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Abstract

The long-term safety of rockfill dams is critically dependent on the quality of the filling
material. Therefore, it is essential to predict the blasting grading distribution scientifically
and accurately. This paper proposes an engineering-scale numerical simulation method
to predict the grading distribution of hydraulic-grade rockfill material and verify its ef-
fectiveness through major hydropower engineering applications. Firstly, based on the
mechanical mechanism of rock fragmentation and relevant experimental data, the critical
blasting damage threshold for rock detachment is determined. Then, the threshold is used
to identify the boundaries of blasted rock blocks, enabling the quantitative derivation of
grading curves. The method is applied to simulate the blasting mining of fill materials at
the Lianghekou Hydropower Station. A comparison with field screening data demonstrates
that the method effectively simulates the spatial distribution of blast-induced block sizes.
Furthermore, numerical simulations investigate the influence of hole arrangements and
delay times on fragmentation. The results indicate a significant difference in the grading
distribution characteristics between rectangular and staggered hole arrangements, with the
rectangular arrangement conducive to producing a continuously non-uniform gradation.
Delay time also markedly impacts fragmentation, primarily affecting the distribution of
medium and large-sized blocks. The mean fragment size initially decreases and then
gradually increases with longer delay times.

Keywords: blasting; fragmentation; simulation; image recognition; damage

1. Introduction

China boasts the world’s largest hydropower potential, with theoretical reserves ex-
ceeding 694 GW and technically exploitable capacity close to 542 GW. The construction of
high dams and large reservoirs plays a central role in hydropower development. The main
types of dams built today include concrete dams and local material dams. Among them,
rockfill dams—a typical form of local material dams—have seen remarkable progress in
China, owing to their cost-effectiveness in material use. To date, the maximum height of
concrete face rockfill dams has surpassed 300 m. By 2019, there were as many as 131 rockfill
dams in China with heights exceeding 100 m. The mining of grading materials for rock-
fill dams require an uneven block size, a grading distribution curve that meets specific
requirements, and a large excavation volume for the dam body, with high requirements.
In engineering, the design party usually proposes the upper and lower envelope lines for
the gradation of the rockfill material based on the construction requirements of the main
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project. As shown in Figure 1, the gradation distribution curve of graded material must fall
within the lines to be considered qualified material and allowed for the dam.
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Figure 1. Grading envelope line for rockfill dam.

The key to mining hydraulic grading materials lies in controlling the blasting frag-
mentation, and the difference is that the block size of grading materials requires a specific
non-uniform distribution, which is opposite to the uniform block size requirement for
mines. At present, the prediction and control of blasting fragmentation are mostly based
on prediction models derived from empirical formulas, among which the most commonly
used is the Kuz—Ram model [1]. However, the Kuz—Ram model only has a certain pre-
diction precision in engineering with good rock integrity, and the prediction results for
rock masses with developed fractures and joints are poor [2]. Some scholars have made
some corrections and improvements [3] to address this deficiency, proposing prediction
models such as the CZM model [4,5] and the BCM model [6] that consider fractures in rock
masses. However, these models have shortcomings, such as requiring complex parameters
that are difficult to obtain, and considering the form of joints and fractures as relatively
simple. With the development of artificial intelligence and machine learning methods, new
technologies such as artificial neural networks [7-9], SVM [10,11] and deep learning [12-15]
have also been applied to the prediction of blasting fragmentation.

Due to the complexity of rock-mass blasting and fragmentation, it is difficult to obtain
accurate theoretical solutions in theoretical research. Research methods such as indoor
experiments and on-site monitoring are often expensive, with strict test conditions and a
limited number of tests, making it difficult to capture the evolution characteristics of core
variables such as stress or damage inside the rock mass. Based on reasonable numerical
simulation methods, combined with experimental verification and parameter verification,
an effective approach has been provided for the study of rock blasting fragmentation.

