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Deep-hole bench blasting is the primary method for aggregate extraction in
mines. However, factors such as complex geological conditions and suboptimal
blasting parameters often result in uneven rock fragmentation and high fines
content. This not only increases the cost and energy consumption of subsequent
aggregate processing but also has adverse environmental implications. In this
study, based on the Changjiu Shenshan limestone aggregate mining project in
China, large-scale blasting experiments were conducted to investigate the
influence of rock properties and blasting parameters on the size distribution of
post-blast fragments and fines content. The results of the blasting experiments
indicate that by controlling the size of the crushing zone and adjusting explosive
performance, it is possible to significantly reduce fines content while improving
mining efficiency. Recommended values for drilling and blasting parameters have
been proposed based on geological conditions to more effectively control the
generation of fines. The results highlight the importance of optimizing blasting
parameters and charge structure for large-scale mining operations to achieve
uniform rock fragmentation and low fines content. By adopting explosive
performance adjustment methods based on reasonable control of the crushing
zone, improving explosive performance can improve the economic benefits of
mining operations, reduce energy consumption, and contribute to environmental
protection.
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1 Introduction

Deep-hole bench blasting is currently the primary method for aggregate extraction in
mines. However, during the process of aggregate extraction, issues such as uneven rock
fragmentation and high fines content often arise due to the complex geological conditions
and suboptimal blasting process parameters (Roy et al., 2016). The elevated fines content not
only increases the energy consumption and costs for subsequent processing of the aggregate
but also results in significant ore wastage, which is detrimental to environmental
preservation (Bhandari, 2012). Consequently, improving the distribution of rock
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fragmentation and controlling fines content has become a pressing
concern in the field of mining aggregate extraction.

In recent decades, numerous scholars have conducted extensive
research on the causes, influencing factors, and control measures of
fines generation during mining blasting processes (Esen et al., 2003;
Onederra et al., 2004; Park and Kim, 2020). From a mechanistic
perspective, the generation of fines is inevitable. This is because the
peak pressure of the shockwave produced by explosives after
detonation far exceeds the compressive strength of the rock,
leading to extreme fragmentation of the surrounding rock and
the formation of fines. Although fines generation is an
unavoidable consequence, it can be minimized to a significant
extent by optimizing blasting parameters and process control,
thus achieving the goals of uniform rock fragmentation and low
fines content. To achieve this objective, researchers have explored
the effects of blasting parameters on blast fragmentation size
distribution through experimental and simulation studies. For
instance, Yi et al. (2017) utilized the finite element software LS-
DYNA to investigate the influence of delay time and initiation
location on blast fragmentation, with results indicating that longer
delay times contribute to improved rock fragmentation. Liu et al.
(2015) studied the distribution characteristics of blast energy for
different initiation locations, revealing that central initiation is
favorable for reducing the occurrence of large boulders. Chi et al.
(2022) investigated the effects of decoupling coefficients, free faces,
and boundary conditions on blast fragmentation distribution
through small-scale blasting experiments on rock cylinders.
Zhang et al. (2021) examined the impact of stemming conditions
on rock fragmentation results, suggesting that complete stemming
leads to superior fragmentation compared to partial stemming.
Singh et al. (2016), in the context of an Indian coal mine, studied
the influence of 91 sets of different blasting design parameters and
charge structures on rock fragmentation. Their findings indicated
that rock fragmentation size increases with an increasing burden,
decreases with a lower stemming-to-burden ratio, and shows an
inverse relationship with hole spacing ratio. A moderate increase in
specific explosive consumption can reduce rock fragmentation size.
Leng et al. (2020) concluded that reducing the burden and increasing
the spacing between blast holes enhance the tensile action of the
stress wave within the rock mass, leading to the propagation of
inherent cracks until they intersect with the free face, thus achieving
a more uniform distribution of rock fragmentation and improved
blasting performance.

