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DISCRETE ELEMENT MODELLING OF PARTICLE DEGARDATION
OF RAILWAY BALLAST MATERIAL WITH PFC3P SOFTWARE

Purpose. It is a very important issue to be able to determine the accurate particle degradation of railway ballast
material. There are three different — but connecting — methodology for that: 1) full scale field tests, 2) full scale or
reduced scale laboratory tests, 3) computer modelling, mainly with discrete element method (DEM). Options no.
1 and no. 2 need a lot of time and money, but for option no. 3 sophisticated software is needed that can consider the
accurate micromechanical characteristics of ballast bed material. Methodology. In this paper the authors summarize
their results related to modelling, having applied a software that uses DEM for calculation, as well as laboratory
tests, namely uniaxial compression tests with reduced scale and computer tomography. Findings. The authors ob-
tained the results that the uniaxial compression test in laboratory was able to be modelled by DEM software with an
initial precision but in the future should be specified. The results are certified by measurements performed by com-
puter tomography method. Originality. It is a very complicated issue to model the particle breakage of railway bal-
last not only particle movements in DEM software. There are many available software packages at the ‘market’, e.g.
PFC, EDEM, YADE. Some of them are quite expensive, the others can be controlled by significantly difficult man-
ner (special programming technique is needed, command line, etc.) The authors applied not only laboratory loading
tests, but sophisticated computer tomography for their research. Practical value The results can be useful for rail-
way engineering area. This article is a part of a PhD research at Szechenyi Istvan University, the PhD student is Eri-
ka Juhasz. Her aim is to develop a method to be able to determine the more accurate ballast breakage, as well as
develop assessment methodology related to special measurement techniques (e.g. GOM techniques, computer to-
mography, etc.). The publishing of this paper was supported by UNKP-19-3-1-SZE—13 project.

Keywords: discrete element modelling; particle degradation; breakage; laboratory test; static pressing test;
CT-equipment

ling is suitable for analysing the effects of railway
Purpose crushed stone bed degradation according to the
state of the art. In the aggregation, the deformation
of the structure of the grains can be used to qualify
the changes, so it is possible to examine the whole
aggregate and the behaviour of the individual
grain. In any case, the physical parameters of the
models can be determined. The latter aspect is — if
not the only one — one of the most important parts
of discrete element modelling, that is more precise-
ly the adjustment and refinement of the microme-
chanical parameters of the model. So the model
can be validated using the results of the modelled
test in the laboratory.

Construction of the conventional railway tracks
have the highest proportion of crushed stones. The
crushed stone is responsible for the solid but flexi-
ble support of the track. Besides they include im-
portant load bearing, drainage and stability func-
tions [6].

The authors’ research has focused on laboratory
tests, whereas other scientific research like com-
puter modelling in the field of technical sciences
are the focus of the 21% century.

In this article, the authors present computer
modelling and its capabilities, and attempt to com-
pare its results with laboratory results. From sever-

al computer modelling the discrete element model-
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Methodology

About Discrete Element Modelling. The dis-
crete element method is used to simulate particu-
late or granular modelled material and processes.
Granular material is for example sand, soil or in
this paper: railway crushed stone. In addition, it is
a numerical method in which the set to be simulat-
ed is made up of discrete elements with independ-
ent displacements and degrees of freedom of mo-
tion. Relationships between elements can be estab-
lished and terminated. In addition, it is possible to
specify relationships between predefined grains,
which can be characterized by the addition of
strength properties to the «small» grains that form
«large» grains; and even models of larger struc-
tures can be constructed in this way, e.g. geogrids,
engineering structures, etc.

Computer simulations can significantly reduce
the number of laboratory tests that need to be per-
formed if the parameters of the computer model
and the laboratory test and also the results can be
prepared (this is the ‘model validation” mentioned
earlier). In this way in DEM simulation (discrete
element method) by modifying individual parame-
ters, more extensive research can be done, avoid-
ing and minimizing costly and time-consuming
laboratory tests.

Discrete element simulations do not work as
usual with finite element methods (FEM simula-
tion): due to the random location of discrete parti-
cles, the same result cannot be obtained for all
samples with the same parameters. However, in
finite element simulations the same mesh resolu-
tion will always have the same result.

Introduction of the used computer software.
For the purpose of this article, the authors applied
PFC3P (Particle Flow Code in 3 Dimensions),
a software developed and marketed by Itasca Con-
sulting Group Inc. (the authors’ software version is
4.0, released around 2009 — currently the latest
version is 6.0). The software is used for three-
dimensional micromechanical analysis of particu-
late material systems: mainly to determine particle
motions and particle shape changes (fractures,
fragmentation, etc.) and the occurring forces-
stresses during these processes. It offers analytical
and investigative capabilities to characterize the
interaction between individual (granular) compo-
nents by friction, modelling of cohesion relation-
ships, and considering material continuity when

examining engineering structures. In this way, e.g.
three-dimensional load simulation of a reinforced
concrete beam (naturally with steel reinforcement)
can also be solved with the software by replacing
both concrete and reinforcing bars with discrete
elements, and working together can be defined.

