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Abstract: The shape characteristics of blasting fragments are important for analyzing the blasting
fragmentation mechanism and evaluating the fragmentation energy efficiency. In this study, through
field blasting experiments and morphological parameter measurements, fractal theory was employed
to reveal the fractal characteristics of rock blasting fragmentation. Using the fragmentation fractal
dimension, the probability of rock blasting fragmentation was analyzed, and a predictive formula
for the specific surface area (SSA) of blasting fragments was established. For fragments, the fractal
dimensions of the particle size distribution calculated using different characteristic sizes were less
than 2.0. When the fragment size distribution had dual fractal characteristics, significant differences
were observed in the scale-free interval and fragmentation fractal dimension. Within the large
scale-free interval, the fragmentation fractal dimension was mostly greater than 2.3, whereas within
the small scale-free interval, it tended to be less than 2.0. The rock fragmentation process typically
consisted of two or three breakage levels, with a similarity ratio of 0.5 and an average fragmentation
probability ranging from 0.44 to 0.71. The predicted SSA of the blasting fragments closely matched
the measured values. The findings provide valuable insights into the mechanism of rock blasting
fragmentation and the calculation of fragmentation energy consumption.

Keywords: drilling and blasting; bench blasting; blasting fragments; fractal dimension; fragmentation
size distribution

1. Introduction

Drilling and blasting are the initial processes of the mine-to-milling sequence, and
the properties of blasting fragments significantly affect the overall production costs of
mine-to-milling processes [1-3]. Studies have indicated that the particle size distribution,
shape, and specific surface area (SSA) are fundamental attributes of blasting fragments,
which affect the energy utilization efficiency of downstream crushing equipment [4-6].
Therefore, investigating the fundamental attributes of blasting fragments has theoretical
significance for clarifying the mechanism of rock blasting fragmentation and optimizing
the energy efficiency throughout the mine-to-milling process.

Blasting fragments are typical irregular particles with fragments ranging in size from
the order of microns to meters. Therefore, evaluating their basic attributes is difficult [3,7].
Currently, particle size measurement techniques are well-established, leading to various
research outcomes regarding particle size distribution measurement and fragment size
distribution characteristics. The sieve test is the simplest method of measuring particle
size distributions [8] but involves substantial work and high testing costs [9]. Thus, vari-
ous approaches, such as distribution function methods, artificial intelligence algorithms,
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and digital image processing techniques, are utilized to obtain fragment size distribu-
tion curves rapidly. The models most often used in distribution function methods are
the Kuz-Ram model, Kuznetsov—Cunningham-Ouchterlony model, xP-frag model, and
fragmentation-energy fan model [7]. However, owing to the variable nature of rock mass,
the parameter selection for distribution models varies among researchers, leading to signifi-
cant discrepancies in the calculation results among different models. With the development
of new technologies such as machine learning and big data, scholars have used various
intelligent algorithms, e.g., particle swarm optimization and bacterial foraging optimiza-
tion, to establish multiple fragment size distribution prediction models by training and
optimizing data from blasting experiments [10,11]. However, this approach requires a
large amount of data and strong programming skills. Since the 1980s, image processing
techniques have been used for blasting fragmentation distribution measurement. With
advancements in stereophotography, machine vision, and three-dimensional (3D) laser
scanning technologies, image processing has become the preferred tool for measuring
fragment size distribution in most engineering blasting scenarios. Software programs such
as WipFrag, Split, and Gold Size are examples of image processing tools that are widely
used for analyzing fragment size distributions [12]. Onederra et al. [13], Chen et al. [14],
and Campbell et al. [15] employed 3D laser scanning and image processing techniques to
obtain the in situ block size distribution of rock mass.

Early methods of studying particle shape characteristics involved indirect tests that
quantified particle shape through physical and mechanical parameters such as porosity [16].
However, indirect experimental results represent overall particle shape characteristics and
cannot describe the shape features of individual particles [17,18]. Presently, visualization,
manual caliper measurement, and digital image processing are commonly used to assess
particle shape characteristics [19]. Visualization and caliper measurement are simple and
inexpensive methods of evaluating the form and angularity of a large quantity of particles
or particles with large diameters [20]; however, the results are subjective. Therefore, digital
image processing methods are more widely used. For instance, Blott et al. [21] and Tunwal
et al. [22] employed digital image processing techniques to study the surface texture of
sediment particles, such as roundness and angularity. Zhu et al. [23] utilized charge-
coupled device cameras and 3D laser scanners to study the angularity of coarse aggregates.
As mentioned previously, the existing methods can only characterize the shape features
of particles within a certain particle size range [24], whereas the particle size and shape
of blasting fragments vary widely [3,7], posing challenges to the characterization of their
shape properties [25,26].