Many scholars have done a lot of work using numerical simulation to simulate and
identify rock-mass blasting fragmentation. Wu et al. [16] used finite element numerical
simulation to investigate the crack propagation after rock blasting and studied the grad-
ing distribution of rock after blasting. A. Saadatmand Hashemi et al. [17] simulated the
damage distribution of rock mass under single row borehole porous delayed detonation
and hide units with excessive damage values to analyze the blasting fragmentation un-
der different borehole delay conditions. Huo et al. [18] created and calculated the bench
blasting model with joints in LS-DYNA and compared the fragmentation with field tests to
analyze the accuracy. Yan et al. [19] simulated the process of bench blasting and explored
the influence of the bench height and burden length on the blasting muck pile and rock
fragmentation. Fan et al. [20] simulated the geometric characteristics of blasting craters and
the fragmentation characteristics of rock under the conditions of different charge embed-
ding depth and charge quality and studied the fragmentation of rock in blasting funnels.
Liu et al. [21] study the fragmentation and crack propagation under different pre-stress

https:/ /doi.org/10.3390/app16104739


https://doi.org/10.3390/app16104739

Appl. Sci. 2026, 16, 4739

30f16

conditions through experiments and numerical simulations. Panagiotis D. Katsabanis [22]
used AUTODYN (AUTODYN 2009) to analyze the influence of different parameters on
blast-induced fragmentation during the blasting process.

Numerical simulation methods for simulating rock fragmentation can be classified
into three categories: continuous methods based on continuum mechanics; discontinuous
methods rooted in Newtonian classical mechanics such as the SPH [23,24], DEM [25] meth-
ods; and continuous-discontinuous methods [26]. Although the continuous-discontinuous
methods are gradually developing, existing research has shown that current discontinuous
methods can process models at the specimen scale, lacking the ability to simulate rock
fragmentation processes at the engineering scale, and their stability requires further im-
provement. With the increasing development of construction technology and efficiency,
there is a need to propose a numerical simulation technology for blasting fragmentation at
the engineering scale to provide guidance for engineering practice. Considering the existing
research methodologies, most of them are based on small-scale models for calculation,
which have weak engineering adaptability and cannot intuitively display the spatial distri-
bution effects of different particle sizes after blasting, resulting in significant limitations.

Based on the mechanical mechanisms of blasting damage simulation in continuous
media and the formation of blast-induced fragmentation, relevant experiments and tests
are conducted to analyze and determine the blasting damage threshold under critical
conditions for rock fragmentation and detachment from the parent rock. This establishes
a rock fragmentation criterion for hydraulic grading material excavation. Building on
this, image processing software is employed to identify the boundaries of blast-induced
fragments from finite element numerical simulation results of damage, determining the
spatial distribution characteristics of blast-induced fragments and quantitatively generating
the blast-induced gradation distribution curve. Finally, using the blasting excavation of
dam-filling materials at the Lianghekou Hydropower Station, the accuracy of this method
is validated, and further research is conducted on the influence of blast-hole arrangements
and inter-hole delay times on the distribution of blasting fragmentation.

2. Determination of Critical Damage Threshold for Rock Mass
Blasting Fragmentation

LS-DYNA is used to create a plain model to simulate multi-row borehole bench
blasting. This example simulates a homogeneous rock mass within a range of 9 x 15 m in
total. The grid mainly consists of squares with a side length of 1 cm. In the model, one long
edge is set as a free surface, and the other three edges are set as non-reflecting boundaries
to prevent stress wave reflection to simulate semi-infinite rock mass. The blast hole has a
diameter of 115 mm, coupled with continuous charging using staggered hole arrangement
with hole spacing and row spacing of 3 m. The boreholes are detonated hole by hole with a
delay of 10 ms. The model is shown in Figure 2.

Figure 2. The Plane model.
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The simulation prescribes a load on the wall of the boreholes to simulate the impact of
explosion on the rock mass. This numerical simulation simplifies the explosive blasting
load into a triangular load curve, and the peak value of the load curve is calculated using
the following formula:

1 -
P = 2pcD’Kg*n (1)

where pe is the charge density; D is the explosive detonation velocity; K; is the charge
decoupling coefficient; and 1 is the multiple of pressure increase when explosive gas
collides with the wall of borehole, 1 = 8~11, usually takes 10.

The RHT (Riedel-Hiermaier—-Thomas) model is used to model the rock material [27],
this model can simulate rock’s damage and destruction process under impulsive and
dynamic loading. RHT model divides the process of rock damage into 3 stages: the
elastic stage, the linear reinforcement stage, and the damage softening stage, as it shows in
Figure 3.
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Figure 3. The three stages of the RHT model.