The software is also capable of modelling the
dynamic behaviour of the particulate set, which
may be important in the future due to the vibration
effect of the passing railway units. The shape of
the granules may be different from the ideal sphere
shape (so-called ‘ball’). So formed of contact
and/or intersecting spheres, modelling of complex
particles (so-called ‘clumps’) is also solved. De-
pending on the particle size distribution of the re-
quired particulate material, the particle set to be
modelled can be generated either as a single parti-
cle set or as a Gaussian distribution, or it can be
used to generate a predetermined specific particle
size distribution.

PFC is a general-purpose framework for model-
ling discrete elements, available in two- and three-
dimensional programs [16, 17]. It is applied for
modelling synthetic materials of variable size, stiff
particles that form particulate and solid materials.
PFC models simulate the independent motion
(translation and rotation) and interaction of many
stiff particles that can interact with each other
based on internal force and torque. Particle shapes
can include 2D plates or 3D spheres, nodes of stiff-
ly connected plates in 2D, convex polygons in 2D,
or 3D polyhedra. The PFC includes twelve built-in
contact models with the ability to even create
a custom C++ user-defined contact model (UDM).

Since its first release in 1994, PFC has been
successfully used by a number of scientific institu-
tions and private companies in a variety of high-
level research, ranging from basic micro-size to
specific applications including hydraulic fracture,
soil mechanical interactions, slope stability, bulk
material flow / mixing and cavern mining, but was
also used to simulate a number of other activities.

Thermal Analysis: The PFC thermal module al-
lows simulations of transient heat conduction and
storage in PFC particle materials and the develop-
ment of heat-induced deformations and forces. The
PFC supports both thermal and coupled thermome-
chanical analysis.

C++ Contact Models: Enables users to add
new contact models (particle force-displacement
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relationship) to the PFC using C++ scripts. This
option provides a high degree of freedom of appli-
cation and the ability to individually program in
the software the physical properties and operating
mechanisms relevant to each problem.

Among the PFC software — in the authors’ re-
search — the authors worked with PFC®P 4.0. ver-
sion (as it has been already mentioned), which be-
sides the previously mentioned granular elements,
it also works with wall elements (‘walls’), which
can be finite and infinite flat plates, and other walls
of other geometry (cylinder, cone, etc.).

In general, the program should specify the me-
chanical properties of the particles and the parame-
ters of the grain-grain or grain-wall relationship.
The PFC program considers the particles as infi-
nitely stiff and compresses all the mechanical
properties of the material into a relationship be-
tween the particles, which can also be deformed.
Since the crushed stone bedding has no internal
bond, it is not necessary to define tensile strength
in contact bonds in this case.

In addition, the authors have a wide range of
applications, e.g. the software can also be used to
build geogrids (providing tensile strength and
bending stiffness properties).

The calculations are based on the combined cy-
clical application of Newton's laws of motion and
the force-displacement law.

Generic Adhesive Contact Model. The Adhe-
sive Rolling Resistance Linear Model is a new
contact model now available in PFC 6 to represent
a simple cohesive granular material. The cohesion
arises from a short-range attraction, which is a lin-
ear approximation of the van der Waals force law.
For these materials, the attraction force is always
present when the contact surfaces fall within a spe-
cific range of attraction force. Assemblies of cohe-
sive grains exhibit much larger variations in their
equilibrium densities than do corresponding as-
semblies of non-cohesive grains, because the cohe-
sive grains may form loose, solid-like cohesive
granulates. Such granular systems can stay in me-
chanical equilibrium at lower solid fractions (down
to 25-30%) than cohesionless granular systems
(with typical solid fractions of 58-64%). Cohesive
granular materials have much less frequently been
investigated by numerical simulation than cohe-
sionless ones. The new contact model in PFC en-
compasses both types of materials and could be

used to study macroscopic behaviour of a variety
of cohesive granular materials including cohesive
powders such as xerographic toners (in which co-
hesion stems from van der Waals interaction) and
wet bead packs (in which cohesion stems from lig-
uid bridges joining neighbouring particles) [17].

Soft-Bond Contact Model. The soft-bond
model can be used to simulate both unbonded and
bonded systems.

In an unbonded state, it behaves essentially
similar to the contact model, providing the ability
to transmit both a force and a moment at the con-
tact point, with frictional strength parameters limit-
ing the shear force, bending moment, and twisting
moment.

In its bonded formulation, the behaviour is sim-
ilar to that of a linear parallel bond model, with
a frictional strength parameter limiting the shear
force, and the possibility for the bond to fail if the
bond strength is exceeded either in shear or in ten-
sion. However, contrary to the linear parallel bond
model, the bond is not removed upon failure. In-
stead, it may enter into a softening regime until the
bond stress reaches a threshold value at which the
bond is removed and considered broken. The slope
and tensile breakage strength during softening can
be specified by the user (via the softening factor
and the softening tensile strength factor, respec-
tively). Another difference with the linear parallel
bond model is that only one set of stiffnesses is
used for both the unbonded and bonded formula-
tions. This behaviour is essentially similar to that
proposed, with the difference that the bond elonga-
tion used to update the normal stress in the soften-
ing regime accounts for both the normal displace-
ment and bending increments [17].