Fractals allow the quantification of seemingly chaotic and randomly distributed phe-
nomena and behaviors [27]. Research indicates that the defects, shapes, strength, deforma-
tion, and energy consumption of rock and soil materials all exhibit statistical self-similarity
at certain scales, i.e., fractal characteristics [28]. Fractals have become important tools in
rock mechanics research. The fractal dimension is the primary parameter for describing
fractals [28] and has been widely used in various applications, such as mineral particle mor-
phology analysis [29,30], rock damage assessment [31], and fragmentation evaluation [32].
During the process of rock fragmentation, the fractal dimension can continuously change at
different resolutions (different lengths of the measuring stick), allowing the target object to
exhibit dual or multifractal characteristics [27]. Extensive studies on fragmentation phenom-
ena have indicated that the fractal dimension of rock fragmentation typically falls between
2.0 and 3.0 [28]. In previous research, the fractal dimension was often fitted according to
the fragment size distribution to assess the fragmentation quantitatively [33,34].

In summary, as blasting fragments are typical irregular particles, most previous studies
focused on characterizing the shape features of rock particles within a small particle
size range. Limited research exists on the shape and fractal characteristics of blasting
fragments across the entire particle size range. Furthermore, SSA is a useful indicator for
calculating rock fragmentation energy, as it comprehensively reflects particle size and shape
characteristics [3]. Neglecting the shape properties of blasting fragments would inevitably
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reduce the accuracy of SSA calculations along with the accuracy of evaluating the explosive
energy utilization efficiency [35-37]. Thus, fractal theory must be used to study the shape
characteristics of blasting fragments across the entire particle size range.

In this study, seventeen field blasting tests at four quarries and indoor measurements
of shape parameters of randomly collected blasting fragments were performed. Image
processing techniques were employed to obtain blasting fragmentation distribution for
each test. Using fractal theory, the fractal dimensions of the particle size distribution and
fragmentation were calculated, revealing the multifractal characteristics of rock blasting
fragmentation and clarifying the probability of rock blasting fragmentation. Moreover, a
predictive formula for the SSAs of blasting fragments was established using the fragmenta-
tion fractal dimension.

2. Material and Methods
2.1. Field Blasting Experiments

To investigate the fractal characteristics of blasting fragments, a total of seventeen
deep-hole bench blasting experiments were conducted at four quarries. The test locations
in each quarry are depicted in Figure 1, and the blasting parameters for each experiment
are presented in Table 1. The primary physical and mechanical parameters of the rock mass
within the experiment areas are presented in Table 2.

(©) (d)

Figure 1. Locations of the bench blasting experiments: (a) quarry Qy; (b) quarry Qy; (c) quarry Qs;
(d) quarry Qq.

Among the twelve blasting experiments conducted in quarry Qs, experiments #12—#16
involved conventional bench blasting experiments, experiments #5—#10 involved blasting
with shock-reflection devices, and experiment #11 involved water-decked blasting. The
typical charging construction for blasting with shock-reflection devices and water-decked
blasting experiments is illustrated in Figure 2. Experiment #17 employed a mixture of porous
granular ammonium nitrate explosive and featured a continuous charging construction.
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Table 1. Blasting experiment parameters for each quarry.