The RHT model uses the formula below to define the rock damage:

-y

where Agp, is the accumulated plastic strain, and el is the failure strain.

acp @

ef

The example simulation starts with the initiation of the first borehole and ends with
5 ms after the last borehole detonation. The final damage distribution image is shown in
Figure 4.

Figure 4. The damage distribution of the simulation.

The rock unit could be considered completely destroyed when damage parameter D
surpassed a certain value. The fragmentation of rocks can be determined by calculating dis-
tribution of damage variables; the lower the damage threshold is, the greater the degree of
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rock fragmentation. Therefore, selecting an appropriate damage threshold has a significant
impact on the accuracy of block size recognition.

The core difficulty of simulating blasting fragmentation based on continuous media
and outputting blasting block size lies in determining the blasting damage threshold for
discretizing continuous media, that is, determining the critical damage threshold for rock-
mass to detach from the parent rock and form blasting fragmentation. From the perspective
of physical and mechanical properties, its essence is to determine the degree of damage
when the rock-mass separates from the parent rock. Numerous scholars have studied the
critical damage threshold for rock fragmentation [28-30]. The usual method to determine
the critical damage threshold for rock mass blasting fragmentation is the rock mass acoustic
testing method, as shown in Figure 5. By comparing the acoustic wave tests before and
after continuous adjacent step blasting of the rock mass, the critical threshold for the rock
mass to detach from the parent rock due to blasting damage can be obtained.

Pre-splitting surface

Bottom board step surface
Critical fractured rock mass

Preserved rock mass

Figure 5. Sonic wave test for critical rock damage.

By gathering data from multiple engineering projects, acoustic data related to critically
fractured rock-masses was gathered and their damage thresholds were calculated. The
relative rock mass parameters, testing methods, and rock acoustic wave velocities are
shown in Table 1.

Table 1. The statistic damage thresholds in different projects.

Critical
Enei . i/([);lgl;tfnl:s(:f Fractured Rock S‘;:‘I;: Damage
ngineering Rock Testing Method . Mass Acoustic . Threshold
Projects Wave Velocity W . Reduction
1 ave Velocity D4
vo/(m-s—1) 1 Rate
vo/(m-s—1)
Hongheyan Acoustic wave method
Hydropower granite for testing blasting 53 0.78
Station damage
Acoustic wave method
Angered basalt for testing blasting 6300 3300 48 0.73
damage
Acoustic wave method
Inguri station limestone for testing blasting 3750 1600 57 0.82
damage
Three Gorges Classification of
Hydropower granite rock-mass acoustic 6250 2800 55 0.80
Station wave velocity
Xiloudu Rock integrit
hydropower basalt sy 5200 2300 56 0.80
. classification
station
Yutan Quartz Rock integrit
Hydropower sy 4850 2300 53 0.78
: sandstone classification
Station
Baihetan Acoustic wave method
hydropower breccia lava for testing blasting 4526~5555 1820~2631 48~63 0.73~0.86
station damage
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It can be seen from the comparison of the acoustic data from Baihetan hydropower
station and other engineering projects that there is an obvious difference in rock-mass
properties, blasting parameters, damage range, and other aspects of relevant engineering
tests between different engineering projects. However, it is possible to characterize different
degrees of rock fragmentation by combining the rock damage variable with changes in the
velocity of acoustic waves through the rock mass. For surface rock in a critically fragmented
state, the damage conditions and acoustic wave reduction rates are relatively similar in
different conditions. By measuring the acoustic velocity of intact rock mass and rock under
damage state, the range of the damage threshold D for determining the critical fracture
state of rock mass is 0.75-0.85. In this article the damage threshold is set to 0.8. The rock
mass separates from the parent rock and forms independent blocks when its damage value
is higher than 0.8. For the same simulation result, the difference in damage threshold could
lead to a difference in block size distribution, as shown in Figure 6.

Figure 6. Comparison between different damage levels on rock element. (1) D < 1; (2) D < 0.8;
3)D<0.7,(4) D <O0.6.