Behaviour Summary. A soft bond can be en-
visioned as a set of elastic springs with constant
normal and shear stiffnesses, uniformly distributed
over a {rectangular in 2D; circular in 3D} cross-
section lying on the contact plane and centred at
the contact point. Relative motion at the contact
causes a linear force and moment to develop, that
act on the two contacting pieces. If the bond is in-
active, frictional strength parameters cap the shear
force, bending and twisting moments. If the bond
is active, the force and moment can be related to
maximum normal and shear stresses acting within
the bond material at the bond periphery. If either of
these maximum stresses exceeds its corresponding
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bond strength, the bond may enter a softening re-
gime to a specified failure criterion. After failure,
the behaviour reverts to the unbonded formulation
[17].

As balls, clumps, rigid blocks, and walls (i.e.,
pieces) are rigid in PFC, all deformation between
surfaces of adjacent pieces occurs at contacts. Spe-
cific contact models (i.e., particle-interaction laws)
can be inserted to represent different physical situ-
ations using a soft contact representation where the
pieces do not deform but and piece overlaps are
allowed. Forces and moments are computed based
on the degree of overlap. Contact models can use
the piece properties to determine the resulting in-
teractions. Contacts are created and deleted auto-
matically during model cycling. PFC uses the null
model contact model by default and therefore the
user is required to explicitly specify which contact
model(s) should be used in each PFC model. Each
contact is assigned a single contact model manual-
ly or via the Contact Model Assignment Table
(CMAT). [16]

Built-in Contact Models. [16]

Null. The null contact model is the default con-
tact model with no mechanical interaction. No
force or moment is generated.

Linear. The linear model reproduces the me-
chanical behaviour of an infinitesimal, linear elas-
tic and frictional interface that carries a point force.
The interface does not resist relative rotation and
optional viscous dashpots may be activated.

Linear Contact Bond. The linear contact bond
model provides the behaviour of an infinitesimal,
linear elastic, and either frictional or bonded inter-
face that carries a point force and does not resist
relative rotation.

Linear Parallel Bond. The linear parallel bond
model provides the force-displacement behaviour
of a finite-sized piece of cementitious material de-
posited between two pieces in the vicinity of the
contact location, acting in parallel with a linear
model.

Soft-Bond. Similar to the linear parallel bond
with the addition that a softening parameter can be
specified to modify the stiffness in the post tensile
failure regime, allowing for a degradation of the
tensile stiffness as a function of increasing bond
elongation.

Rolling Resistance Linear. Based on the linear
model but incorporates a torque acting on the con-

tacting pieces to resisting rolling motion for granu-
lar applications.

Adhesive Rolling Resistance Linear. Based on
the rolling resistance linear model to which an ad-
hesive component is added. The cohesion arises
from a short-range attraction, which is a linear ap-
proximation of the van der Waals force law.

Flat joint. A flat joint contact simulates the be-
haviour of an interface between two notional sur-
faces, each of which is connected rigidly to a ball
or pebble. The notional surfaces are called faces,
which are lines (PFC?P) or disks (PFC®P).

Smooth Joint. The smooth joint model simu-
lates the behaviour of an interface regardless of the
local particle contact orientations along the inter-
face. The behaviour of a frictional or bonded joint
can be modelled by assigning smooth-joint models
to all contacts between particles that lie on oppo-
site sides of the joint.

Hertz. The Hertz contact model in PFC consists
in a non-linear formulation based on an approxi-
mation.

Hysteretic. The Hysteretic contact model in
PFC consists in a combination of the elastic por-
tion of the Hertz model, combined an alternate
dashpot group consisting in a nonlinear visco-
elastic element in the normal direction.

Burger’s. Simulates creep mechanisms by us-
ing a Kelvin model and a Maxwell model connect-
ed in series in both the normal and shear directions.

Walking around the topic, computer program-
ming (and discrete element modelling within it)
already allows assembled elements to be built on
not just from a sphere or multiple spheres
(‘clumps’), but polyhedra [4]. This method is al-
ready used by many Hungarian researchers. This
also gives us a more accurate picture of the move-
ment and relationship of the particle shapes with
each other, but the authors were not able to model
the authors’ laboratory analysis with the mesh
shapes built into this system (due to the fact that
only PFC®P 4.0 software is available at Széchenyi
Istvan University). For example, the YADE soft-
ware, which is an open source, programmable
software, with its problems and difficulties, is also
suitable for simulation with polyhedra. The au-
thors’ model is made up of several larger spheres
(balls) made up of smaller spheres (balls). The test
principles are very similar, so in the first approach
the authors found PFC3P 4.0 perfectly suitable for
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‘testing’ discrete element modelling and getting to
know the method. Since the modelling of crushed
stone granules as spherical granules can lead to
incorrect behaviour (singularities in the calcula-
tions), it was necessary to use composite granules
for realistic results of the simulations [2].

About the simulation and the built model,
the basics of the model. The authors would like to
illustrate the basics of the simulation: let's take
a particle that produces displacements under the
influence of a contact (even it can be considered as
a set of grains). The displacements cause the dis-
appearance of existing contacts and the formation
of new contacts, but at these points of contact,
forces awaken. This is called ‘cycling,” which is
performed by the software up to the specified limit,
and finally this process is called ‘cycling’ leading
to equilibrium.

