FYS granite aggregate quarry in Bukit Mertajam,
Pulau Pinang, Malaysia. The powder factor and the rock factor
were calculated for each blast. From the closet residential
building, each of the blasts was monitored. The peak particle
velocity and airblast overpressure were obtained using a seis-
mograph. The resulting fragmentation distributions of the
muck pile were evaluated using WipFrag photo analysis soft-
ware [33]. The 50% passing of each muck pile was obtained
using the Kuz-Ram empirical model [34]. The fragmentation
indicator, fragmentation efficiency, the level of environmental
compliance, and overall blast efficiency were evaluated for
each blast using new approaches based on weighted averages.

2.1. Bench blast design data

The blast design data for the studied quarries were ob-
tained for various events. A total of five blast events were
analysed. The spacing (S), burden (B), hole diameter (D),
number of holes (n), hole depth (L), subdrill length (S.D.),
bench height (B.H.), stemming length (S.L.), charged length
(Q.L.) and the average weight of explosive per hole (W) were
recorded for each blast event. The applied powder factor
(P.F.) was evaluated for each blast using established standard
procedures [35], [36].

2.2. Measurement of ground vibration
and airblast overpressure

Seismograph Mini-SEIS Il (Fig. 1) was used to monitor each
blast at the closet residential building. The levels of blast-
induced ground vibration and airblast overpressure were record-
ed. The seismograph Mini-SEIS Il consists of the collector unit,
the geophone, three spikes, the microphone, the microphone
stand, and the windscreen. A vibration monitoring program
requires measurements of peak particle velocity at the nearest
residential or structural distance. Alcudia et al. [37] posited that
the geological factors, the nature of the seismic source, and the
wave type affect the magnitude of ground vibrations.
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Figure 1. Seismograph Mini-SEIS |1

Air vibrations are conveyed through the air; thus, weather
conditions substitute geological factors as a primary
variable [38]. For each documented blast event, the maximum
particle velocity over the total recorded time was taken as the
peak particle velocity (PPV), as shown in Figure 2. This max-
imum velocity is of paramount interest to the regulatory au-
thorities irrespective of its direction of occurrence.

Peak Particle Velocity (PPV)

S AR o

Figure 2. lllustration of Peak Particle Velocity (PPV)

Velocity, mm/sec.

Open and accessible locations are located near the closest
residential structures to the blast points. The seismograph is
mounted a few minutes before blasting. Holes are dug about
5 cm to remove topsoil, and the excess soil is scrapped. The
three spikes are fixed to the geophone. The geophone was
fixed firmly to the ground with the indicated arrow pointing
to the direction of the blast as the seismic source for proper
orientations of the three axes — vertical, horizontal and longi-
tudinal. The sensor was levelled to obtain accurate readings
as recommended by ISRM [39].

The geophone and the microphone cables are firmly fas-
tened to the collector (the measuring unit). This process
automatically activated the device, which was ready to ac-
quire readings. The windscreen was fitted to the microphone
to prevent the acoustic readings from the influence of
wind [39]. The microphone was then fixed to its stand, posi-
tioned on top of the collector, and pointed to the blast direc-
tion. The peak particle velocity (mm/s) and the airblast over-
pressure (dB) were read immediately after blasting.

2.3. Image analysis of fragmentation distribution

Version 2.7.28 of WipFrag photo analysis software was
used. WipFrag is a granulometry-based software that creates
digital images to assess the size distributions of rock frag-
ments [33]. WipFrag recognises distinct blocks using auto-
matic algorithms and generates netting or outlines of blocks
using edge or boundary identification techniques. WipFrag
measures the two-dimensional net of the surface of the
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muckpile and transforms the same into a three-dimensional
block size using geometric probability [40].

For higher accuracy, the horizontal axis of the camera
should be at 90° to the muck piles surface to be captured. In
actual practice, deviation from this recommended standard is
involuntarily unavoidable. Therefore, images were captured
with the horizontal axis of the camera at some angles diffe-
rent from 90° muck pile faces. Thus, scaling objects were used
in capturing images of the blasted rock fragments [33], [41].

