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Abstract
The paper considers the features of simulating the blasted rock muckpile formation. We describe various applied

approaches and algorithms, as well as discuss the further development of national digital technologies in the mining
industry. The study addresses key challenges in simulating explosive impact on rock mass. Due to the significant com-
plexity of mathematical description of rock mass and explosive destruction processes, simulation requires various
assumptions that inevitably affect its quality in terms of correspondence to real-world processes. The research compares
two approaches to rock fragment dispersion: classical solution based on Newton’s laws and alternative approach
assuming that the blasted rock moves as a single indivisible volume at the initial moment of time and fractures only
upon contact with the surface. The study demonstrates that, given identical explosive impact and different rock mass
representations (2D model with pieces of different sizes and densities), the resulting muckpiles differ significantly.
The closest in shape muckpiles for both computation methods are obtained for rock mass simulated with 50 and
100 mm fragments. The obtained results suggest that under certain conditions, it is feasible to use a simplified
(alternative) method for simulating the muckpile formation. This approach involves treating the rock movement after
explosive impact as a single piece with subsequent fragmentation upon landing.
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Introduction

The introduction of various digital solutions in the mining industry is taking place across all areas
used in mineral extraction [1, 2], starting with deposit digitalization [3], process simulation [4-6], risk
assessment [7, 8], organization of stable and secure communication [9], application of artificial
intelligence methods [10, 11], creation of digital twins, introduction of digital assistants, develop-
ment of automation systems [12, 13], equipment condition diagnostics [14, 15], and ending with the
development of full-fledged software packages that store all information about the deposit and
stages of its development with full or partial use of Industry 4.0 tools [16, 17].

The computing power of modern computers allows us to return to various mining production
tasks that were posed by researchers in the middle of the 20th century, at the dawn of the computer
technology era, but could not be solved at that time.

One of these global tasks is predicting the formation of the blasted rock muckpile, which has
evolved over time into a more specific task — predicting the location of each point of the blasted block
in the muckpile. Thus, the initial task of determining the geometric parameters of the muckpile (width,
length, and height) has evolved into a full-scale simulation of rock mass movement during blasting,
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with determination of any block point’s location at any moment in time. Over the past 50-60 years,
there has been a clear trend towards increasing complexity both in problem formulation and in applied
solutions. Initially, efforts began with determining 2D or 3D geometry of the muckpile shape and
approximate maps of useful component distribution [18], with empirical coefficients (values determined
individually for each target) accounting for the influence of blasting parameters and rock mass charac-
teristics. Today, complete simulation of all destruction processes is performed (explosive detonation,
stress wave propagation, explosive destruction of the rock mass, and muckpile formation) [19-21],
yielding a complete muckpile profile and detailed distribution of the useful component [22] within it.
The rock mass was simulated as a matrix of circles (spheres) or squares (cubes) [23, 24], represented
as separate blocks (templates), whose dynamics was computed in advance [21, 25, 26]. Various sim-
plifications were introduced to represent the structure of the real rock mass, considering it as an iso-
tropic medium, etc. [27, 28]. The analysis showed that the mechanism of energy transfer from the
explosion to the surrounding environment, the specifics of its occurrence [29, 30], and distribution
across work types largely determine the formation of the blasted rock muckpile.

Methods

Mathematical modelling of blasted rock muckpile should consider numerous aspects. However,
this article focuses on the most essential ones, without which the simulation would be meaningless.
These are mathematical descriptions of the research target and the simulated process, which should
realistically describe the target’s behaviour in the real world. Otherwise, the simulation results could
only be used in the gaming industry or for presentation purposes (visual representations).

For the task under consideration, the research target is a rock mass prepared for blasting (the
blasted block or its part); the process is the movement of the blasted rock (movement of each piece).
As is known, explosive destruction occurs in several stages [31-33]. In this regard, it is necessary to
simulate each stage of the blast. This raises the following issues:

1. Different approaches are used when simulating each stage, and the stages overlap in time (they
do not occur sequentially).

2. Simulation of the research target. Currently, from a simulation perspective, almost nothing is
known about the rock mass. For quality simulation, it is necessary to know the rock mass structure
(fracturing or initial fragmentation), physical and mechanical properties of each initial rock mass
piece (jointing), and its position in space.