Fragmentation of railway crushed stone bed
granules was observed in laboratory tests in
a 160 mm external diameter HDPE (hard polyeth-
ylene tube). The tube was lined with 1200 g/m?
geotextile. The tube was filled to a standard height
of about 15 cm with a standard 31.5/50 mm rail
crushed stone (with two types of andesite from
mines). This is how the authors achieved the ap-
proximately equal height-to-width ratio determined
by the CT device used in the study. A set of rock
material consisted of approximately 16 to 20 indi-
vidually measured and photographed rock particles
[6].

The authors could create a slightly different
model with using DEM. While in reality (meas-
urement in laboratory) the authors crushed it in the
form of a cylinder with an inside diameter of ap-
proximately 14 cm — filled at a height of 15 cm
with two dozen rocks which have sharp corners
and oblong-cubic shape; in the DEM simulation
the authors loaded three dozen spherical macro-
spheres into a rectangular container. The size of
the container is 2-2.5 cm.

The PFC®P 4.0 version is capable of working
with significantly fewer elements in the fracture
calculations and exponentially increases the time
required for running number of items (compared to
either 5.0 or 6.0).

The authors also experimented with small
granular (crushed) laboratory tests. Components
suitable for garden watering systems (HDPE
25 tube — outer diameter 25 mm, wall thickness

2.3 mm — and HDPE 25 end cap) were assembled
into several test tube pieces, in which NZ 4/8 ande-
site material filled — approx. 25-25 pieces — the
specimens are shown in Fig 1. Rock physical pa-
rameters of the fraction 10/14: LA — 13.2%, mpe —
23.4%. Small granular DEM simulations were
made with these laboratory tests in mind.

Fig. 1. Test specimens for NZ 4/8

Fig. 2 shows the load design, the loading of the
samples carried out with a ZD-40 type crusher.

Fig. 2. The laboratory test assembly
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A total of 6 samples were tested with unidirec-
tional (vertical) pressure: 3 samples with max.
300 kPa (samples no. 1, no. 2 and no. 4), 3 more
samples max. 900 kPa (samples no. 3, no. 5 and
no. 6) with a single-stage load (see [6]).

The authors performed a CT x-ray on each of
the crushed samples as described in the authors’
previous article [6] with the help of Imre Fekete
department engineer on the pre- and post-workout
states, as shown in Figures 3-4 (mainly the dis-
placements could be observed). For this measure-
ment, we did not separate numbering, weighing,
and one-by-one photography of the particles, as the
authors did with the 31.5/50 crushed stone bed.

The loading graphs of the laboratory samples
are presented together with the DEM modelling in
the ‘Originality and practical value’ Paragraph.

-—

20 mm

Fig. 4. X-ray CT scans of uniaxial compression tests
with NZ 4/8 material by axonometric representation
(red for pre-load and blue for post-load; sample
numbering: sample no. 1 in the bottom row; from left
to right no. 2, no. 3 in the middle row; from left
to right no. 4, no. 5, and no. 6 in the top row)

Fig. 4. X-ray CT scans of our uniaxial compression tests
with NZ 4/8 material from top view (red for pre-load
and blue for post-load; sample numbering: sample no.

1 in the bottom row; from left to right no. 2, no. 3

in the middle row; from left to right no. 4, no. 5,
and no. 6 in the top row)

Presentation of the macroparticle fragment-
ed aggregation. The authors’ aim with the DEM
test was to get to know the simulation first and to
identify possible directions of the research.

During the creation of the DEM model, the au-
thors generated a set of macroparticles, which con-
sisted of the following steps:

¢ the microparticles were produced by random
distribution which fills the range defined by the
diameter of the macroparticles,

e the properties of certain inhomogeneous mi-
crostructures of the macroparticles (the individual
macroparticles, which consisted of the same num-
ber of microspheres, were not completely similar
in microstructure) were also important aspects in
the random distribution of the microparticles.

The geometric properties of the macroparticles
for the numerical study performed are summarized
in Table 1.

Table 1
The geometric properties of the macroparticles
Diameter of the Number of the Number of micro-
macro-grains macrograins in particles within a
[mm] the aggregation macroparticle
[piece] [piece]
4.0 17 51
6.0 12 148
8.0 7 322

There are two types of contacts that can be
identified in the macroparticle aggregation model
for fragmentation. The first type of contact is non-
bonded, described by the Hertz-Mindlin contact
model. This is also relevant along the macro par-
ticulate aggregate and microparticulate cracks. The
second type of contact is based on a contact model
defined by the microparticles inside the same mac-
roparticle, which are linked by the normal and
shear properties of parallel bonds. The diameter of
the microparticles were selected to the resulting
macroparticles contain sufficient microparticles to
perform a proper simulation of the fragmentation
process. As can be seen in Table 1, one of these
macroparticles (so-called ‘clumps’) contains 51-
322 microparticles, which significantly increased
the run time.
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The mechanical properties of the ‘clumps’ used
in the simulations were the same as those of the
spheres.

The assumed contact properties in this article
are summarized in Table 2.

Table 2
Micromechanical properties
Contact bond (parallel contact bond)
Normal and shear stiffness [N/cm] 4.7x10°
Normal and shear strength [N/cm?] 7.9x103
The ratio of the ‘bond radius’ to the 05
microparticle radius '
Friction factor in particle-particle Con-
0.55
tact
Friction factor in the particle-wall con-
tact 0.55

Container (crucible) size: 19.0 (width) x 19.0
(long) x 26.5 (height) [mm)].