Honor 5X of 13 megapixels with a resolution of
1080x1920 rear camera was used to capture the images of
the blasted rock fragments. Two 1-meter lengths of polyvinyl
chloride (PVC) pipes with a diameter of 2 inches were used
as scaling objects. Each pipe was placed at the top and bot-
tom of the muck pile to be captured. This dual scaling was
done for “tilt correction” [33], [42]. Multiple images were
obtained for a single muck pile, and the separate analyses
merged for enhanced precision.

The images of captured muck piles were transferred into
the computer, and the image to be analysed was opened
using the file menu of the WipFrag software. The idea was
scaled, and the nets were generated to represent a network of
block boundaries for each image using the default automatic
edge detection menu. These boundaries delineated the edges
of the fragments. The auto-generated nets were further im-
proved by manually adjusting the edge detection parameters
using the inbuilt editing tools. The block sizes were then
measured, and the percentage passing curve was generated
by virtual sieving. The virtual sieve also created a cumulative
size table for each analysed image. These procedures were
repeated for other images from the same muck pile, and the
results were merged for improved precision.

2.4. Kuz-Ram estimation of 50% passing

The Kuz-Ram equation [34] is the most common empiri-
cal model for assessing surface blasting [43]. It evaluates
blast fragmentation using design parameters — explosive
characteristics, blast geometry, amount of explosive used,
and rock factors. The Kuz-Ram model evaluates blast frag-
mentation by measuring the 50% passing (Xso) block size
of a muckpile. The 50% passing size of the muck pile was
evaluated using Equation (2) [34], [44]-[46]:

115 j0.6333

RWS @

Xsp = XkR = AK 0801667 [
where:

A —a constant representing rock factor which depends on
the characterisation of the rock mass relative to structural
discontinuity, rock strength, density, and hardness. Its value
varies from 0.8 to 22 [47];

K — the powder factor (kg/m?3);

Q — the average mass of explosive per hole (kg);

RWS — the weight strength of the used explosive relative
to ANFO.

The rock factor A was evaluated as Gheibie et al. [47]
recommended by incorporating the rock mass property, joint
plane spacing, joint plane orientation, specific gravity influ-
ence and hardness factor defined by Lilly [48].

2.5. Fragmentation efficiency

The fragmentation efficiency was assessed using two
principal parameters; the actual size of the 50% passing
muck pile obtained from the particle size distribution of
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image analysis (Xom); and the 50% passing size derived from
the Kuz-Ram model (Xkgr). A new term called fragmentation
indicator (FI) [49] was used to evaluate the level of deviation
of the 50% passing of image analysis from that of the Kuz-
Ram 50% passing as given in Equation (3):

FI = JKR ©)

Xbm

where:

FI — fragmentation indicator;

Xkr — expected ideal 50% passing size of the blasted ma-
terial from the Kuz-Ram model;

Xom — 50% passing of blasted muck pile from particle dis-
tribution analysis.

If the fragmentation index (FI) is less than 1, the actual
50% passing obtained is coarser than the ideal size evalua-
ted from the Kuz-Ram model. This situation happens if the
ideal rock strength and rock factor constant (A) envisaged
by the Kuz-Ram model is higher. A fragmentation index
greater than one shows that the 50% passing is finer
than the ideal size.

Fragmentation efficiency (Frger) was further evaluated as
an inverse negative exponential function of the fragmentation
indicator and expressed in percentage (Equation (4)). The
negative exponent makes the fragmentation efficiency direct-
ly proportional to the fineness of the 50% passing and, thus,
the fragmentation indicator. Accordingly, the less coarse the
muck pile, the higher the fragmentation efficiency:

1

Fl

Xbm

XKR

Froes :exp_( )~100%:exp [ ]-100%. 4)

The exponential function shows the deviation of the 50%
passing of Kuz-Ram from that of the image analysis. Expo-
nential functions are used as solutions to real and simple
dynamical systems. The 50% passing is a non-zero positive
real number. The function accounts for the diverse complexi-
ty of the rock as represented by the rock factor constant (A)
in the Kuz-Ram model. The negative exponent designates the
fragmentation indicator (FI) as a quotient function.

