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A probabilistic particle replacement
model to simulate bulk material
degradation during conveying
processes using DEM

Due to mechanical stress during transport and storage, bulk material
partly degrades and fines are produced. This can be problematic in
various applications and is often responsible for high costs, energy
consumption and emissions. In this work a model for the discrete element
method is presented to simulate particle breakage during conveying
processes. The breakage model is based on the particle replacement
method. In contrast to other particle replacement models, mass and volume
remain constant. The model has been verified and validated by a trial of
shatter tests with blast furnace sinter. High mass flows and further
breakage of fragments for processes with several damaging events, as
found in industrial applications, can also be simulated. An application of
this model is presented, where two different transfer chutes are compared
with regard to material degradation. Simulation and test results are

consistent.

Keywords: particle breakage, discrete element method, voronoi
tessellation, transfer chute, fines, blast furnace sinter

1. INTRODUCTION

Due to mechanical stress during transport and
storage, bulk material partly degrades and fines are
produced [1-6]. This can be problematic in various
applications and is often responsible for high costs,
energy consumption and emissions [7]. Especially at
transfer points the bulk material has a high energy
content and Kinetic energy is transferred into material
degradation and equipment wear [8, 9]. Undesired
particle breakage may also occur during processing, at
conventional screens for example. In coal mining, for
example, material degradation is also avoided due to the
risk of dust explosions and air pollution.

Material degradation is particularly critical during
transport and storage processes of blast furnace sinter.
Small-grained input materials are agglomerated in the
sinter process. During transport and storage the sinter
passes through various conveyors, transfer chutes,
coolers, sieves and bunkers, where it degrades partly.
To ensure a sufficient gas flow in the blast furnace a
minimum grain size is required. Before the sinter is
charged into the blast furnace, fines are screened out
and returned to the sinter plant again. These so-called
return fines are 6% of the total sinter mass flow in EU-
average [10]. Thus a reduction of return fines during
transport and storage would lead to massive savings in
costs and CO.-emissions due to the highly energy
consuming sinter process [7]. A study on the generation
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of return fines during transportation was made in [11].
The following work was conducted within the
project MinSiDeg (Minimisation of Sinter Degradation)
in coorperation with industrial partners. The here
described breakage model for DEM (Discrete Element
Method) is applied on blast furnace sinter, but is
generally applicable for breakable bulk material. The
model was presented for the first time in [12].
Simulating particle breakage allows to analyze and
optimize existing conveying and storage equipment with
regard to bulk material degradation and supports the
development of innovative particle preserving concepts.

2. ANALYSIS OF BREAKAGE BEHAVIOUR

In order to analyse the breakage behaviour of the
bulk material, single-particle tests are conducted with an
especially developed test rig, described in 2.1. The
development process and a detailed description of the
test rig is provided in [13].

In total 3500 tests with blast furnace sinter of
different particle sizes from 10 to 50mm and from
different manufacturers were conducted. For breakage
simulations, the particle size distribution (PSD) after the
damaging event is relevant and is described in 2.2.
Additionally, this test method allows to determine the
following properties in dependence of mass-specific
energy input to characterize breakage behaviour, which
are described in detail in [13]: breakage probability as
suggested in [14], breakage characteristics with the
well-established t,-modeling concept [15-17] based on
[18-20], absolute and relative fines generation,
variations in fines generation. Furthermore, a general
size-independent return fines production curve could be
constructed in [13].
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2.1. Test method

One of the main causes for material degradation
during transport are impacts against a chute or another
particle. Thus, accelerating the particle itself and
shooting it against a target was considered closer to
reality than a drop-weight, pendulum hammer test [21,
22] or a pressure bar [23]. A drop-weight test would be
simple and is an established test method to characterize
comminution behaviour [15, 24-31], but energy input
by two contacting surfaces could result in different
fragmentation behavior. A rapid method for impact
testing is a rotary impact tester [18, 32-34], but is
relatively expensive and less suitable for detailed single-
particle test evaluation. Single-particle test methods are
evaluated in [35].

For a detailed determination of breakage behavior,
single particle tests are necessary and a wide range of
energies should be covered. Furthermore, the particles
must be accelerated carefully to avoid breakage during
acceleration. The major challenge in single-particle
testing of various bulk materials is that due to eventual
heterogeneity and varying particle shapes, a reliable
statement about breakage behavior can only be achieved
by high sample numbers [29]. This requires a high grade
of automation, but undefined shape and eventual
fragility of particles complicate handling. Consequently,
a highly-automated single-particle impact tester with
separation, weighing system, two different acceleration
concepts for low and high energy testing with integrated
automated fragment analysis was developed, seen in
Figure 1. [13]

Core element of this test rig is an especially
developed air cannon, which accelerates the particles
against a target, similar to devices in [36-39]. In
contrast to these devices, the here developed air cannon
propels the particles in a sabot to ensure high
reproducibility and fine adjustment of impact speeds
with varying particle shapes.