Odometer examination of the aggregate. All
of the macroparticles (build from the micrograins)
were randomly placed at one point and then al-
lowed to gravitationally enter into the receiving
container.

When the sample was completed (the first bal-
anced status was formed) and the top sheet was in
place, the ‘pressing process’ began, consisting of
small steps. The pressure plate (on the top of the
set) moved downward in 0.16 mm increments at a
constant speed of 8 mm/s (10 to 6 seconds). In all
cases, this was sufficient to allow the set to reach a
state in which the initial macroparticles (as the en-
capsulating ‘spherical particles’) almost complete-
ly disintegrate into microparticles.

Here it is important to mention the fact that the
simulation ran until the authors crushed all the
macroparticles into microparticles. Of course, this
is not possible and realistic conditions, as any
loaded material will eventually become incom-
pressible. However, the simulation has been able to
compress each particle over and over again. So
some of the authors’ resulting values were ignored
as they would not give a realistic picture of the
load. This ‘over-compression’ is illustrated in
Fig. 5.

Fig. 5. Excessive compression in simulation
(state of cycle 3280)

Pictures of the simulations are shown in Fig-
ures 6-8. Fig. 6 shows the state for 45" 1115%
1520™ and 1960™ cycle with modelled walls and
microparticulate macroparticles. In Figures 7-8 the
authors could see the direction of the forces in the
contact and the parallel bond between the micro-
particles. In Fig. 6 the authors could also see the
awaken forces in the contact bonds for the used
cycles.

Fig. 6. The gradual compression, in which
the macroparticles are reduced to microparticles
(from left to right and from top to down: after
a given 45M, 1115™, 1520™ and 1960 cycle)
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Fig. 7. Contact forces in particle-particle and
particle-wall contact bonds (line thickness is consistent
with force, line direction is same as force vector)
(from left to right and from top to down: after
a given 45M, 1115, 1520 and 1960 cycle)

Findings

In Fig. 8, the ‘parallel bonds’ (indicated by red
lines in the pictures) gradually disappear as the
number of cycles increases, that is, the macroparti-
cles disintegrate into microparticles; so the macro-
grains become degraded.

As a first approximation (without taking into
account the results of laboratory tests), the condi-
tion that may be the limit of real behaviour can be
put into about 1960™ cycle of the authors’ simula-
tion. So up to this point, the authors could actually
compress the aggregate. Until this data (as a limit),
the authors have created load diagrams for the fol-
lowing parameters as a function of the number of
cycles (Figures 9-10):

e position of the horizontal load plate of the
Odometer load (initial value 26.5 mm),

o vertical normal voltage (voltage applied to
the load plate),

o void ratio (calculated in the usual way in ge-
otechnics, i.e. the volume ratio of air to particles in
relation to the reference volume).

L e

Fig. 8. Contact forces in parallel bonds between
microparticles (from left to right and from top
to down: after a given 45", 1115™, 1520™, 1960™,
2180™, 2290™, 2400™ and 2510 cycle)

Fig. 11 shows the magnitude of the vertical
loading of sample compression (this type of repre-
sentation was required for consistency with labora-
tory measurements).
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In Figures 9-11 it is interesting to observe that
the void ratio decreases from an initial value of 4.8
to a value of 2.0 in the 1960" cycle. Both the 4.8
and 2.0 void ratio are unrealistic in a real circum-
stance. Nevertheless, it should be noted that the
software also includes the volume of air between
the microparticles, which of course is not true.

Figures 9 and 11 show that, according to the
simulation, about the 1960™ cycle the compression
is 12.9 mm, which is still an unrealistic data for
a 25.6 mm initial tall jar filled with macrograins.
Because of this reason, the results of the laboratory
samples, which are plotted in Fig. 12, are also re-
quired.
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Fig. 12. Loading diagram 4

Analyzing some of the result lines in Fig. 12, it
can be concluded that the simulation was a good
approximation, despite that the authors’ laboratory
samples were in 20.4 mm diameter cylinder and
in the DEM simulation the authors used
a 19.0 x 19.0 mm cuboid. According to the Fig. 8
the consideration of the 1960" cycle is an exces-
sive approximation. For the 2.0 mm compression
(see Fig. 12) belongs to the 459" cycle (see Fig.
13) in the DEM model. The authors need to men-
tion that the 6-series samples measurement data
(see Fig. 12) is too stairy to the applied force
measuring cell: that because in the Structure Test-
ing Laboratory of Széchenyi Istvan University the
authors are mainly equipped to measure multi-ton
loads. For example, in the range of forces below 1
kN, the applied measuring cells can produce simi-
lar phenomenon — regardless of the movement and
fracture of the particles. This must be taken into
account in the future, meaning that smaller measur-
ing cells may be required with higher precision
design.

Fig. 13. Condition according to load cycle 459
(from left to right: linkage forces between
macroparticles of microparticles, particle-particle
and particle-wall; parallel bonds)

When comparing the graphs in Fig. 12 with the
Figures 3-4 and the Fig. 13., it can be stated that
the minimal degradation observed is realistic ac-
cording to the results — the actual degradation was
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negligible in the laboratory measurements based on
the CT X-ray images.