2.6. Blast efficiency

The efficiency of a blast consists of fragmentation per-
formance and the unintended but unavoidable environmental
effects as regulated by the government. This research used a
fragmentation indicator to define blast performance. The
level of blast-induced ground vibration and airblast overpres-
sure were assumed to represent the efficiency of environmen-
tal control measures of a blast. Equation (5) was used to
evaluate blast efficiency:

Blagsr =+ ‘(Frgeff - EnVest )‘ , Q)

where:

Blaes — blast efficiency;

Frgess — fragmentation efficiency;

Enves — efficiency of environmental control measures.

Equation (5) gives equal importance to both the fragmen-
tation that affects process efficiency and the environmental
hazards of blasting. The expression shows the mutual de-
pendency of the environmental effects of blasting on the
resulting fragment size distribution.
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By this, a common standard acceptable to the mine/quarry
operators and the regulatory authorities can be established.
The established blast efficiency for each mine or quarry can
be used for assessment and sustainable production.

Furthermore, the efficiency of environmental control
measures was assessed based on the weighted average levels
of blast vibration and noise compared to the maximum per-
missible limits (Equation (6)):

Envegs = x(Vibeﬁ )+ y(Aopeﬁ ) '

where:

Enve — efficiency of ground vibration control measures;

Aoper — efficiency of airblast overpressure control
measures;

x —weighted value assigned to vibration;

y — weighted value assigned to airblast.

Equation (6) gives a weighted average of x % to ground
vibration and y % to airblast overpressure (noise). The
weighted priority assigned to vibration and airblast will be
the sole decision of the regulating authority. This work was
done in an aggregate granite quarry with very close residen-
tial buildings. The government and residents of this region
give much importance to vibration over airblast. Therefore, a
priority of 80% was assumed for vibration, while airblast
takes 20%. This assumption puts the values of x and ¥ used
in this study to be 0.8 and 0.2, respectively.

However, if vibration and airblast have the same priority
level (50% each), then x and y will have the same value of
0.5. The values of x and y can be adjusted as required in a
blasting project. In actual practice, vibration is more chal-
lenging to control and causes more human and structural
hazards than airblasts [50]. The global regulatory authorities
use the levels of vibration and airblast overpressure to assess
and grade blasting operations.

The efficiencies of ground vibration and airblast over-
pressure (noise level) control measures were further evaluat-
ed using Equations (7) and (8), respectively:

(6)

Vv

Vibys {1—&}100%; @)
max
Np

AOpPegt = | 1-—2 |-100%, @
Na

where:

Vppv — peak particle velocity of the blast (mm/s);

Vimax — Maximum permissible level of vibration (mm/s);

Np — noise level generated from the blast (dB);

Na — maximum permissible noise level (dB).

For this research, the maximum permissible level of
vibration (Vmax) and that of airblast overpressure (Na) as
approved for FYS Quarry by the Department of Mineral and
Geoscience of Malaysia are 5 mm/s and 120 dB, respective-
ly. A negative value of either Equation (7), (8), or both im-
plies that the permissible limits of ground vibration, airblast
overpressure, or both have been violated. If any of these
three conditions occurred, the blast efficiency (Equation (5))
assumes a negative value. In such a situation, the blast must
be redesigned for environmental sustainability. The blast
efficiency would be positive if none of the three circum-
stances occurred.
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3. Results and discussion

3.1. Blast design parameters

The design parameters for the five studied blast events
are shown in Table 1. No two or more designs are precisely
the same though some common standard parameters exist.
Only the hole diameter and the subdrill were maintained for all
the designs. The variations are necessary to account for the
different bench heights and disparity in geological conditions
that may be encountered. The highest powder factor used is
0.51 kg/m?, corresponding to a bench height of 11.89 m in
blasts 1 and 2, while the smallest powder factor is 0.41 kg/m?
corresponding to a bench height of 8.84 m in blast event 3.