Quar Bench Hole Explosive Hole Subdrill Specific Hole Row Stemming
Cuo dzy Code Height Diameter  Diameter Depth u(m) Charge Spacing Spacing Length
(m) (mm) (mm) (m) (kg/m3) (m) (m) (m)
#1 15 115 70 14.8-17.0 1.0 0.38 6.0 4.0 45
Q1 #2 15 115 70 16.2-18.0 1.0 0.35 5.0 4.0 4.5
#3 15 115 70 15.5-18.4 1.0 0.35 6.0 4.0 5.0
Qs #4 12 115 90/70 13.0-15.0 1.0 0.32 45 45 45-5.0
#5 12 115 90 10.6-13.4 0.8-1.0 0.35 4.0 3.5 3.5-4.0
#6 12 115 90 10.6-13.4 0.8-1.0 0.35 4.0 3.5 3.5-4.0
#7 12 115 90 10.6-13.4 0.8-1.0 0.35 4.0 4.0 3.5-4.0
#8 8 115 60 8.0-9.4 0.4-0.6 0.36 23 2.0 2.0-2.5
#9 8 115 60 5.9-8.0 0.4-0.6 0.36 2.0 2.0 1.0-2.5
Q #10 8 115 60 8.0-9.4 0.4-0.6 0.36 2.0 1.8 2.0-2.5
3 #11 12 115 90 11.0-13.4 0.8-1.0 0.35 4.0 3.5 3.5-4.0
#12 12 115 90 10.6-13.4 0.8-1.0 0.35 4.0 4.0 3.5-4.0
#13 12 115 90 10.6-13.4 0.8-1.0 0.35 4.0 4.0 3.5-4.0
#14 8 115 60 8.0-9.4 0.4-0.6 0.36 2.3 2.0 2.0-2.5
#15 8 115 60 8.0-9.4 0.4-0.6 0.36 2.0 2.0 1.0-2.5
#16 8 115 60 8.0-9.4 0.4-0.6 0.36 2.0 1.8 2.0-2.5
Q4 #17 15 160 160 16.5 1.5 0.36 7.5 5.0 3.5
Table 2. Key physical and mechanical properties of the rock mass in the experimental area.
Experiment Natural Density Young's Modulus  Poisson’s Unconfined U.max1a1
Area Rock Type (g/cm®) (GPa) Ratio Compressive
Strength (MPa)
Quarry Qq Mildly weathered limestone 2.69-2.71 45-55 0.23 113-140
Quarry Q; Mildly weathered tuff 2.60 80 0.21 140-190
Mild to moderately
Quarry Q3 weathered granite 2.61 50 0.22 45-75
Quarry Qg Mildly weathered limestone 2.68-2.70 16 0.22 31.4-94.6
Sand buffer Detonator Emulsion explosive
Shock-reflection device Stemming
@)

Emulsion explosive

N e 2=, =

Detonator Water bag Stemming
(b)

Figure 2. Typical charging construction for the field blasting experiments: (a) blasting with shock-

reflection devices; (b) water-decked blasting.

2.2. Blasting Fragmentation Distribution Curve Detection Experiments

During open-pit mining, the muck pile volume typically reaches thousands of cubic
meters, with the maximum particle size exceeding 1000 mm [7]. In this context, conduct-
ing sieve tests for measuring blasting fragmentation distribution curves is expensive and
requires substantial sampling effort and long test durations; additionally, it may inter-
fere with other production processes [9,38]. Therefore, in this study, image processing
techniques were employed to measure the blasting fragmentation distribution curves for
each experiment.

To ensure accuracy, eighteen to twenty-five images of the blasting fragments were
collected from cross-sections formed on the surface of the muck pile or during the shoveling
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and loading processes [39]. The static image capture method was utilized during the
experiments, and ten to twenty representative images were selected for processing. It was
ensured that each image contained at least four hundred blasting fragments. Representative
images with their image processing outcomes are shown in Figure 3, and the blasting
fragmentation distribution curves for each experiment are presented in Figure 4.

Figure 3. Typical blasting fragments and their segmented outlines in quarry Q.
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Figure 4. Blasting fragmentation distribution curves for each experiment: (a) experiments #1-—#3;
(b) experiments #5-#7 and #11-#13; (c) experiments #8—#10 and #14—#16; (d) experiments #4 and #17.

2.3. Shape Characteristics and SSA Measurement Experiments

After the blasting experiments, a certain number of blasting fragments were randomly
collected from muck piles for indoor shape parameter measurement experiments. The
top, middle, and bottom of the muck piles each had five uniformly distributed sampling
points. Approximately equal quantities of fifteen fragment samples were extracted from
each subsampling point, forming a bulk sample group. The distribution of sampling points
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in the upper, middle, and lower layers of the muck pile, as well as the subsampling points
within the sampling points, are illustrated in Figure 5.