In DEM simulation, — although spherical mac-
roparticles were used, in real circumstances the
authors utilized amorphous, sharp and fractured
particles — the fragmentation occurs in around the
1000 cycle, which comes with 6 mm compres-
sion. This deformation is probably including 2 kN
load (see Fig 11) which means that the HDPE tube
with its ending cap would not bear this load with-
out failure. So the authors would need to use dif-
ferent measurement setup to investigate.

Originality and practical value

With the discrete element modelling presented
above, the authors proved that the method is capa-
ble of numerically calculating of the degradation of
the ballast particles in up to even 3 dimensions, but
in the future the authors need to fill in the gaps de-
scribed below and refine the used parameters. Dur-
ing the authors’ modelling, the authors were aware
of the limitations of the authors’ calculations and
results:

1. The particles should be taken into account in
the real grain size corresponding to the crushed
stone bed of the railway, so the 31.5/50 mm or
31.5/63 mm fraction instead of the currently used
4/8 mm fraction.

2.In accordance with the 1% point, it is also
necessary to refine the particle shapes to the real
one [4, 15, 18], which will require the application
of a DEM program more advanced than PFC3P
version 4.0.

3.The approximately 20-30 grains will be too
small for a more accurate simulation, but with
higher item number, the authors will also encoun-
ter obstacles to more than 10 years of PFC®P ver-
sion 4.0 (unmanageable runtime — the authors’ pre-
sented results required about 2 months of computer
runtime, which is unacceptably in 2019).

4.The authors need to specify micromechanical
parameters for validation of the DEM model by
laboratory measurements, which requires easy-to-
use, relatively fast-running software (free, open
source, programmable DEM software available on
the Internet, such as costly professional advances
software: PFC®P version 6.0, EDEM, etc.).

5. Among the refinements that can still be made
in PFC3P version 4.0 are:

a. validation of the DEM model accord-
ing to laboratory measurements,

b. quantify and record the number of
terminated/broken parallel bonds,

¢. by changing the micromechanical and
geometric parameters of the validated model
the authors can obtain further important re-
sults from the runs.

6.In the future, instead of static loads (with
properly managed DEM software), dynamic loads
should be considered which are closer to real cir-
cumstances.

7.Sophisticated software (like EDEM) can be
used to model manual/machine bedding and bed
screening as well as the bed’s degradation effect.

8.Complemented with CT X-ray records [13],
although limited in geometry and with a jar of ma-
terial limited in translucency, the method can be
improved and the cracks and deformations meas-
ured under laboratory load can be more accurately
controlled.

9.Ignoring fragmentation, it is also possible to
calculate the deformation of the granular assem-
blies, in which case it is possible to calculate the
‘only’ particle displacement (3D shifts and 3D ro-
tations) and the resulting voltage trajectories [1,
14] - static and/or dynamic loads — which may be
sufficient under certain modelling frameworks.

10. The authors would mention that other in-
teresting research methods like measurement and
evaluation capabilities based on digital image and
video processing, which have already been suc-
cessfully used in another university research
(GOM Atos, Tritop and Aramis [5]) as a research
of fiberglass-reinforced plastic composite rail joint.
(The Széchenyi Istvan University’s Faculty of Au-
di Hungéria Vehicle Engineering has these tools.)
This would require loading the particles in a trans-
parent plexiglass tube or plexiglass column while
taking digital pictures/videos of the aggregate (and
the particles). The tools and their evaluation soft-
ware are capable of accurately locating displace-
ments fields up to a hundredth of a millimetre — in
this case, the rotation of the particles can cause
problems in the application of the method, which
affects accuracy and actual behaviour.

All in all, discrete element modelling can be a
very useful method to reduce the cost of expensive
laboratory and/or field tests, but you should also be
aware of the limitations of DEM simulations.
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These include the fact that simulations can give This paper is the continuation of the authors

unrealistic results if configuration is not properly, previous papers [2, 3,6, 7, 8, 9, 10, 11, 12].
like for example the used structure in the simula-
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JIACKPETHO-EJJEMEHTHE MOJIEJTIOBAHHSI PYHUHYBAHHSI
YACTOK 3ANIBHUYHOTI' O BAJTIACTHOI'O MATEPIAJY 3A
JOIMOMOTI'OIO ITPOT'PAMHOI'O 3ABE3IEYEHHS PFC3P