3. Statistical Method for Block Size Simulation of Blasting Block Size

The damage images are processed and analyzed by image block size recognition
software to obtain the predicted distribution of blasting block size. After obtaining the
damage result diagram through computation, it is necessary to process the damage result
diagram to facilitate subsequent recognition and processing by imaging software. Based on
the research above, rock-mass elements with damage values higher than 0.8 in RHT model
can be considered as complete destruction. The complete destruction elements are hidden
to help the image analysis software divide blocks, then Split-Desktop is used to distinguish
blocks of different sizes based on cracks caused by damage of rock elements as shown in
Figure 7. A particle size distribution curve, such as Figure 8, is obtained after excluding
blocks located at the edge of the model that are incomplete, and identifying block size
based on the results of image recognition.
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Figure 7. The process of damage image processing.
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Figure 8. Particle grading curve.

Grids of different particles were randomly selected to compare their sizes with the

results from image recognition software (shown in Figure 9) to verify the deviation of image

recognition software. The comparison is shown in Table 2.
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Figure 9. Comparison between particle elements and identification.

https:/ /doi.org/10.3390/app16104739


https://doi.org/10.3390/app16104739

Appl. Sci. 2026, 16, 4739

8 of 16

Table 2. Size comparison.

Number Mesh Size/mm Recognition/mm
1 796 799
2 617 602
3 577 542
4 404 362
5 386 378
6 244 238
7 191 190
8 160 138
9 80 64
10 36 36
11 44 31
12 14 10

Table 2 shows that the particle size of image recognition is generally smaller compared
to the simulated particle size, and the larger the particle size, the better the recognition
is. Based on the example, it can be said that this method can effectively simulate the
actual situation numerically according to the blasting parameters on site and predict the
distribution of block size grading after blasting.

Above all, this article proposes a method that combines dynamic finite element blasting
damage numerical simulation with image fragmentation recognition software to achieve
accurate prediction of blasting fragmentation distribution. First, based on the in situ rock-
mass characteristics and blasting design, an FEM model is established to conduct numerical
simulation of blasting damage. Then, the critical damage threshold for blast-induced rock
fragmentation is determined and applied to define the boundaries for forming specific
fragment sizes. Finally, image recognition technology is applied to statistically analyze
the blast-induced fragments, outputting the particle grading curve of the simulation. The
specific implementation technology route is shown in Figure 10.

Determine rock
and load
parameters

Determine the
blasting plan

Establish a plane
numerical model

Change the blasting Obtain damage
plan result images

Image analysis
software
processing

Obtain the blasting
grading curve

Whether th
grading curve

meet the
gquiremen

Figure 10. Procedure for fragmentation identification.

4. Engineering Verification Based on Lianghekou Gravel Material Mining

The Lianghekou Hydropower Station is located downstream of the confluence of
the Yalong River and its tributary, the Qingda River, in Yajiang County, Garze Prefecture,
Sichuan Province. It is approximately 25 km upstream of Yajiang County. The average
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annual flow rate at the dam site is 664 m3/s. The normal water level of the reservoir is
2865 m, with a corresponding storage capacity of 10.154 billion m3 and a regulating storage
capacity of 6.56 billion m3. The reservoir has the ability to regulate for many years. The in-
stalled capacity of the power station is 3000 MW, and the average annual power generation
is 11.062 billion kW.h. The Lianghekou Hydropower Station is the largest installed hy-
dropower station among the seven cascade hydropower stations planned and constructed
in the middle reaches of the Yalong River, and also the largest comprehensive hydropower
station project under construction in Tibetan areas of China. The engineering plan includes
two quarries, Lianghekou and Wazhigou (shown in Figure 11). The Lianghekou quarry pri-
marily consists of metamorphic siltstone with small amounts of silty slate. No completely
or intensely weathered rock masses are present within the site; the rock is predominantly
moderately weathered and of low strength. The Wazhigou quarry mainly comprises silty
slate and metamorphic sandstone, exhibiting a relatively low degree of weathering. In
comparison, the rock strength here is higher, and the overall slope stability is superior. The
blasting control of the dam-filling material mining is facing severe challenges.

Figure 11. The grading yard (a) Lianghekou (b) Wazhigou.

4.1. Numerical Simulation Verification of Graded Material Extraction

In order to obtain reasonable blasting parameters, detailed blasting tests were con-
ducted, and the blasting piles (shown in Figure 12) were screened in detail, which provided
favorable conditions for verifying the numerical simulation method of rock-mass blasting
fragmentation at the engineering scale proposed above.

Figure 12. Typical blasting on site.