Figure 5. Arrangement of blasting fragment sampling points and subsampling points in quarry Qs.

In this study, 322, 209, 1878, and 285 blasting fragments were randomly collected from
quarries Q1, Q, Q3, and Qy, respectively. Subsequently, image processing techniques were
employed to calculate the particle size and shape parameters of each blasting fragment.
The SSA was computed using an equivalent ellipsoid model, and the calculation process
and results can be found in previous works [3,40]. The calculation formula was as follows:

S 4rr® 3
SSA:_:%:ﬂ' 1)

PV pzmrd pn
where a7 is the equivalent ellipsoid correction coefficient, and | represents the equivalent
radius of the ellipsoid (cm), which is given as

1

r = (azc) ’ 2

Here, a and c represent the long and short axes, respectively, of the equivalent ellipsoid.
Assuming that the proportions of blasted fragments with a > c and a < c were equal, 11 was
calculated with a weight of 0.5.

For a > ¢, a1 was calculated as follows:

27ta + 27';11c22 . ln<a+\/u2—c2) .
N1 = \/H —¢ c N _1 (3)
1 47r3¢’12c 3"

For a < ¢, a1 was calculated as follows:

2 1. V2 —a? 2
_27mc \/ Z=g - aresin~——= +2ma "

4ma?c
3

X

4)

3. Theory and Calculation Results
3.1. Theory for Fractal Dimensions of Particle Size Distribution

The fractal features of rock particles are predominantly quantified using two methods:
particle size—frequency and mass—frequency [28].
Considering particle size-frequency,

N = NO(di/dmax)_D' ®)

where N represents the number of rock particles with characteristic sizes greater than or
equal to d;, N represents the number of rock particles with the largest characteristic size
dmax, and D represents the fractal dimension of the particle size distribution.

When calculating the fractal dimensions of the particle size distribution using
Equation (5), a uniform particle shape and density must be assumed. These assump-
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tions often lead to significant errors. Tyler et al. postulated a constant density for particles
of varying sizes and, by employing strict self-similarity, derived a 3D model for the fractal
distribution of rock particles based on the size-cumulative mass relationship [41].

Under a constant density, the mass of rock particles with diameters exceeding a
characteristic diameter d; is expressed as

.\ 3 Dr
M(d > d;) = pCy l1 - (i) ] (6)

where Dr represents the fractal dimension of rock fragmentation; Cy and Ay are constants
related to the rock particle size and shape, respectively; and p represents the density of
rock particles.
When d; is set to zero, the total mass of rock particles in the muck pile, as calculated
using Equation (6), is
MT = pCV. (7)

Rock particles with diameters exceeding the maximum diameter d,;, in the muck pile
have zero mass. Substituting this into Equation (6) yields

Av = dmax. (8)

According to Equations (5)—(8), it follows that

Md<d)_, Md>d) _ ( d; >3—DF )
MT MT dmax '
Taking the logarithm of both sides of Equation (9) yields
M(d < dl):| < d; )
log| ———=| =B —-Dr)lo . 10
5| | = (6 Doy tog (5 10)

3.2. Calculation of Fractal Dimensions of Particle Size Distribution

According to the image processing results for the shape parameters presented in
Section 2.3, the power-law fractal distribution curves of the minimum enclosing cubic
dimensions (L, I, S) of the blasting fragments were obtained for each experiment, as shown
in Figure 6.

For small particles, size measurement through image processing is relatively inaccu-
rate, and the number of large particles in the muck piles is limited. Consequently, data
deviations are observed at both ends in Figure 6, which can adversely affect the fitting
of the power-law fractal distribution curve. Therefore, data with particle sizes greater
than 5 mm but less than 900 mm were employed for fitting in this study. The results are
presented in Table 3.