The aforementioned studies indicate that, when designing
blasting schemes, achieving the desired fragmentation size
distribution can be attained by selecting appropriate blasting
parameters, thereby reducing fines content. For instance, the
adjustment of explosive quantity, spacing to burden ratio, and
stemming column length can influence the degree of rock
fragmentation and the size distribution of fragments.
Alternatively, optimizing the charge structure and initiation
sequence, as well as modifying the propagation path and energy
release of the shockwave, can be used to control the fragmentation
size distribution. It is essential to note that controlling fragmentation
size distribution is a complex issue influenced by multiple factors.
Factors such as the physical properties of rocks and geological
structures can all impact fragmentation size distribution (Tao
et al., 2020; Azizi and Moomivand, 2021; Njock et al., 2021;

Sanchidrián et al., 2022). Therefore, in practical applications, it is
essential to consider these factors comprehensively and determine
the optimal blasting parameters and construction measures through
experimental research to achieve effective control over the
fragmentation size distribution and fines content.

Although there is a relative abundance of research on the
fragmentation size distribution in blasting, it has predominantly
focused on numerical simulations and small-scale field experiments.
However, in large-scale mining operations, the control of blast-
induced fragmentation size distribution and fines content holds
significant importance for economic efficiency and environmental
preservation. Therefore, for mining aggregate production, it is
imperative to propose large-scale, applicable, and feasible control
measures from various perspectives, such as explosive performance
and construction measures, based on geological and lithological
conditions. This research, based on the Changjiu Shenshan
limestone aggregate mining project in China, conducted four sets
of blasting experiments in two different lithological zones. It
investigated the factors affecting the fragmentation size
distribution and fines content of artificial aggregate mining,
unveiled the mechanism of fines generation in limestone mines,
and proposed methods for adjusting explosive performance based
on rational control of the crushing zone to control fines content.

2 Blasting tests

2.1 Experimental site details

The Changjiu Shenshan Limestone Mine is located in Chizhou
City, Anhui Province, and is currently the largest limestone mine in
China. The mine utilizes open-pit blasting for excavation, with an
annual production capacity of up to 70 million tons. The mining
operation is designed to produce ore with a block size not exceeding
1,000 mm. The mining site represents an isolated ore body with
significant relative elevation differences, typically featuring slope
angles ranging from 15° to 34°. The predominant rock type in the
mining area is limestone, with minor interbedded shale. Structural
features are limited, although localized karst phenomena are well-
developed. The rock mass exhibits good integrity, with a Platts
coefficient of 8–12, a density of 2.68 g/cm3, and compressive
strength values ranging from 36.3 to 93.4 MPa, with an average
of 64.9 MPa. With the exception of the Permian Longtan Formation
shales, the stability of the rock mass is generally favorable. The
geological structure in the mining area is complex, characterized by
the presence of prominent folds and faults. Folding predominantly
forms anticlines, while the dominant faults include northwesterly-
oriented (F1, F2, F3) faults, followed by nearly east-westerly-
oriented (F4, F5) faults. These faults can influence the integrity
and stability of the slope. Localized deep-seated karst features are
observed in the mining area, primarily characterized by small caves,
though a few large caverns are present as well. In sections with
developed karst features, the load-bearing capacity of the rock layers
may decrease, potentially leading to the collapse or detachment of
overlying rock layers.

Based on the development of rock joints, the Changjiu Shenshan
limestone mine is divided into twomining areas: 1# and 2#. In the 1#
mining area, the dominant rock type comprises thin-bedded
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limestone, with some areas containing extremely thin-bedded
limestone layers, influenced significantly by geological structures.
On the other hand, the 2# mining area consists mainly of thin-
bedded limestone, with some areas featuring medium-thickness
limestone layers. It experiences less influence from geological
structures, and the rock type is relatively intact. The typical rock
mass structures in the field are illustrated in Figure 1.

Considering the geological conditions and rock characteristics of
the Changjiu Shenshan limestone mining area, a total of four sets of
blasting tests were conducted in the 1# and 2# mining areas.
Specifically, three sets of blasting tests were carried out in the 1#
mining area, while one set of blasting test was conducted in the 2#
mining area. The location of each test set is illustrated in Figure 2.