3.2. Blast monitoring and efficiency
of environmental control

The recorded ground vibration level was the highest peak
particle velocity, a common practice amongst regulators [51].
Table 2 shows the vibration and noise levels and the efficien-
cy of the environmental control measures for each blast. The
maximum ground vibration (Vmax) and noise (Na) recorded
in the five blast events were within the permissible limits of
5 mm/s and 120 dB, respectively. Thus, the efficiencies of
the environmental control measures were all positive. Blast
event 3, with the least peak particle velocity of 0.76 mm/s,
has the highest environmental efficiency of 69.47%.

Table 1. Blast design parameters

Blastevents S (m) B(m) D (mm) n L(m) S.D.(m) SL.(m) BH.(m) W(kg) Q.L. (m) P.F.(kg/m®
Blast 1 3.66 3.05 89 40 12.19 0.30 3.05 11.89 68.20 9.14 0.51
Blast 2 3.66 3.05 89 40 12.19 0.30 3.66 11.89 68.20 8.53 0.51
Blast 3 3.66 3.05 89 40 9.14 0.30 3.66 8.84 40.92 5.48 0.41
Blast 4 3.05 2.44 89 40 9.14 0.30 3.66 8.84 40.92 5.48 0.62
Blast 5 3.05 2.44 89 22 6.10 0.30 3.66 5.80 18.20 2.44 0.42

Table 2. Blast monitoring and efficiency of environmental control
Blast events  Distance (m)  Vppy (MmM/s)  Np (dB)  Vmax (mm/s)  Na (dB) Vibest (%) Aopert (%) Enveir (%)
Blast 1 589 1.37 113.50 5.00 120.00 72.60 5.42 59.16
Blast 2 539 1.52 118.00 5.00 120.00 69.60 1.67 56.01
Blast 3 848 0.76 110.00 5.00 120.00 84.70 8.33 69.47
Blast 4 419 2.29 114.00 5.00 120.00 54.20 5.00 44.36
Blast 5 334 1.52 110.00 5.00 120.00 69.60 8.33 57.35

Blast events 2 and 5 have the same vibration level of
1.52 mm/s but with different noise levels of 118.00 and
110.00 dB, respectively. The efficiency of event 5 (57.35%)
with a smaller noise level is higher than that of event 2
(56.01%). Thus, the lower the vibrations and noise levels, the
higher the efficiency of environmental control measures.

3.3. WipFrag fragmentation distribution

Figure 3a-e shows the captured muckpile images and the
digitised fragment boundaries from WipFrag. Depending on
the lateral spread of the blasted fragments, two or three muck
piles were captured, processed, and the results merged for a
blast event. The merged results of the fragmentation distribu-
tion for each of the five blast events are shown in Figure 4a-e,
respectively. The average 50% passing sizes (Xom) for the
five blast events are 384.90, 359.74, 490.09, 200.42, and
397.86 mm, respectively. All the blast events produced a size
fraction greater than 2000 mm except for blast event D.

3.4. Fragmentation and blast efficiencies

Table 3 shows the efficiency of each of the evaluated
blast events. Blast event 4, with a fragmentation efficiency
value of 46.53%, has a blast efficiency of 45.43%. The re-
duction was caused by its low efficiency of environmental
control measure (44.36%), being the blast event with the
highest vibration level of 2.29 mm/s. Similarly, blast event 3,
with a fragmentation efficiency of 25.59%, has a cumulative
blast efficiency of 42.17%. The increase was due to its higher
efficiency of environmental control measure (69.47%) being
the blast with the lowest vibration level of 0.76 mm/s. This
result proved the validity of the proposed model and clearly
illustrated its interdependency on 50% passing size and the
hazards caused to the environment.
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Table 3. Fragmentation and blast efficiencies