As shown in Figure 6 and Table 3, the coefficient of determination (R?) for fitting
the power-law fractal distribution of blasting fragments via the particle size—frequency
method for all four quarries was greater than 0.94, indicating a good fitting effect. The
fractal dimensions of the particle size distribution obtained through three characteristic
dimensions for each of the four quarries were all less than 2. Additionally, significant
differences existed in the fractal dimensions of the particle size distribution obtained
using different characteristic dimensions, indicating that the characteristic dimensions
significantly affected the fractal dimensions of the particle size distribution. This result
is consistent with the findings of Li et al. [42] concerning the fractal characteristics of
granite rock fragments resulting from blasting experiments. Furthermore, quarry Qq
exhibited a significantly larger fractal dimension of the size distribution for limestone
blasting fragments. We attribute this to the use of mixed-porous granular ammonium
nitrate explosives in test #17. In this case, the coupled explosive charging construction
enhanced the fragmentation under the influence of blast loads.
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Figure 6. Power-law fractal distributions of blasting fragments obtained via the particle size—
frequency method: (a) quarry Qg; (b) quarry Qy; (c) quarry Qz; (d) quarry Q.
Table 3. Fitting results for the power-law fractal distribution of blasting fragments based on the
particle size—frequency method.
Quarry L I S
Location D No R? D No R? D Ny R?
Q1 1.03 9176.3 0.99 1.00 4074.2 0.99 0.74 1340.5 0.98
Q 1.12 6296.7 0.91 1.03 3252.4 0.91 0.83 1142.3 0.94
Qs 1.09 41,866 0.98 1.05 25,638 0.98 1.99 13,112 0.99
Q4 1.23 35,819 0.97 1.44 16,557 0.97 1.39 7470.3 0.97

3.3. Calculation of Fractal Dimensions of Blasting Fragmentation

The size-cumulative mass fractal distribution curves for each experiment were ob-
tained using Equation (10), as shown in Figure 7. The fractal dimensions of fragmentation
and the statistical scale-free intervals are presented in Tables 4 and 5, respectively.

As shown in Tables 4 and 5, R? for the particle size-cumulative mass was greater
than 0.88 for all the blasting experiments conducted at the four quarries. In general, a
coefficient of determination (R?) above 0.8 indicates a good fitting effect. In most cases,
the coefficient of determination (R?) of the particle size fractal curve was always greater
than 0.839 [43]. This indicates that the blasting fragmentation distribution had distinct
fractal characteristics. Comparative fitting was performed, and the blasting fragmentation
distribution fractal curves of experiments #1—#7, #11-#13, and #17 could be linearly fitted
with two line segments in the bilogarithmic plane, i.e., the blasting fragments obtained
from experiments #1-#7, #11-#13, and #17 exhibited two scale-free intervals. Thus, the
blasting fragments obtained from these experiments exhibited self-similarity within two
scale-free intervals, indicating dual fractal characteristics.
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Figure 7. Relationship between the particle size and cumulative mass of blasting fragments in dif-
ferent quarries: (a) quarry Q; (experiments #1-#3); (b) quarry Q3 (experiments #5—#7 and #11#13);
(c) quarry Q3 (experiments #8—#10 and #14-#16); (d) quarries Q, (experiment #4) and Qg (experi-
ment #17).
On the basis of Figure 7 and Tables 4 and 5, the fractal dimensions of blasting
fragmentation (Dr) for each experiment are presented in Figure 8. As indicated by
Tables 4 and 5 and Figure 8, influenced by factors such as physical and mechanical proper-
ties of the rock mass, joint distribution, excavation method, and blasting parameters, the
scale-free intervals and D values differed significantly among the experiments, revealing
multiple fractal characteristics. As shown in Figure 8a, the Dr differences were substantial
between the two scale-free intervals, with Dr values mostly exceeding 2.3 in the large
scale-free interval and remaining below 2.3—mostly below 2.0—in the small scale-free
interval. This variation pattern is consistent with the multifractal characteristics variation
observed by Sammis et al. [44] in the fault-gouge fragmentation process.
Table 4. Fractal dimensions of blasting fragments with dual fractal characteristics.
Quarry Location Lithology Experiment Code  Scale-Free Interval (mm) Slope R? Dr
#] 6-131 1.72 0.97 1.28
131-1100 0.54 0.97 2.46
. 6.8-123 1.60 0.99 1.40
@ Limestone #2 123-1400 056 094 2.44
4 6.8-186 1.38 0.99 1.62
186-1400 0.45 0.94 2.55
3.2-70.1 0.71 0.94 2.19
Q2 Tuff #4 70.1-2030 071 091 230
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Table 4. Cont.