2.2 Blasting test parameters

The distribution of rock fragmentation and fines content in
blasting is significantly influenced by geological conditions and
blasting parameters. In order to investigate the effects of rock
properties and blasting parameters, including hole spacing,

burden, explosive quantity, and stemming length, on the post-
blasting fragmentation and fines content of ore, a series of
blasting experiments were conducted. For these experiments, we
utilized on-site mixed porous prilled ammonium nitrate explosive
with a density of 850 kg/m3 and a detonation velocity of 2,900 m/s.
In each test, we arranged a total of 12 blastholes in three rows on the
bench near the free face. The blasthole layout followed a pattern
resembling a “plum blossom,” with hole angles not less than 85°. As
depicted in Figure 3, every test consisted of two comparative test
areas, resulting in a total of four sets of tests encompassing eight
different blasting scenarios. The specific blasting parameters are
shown in Table 1. It is noteworthy that in the fourth set of tests, we
introduced a 1.0-m air deck segment below the 3.2-m stemming
column, whereas conventional stemming methods were employed
in the other tests.

3 Analysis of data

3.1 Block size distribution analysis

In bench blasting, the distribution of fragmentation plays a
crucial role in assessing the efficiency of explosive energy
utilization, optimizing blasting parameters, and controlling the
fines content. Typical fragmentation distributions after blasting are
presented in Figure 4. The evaluation of fragmentation
distributions in blasting experiments is performed using on-site
sieving techniques. Specifically, following each blasting test,
samples are collected from six locations: the upper, middle, and
lower parts in front of the blastholes and the upper, middle, and
lower parts between two adjacent blastholes on the same row.
During sampling, the surface layer of blast debris, typically 2–3 m
thick, is removed to access the interior rock samples. The collected
raw materials are subjected to initial sieving using a mobile
screening machine on a flat surface to obtain coarse stones
(>120 mm), medium stones (60–120 mm), and small stones
(<60 mm), as illustrated in Figure 5. Subsequently, a portion of
the medium and small stone samples is further refined through
laboratory sieving, enabling the determination of the overall
fragmentation distribution and fines content of the raw materials.

FIGURE 1
Typical rock mass structure at the test site (A) 1# mining area, (B) 2# mining area.

FIGURE 2
Blasting test location distribution map.
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Based on the on-site sieving experiments, fragmentation
distribution curves are obtained after each blasting test, as
shown in Figure 6. From the graph, it can be observed that in
the same area and for the same group of tests, curves with higher
specific explosive consumption are positioned higher, indicating
that with the same block size conditions, a higher specific
explosive consumption results in a lower distribution of large
rock fragments in the muckpile. Therefore, during the blasting
process, reducing the specific explosive consumption in the blast
design can increase the proportion of large rock fragments in the
muckpile. Furthermore, Figure 6 also illustrates that as the
burden-to-spacing ratio decreases and specific consumption
increases, the gradation curves of the tests become steeper.
This suggests that reducing the burden-to-spacing ratio
contributes to increased rock fragmentation during the
blasting process, making the size distribution of rock
fragments in the muckpile more uniform.

3.2 Fines content analysis

Based on previous research (Bohloli, 1997) and the sieving
results after each experiment, a threshold of 4.75 mm diameter
was used, considering rock fragments with a diameter less than
4.75 mm as finematerials. Figure 7 presents the rock powder content
for each blasting test. Given that geological conditions vary between
each blasting test, two tests were selected for comparison within the
same group. For example, in the case of blasting tests 5# and 6#, with
the burden-to-spacing ratio held constant, test 6# exhibited a slightly
higher rock powder content than test 5#, with an increase of
approximately 10%. This suggests that higher specific explosive
consumption leads to increased rock powder content. Comparing
tests 1# and 5#, with other parameters held constant, as borehole
depth increased, the post-blast powder content significantly
increased from 0.69% to 3.19%. This indicates that the post-blast
rock powder content is significantly affected by the amount of

FIGURE 3
Layout of blasting test holes.

TABLE 1 Blasting test parameters of Changjiu Shenshan limestone mine.