3. Mathematical description of the rock mass after explosive impact (before movement begins).

While the second problem can still be attempted to be solved using modern technical means
(sounding, etc.), the state of the rock mass at the moment of movement is unlikely to be determined
experimentally. Many scientists have attempted to perform a complete simulation of the explosion
and its impact on the rock mass, but due to the noted complexities, the task has not been solved yet.
Therefore, during simulation, researchers resort to major assumptions that, although they allow com-
putations to be performed within an acceptable timeframe, do not always reflect the actual state of
things. For example, they represent the rock mass in the form of cubic particles measuring 1x1x1 or
2x2x2 m and simulate the muckpile formation. In real conditions, it is difficult to imagine that the
muckpile forms precisely from such particles of blasted rock.

The representation of the rock mass in the form of particles of equal size is considered the most
common approach to simulation, used by many researchers (companies like Geomix, Blast Maker,
etc.). Simulating the formation of detonation products (impact on the target under study — rock), the
propagation of stress waves, and the associated explosive destruction of rocks requires a separate
description and is not presented in this article. We use only the final result of these studies. Explosive
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impact can be simulated differently in various software, therefore it is not specified in the article, just
as the blasting parameters used are not mentioned.

The process of rock mass movement is directly related to the mechanism of energy transfer from
the explosion to the rock mass. That is, the dispersion of blasted rock occurs due to the pressure
exerted on the rock mass by detonation products (gases). With conditionally known explosive impact
on the rock mass (pressure of explosion products) and conditionally known state of the rock mass at
the initial moment of movement (initial fragmentation), it is possible to simulate the movement of
each piece of blasted rock. For this purpose, various libraries are used (physics engines, LS-DYNA,
SIMULIA Abaqus, Rocky DEM), actively applied in scientific and gaming computer industries.
These tools ensure that target movement strictly follows Newton’s classical mechanics laws [34] and
appears quite realistic. With proper tuning of input parameters, good convergence with experimental
data can be achieved.

Simulation of blasted block

The main elements used to construct a model of a rock mass prepared for blasting:

« Particle (body) — a rigid target where the distance between any two points remains constant.
Bodies can represent ground surface, undisturbed rock mass (static bodies), as well as movable targets
(dynamic targets), e.g., fragmented rock pieces.

« Shape — a geometric target that follows the body’s contour, necessary for assigning properties
to targets (e.g., elasticity, density) and checking body interactions (collisions).

« Special constraints required for simulating friction between bodies and preventing mutual
penetration of bodies, which is permissible in simulation but not in real life.

« Computation module determines body movement over time according to all constraints using
discrete time steps.

When resolving one constraint, we violate others, so to obtain an acceptable solution, it is
necessary to iterate through all constraints several times (the most resource-intensive task). To simplify
the model, the rock mass prepared for blasting is usually simulated from dynamic targets of the same
size (square for solving a planar problem, cube for solving a volumetric problem). Each target is
placed geometrically so that it describes the contour of the blasted block or its part. The target size
can vary, but it is necessary to consider the fact that reducing the size increases the complexity and
computation time. Therefore, most often the targets
are made with a side equal to 1 or 0.5 m. In this case,
we will simulate the target under study in the Rocky
software package (the result will be exactly the same
in other software packages, since they all use the
laws of classical mechanics).

The model under study was constructed as part
- 0 v,m of ablasted block, limited by the bench and the first

0.15

015 row of blastholes. The bench height was 10 m, the
0 slope angle was 70°, the toe burden was 5.6 m, and
Zm > o8 the first row to the bench edge distance was 2 m. The
0'15_0,15 6 015 influence of rock conditions, blasting parameters,
Y X, m and delay intervals are not presented in this article.
X The model was always formed from identical
z

particles of different sizes — ranging from 0.5 to
Fig.1. Simulated particle with a size of 0.3 m 0.05 m (Fig.1). Since the software used does not
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provide cubic particles, they were created in an external soft- B - - -
ware (Space Claim graphic editor) and subsequently integrated 1 |x 1% z release
into the Rocky software. The behaviour of particles with g g giz 12 g
two density values was studied: 1800 and 2500 kg/m?; elastic o 075 15 0
modulus of 1 GPa; Poisson’s ratio of 0.24; friction coefficient s 0 1,05 1,5 0
of 0.8; dynamic friction coefficient of 0.7. Particle coordinates ? g 122 12 g
were set via CSV files, which specified coordinates and indi- 0 105 :1’5 0
cated the time of particle appearance in the simulation (Fig.2). o 0 2,25 1,5 0
The final graphical representation of the models is shown 10 0 2,35 -15 0
- FI 3 11 0 2,85 -1,5 0
in g ’ A . 12 0 3,15 -1,5 0
In this case, the colour scheme does not carry any semantic 13 0 3,45 1,5 0

meaning and serves purely for presentation purposes. However,

all similar software provides the ability to track the movement ~ F19 Fragmer of GSV file with particle
of individual parts of the rock mass. Despite the fact that the

particles were set as solid bodies, in this particular case, a planar

problem was solved. To prevent particle movement in the third dimension, two transparent walls with
a zero friction coefficient were artificially added to the model, between which the particles moved.
The already blast-destroyed rock mass is being simulated, so the fact that blastholes are overdrilled
and rock masses below the bench toe are exposed to blast impact is ignored.