Quarry Location Lithology Experiment Code  Scale-Free Interval (mm) Slope R? Dr
45 3.2-215 1.31 0.98 1.69
215-2400 0.37 0.94 2.63
46 3.3-389 0.80 0.98 2.20
389-2480 0.24 0.92 2.76
47 3.2-310 1.12 0.98 1.88
Q Granit 310-1500 0.40 0.97 2.60
3 rafute 411 3.2-68 249 0.99 0.51
68-1600 0.53 0.98 2.47
410 3.2-68 1.12 0.97 1.88
68-1600 0.63 0.96 2.37
413 3.2-100 225 0.98 0.75
100-1840 0.47 0.98 2.53
. 3.35-55.2 0.94 0.97 2.06
Qs Limestone "7 55.2-1988 0.68 0.8 232
Table 5. Fractal dimensions of blasting fragments with single fractal characteristics.
Quarry Location Lithology Experiment Code  Scale-Free Interval (mm) Slope R? Dr
#8 3.2-1900 0.95 0.97 2.05
#9 6.8-2030 0.96 0.96 2.04
Q Granit #10 3.1-2080 1.00 0.95 2.00
3 rafute #14 3.2-1500 0.97 0.97 2.03
#15 3.5-2000 0.95 0.96 2.05
#16 6.8-1970 0.96 0.96 2.04
scale-free interval 1 30
30 - scale-free interval 2
25 ¢
25 |
20 L 20
& 15 f SR
1.0 10 r
05 | 05
0.0 0.0
#1 #2 #3  #5  #6 #7 #11 #12 #13 #4417 #8 #9 #10 #14 #15 #16
Experiment code Experiment code
(a) (b)

Figure 8. Fractal dimensions of blasting fragmentation in each experiment: (a) fractal dimensions of
blasting experiments with dual fractal characteristics; (b) fractal dimensions of blasting experiments
with single fractal characteristics.

The lithology of both quarries Q; and Qy is limestone. However, quarry Qg had
a lower rock compressive strength, and experiment #17 employed a coupled explosive
charging structure using mixed-porous granular ammonium nitrate. Under the action of
blast loads, quarry Q4 consumed more explosive energy near the boreholes, resulting in more
pronounced fragmentation, which caused the small scale-free interval in experiment #17 to
be narrower than those in experiments #1-#3. However, within the small scale-free interval,
the Dr value in experiment #17 exceeded those in experiments #1#3, indicating a higher
level of fragmentation. Moreover, as shown in Figure 8a, despite significant differences in
the large scale-free intervals between the two quarries, the variation in Dr remained minor.

The lithology of quarry Qs is granite. When the bench height was 12 m (experiments
#5—4#7 and #11-#13), the rock fragmentation exhibited multifractal characteristics. However,
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when the bench height was 8 m (experiments #8—#10 and #14—#16), multifractal character-
istics were not observed during the fragmentation process. When the bench height was
12 m, experiments #5—#7 and #11 employed blasting techniques involving shock-reflection
devices and water-decked devices, respectively. These two excavation methods increased
the transmission and reflection of stress waves within the rock, enhancing the fragmenta-
tion in the small scale-free interval and resulting in higher fragmentation levels and larger
Dr values within the small scale-free interval than within the large interval. In addition,
Figure 8b shows that when the bench height was 8 m, the blasting with shock-reflection
devices (experiments #8—#10) and the conventional bench blasting technique (experiments
#14-#16) yielded similar Df values. However, the granite in this area had significant weath-
ering; thus, further research into the effects of excavation methods on rock fragmentation
characteristics is needed.

3.4. Calculation of Probability of Blasting Fragmentation

The fragmentation fractal dimension is a crucial parameter for studying the degree
of rock fragmentation and fracture patterns. Because rock fragmentation exhibits self-
similarity, Xie et al. [28] proposed the following formula for calculating the probability of

rock fragmentation:
_ log(nP,)

log(%) '

where P, represents the probability of further rock fragmentation, r represents the fragmen-
tation similarity ratio, and n represents the number of secondary fragmentation units.