To verify the accuracy of the method, two typical blasting tests for the extraction
of rockfill material and transition materials from the Lianghekou quarry are selected to
conduct numerical simulations and contrast the results. The parameters are shown in
Table 3.
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Table 3. Comparison of blasting parameters for rockfill material and transition material in
Lianghekou quarry.
Time Time
. Hole Row . Charging Stemming Delays Delays
Kind Depth/m Spacing/m  Spacing/m Diameter/mm Construction  Length/m  Between  Between
Holes/ms Rows/ms
Rockfill .
material 10 4 3 90 coupling 2.5 9 17
Iransition 10 22 2 90 coupling 2 9 17
material

During the tests, rockfill and transition materials were screened to obtain screening
grading curves for different types of stone materials. The results are compared with
simulation results to verify the accuracy of the method. The results of simulation are shown
in Figure 13.

(b)

Figure 13. The damage distribution. (a) Rockfill material; (b) transition material.

(@)

The picture shows that a crushing zone is formed around the borehole and there is
a high damage area cutting the area under low stress between holes, forming medium to
large-sized blocks. In the numerical simulation of blasting fragmentation in continuous
media, the selection of a damage threshold for the fragmentation boundary has a decisive
impact on the distribution of blasting fragmentation. The damage threshold previously
proposed is used as the boundary value of blasting fragmentation. There is a significant
difference in fragmentation distribution between gravel and transition materials. The
gradation of the transition material is smaller when the spacing between holes is smaller,
which is in line with general understanding. The comparison of simulation results is shown
in Figure 14.

The results show that the simulation matches the field test well in both gravel and
transition materials. The error of the blasting fragmentation of the rockfill material is
around 10%, and the maximum simulation error of the transition material is within 8%.
This indicates that the simulation method proposed in this paper can effectively simulate
the distribution characteristics of blasting gradation.
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Figure 14. Comparison of blasting tests and numerical simulations of different materials.

4.2. Formation Characteristics of Blasting Grading Material with Different Hole Arrangements

There are two regular blasting hole arrangements: rectangular hole arrangement
and staggered hole arrangement, used in the mining of grading material in hydraulic
engineering projects. In mining, staggered hole arrangement is often used to bring a more
even block size, while in hydraulic engineering projects rectangular hole arrangement is
more often used to guarantee continuous uneven block size. The comparison of distribution
characteristics of stress concentration zones in different hole arrangements is shown in
Figure 15.

Large \"blast block formation area

(a) (b)

Figure 15. The distribution characteristics of stress wave fields under different hole arrangements.
(a) Rectangular hole arrangement; (b) staggered hole arrangement.

From the picture, it can be seen that for rectangular hole arrangement, the distribution
of the stress superposition zone is more obvious, the degree of rock-mass blasting fragmen-
tation is deeper, and it is easier to form uneven grading with a wide distribution range and
continuous size. Meanwhile for the staggered hole arrangement, the fragmentation range
of the rock mass is better distributed, the distribution of stress concentration areas is less,
and the fragmentation formed is more uniform in size. This is based on a qualitative under-
standing of stress wave field distribution and has been verified through multiple practical
applications in engineering projects. In order to compare and analyze the influence of
different hole arrangements on fragmentation, based on the numerical simulation method
proposed above and field tests, the distribution characteristics of blasting fragmentation
under different hole arrangements were studied using a spacing of 3 m x 4 m simulation
model as an example. The damage distribution images of rectangular hole arrangement
and staggered hole arrangement are shown in Figure 16.
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(@) - (b)

Figure 16. Damage distribution under different hole arrangements. (a) Rectangular hole arrangement;
(b) staggered hole arrangement.

The simulation results show that these two-hole arrangements have similar blasting
fragmentation distribution. However, it can be seen that staggered hole arrangement has
a more even blasting fragmentation distribution and rectangular hole arrangement has a
more continuous blasting distribution by observing the blasting fragmentation in the white
frame in Figure 14. To compare the stress characteristics in different situations, stress time
history curves of the stress concentration superposition area (concentrated area) and the
resistance line larger area (sparse area) are extracted and compared in Figure 17.

<
=
& %
17}
= g
> <
= sk S 100
2 &
2 %
2 N —
o sparse area
Sparse arca
—— concentrated area
concentrated area -200 |
-100 -
L 1 L 1 1 L 1 1 1 L L L L L
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
time(ms) time(ms)
(a) (b)

Figure 17. Comparison of stress characteristics under different hole arrangements. (a) Rectangular
hole arrangement; (b) staggered hole arrangement.