Test
group

Test
conditions

Hole
diameter
(mm)

Hole
density

coefficient

Spacing
(m)

Burden
(m)

Hole
depths
(m)

Top
stemming

(m)

Unit explosive
consumption

(kg/m3)

Single hole
explosive
quantity
(kg)

1 1# 160 1.5 7.5 5.0 14.5 3.5 0.36 176

2# 160 2.0 8.3 4.2 14.5 3.5 0.39 176

2 3# 200 2.0 10.6 5.3 16.5 4.5 0.36 300

4# 200 1.5 9.6 6.4 16.5 4.5 0.33 300

3 5# 160 1.5 7.5 5.0 16.5 3.5 0.37 209

6# 160 1.5 7.3 4.9 16.5 3.5 0.39 209

4 7# 160 2.0 8.3 4.2 16.5 3.2 0.38 197

8# 160 1.5 7.5 5.0 16.5 3.2 0.35 197
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explosives per borehole. In comparison to the second group and the
fourth group of blasting tests, although tests 3# and 7# had higher
specific explosive consumption compared to tests 4# and 8#, the
former exhibited more uniform gradation of muckpile materials
with fewer large chunks and fine particles, resulting in a notable

reduction in rock powder content. Comparing tests 5# and 8#, for
the same borehole spacing, air-decked blasting resulted in
significantly lower rock powder content, approximately 40% less
than the coupled-charging method. The field test results
demonstrate that in engineering applications, it is possible to

FIGURE 4
Typical blast fragmentation size distribution diagram from the blasting experiments (A) Blasting condition 1#, (B) Blasting condition 2#, (C) Blasting
condition 3#, (D) Blasting condition 4#, (E) Blasting condition 5#, (F) Blasting condition 6#, (G) Blasting condition 7#, (H) Blasting condition 8#.

Frontiers in Materials frontiersin.org05

Gao et al. 10.3389/fmats.2023.1330354

https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1330354


effectively control rock powder content by appropriately reducing
the specific consumption, employing a wider borehole spacing with
a shorter burden-to-spacing ratio, and utilizing air-decked charging
structures.

4 Limestone blasting fines content
control technology

4.1 Explosive matching principle

When explosives interact with rock mass, transmission and
reflection will occur at the interface due to different wave
impedances. The selection of an appropriate explosive type based
on rock properties significantly influences the effective control of the
crushing zone and the optimal utilization of explosive energy.
Assuming the wave impedances of the explosive and the rock are
ρeDe and ρrCp, respectively, the optimal matching condition
between explosives and rocks is defined as follows (Miao et al.,
2021):

ρeDe � ρrCP (1)
where, ρe represents the density of the explosive, De stands for the
detonation velocity of the explosive, while ρr denotes the density of
the rock, and Cp represents the longitudinal wave velocity in
the rock.

However, in practical blasting operations, explosives typically
have a density ranging from 0.8 to 1.3 g/cm3 and detonation
velocities between 2,000 and 5,000 m/s. Rocks generally have
densities ranging from 2.3 to 2.8 g/cm3, and longitudinal wave
velocities typically fall within the range of 2,500–5,500 m/s. It is
evident that achieving equal wave impedance between explosives
and rocks is quite challenging under normal circumstances, with the
wave impedance of explosives often being around 50% of that of
rocks.

Observations in the field and laboratory experiments have
demonstrated the presence of a crushing zone around blast holes
(Esen et al., 2003; Yilmaz and Unlu, 2013; Liu et al., 2022; Pan et al.,
2022). The formation of the crushing zone consumes a significant
amount of energy, hindering the further diffusion of explosive gases
into cracks and affecting the “gas wedge” effect. Additionally,

FIGURE 5
Blasting fragmentation sieving test (A) Preliminary screening of limestone, (B) Fine screening of limestone.

FIGURE 6
Blasting test fragmentation size distribution curve.

FIGURE 7
Rock fines content in each blasting test.
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particles with a high surface area within the crushing zone absorb a
substantial amount of thermal energy generated by the explosion,
reducing the effective utilization of explosive energy. According to
the principle of energy conservation, the energy Ec expended on the
crushing zone can be divided into fracture surface energy Ef,
deformation energy Ep of the crushing zone rock, kinetic energy
of the moving rock, and other forms of energy (Ouchterlony et al.,
2004; Sanchidrián et al., 2007). Due to the confining effect of the
surrounding rock at the blast hole, fine particles in the crushing zone
do not generate splashing and their kinetic energy ultimately
transforms into surface energy and deformation energy of the
rock. The proportion of other forms of energy is relatively small
and can be disregarded in calculations. Thus, the energy expended in
the crushing zone can be expressed in the following form:

Ec � Ef + Ep (2)

According to Leng et al. (2014), the quantities Ef and Ep can be
calculated according to Eqs 3, 4:

Ef � 6Vc

xs
k − xl

k

ln
xs
k

xl
k

− As( )Gf (3)

Ep � σ2s
2K

Vc � 3 1 − 2v( )
2E

σ2sπ r2c − r2b( ) (4)

where, As represents the area of the original structural surface, Gf is
the specific surface energy of the rock, denoting the critical energy
release rate, xs

k and xl
k denote the maximum and minimum particle

sizes within the crushing zone,Vc stands for the total volume of rock
broken by a single borehole, σs is the compressive strength value of
the rock mass, v is the Poisson’s ratio of the rock mass, K is the shear
modulus, E is the elastic modulus, rc and rb are the crushing zone
and blast hole radius respectively.

Then the energy consumed in the crushing zone can be
calculated using Eq. 5:

Ec � π r2c − r2b( ) 6Gf

xs
k − xl

k

ln
xs
k

xl
k

+ 3 1 − 2v( )σ2s
2E

( ) − AsGf (5)

In Eq. 5, it can be observed that reducing the size of the crushing
zone decreases the energy expended for breaking the rock near the
blast hole, thereby optimizing the distribution of explosive energy.
According to relevant engineering experience, the energy consumed
in the crushing zone should not exceed 5% of the total energy.
Otherwise, excessive energy consumption in the crushing zone will
inevitably reduce the energy available for fracturing rock outside the
crushing zone, thereby affecting the fragmentation efficiency.
Therefore, the rock-explosive energy matching method based on
the reasonable control of the crushing zone can both achieve
efficient fragmentation and control the fines content effectively.

4.2 Reasonable control range of crushing
zone

Based on the analysis in Section 4.1, it can be concluded that the
size of the crushing zone impacts the efficiency of energy utilization.
If the crushing zone is too large, it will consume a significant amount
of explosive energy, which is not conducive to fracturing the rock
mass outside the crushing zone. Additionally, the fracturing

characteristics of the rock within the crushing zone determine
whether it can serve as a primary source of fine particles.
Therefore, it is necessary to comprehensively consider
engineering requirements and actual geological conditions to
determine the reasonable distribution range of the crushing zone.
Taking into account that the rock is hard limestone in the Changjiu
Shenshan project, it is essential to minimize the production of rock
fines in the engineering blasting. Thus, the primary goal in this
project is to control the size of the crushing zone to ensure that the
fracturing area meets the requirements for rock crushing.
Specifically, the following conditions need to be met: a. It is
essential to ensure that the size of the crushing zone is
appropriate, which means rc/rb ≤min ζ1, ζ2{ }; b. Simultaneously,
the crack area should be sufficiently large and match the spacing
between blastholes, that is, rf ≥ 0.5S � mrb. Here, ζ1 represents the
upper limit of the crushing zone size, determined by the energy
consumption of the crushing zone. ζ2 is the upper limit of the
crushing zone range determined by the requirement for fine particle
content, and m is a proportionality factor.

The upper limit of the crushing zone range ζ1 is determined by
Eq. 5:

ζ1 � 1
rb

�����������������������
Ec + AsGf

π
6Gf

xs
k
−xlx ln

xs
k

xl
k

+ 3 1−2v( )σ2s
2E( ) + r2b

√√
(6)

In the Eq. 6, the value of rock-specific surface energy Gf is
determined by the rock’s elastic modulus and dynamic fracture
toughness. It is calculated using Eq. 7:

Gf � K2
ID/E (7)

where, KID is the dynamic fracture toughness of rock, Pa·m1/2; E is
the elastic modulus of rock mass, Pa. The dynamic fracture
toughness of the rock, KID, is typically calculated based on its
static fracture toughness, KIC, and an amplification factor λ. In
this work, the amplification factor λ is taken as 1.5. The relationship
between static fracture toughness, KIC, and the rock’s compressive
strength, σc, is closely associated with mode I fractures and can be
expressed as follows (Li et al., 2009):

KIC� 0.0265σc+0.0014 R2� 0.9393( ) (8)
Table 2 lists the unit surface energy Gf of rocks under different

conditions, and further the upper limit of the crushing zone range ζ1
can be obtained.