At quarry Qs, high-speed photography using the Phantom Veo7101 camera was em-
ployed to monitor the granite-rock-blasting fragmentation process multiple times. The
setup of the high-speed camera is illustrated in Figure 9. Through a comparative analysis
of high-speed images of the bench surface before and after blasting, the macroscopic crack
distribution on the bench surface was determined, as shown in Figure 10.

As shown in Figure 10, under the action of explosive energy, the rock of the bench
surface underwent multistage fragmentation, with each stage resulting in smaller fragments
of similar shape. According to fractal models such as the Sierpinski carpet, it can be learned
from the macrocrack distribution in Figure 10 that the blasting fragmentation process of
granite rock underwent two or three stages of fragmentation, with each stage involving
a division into smaller fragments with similar shapes and a division factor of 2. This
finding implies a fragmentation similarity ratio of 0.5, and the number of secondary
fragmentation units was 8. Accordingly, the average blasting fragmentation probability for
each experiment was calculated using Equation (11), and the results are shown in Figure 11.

Dr (11)

/o ~
-8, =~
- Y64y, © ~
- o/ /es >SS -

High-
speed
camera  Lower bench

Figure 9. Schematic of high-speed photography monitoring of the rock fragmentation process in
deep-hole bench blasting.
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(b)
Figure 10. High-speed photography images of the crack distribution of the bench surface during the

blasting fragmentation of granite in quarry Qs: (a) experiment #5; (b) experiment #11.
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Figure 11. Average blasting fragmentation probability in each blasting experiment.

As shown in Figure 11, the average blasting fragmentation probabilities for the four
quarries ranged from 0.44 to 0.71. Quarry Qs, which consisted of granite, was excavated
using three different methods (experiments #5—#16), resulting in a wide fluctuation range
of fragmentation probabilities. When the bench height was the same, employing shock-
reflection devices (experiments #5—#10) increased the blasting fragmentation probability.
Therefore, adding a shock-reflection device at the bottom of the boreholes enhances the
stress wave transmission and reflection, improving the blasting fragmentation effects.

4. SSA and Fractal Dimensions

Studies indicated that the fracture surfaces of rock particles also exhibit fractal struc-
tures [28]. For rock particles, the surface area Sr is related to the particle size d and the
surface fractal dimension Dy as follows:

Sp o< dPs. (12)

By applying the Griffith energy balance criterion, Nagahama [45] analyzed the vari-
ations in the potential energy release rate and fracture-specific energy during the rock-
particle fragmentation process, proposing a relationship between the SSA of rock particles
and their surface fractal dimension:

SSA o dPs73, (13)
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Drawing on the research of Nagahama [45], Suzuki-Kamata et al. [46] used the Walker-
Lewis energy equation to derive the relationship between the surface fractal dimension Dg
and the fractal dimension of the particle size distribution D:

D, = ?. (14)

Substituting Equation (14) into Equation (13) yields
SSA o d 2. (15)

Carpinteri et al. [47] presented the relationship between the SSA of the fragmented
material and the fragmentation fractal dimension Dp:

SSA o dPF3, (16)

Using a cubic model, Xie [28] established the relationship between the SSA of rock

particles and the particle size:
SSA o dP 3, (17)

The exponents in Equations (13) and (15)—(17) can be regarded as the SSA exponents of
rock particles. Detailed measurements and values of Ds and SSA for the blasting fragments
randomly collected from the four quarries are presented in references [3,40]. Using the
mean particle size distribution fractal dimension D and fragmentation fractal dimension
Dr reported in Sections 3.1 and 3.2, the SSA exponents of blasting fragments randomly
collected from the four quarries were computed using Equations (13) and (15)—(17). The
results are shown in Figure 12.

As shown in Figure 12, the SSA exponents calculated using the surface fractal di-
mension Ds, fragmentation fractal dimension D, and particle size distribution fractal
dimension D differed from the measured values. The errors are presented in Figure 13.

As shown in Figure 13, the SSA exponents calculated using Equation (16) and the
fragmentation fractal dimension D exhibited the smallest differences from the measured
values. Additionally, the findings presented in Section 3.3 indicate that the fragmentation
fractal dimension is closely related to the probability of blasting fragmentation, which is
associated with the newly generated surface area during the fragmentation process. Hence,
the SSA, fragmentation energy, and energy utilization efficiency calculated according to the
fragmentation fractal dimension align more closely with practical observations.