e

Figure 1. Automated single-particle impact tester

In Figure 2 a flow diagram and an overview of the test
rig is presented. A bulk sample is placed into the
vibratory bowl feeder, where the particles are separated
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along a spiral. As a particle drops out and is detected by
a light gate, the feeder is switched off and the particle
slides along guide plates onto the padded weighing
station. After weighing, the particle is carefully pushed
by a pneumatic cylinder and slides into the air cannon.
To ensure correct placement in the cannon, the particle
is guided by a moveable system of guide plates, which
is coupled to the movement of the pneumatic cylinder
[40]. The loading closure of the cannon is also moved
pneumatically. Meanwhile the air tank has been filled
with the desired pressure. As the shooting valve opens,
the sabot in the cannon is accelerated and the particle is
fired against a target in a housing, which is a 20mm
thick steel plate in this case. To allow investigations
regarding equipment materials, the interacting target is
easily replaceable. These can be wear or damping
investigations, for example. The particle speed is
measured by two Arduino-based self-built light gates
directly after the muzzle and in front of the steel plate.
With this air cannon particles up to 50mm can be
accelerated to 4-26m/s, which is equivalent to 8-
338J/kg. After collision the fragments are led via
several padded slides into the vibrating sorter, where the
received particles are carefully sorted by size. Under the
vibrating sorter collecting boxes on weigh cells are
placed for each fraction. All weigh cells are zero
balanced before a new shot is fired. The weights of each
fraction after breakage (m: to my for particle size
fractions <6.3, 6.3-10, 10-16, 16-25, 25-40, 40-50 and
>50mm), the initial particle mass (mg) and the measured
velocity is then saved to a CSV-file on an SD-card.
Consequently, particle size distribution,  fines
production and other breakage properties can be
determined as functions of impact energy and initial
particle mass. After the data has been saved, the bowl
feeder starts again and the process begins anew. The
whole process takes approximately one minute. [13]

Drop module wlbratorvbowl feeder ‘ [We?gh station |
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Vibratingsorter

Figure 2. Concept of the automated single-particle impact
tester

For tests involving particles >50mm, an additional
drop module is implemented. Here the particles are
placed manually on the drop module. The height of the
drop module is adjusted by a spindle drive and a
weighing platform is integrated. The drop height is 300-
900mm, which is equivalent to 2.9-8.8J/kg. After
weighing the particle is carefully pushed and falls into a
box with a replaceable target at the bottom, in this case
a 20mm steel plate. While the box is tilted, the front
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side of the box opens with a couple mechanism and the
fragments slide into the padded receiving section of the
vibrating sorter. From here onwards, the automated
fragment analysis is the same procedure as for high
energy tests by air cannon. [13]

2.2. Results

For DEM breakage simulations the fragment size
distribution in dependence after the damaging event is
relevant. In Figure 3 the fragment size distribution of
blast furnace sinter particles of 25-40mm initial size is
exemplary depicted in dependence of the mass specific
impact energy. First model verifications and validations
were performed with this material. Hereby, 180
particles were tested on 6 different specific energy
levels. Each data point represents the average fragment
size distribution of 30 wvalid tests. For more
homogeneous materials than blast furnace sinter, less
tests would be sufficient. In this case the mass fraction
of the initial particle size reduces exponentially and
mass fractions of small particle sizes and fines increase
almost linearly with specific impact energy. Further
results and findings regarding breakage behaviour of
blast furnace sinter are provided in [13, 41, 42].

Particle size distribution sinter 25-40mm
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Figure 3. Fragment size distribution of blast furnace sinter
particles of 25-40mm initial size in dependence of the mass
specific impact energy

3. SIMULATION MODEL

Several analytical models are provided to describe
bulk material degradation, especially steelmaking
materials [43, 44] including fines production [22]. Also
various computer simulations including continuum
damage mechanics were carried out to simulate
individual particle breakage [45-47]. A model for pellet
degradation by impact, including repeated impacts, is
described in [38]. However, to simulate bulk material
behaviour, DEM is well established. Thus, to simulate
bulk material degradation of high mass flows with high
accuracy using DEM, a novel particle breakage model
was developed, which is based on a probabilistic
particle replacement method combined with voronoi
tessellation.

© FME Belgrade, 2022. All rights reserved.