The upper limit of the crushing zone range determined by the
fine particle size material content requirements ζ2 (Leng et al., 2014):

ξ2 �
������������
4KSK2

BηCηB
π

+1
√

(9)

where, KS represents the ratio of blasthole spacing to the burden,
typically ranging from 1.2 to 1.5. For this specific engineering
project, a value of 1.5 has been adopted based on the actual
drilling and blasting parameters. KB denotes the ratio of the
burden to blasthole diameter, usually falling within the range of
25–35. ηC represents the contribution rate of fine particles generated
in the crushing zone to the total amount of fine particles, which
depends on the rock type and blastability and is generally around
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10%. ηB signifies the percentage of fine particles with a particle size
smaller than xs

k in the total mass of blasted rock blocks, according to
the engineering requirements. For the Changjiu Shenshan limestone
mine project, there are specific requirements for the degree of
fragmentation in the blasted materials, with the optimal control
range not exceeding 3%. In this study, the values of ηB range from 0%
to 3% for comparative analysis. The upper limit of the crushing zone
range ζ2 is shown in Table 3.

By comparing Table 2 and Table 3, it can be observed that the
energy-based crushing zone limit ζ1 is typically significantly larger
than the crushing zone limit ζ2 determined based on the
requirement for fine particle content. However, the Changjiu
Shenshan mine project places a high demand on post-blast
fragmentation rates. An excessively large crushing zone is often
associated with increased rock dust content. Therefore, in
establishing the criteria for the crushing zone, a comprehensive
consideration of engineering goals to reduce the degree of
pulverization is necessary. Thus, we have chosen ζ2 from Table 3
as the control standard for the crushing zone.

4.3 Explosive performance adjustment
based on reasonable control of crushing
zone

From the analysis in Section 4.2, it can be seen that based on the
existing on-site drilling and blasting parameters, combined with the
requirements for pulverization rate control in the project, a
reasonable distribution range of the crushing zone can be
determined. In addition to altering drilling and blasting

parameters to control the blasting effect on-site, adjusting
explosive performance using the explosive self-loading vehicle
can also achieve control crushing rates. The key parameters that
signify explosive performance are explosive density and detonation
velocity. These two factors directly determine the peak value of the
blasting load. Previous studies (Esen et al., 2003; Far and Wang,
2016) have shown that the intensity of the blast load directly affects
the size of the crushing zone. Consequently, the adjustment of
explosive performance parameters provides a means to control
the range of the crushing zone.

In engineering practice, the performance of explosives is
enhanced mainly by adjusting the proportion of explosive
components, increasing the density of explosives, and increasing
the detonation velocity of explosives. Extensive experiments have
shown that within a certain range, detonation velocity is linearly
related to explosive density. Here,D represents the actual detonation
velocity at an in-situ explosive loading density of ρ, and D0

represents the design detonation velocity at the explosive density
ρ0 produced by the bulk loading explosive vehicle. The relationship
between D and D0 can be expressed as follows (Leng et al., 2014):

D � D0 +M ρ − ρ0( ) (10)
where, M is a coefficient related to explosive performance,
representing the increase in detonation velocity for every 1.0 g/
cm3 increase in loading density. M can be determined through
experimental measurements, and its typical value ranges from
3,000 to 4,300 (m·s⁻1)/(g·cm⁻3). For this study, we use a value of
3,000 (m·s⁻1)/(g·cm⁻3).

Based on the recommended values for the controlled range of
the crushing zone under different geological conditions in the
project, controlling the crushing zone within the suggested range
can theoretically achieve control over the fines content by adjusting
the explosive performance. To achieve this objective, the calculation
of the destructive range of the crushing zone under different
explosive performances was conducted using Eqs 6–10.
Subsequently, recommended values for the drilling and blasting
parameters and explosive matching parameters suitable for this
project’s geological conditions were proposed, and these values
are listed in Table 4.