Simulation of dispersion

After developing the rock mass model, it is necessary to simulate the explosive impact. For this
purpose, the applied physics engine (similar in others) provides the following capabilities: setting
force, torque, and impulse. Full-scale simulation of blasted rock fragment dispersion and muckpile
formation is quite a challenging task. This study compares two methods of muckpile simulation:
classical and with assumptions (alternative):

« Particle dispersion along ballistic trajectories with determination of particle coordinates at any
moment in time (classical problem).

« Initial movement of rock mass as a single piece with subsequent dispersion at the moment of
landing (simplified problem).

Our study tests the hypothesis about the formation of the muckpile as the movement of the entire
volume of blasted rock to a certain distance, followed by dispersion of rock mass fragments upon

Fig.3. Models formed from particles of different sizes:
a-01m;b-02m;c-03m
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Fig.4. Simulation stages according to the classical variant [35]

impact with the surface. This assumption was based on the analysis of high-speed camera video
recordings of explosions made during research work at one of the deposits in Yakutia.

Experiments

Particle dispersion along ballistic trajectories with determination of particle coordinates at any
moment in time. In the classical case, the explosive impact on particles (setting rocks in motion) was
specified through the Motion Frames function. After the start of movement, a special limiter was
created to prevent particles from dispersion to the right, towards the undisturbed rock mass. The initial
state of the model (before the start of movement) (Fig.4, a), the moment of particle dispersion (Fig.4, b),
and the final state (muckpile) (Fig.4, c) are presented.

Initial movement of rock mass as a single piece with subsequent dispersion at the moment of
landing. This alternative task considers the movement of the block as a single piece. In this case, after
explosive impact, the block moves as a single piece and destroys into parts only at the moment of its
contact with the surface. The movement of rocks is specified using a platform that moves the centre
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Fig.5. Simulation stages according to the alternative variant [35]
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a b
Lateral impact, density 2500 kg/m®
== Lateral impact, density 1800 kg/m? —— Lateral impact, density 2500 kg/m?3
Platform, density 2500 kg/m3 — Lateral impact, density 1800 kg/m?
Platform, density 1800 kg/m?3 Platform, density 2500 kg/m? L
e Platform, density 1800 kg/m® r\f o &

Lateral impact, density 2500 kg/m®
s Lateral impact, density 1800 kg/m3
e Platform, density 2500 kg/m?®

Lateral impact, density 2500 kg/m®
Lateral impact, density 1800 kg/m®
Platform, density 2500 kg/m®
== Platform, density 1800 kg/m®

Platform, density 1800 kg/m®

Fig.6. Comparison of muckpile contours and centres of mass [35] for particles of different sizes: a—0.1 m; b—-0.2 m;
c-03m;d-05m

of gravity of the block at an angle of 45° with a speed of 2 m/s along the vertical and horizontal axes
(Fig.5, a). After 0.05 s, the impact ceased, the block continued to move under the influence of inertial
forces and dispersed upon contact with the surface. As in the first case, a special limiter was
created to prevent particles from dispersion to the right, towards the undisturbed rock mass (Fig.5, b).
Figure 5, c presents the final state of the rocks.

Research results

When comparing muckpiles obtained using different methods, the following parameters were
selected as criteria: muckpile width, height, and angle; distance to the muckpile centre of mass; dif-
ference between centres of mass, and time required for simulation. The centre of gravity coordinates
of the muckpiles were determined using the Space Claim software, while the contour of the obtained
muckpiles was traced in AutoCAD. The parameters of the muckpiles obtained in this way are pre-
sented in Fig.6. The numbers in the figures show the difference in metres between the centres of mass
of the muckpiles obtained using different methods. For example, the difference in centres of mass of
the muckpiles for particles measuring 100 mm with a density of 2500 kg/m?® is 0.5 m (Fig.6, a). For
particles measuring 0.05 m, the muckpiles were simulated only under the condition that their density
was 1800 kg/m? (Fig.7). The results of discrepancies in the parameters of the muckpile obtained using
different methods for particles of the same size and density are presented in the Table.