Blast P.F. Xom XkR Frget  Enverr  Blaes
events (kg/m®) (mm) (mm) (%) (%) (%)
Blast1 0.51 384.90 326.83 0.85 30.80 59.16 42.69
Blast2 0.51 359.74 32432 0.90 32.98 56.01 42.98
Blast3 0.41 490.09 359.61 0.73 2559 69.47 4217
Blast4 0.62 200.42 26197 1.31 46.53 44.36 45.43
Blast5 0.42 397.86 308.12 0.77 2749 5735 39.71

Figure 5a-c displays the relationship between the effects
of powder factor on the 50% passing size (Xso or Dsp) and the
efficiencies of fragmentation and environmental control
measures. The graphs show that an increase in powder factor
will produce smaller and finer fragment sizes, thereby in-
creasing fragmentation efficiency. However, such an increase
in the powder factor will conversely result in more vibration
and noise levels, thus, giving rise to low efficiency of envi-
ronmental control measures. This outcome also goes in
agreement with previous studies [16], [23], [52].

Figure 6a, b illustrates the influence of the average 50%
passing size on the efficiencies of fragmentation and envi-
ronmental control measures. It is evident from the plots that
fragmentation efficiency improves with a smaller average
fragment size. A larger 50% passing size implies a reduction
in the mass of explosive used per unit volume of blasted rock
(powder factor) and, thus, low vibration and noise levels. The
plots' trends also agree with Segarra et al.’s work [23]. This
decrease in the mass of explosives used will consequently
lead to enhanced efficiency of environmental control
measures but a decrease in fragmentation efficiency.

An increase in the powder factor increases the available
energy for rock fracturing, thereby enhancing fragmentation
and efficiency.
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Muck pile A(l) Muck pile A(11) Muck pile B(II)

Blast event C Blast event D

Muck pile E(I) Muck pile C(11) Muck pile C(111)
Figure 3. Muck pile photos and digitised WipFrag nettings of the studied five blast events A, B, C, D, and E
Blast event A Blast event B
100, 100
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This increase in the specific charge of explosives to en-
hance fragmentation adversely leads to the generation of
more blasting fumes and a higher amount of waste energy
that increases the levels of ground vibration and airblast,
consequently resulting in low efficiency of environmental
control measures.

4, Conclusions

There are various methods and techniques for evaluating
blast efficiency. However, due to conflicts of interest, no
single common standard approach is currently accepted by
both the industrialists and the regulatory authorities. The
industrialists based their assessments on fragmentation per-
formance, while the government regulators judge blast opera-
tions by the induced environmental hazards.

Fragmentation and blast efficiencies have been wrongly
used to express the same ideals. This study acknowledged
that the two terms are interrelated but vary in scope. Frag-
mentation efficiency is fundamentally concerned with the
size distribution of the blasted materials. While effective
fragmentation can be achieved with a higher powder factor,
excessive utilisation of explosives to actualise this perfor-
mance objective causes higher levels of vibration and airblast
overpressure that may result in structural rattling, racking,
pollution and human discomforts, amongst other damage.
Thus, the necessity for differentiating fragmentation efficien-
cy from blast efficiency.

This research proposed a model for evaluating the effi-
ciency of blasting operations. The study assessed blast effi-
ciency as a function of fragmentation performance and the
effectiveness of environmental control measures. The estab-
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lished model can be discussed and adopted by the industria-
lists and the regulatory authorities for sustainable quarrying
and mining to address the identified conflicts of interest.

Future study is expected to standardise and incorporate
more effects of blasting into this novel integrated method of
quantifying blast efficiency.
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EdexTuBHicTs BHOYX0BHX po0iT y Kap’€pi rpaHiTHOI MacH HA OCHOBI KOMOIHOBaHHX e()eKTiB
(parmenTanii Ta 3BazkeHol He0e3MeKH 1151 HABKOJIUIIHLOIO CepeJOBHINA

HI.A. lexy, K.O. FOcyd, X. 3a6ixi, O.A. dximo, M.X.M. Xamum

Merta. BeraHoBIIeHHS pi3HHLI MK €eKTUBHICTIO (hparMeHTallii miTipBaHoi TipChKOi Mach Ta e(hEeKTHBHICTIO BHOYXOBUX POOIT Ha OCHO-
Bi HOBOTO MIAXOY IO Ii€l OLIHKH, IO J0JIa€ KOHMIIKT iHTEpECiB MK OIlepaTopaMH Kap €piB 1 peTyIIOIYUMH OPTaHaMHU.