Mera. BusHaueHHS TOYHOTO PYHHYBaHHS YacTOK 3aJli3HUYHOTO OATacTHOTO Marepially € JOCHTh Ba)KIMBOIO
mpobiemoro. J{Js bOTo ICHYIOTH TPH Pi3HI, aJie MOB’s3aHi MiXK COOO0I0 METOIAMKH: 1) MOBHOMACIITa0HI TTONBOBI BU-
npoOyBaHHs; 2) moBHOMacmTabHI abo cKopodeHi JabopaTopHi BHIPOOYBaHHS, 3) KOMII IOTEPHE MOJCITIOBAHHS,
B OCHOBHOMY 3 BUKOPHCTAaHHSAM MeTony AucKpeTHHX enemeHTiB (M/IE). [lepmmii i qpyruil BapiaHTH BEMararooTh
0arato 4acy i rpoliei, a Jyis TPEThOTro BapiaHTa MOTPiOHE CKIAJHE MPOrpaMHe 3a0e3MEUYCHHS, IKe MOXE BPaXxOBY-
BaTH TOYHI MIKpOMEXaHIuHI XapaKTEPUCTUKU MaTepiany 0aaacTHOro Iapy. MeToro 1iei poOdoTH € po3podKa METOTY,
SIKAI J103BOJISIE BU3HAYATH OLIbII TOYHE PyWHYBaHHs 0ajacTy, a TaKOXK PO3pOOKa METOJOJIOTIi OLIHKH, MOB’s3aHOT
31 CHEIialbHUMH METONaMH BHUMIiproBaHHs (Hanpukiam, merogamu GOM, KOMITIOTEpHOI ToMorpadi€i ToIo).
Metoauka. ¥ wiif poOoTi aBTOpH MiJBOAATH MiJICYMKH MPOBEACHOTO MOJICIIOBAHHS 3 BUKOPUCTaHHIM IIPOIPaMHO-
ro 3a0e31eyeHHs, 110 3acTOcoBYe i1 po3paxyHky M/IE, a Takosx 1aboparopHuX BUIIPOOYBaHb, a CaMe CKOPOUYEHHX
BUIIPOOYBaHb Ha OJHOBICHE CTHCKaHH!, 1 KOMI 1oTepHOi ToMorpadii. Pe3yjabTaTn. ABTOpH OTpHMany pe3yIbTaTH,
3TiHO 3 SIKUMHM JTabOopaTOpHi BUIIPOOYBAaHHS Ha OJHOBICHE CTHCKaHHS MOXKHa OYJIO 3MOJENIOBATH 3a JOIOMOTOI0
nporpameoro 3adesneueHHs M/IE 3 mouaTkoBOIO TOYHICTIO, IO B MOJAJIBIIOMY ITOTpPeOye BIOCKOHAICHHS. Pe3yib-
TaTH MiATBEP/UKEHI BUMIPIOBaHHSAMH, BUKOHAHUMH METOZOM KOMII foTepHoi Tomorpadii. HaykoBa HoBu3Ha. Mo-
JICIIIOBaHHS PYHHYBaHHS 4acTOK 3aJli3HUYHOrO OayiacTy, a He TIJbKM iX pyXy, y nporpamHoMy 3abesneuenni MJIE
€ ckiIagHuM 3aBaHHsIM. CbOTO/HI HA PUHKY € 06arato JOCTYITHOTO MporpamMHoro 3adesneueHHs, Hanpukian, PFC,
EDEM, YADE. OaHi mporpamu A0CHTH JIOPOTi, IHIIMMH CKJIQJHO YNpaBisaTH (HEoOXiJHa crelialibHa METOJMKa
NporpaMyBaHHs, KOMaH/IHa JIiHis To1o). J{ys CBOiX JOCIiIKeHb aBTOPH 3aCTOCYBaJIM HE TUBKU J1a00paTOpHi HaBa-
HTaXXyBaJIbHI BUNPOOYBaHHs, aje W CKIIaJHY KoMIl'totepHy Tomorpadiro. IIpakTuyna 3HaymmicTb. Pesynbratn
IIFOTO JIOCITI/DKCHHSI MOYKHA 3aCTOCOBYBATH B rajly3i 3ayli3HUYHOrO OymiBHHUIITBA. JlaHa po0OTa € YaCTHHO JOCIHi-
JUKEHHS B actipanTypi YHisepcutery Iurrsana Ceueni, BukoHaHa acripanTkoro Epikoro FOxac. Ii MeToro € pospo6ka
METO/IY, L0 JI03BOJISIE BU3HAUNTH O1IbII TOYHE pyHHYBaHHS OaJIacTHOTO Iapy, a TAKOXK Po3poOKa METOJ0JIOTi OiH-
KM, TIOB'A3aHOI 31 CriemiaIbHUMHM METOJaMH BHMIpIOBaHHS (Hanpukiaj, MerogaMu GOM, KOMITTOTEpHOIO TOMOTpa-
¢iero i 1. 1.). [Tybnikartist miei cTaTTi miATpUMaHa IPOEKTOM UNKP-19-3-1-SZE-13.
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3AJIIBHUYHA KOJIISI TA ABTOMOBUIBHI JOPOT'

JAUCKPETHO-2JIEMEHTHOE MOJIEJIMPOBAHUE PAZPYIHIEHUSA
YACTHUL KEJE3HOAOPOKHOI'O BAJIJTACTHOI'O MATEPHUAJIA
C IOMOIIbIO TIPOTPAMMHOI'O OBECIIEYEHUS PFC*P