As it shows in Figure 17, there is a clear difference in stress value between the two-hole
arrangements in both stress concentration zone and stress sparsity zone. For rectangular
hole arrangement, the stress level of the stress concentration zone is close to twice that of
the stress sparsity zone, which makes it easier to form a graded continuous blasting block
size. For the staggered hole arrangement, the stress level of the stress concentration zone
is about 1.3 times that of the stress sparsity zone, and the distribution of the stress field is
more uniform under this condition. Therefore, from the perspective of stress distribution,
the use of rectangular hole arrangement is beneficial for the formation of continuous
non-uniform blasting fragmentation in the material mining of rockfill dams. Figure 18
shows the comparison of results of field tests and numerical simulations under different
hole arrangements.
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Figure 18. Comparison of tests and numerical simulation results for different hole arrangements.

From the picture it can be seen that the simulation results match the field tests well in
both two-hole arrangements, indicating that the method proposed in this article is suitable
for engineering-scale blasting fragmentation. On the other hand, the difference in blasting
block size between the two types of hole arrangements is mainly reflected in the range
of medium to large-sized block sizes of 50-100 mm. It confirms the analysis about the
difference in mechanism of the rectangular and staggered hole arrangements above. The
change in hole arrangement could lead to a change in the superposition area of stress waves.
However, due to the rapid attenuation characteristics of stress waves, the superposition
area of the stress wave mainly forms medium particle size blocks. While small particle
size blocks are mainly affected by charging construction, the distribution in different hole
arrangements are similar due to the same charging construction.

4.3. Formation Characteristics of Blasting Grading Material with Different Delay Time

Simulations were conducted with time delays between boreholes of 0 ms, 3 ms, 5 ms,
10 ms, 15 ms, 20 ms. The rock damage of the simulation results is shown in Figure 19.

The grading curves and mean fragment size were obtained by using the above steps
to analyze the numerical simulation results, which are shown in Figure 20 and Table 4.

Table 4. Mean fragment size with different delay times.

Delay Time/ms Mean Fragment Size/mm

0 150.93
3 137.40
5 124.52
10 121.34
15 139.61
20 148.92

From the grading curves and Table 4, it can be seen that the detonation delay time
can reduce the generation of large blocks. Compared with simultaneous detonation, the
maximum particle size of the block significantly decreases under the simulation of longer
delay time conditions. The changes are mainly reflected in the distribution of medium to
large particle size blocks, for the blocks smaller than 10 mm, the change in proportion is
not significant. The trend of mean fragment shows a decreasing trend followed by a slow
increasing trend, with a minimum value of around 10 ms.

https:/ /doi.org/10.3390/app16104739
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Figure 19. Rock damage distribution under different delay time conditions. (a) 0 ms; (b) 3 ms; (c) 5 ms;
(d) 10 ms; (e) 15 ms; (f) 20 ms.
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Figure 20. Grading curves of block sizes with different delays.

5. Conclusions

This paper proposed a simulation method based on theoretical analysis and field
experiments and employed this method to investigate the effects of different influencing
factors on blasting fragmentation. The main conclusions are as follows:
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(1) A method for characterizing the boundary of blasting fragmentation, based on the crit-
ical damage threshold at which rock mass detaches from the parent rock, is proposed.

(2) By integrating damage numerical simulation with image recognition technology, an
engineering-scale numerical simulation method for predicting fragmentation in bench
blasting has been developed, along with a specific technical implementation pathway.
This method could export calculated blasting fragmentation distribution curves. Its
accuracy was validated using mining test data of rockfill and transition materials from
the Lianghekou quarry.

(3) Investigation into different borehole arrangements using this method revealed that
a rectangular hole arrangement generates a more heterogeneous stress field, which
facilitates the formation of a continuous blasting fragmentation distribution. Further-
more, simulations of varying inter-hole delay times preliminarily indicate that the
mean fragment size shows an initial decrease followed by an increase as the delay
time changes.

This study focuses on homogeneous rock-masses and does not account for the in-
fluence of rock-mass structural planes. Additionally, the numerical simulation analysis
employed a continuous medium approach, which has inherent limitations in representing
the discontinuous nature of rock mass blasting and fragmentation. Therefore, this aspect
requires further research.
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