Metoauka. byno BuBUeHO IT’sITh BUOYXOBHUX IOJiH y Kap’epi rpaHiTHOI Macu FYS Ta oTpuMaHO NMpoeKTHI mapamerpu. SIK iHIUKATOp
€KOJIOTIYHOTO AUCKOM(OPTY, CIIPUYINHEHOTO BHOYXOM, 32 JIOMOMOro ceficMorpada BUMIiprOIOThCs BiOpaii Ta moBiTpsiHi XBuiti. Pobouwnii
crin WipFrag ta Mmoaens Kuz-Ram BUKOpHCTOBYIOTBCS [UIsl OLIHIOBaHHSI OTpUMaHuX (parmentaniil. EdexTuBHicTh BUOYXOBUX pOOIT OLi-
HIOETHCS 3aJICKHO BiJl hparMeHTallii Ta 00MEXEeHHS HaBKOJIHMIITHBOTO CEPETOBHIIIA.

PesyabTaTn. BeraHoBieHo, 1o mopoxoBuii pakTop BIUIMBAE HA PO3MOLN PO3MIpY yJIaMKiB Ta HeOe3rneKy BUOYXOBHX pOOIT AJI1 HABKO-
JIMIIHBOTO CEPEIOBHILA, alle CYNepewIMBUM YHHOM. BHu3Ha4eHo, 0 MiABHIIEHUH HOpoxoBuil dakrop crpuse ebekTuBHii dparmeHrarii,
aJie TIPU3BOJUTH 10 OUIBIIOrO AUCKOM(MOPTY HABKOJIMIIHBOTO cepenoBuina. BuOyx 4 mae HaiiBumny edekTuBHICTH pparmenTarnii 46.53%,
TOJI SIK TPeTiif — Mae HaWBHUIY €(EeKTHBHICT KOHTPOIIO HABKOJHIIHEOTO cepenoBuima 69.47%. YV cykymHocTi BUOyxX 4 Mae HailBHIy 3ara-
JBbHY e(eKTHBHICTh BHOYX0BHX poOiT 45.43%. OdikyeThCs, 0 MaifOyTHI JOCTIIPKEHHS CTAaHAAPTH3YIOTh 1€l HOBUH MifXif i OyAyTh BKIIIO-
yaTy Oibie BHOYXOBHX eeKTiB.

HaykoBa HoBHM3Ha. Briepiiie KiibKicHO OLiHEHO e(eKTUBHICTh BUOYXOBUX POOIT y Kap €pi rpaHITHOI Macu LUIIXOM 00’€JHaHHS yTBO-
peHoi pparmeHTaltii Ta HeOe3MeKH U1l HAaBKOJIUIIHBEOTO CEPEIOBHIIA B O/IHIH MoelTi.

IpakTnyHa 3HAYUMicTh. MoJienb, 3aNpONIOHOBaHA B IIbOMY JOCHIIKEHHI, MOXKe OyTH NMpUHHATA ONEepaTOpaMH KapepiB Ta PeryJIolo-
YHMH OpTaHAMH JUIS OTO CTaJIoro PO3BHUTKY Ta BHJOOYTKY KOPHCHUX KOIAJIMH 3 YCYHEHHSIM BHSBJICHUX KOH(QIIKTIB IHTEpPECiB TOMDK HUX.

Knrouoei cnosa: eghexmusnicmo subyxy, epekmugHicnms gpazmeHmayii, MaKkCuMaabHa WeUOKICmb YacmoK, NOGIMPSIHA XU, NOPOXO8Ull pakmop
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