B Xie Heping
Nagahanma
. L4 - Carpinteri
5 r B Suzuki-Kamata
s -12 |
o) Measured
Q_‘ L
§ -1.0 |
] L
&
& 08 L
<] L
o}
ug -0.6
=) L
9]
v 04 r
9
.g L
c% -0.2 +
0
Q Q, Q; Q,

Figure 12. Comparison of SSA exponents.
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Figure 13. Comparison of the calculation errors for the SSA exponents.

According to the above analysis and the SSA presented in references [3,40], a predictive
formula for calculating the SSA of blasting fragments using the fragmentation fractal
dimension Dr and median particle size I is as follows:

SSA = AIPF=3 4+ )y, (18)

where A and A, are constants related to the lithology, rock fragmentation process, etc.

The SSAs of blasting fragments in the four quarries are presented in Figure 14. The
figure indicates that both the fragmentation fractal dimension Dr and median particle
size I yield R? values greater than 0.85 for the SSA, suggesting that the utilization of the
fragmentation fractal dimension Dr and median particle size I provides accurate predictions
of the SSA of blasting fragments. In subsequent research, the volumes and surface areas
of blasting fragments with large particle sizes can be easily determined using 3D laser
scanning technology, and A; and A; can be determined through fitting. Then, the SSAs of
blasting fragments with a wide grading range can be calculated.

250 =
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Figure 14. Predictive formulas for the SSAs of blasting fragments based on the fragmentation fractal
dimension.

Because the fragmentation fractal dimension Dr is less than 3.0 and the SSA exponent
is always less than 0, with a larger particle size, the SSA of blasting fragments is closer to the
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origin. Therefore, as shown in Figure 14, the difference in SSA of blasting fragments with
differences in lithology increases as the particle size decreases. According to the calculation
results, the average Dr values of blasting fragments in the four quarries decrease in the
order of Q3, Q1, Q4, and Q. According to Figure 14, with a larger average Dr, the SSA
increases faster with a reduction in particle size; thus, a larger Dr corresponds to a higher
blasting fragmentation probability, more rock fragmentation, and a larger proportion of
fragmentation energy in rock blasting. Moreover, all four quarries provide raw materials
for downstream crushing processing. The further rock fragmentation due to blasting
significantly reduces the energy consumption of downstream mechanical crushing.

Therefore, in the subsequent quarry blasting, the influence of the fragmentation fractal
dimension Dr on the energy consumption of the mine-to-milling process can be further
studied, and the blasting design can be optimized by establishing mathematical models to
optimize the energy consumption of the whole process.

5. Conclusions

Through multiple field blasting experiments and indoor measurements of shape pa-
rameters of selected blasting fragments, the fractal characteristics of rock blasting fragments
were investigated. The probability of rock blasting fragmentation was determined using the
fragmentation fractal dimension, and a predictive formula for the SSA of blasting fragments
was established. The following conclusions were drawn:

(1) According to the particle size—frequency relationship, the fractal dimensions of the par-
ticle size distribution calculated using different characteristic sizes were all less than 2,
and the characteristic size significantly affected the computed fractal dimensions of
the particle size distribution.

(2) Depending on the excavation methods, blasting parameters, and other factors, blasting
experiments with multifractal characteristics exhibited significant variations in the
scale-free intervals and fragmentation fractal dimensions. In the larger scale-free
interval, the fragmentation fractal dimensions were mostly greater than 2.3, whereas
in the smaller scale-free interval, they were often less than 2.0.

(3) Rock blasting fragmentation mainly involved two or three stages of fragmentation,
with a similarity ratio of 0.5. The calculated average fragmentation probabilities of rock
blasting ranged from 0.44 to 0.71. At the same bench height, blasting fragmentation
with shock-reflection devices strengthened the transmission and reflective effects of
stress waves, increasing the fragmentation probability and fragmentation efficiency of
the rock mass.

(4) The SSA of blasting fragments was closely related to the fragmentation fractal di-
mension and median particle size. By determining the SSA of blasting fragments
with large particle sizes using 3D laser scanning technology in advance, the SSA of
blasting fragments with a wide grading range can be easily calculated via the SSA
predictive formula.
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