The calculations from Table 4 demonstrate that the explosive
parameters for rock matching vary based on different geological
conditions and fines content control requirements. For the ore
zone with rock fragmentation, the corresponding explosive
detonation velocity is 2,890 m/s when controlling for a 1%
fines content. When controlling for a 2% fines content, the
corresponding explosive detonation velocity is 2,970 m/s, and
for controlling a 3% fines content, the corresponding explosive

TABLE 2 Calculated values of rock unit surface energy and related parameters.

Rock conditions Compressive
strength (MPa)

Static fracture
toughness (MN/m3/2)

Dynamic fracture
toughness (MN/m3/2)

Rock unit surface
energy (J/m2)

Crushing zone
upper limit ζ1

Complete limestone 87.7 2.35 3.48 333.35 5.84

Relatively complete
limestone

56.4 1.49 2.24 223.80 6.05

Broken limestone 36.3 0.96 1.44 167.04 6.20

TABLE 3 Calculated values of rock unit surface energy and related parameters.

Rock conditions ηC (%) ηB (%) ζ2 m

Complete limestone 10.0 1.0 1.48 30

2.0 2.55 30

3.0 2.89 35

Relatively complete limestone 12.0 1.0 2.17 35

2.0 2.76 35

3.0 3.03 40

Broken limestone 15.0 1.0 3.04 40

2.0 3.38 45

3.0 4.02 45
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detonation velocity is 3,120 m/s. Therefore, if the properties of
the rock remain consistent, we can optimize the spacing between
blast holes and utilize higher-performance explosives with larger
spacing parameters, all while maintaining control over fines
generation rates. This approach can enhance mining efficiency.

5 Conclusion

This study conducted a large-scale blasting experiment at the
Changjiu Shenshan limestone mine in China to deeply explore
the impact of geological conditions and blasting parameters on
the control of fragment size distribution and fine particle content
in aggregate mining, and the following main conclusions were
drawn:

(1) The blasting experiments conducted in the limestone mine
demonstrate that reducing the specific consumption of
explosives can effectively decrease the production of fines.
Simultaneously, adopting a blasting method with wider hole
spacing and smaller burden contributes to a more uniform
distribution of fragment sizes, playing a noticeable role in
controlling the generation of fines.

(2) Effective reduction of fines content in aggregate extraction can
be achieved by appropriately controlling the size of the crushing
zone and adjusting explosive performance. Following the
principles of rational crushing zone control, performance
parameters for explosives matching the geological conditions
and various fines requirements are calculated. The use of
explosives with suitable characteristics allows for control over
the fines content in the rock.

(3) The explosive performance adjustment method based on
reasonable control of the crushing zone can provide practical
operation guidance for large-scale mining of aggregates. By
controlling the size distribution of fragments and the content
of fine particles, economic benefits can be improved, resource

waste reduced, and environmental protection
requirements met.
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TABLE 4 Explosive matching theoretical parameters for reasonable control in the crushing zone.

Rock conditions Rock fines content control
requirements (%)

Fracture control recommendations Matching theoretical parameters of
explosives

Crushing zone
rc/rb≤ζ2

Fracture zone
rf ≥ mrb

Detonation
velocity (m/s)

Charge density
(g/cm3)

Complete limestone 1.0 rc/rb ≤ 1.48 rf ≥ 30rb 2,970 0.92

2.0 rc/rb ≤ 2.55 rf ≥ 30rb 3,110 1.06

3.0 rc/rb ≤ 2.89 rf ≥ 35rb 3,290 1.24

Relatively complete
limestone

1.0 rc/rb ≤ 2.17 rf ≥ 35rb 2,940 0.89

2.0 rc/rb ≤ 2.76 rf ≥ 35rb 3,080 1.03

3.0 rc/rb ≤ 3.03 rf ≥ 40rb 3,250 1.2

Broken limestone 1.0 rc/rb ≤ 3.04 rf ≥ 40rb 2,890 0.84

2.0 rc/rb ≤ 3.38 rf ≥ 45rb 2,970 0.92

3.0 rc/rb ≤ 4.02 rf ≥ 45rb 3,120 1.07
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