3.1. The particle replacement method

The particle replacement method, originally
proposed by Cleary [48], was successfully used to
describe particle breakage under confined conditions
[49-51], in geotechnical applications [52, 53] and in
comminution equipment including different types of
crushers [54-56]. Hereby, the particles are replaced by
several smaller particles at a damaging event. This has
the advantage that fragment size distributions can be
defined, which leads to high accuracy and no additional
calibration is needed like for other breakage models. For
the bonded particle model [30, 57], for example, bond
calibration requires great effort. The disadvantage of the
particle replacement model is, however, the volume loss
when a large sphere is replaced by several smaller
spheres. To ensure mass constancy, the fragment
density was adjusted in [58], which is negligible in mills
and crushers, but less suitable for conveying processes
with high mass flows because flow behaviour and loads
on conveying equipment would be distorted. In [59]
volume constancy is ensured by overlapping the
following smaller spheres and defining damping factors
for the following time steps to avoid explosions. Thus,
the fragments slowly drift apart, which could lead to
“swelling effects” in the bulk sample and could be
disadvantageous for simulating conveying processes.

3.2. A probabilistic particle replacement model with
voronoi tesselation

Depending on the stress, initial particles are
probabilistically replaced by different following
particles, similar to [59]. In contrast to [59] and other
particle replacement models, the initial particle is
replaced by different breakage patterns instead of
several smaller spheres. The different breakage patterns
have the same mass and volume as the initial particle,
which ensures mass and volume constancy. The
breakage patterns are pre-defined and are exact copies
of the initial particle, but are tessellated with the voronoi
algorithm [60-62], see Figure 4. In this case initial
particles are of spherical shape, but can be any convex
mesh shape. The voronoi algortihm is an efficient way
to tessellate areas or volumes. For voronoi tessellation
randomly distributed points (seeds) are generated. Then
the area or volume is divided in the middle of two
neighbouring seeds. Thus, the average fragment size
depends on the number of seeds. Those fragments are
sharp-edged convex mesh particles and of random
shape. This requires more computing power and in
some cases smaller simulation time steps than with
spheres, but ensures mass and volume constancy.

In Figure 4 the here described example of blast
furnace sinter of 40mm initial particle size is depicted. 4
different breakage patterns were defined for the
different resulting fragment sizes (25mm, 16mm,
10mm, 6mm). To reduce computing power, fines are
represented larger and summarised as 6mm-fragments.
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40mm 25mm 16mm
(initial) (2 seeds) (4 seeds)

10mm 6mm
(8 seeds) (16 seeds)

Figure 4. Voronoi-tesselated convex mesh particle of
spherical shape (exploded view for better visualisation)

Depending on the stress, the initial particle is
completely replaced by fragments of a defined size. The
probability for each breakage pattern or resulting
fragment size is determined from breakage test results,
see Figure 3. A piecewise linear regression is conducted
in order to allow calculation of the replacement
probability at any specific energy with linear
interpolation, see Figure 5. The linear equations are
implemented into the simulation software ThreeParticle
from Becker3D with an API (Application Programming
Interface). The relation between maximum contact force
at an impact and impact velocity is determined by
simulating impact tests at several velocities. Hereby, the
compressive force during the whole contact process
with small time steps and save intervals is evaluated,
described in detail in [41, 42]. At every contact force
maximum a corresponding impact velocity and a
specific energy is then calculated by the API. If the
maximum contact force exceeds a minimum breakage
force, a random algorithm is started. At the event of
breakage, one of the pre-defined breakage patterns is
determined by the random generator. The probability for
each breakage pattern is equivalent to the average mass
fraction of the corresponding fragment size after impact
at this specific energy. When the initial particle size is
determined by the random generator, no replacement
occurs. This leads to the correct particle size distribution
in the bulk sample, when applied on a high number of
particles.
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Figure 5. Replacement probabilities for following particles
from piecewise linear regression based on breakage test
results in Figure 3
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4. VERIFICATION AND VALIDATION

The breakage model was verified with a trial of
shatter tests. Hereby, a drop apparatus with a quick-
opening flap was used [63], see Figure 6. The drop
apparatus has a drop height of 3.8m and the bulk
material is dropped onto a steel plate at the bottom. The
flap is held closed by an electromagnet and is quickly
opened by gravity, when triggered. 3 tests with 7.5kg
and 1 test with 5.7kg blast furnace sinter of 25-40mm
size were conducted. More than 4 tests would have been
desirable, but could not be carried out due to a lack of
material. The bulk sample is analysed before and after
the test with the vibrating sorter, described in 2.1.

The test was simulated with the DE-Software
ThreeParticle from Becker3D using the novel breakage
model, described in 3.2. Hereby, a time step of 5x10%s
was used. Diverse material and interaction parameters
for simulation were determined in [64, 65]. In Figure 7
the shatter test at different points in time is depicted.
The colour scale represents the particle or fragment
mass (blue=0g, red=48g). The particle breakage is
clearly visible in the simulation.