Heab. OnpeneneHre TOYHOTO pa3pylICHHsS YaCTHI KEJIE3HOAOPOXKHOTO OaIaCTHOTO MaTepHalia SIBIISIETCS
KpaliHe BaKHOM mpoOsiemoil. [[ns 3TOro cymecrtByer Tpu pas3Hble, HO CBS3aHHBIE MEXIy cO0OW METOAMKH:
1) monHOMacIITaOHBIC TIOJEBBIC UCTIBITAHKS; 2) TIOJHOMACIITAOHBIC UITH COKPAIICHHBIC TAGOPATOPHBIC UCITBITAHHS;
3) KOMIIBIOTEPHOE MOJCIHPOBAHKE, B OCHOBHOM C HCIIOJIb30BAHHEM METOJa IUCKpEeTHBIX dneMentoB (MD). Ilep-
BBI ¥ BTOPOW BapuaHTHl TPEOYIOT MHOTO BPEMEHH H JICHET, a ISl TPEThETO BapHaHTa TPeOyeTCsl CI0KHOE Ipo-
rpaMMHOE 00ecHedeHne, KOTOpPOE€ MOXET YYHTHIBATh TOYHBIE MHKPOMEXaHWYECKHE XapaKTEPUCTHKH MaTephaia
6amtacTHOTO cinosi. Llempro 3To# paboTHI sIBIsETCS pa3pabOTKa METOo[a, IMO3BOJIIONICTO ONPEEATh 0ojiee TOYHOE
paspymeHne 6amnacTa, a Takke pa3paboTka METOIOJIOTHH OLCHKH, CBI3aHHOM CO CIICNMAIbHBIMH METOJAMH H3MEpe-
Hus (Hanpumep, Metonamu GOM, komnbroTepHO# ToMorpadueii u T. 11.). Meroauka. B nanHO# paboTe aBTOPHI OA-
BOJISIT UTOTHU MPOBEICHHOTO MOAEINPOBAHUS C CIOIb30BAaHUEM MPOTPAMMHOTO 00ECIICUECHU S, UCTIOIB3YIOIIETO IS
pacuera MJID, a Taxke 1a0OpPaTOPHBIX HCIBITAHHUI, & UMCHHO COKPAIICHHBIX HCIBITAHUI Ha OJHOOCHOE C)KAaTHE,
U KOMIIBIOTEpHOI ToMorpaduu. Pe3yabTarsl. ABTOPBI MOJIYYHIH PE3YJbTaThl, COTJIACHO KOTOPBIM J1a00paTOpHBIE
UCIIBITAaHKSI HA OJTHOOCHOE C)KaTHE MOKHO OBLJIO CMOJENMPOBATH C MOMOLIBIO MPOrpaMMHOr0 obecneyenuss MJ1D
C MepBOHAYaJbHOW TOYHOCTBHIO, YTO B JajbHeileM TpeOyeT yCOBEpILEHCTBOBaHMS. Pe3ynbTaThl MOATBEPIKACHBI
N3MEPEHUSIMH, BBITIOJIHEHHBIMH METOIOM KOMIIbIOTepHO# ToMorpaduu. Hayunasi HoBu3Ha. MozenupoBaHue pas-
PYILIEHUSI YaCTHIL KEJIE3HOIOPOIKHOTO OaiiacTa, a He TOJIbKO MX JIBHXKEHHs, B IPOrpaMMHOM obecrieueHnr M/1D sB-
JSIETCSI OYCHB CIIOKHOM 3amauei. CeromHs Ha PhIHKE €CTh MHOTO JOCTYITHOTO NPOTPAaMMHOTO O0OECIeueHHMs, HallpH-
mep, PFC, EDEM, YADE. Omgau mporpaMMbl JOBOJBHO JOPOTHE, APYTUMH CJOXKHO YIPaBITH (HEOOXOoamMa
CrelUaIbHAs METOAWKA IPOTPaMMHpPOBAHMS, KOMAHIHAs JUHAS W T. 1.). 19 CBOMX HCCIEIOBaHUHA aBTOPHI
NPUMEHWIN HE TOJBKO JaOOpaTOpHBIC HArpy304YHBIC HCIBITAHUS, HO M CIOKHYIO KOMIIBIOTEPHYIO TOMOTPa(UIO.
IIpakTHyeckast 3HAYMMOCTb. Pe3ybTaThl JAHHOTO HCCIEAOBAHHMSA MOXKHO OBITh NPUMEHSTH B O0JIACTH XKEIE3HOIO-
POKHOTO CTpOHTENbCTBA. JlaHHas paboTa SIBISIETCS YacThIO MCCIIECJOBAHUS B aclpaHType YHuBepcuTera VmTBaHa
Ceuenu, BBITIONIHCHHAS acniupaHTKoil Dpukoit FOxac. Ee menbto siBisieTcst pa3paboTka METO/1a, O3BOJISIOIIETO OIpe-
JIETUTh Oosee TOUHOE pa3pylieHne 6aaIacTHOTO C0s, a TaKkke pa3paboTKa METOMOJIOTHH OLIEHKH, CBSI3aHHOM CO CIie-
IIHAJIBHBIMU METOJIaMU M3MepeHus (Hanpumep, metogamu GOM, koMmbroTepHOH ToMorpadueit u 1. 1.). [Tyonukanus
JAHHOM cTaThH Mojuiepxkana npoektom UNKP—19-3-1-SZE—-13.

Kntouesvie cnosa. MUCKPETHO-3JIEMEHTHOE MOIEIHPOBAHUE, pa3pylIeHHE YacTHII; pasjioM; JIabopaTOpHbIE HC-
IIBITAHUS; NCTIBITAaHUE Ha cTaTHdeckoe npeccoBanne; KT-o6opynoBanue
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