Lateral impact
Platform

Fig.7. Comparison of muckpile contours and centres of mass distribution [35]
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Simulation results

Particle | Density, Difference between | Difference in muckpile | Difference in muckpile | Difference in muckpile | Difference in muckpile
size, m kg/m® centres of mass, m height, m width, m height, % width, %
0.5 1800 1.16 0.06 1.39 1.36 7.29
0.5 2500 1.19 0.79 257 16.53 13.92
0.3 1800 1.73 0.37 2.10 9.76 9.86
0.3 2500 0.81 0.52 0.15 13.72 0.75
0.2 1800 1.69 0.81 5.49 22.50 23.71
0.2 2500 0.78 0.84 2.58 21.71 12.54
0.1 1800 0.10 0.02 114 0.53 6.08
0.1 2500 0.50 0.05 1.85 1.28 10.05
0.05 1800 0.10 0.01 115 0.32 5.24

Discussion

The results of simulation strongly depend on the specified boundary conditions. For example,
under identical conditions, the muckpile height for particles measuring 0.5x0.5 m is 4.41-4.47 m,
while for particles measuring 0.1x0.1 m it is 3.9-3.95 m. The results of simulating muckpile formation
using various approaches showed that as the piece size and density decrease, the difference between
the centres of mass of the muckpiles formed according to the first and second problems decreases.
The smallest deviation of 0.1 m is observed for particle density of 1800 kg/m? and particle sizes of
0.05 and 0.1 m. The remaining parameters for these particles differ by no more than 5 %.

This allowed us to conclude that under certain conditions, muckpile formation can be carried
out using a simplified method — considering the movement of the rock mass as a single piece with
subsequent dispersion at the moment of landing. This approach was implemented in the developed
software [36]. In the first approximation, the problem was solved in a planar formulation, which is a
very significant assumption [37]. Modern computing capabilities make it possible to perform this
research in a 3D formulation. Currently, these works are being actively conducted at the Educational
Centre of Digital Technologies of the Mining University*.

Due to the market-out of foreign companies from Russia, there is a shift towards software
packages developed by Russian experts. The simplest and fastest way is to copy all existing solutions.
In this process, both solutions and terms used in the original product are copied into software
packages. It should be noted that Russian legislation prohibits the use of foreign words when Russian
equivalents exist**.

A simple replacement of foreign software with a similar Russian development (which copies the
foreign product) will not increase enterprise efficiency. It is necessary to create new software products
with solutions that surpass existing foreign developments. A technological and scientific break-
through will occur through the joint efforts of all developers (at least in terms of standardization and
data exchange). Without this, it is impossible to create an advanced software package with functionality
that meets the needs of the entire mining industry. To use complex software packages effectively, it
IS necessary to have a deep understanding of all the intricacies of mining production processes, which
is impossible without receiving quality specialized education [38].

While digital technologies are transforming our world, they remain merely tools for accomplishing
our goals. Recently, mining science was considered an art form [39], with many uncertainties that are
difficult to describe in mathematical terms. Often, in the author’s opinion, it is necessary to simply
listen to one’s intuition and to people who work directly in production and know all the intricacies of

* Educational Centre of Digital Technologies. URL: https://nc-digital.spmi.ru/ (accessed 17.02.2025).
** Federal Law N 52-FZ of 28 February 2023 “On Amendments to the Federal Law “On the State Language of the Russian
Federation”.
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the work. It seems that the final adjustment of the used software package together with such people
is the right management decision for leaders.

Conclusion

From a scientific point of view, the most correct solution for simulating the muckpile (the final
stage of explosive destruction) is to estimate the movement of each individual piece of blasted rock
based on classical Newtonian mechanics. However, this requires significant computational resources,
and the rock pieces must be of different sizes and shapes. The use of alternative approaches, such as
those presented in this article, requires firstly scientific justification, secondly, a description of the
boundaries of use (it may not be suitable for all conditions), as well as mandatory industrial validation.

The formation of the blasted rock muckpile is a complex and still unsolved problem. Currently,
there are only certain simplifications of the classical problem solution. If the boundary conditions are
incorrectly specified, researchers will obtain results that differ from reality. Simplification of the
problem should be based on knowledge [38] about explosive destruction processes; otherwise, re-
searchers will go down the wrong path. When implementing any solution using software tools, all
simplifications and assumptions used must be communicated to potential users.

The author expresses gratitude to A.V.Bazhenova and A.P.Kirkin, Candidates of Engineering
Sciences, Senior Researchers at Gipronickel Institute LLC for their assistance in developing and
configuring the models.
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