Figure 6. Drop apparatus a) bulk material in quick-opening
flap b) steel plate at bottom c) front view d) DE-Simulation
with ThreeParticle (Becker3D)

t=0s t=0.03s

v=8.6m/s

l b e :

4 = 4 = 4=

Figure 7. DE-Simulation (ThreeParticle) of shatter test
using the novel probabilistic particle replacement model at
different points in time

Due to the probabilistic approach, accurate
simulation results require a high amount of particles.
The particle mass in the shatter test is 7.5kg, which is
equivalent to 160 particles with an average mass of 47g.
Due to the low particle amount, the simulation was
conducted 25 times and the arithmetic average of all
simulations was further used. The comparison of test
and simulation results from shatter tests is depicted in
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Figure 8. The fragment size distribution after the drop is
displayed (100% 25-40mm before the drop). Minimal
mass losses are considered as fines (<6.3mm) due to
dust generation and losses during fragment collection.
Hereby the arithmetic average from the 4 tests and 25
simulations with standard deviations are depicted. The
comparison shows a satisfying agreement of test and
simulation results.

Shatter test with sinter 25-40mm
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Figure 8. Comparison of test and simulation results from
shatter tests

Additionally, the minimum amount of particles for
sufficiently accurate simulation results with this
probabilistic method was determined. Therefore, the
cumulative average for each size fraction in the
simulation S; was determined and the squared deviation
R from the tests T; was calculated with i referring to a
size fraction (<6.3 to 25-40mm). The sum of the
squared deviations for all size fractions is calculated
after (1) and is depicted in Figure 9. The accuracy of the
simulation asymptotically approaches a constant
deviation from tests. In this case no significant change
of simulation results is noticed over 3000 particles.
Thus, a minimum of 3000 particles is required for
accurate simulation results in this case.
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Figure 9. Evaluation of simulation accuracy in dependence
of particle amount
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5. APPLICATION

Bulk material degradation during conveying with
two different transfer chutes at the same point was
investigated. Originally, this trial was conducted to
compare an innovative dynamic transfer system named
FlowScrape with a standard chute with regard to particle
breakage [41, 42, 66]. The dynamic transfer system
FlowScrape consists of 3 rubber tracks, which are
linked with cardanic joints for synchronisation and is
driven by a friction wheel on the lower belt conveyor.
The FlowScrape is patented [67] and described in detail
in [68]. A significant reduction of bulk material
degradation and in this case 50% less fines generation
with the FlowScrape was noticed.

The standard chute is a simple cuboid construction
with a baffle plate at the rear wall. The drop height for
both systems was 1.6m and belt conveyor speeds were
1.5m/s. Sinter with 31-50mm size from a different
manufacturer than in 4 was used. With each system 6
tests were conducted and the particle size distribution
before and after the transfer point were measured with
the vibrating sorter, described in 2.

The discrete element simulations were conducted
with the software ThreeParticle from Becker3D and the
same parameters as in 4 were used, see Figure 10 and
Figure 12. In both simulations 465kg of sinter was used,
which is equivalent to 8319 particles. The colour scale
represents the particle mass. A particle mix (25, 40 and
50mm) according to the measured particle size
distribution was used. Further breakage of fragments
was also implemented for this case. All particles and
fragments larger than 16mm are breakable. For particles
smaller than 16mm no breakage was determined in
breakage tests at energy levels occurring in this case.
The comparison of test and simulation results is
depicted in Figure 11 and Figure 13. Hereby the average
of each 6 tests is calculated. The increase of mass
fractions for each particle size including the standard
deviations is depicted. A good agreement of test results
is noticed, especially for fines generation (<6.3mm).

L.

Figure 10. DE-Simulation (ThreeParticle) of the dynamic
transfer system FlowScrape using the novel probabilistic
particle replacement model
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FlowScrape with sinter 31-50mm
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Figure 11. Bulk material degradation due to transfer with
the FlowScrape. Comparison of test and simulation results.

Figure 12. DE-Simulation (ThreeParticle) of standard chute
using the novel probabilistic particle replacement model

Standard chute with sinter 31-50mm
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)

[ Test standard chute
277 Simulation
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Figure 13. Bulk material degradation due to transfer with a
standard chute. Comparison of test and simulation results.

6. CONCLUSION

The breakage model described in this work allows to
simulate bulk material degradation during conveying
processes with high mass flows. Further breakage of
fragments can also be implemented to simulate long and
complex processes with several damaging events. As
this model is based on probabilities, a high amount of
particles is required for accurate simulation results, in
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this case a minimum of 3000 particles. Mass and
volume constancy is ensured. Any convex mesh shapes
can be used as particles. Due to the convex meshed
particles and sharp-edged fragments, more computing
power is required than with simple spherical particles.
The model has been verified and validated with a trial of
shatter tests. Additional validation was carried out when
applied on two different transfer chutes. As a satisfying
agreement of test and simulation results was noticed, the
model can be used to predict particle breakage in
various applications. Especially with the here presented
test method to analyse breakage characteristics, this
breakage model provides an efficient way to simulate
bulk material degradation.
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