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Numerical modelling of granular materials with spherical discrete particles and the
bounded rolling friction model. Application to railway ballast.
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Abstract

The Discrete Element Method (DEM) was found to be an effective numerical method for the calculation of engineering
problems involving granular materials. However, the representation of irregular particles using the DEM is a very
challenging issue, leading to different geometrical approaches. This document presents a new insight in the application
of one of those simplifications known as rolling friction, which avoids excessive rotation when irregular shaped materials

are simulated as spheric particles.
reproduce a ballast resistance test.

Keywords:
track stability

This new approach, called the Bounded Rolling Friction model, was applied to

Discrete element method, bounded rolling friction model, rolling resistance torque, railway ballast, railway

1. Introduction 33
34
Traditionally, complex geomechanic problems were ad- ss
dressed using refined constitutive models based on contin- s
uum assumptions. Although these models may be accurate
in the evaluation of the critical state of soils [1, 2, 3, 4], »
or the flow of bulk material masses [5], they are not able 3
to represent local discontinuities which typically play a s
fundamental role in the behaviour of granular materials. 4
This discontinuous nature induces special features such as «
anisotropy or local instabilities, which are difficult to un- «
derstand or model based on the principles of continuum 43
mechanics [6]. a4
The Discrete Element Method (DEM) is an alterna-
tive approach that considers the granular nature of the
material and provides a new insight in the constitutive
model, being, nowadays, one of the most powerful and ef-
ficient tools to reproduce the behaviour of bulk materials
[6]. Within the DEM approach, presented by Cundall and 4
Strack [7] in 1979, each material grain is simulated as a s
rigid particle. The deformation of the material is repre- s
sented by the interaction between the particles, allowing s
small overlaps. The normal and tangential contact be- s
tween the rigid particles define the material constitutive s
behaviour. 55
DEM has proven to be a very useful tool to obtain com- ss
plete qualitative information on calculations of groups of s
particles [6]. However, the computational cost of contact ss
detection between Discrete Elements (DEs) is high and so
limits the applicability of the method to some practical
problems, where millions of particles are typically involved. s
This problem is especially relevant when non-spherical par- s
ticles are employed. This limitation, together with the

Preprint submitted to Computers and Geotechnics

uncertainty about the real contact mechanics and particle
properties influencing the global behaviour of bulk mate-
rials [8], has led to different particle shape simplifications
[9]:

e Rolling friction refers to an additional torque
(rolling resistance torque) that is applied to each par-
ticle pair in contact and resists the rolling motion.
This approach is typically applied to spherical DEs.
Its main advantage is the low computational cost,
since only the radii and the position of the centre
of the spheric particles are required for the contact
detection.

Contact force calculation between spherical DEs is
also straightforward, as the direction of the normal
force is that of the vector that joins the spheres cen-
tres.

e Sphere clusters approach consists of representing
each DE particle as a group of overlapping spheres
joined rigidly, thereby allowing the use of algorithms
that are straightforward extensions of the efficient
methods used for spheres. This approach was used to
represent geomaterials [10, 11, 12, 13, 14] with non-
spherical particles. The total amount of spheres in the
model is n X p, where n is the number of spheres per
cluster, and p is the number of particles to be consid-
ered in the model. The necessary value of n to prop-
erly represent the roughness of a typical sand grain
in 3D ranges from 100 to 400. In engineering calcu-
lations, where only macroscopic results are searched
for, particles with 10 — 20 spheres can be appropri-
ate [15]. In both cases, there is a relevant increase of
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contact detection time. 118

119

It should also be noted that this approach introduces
geometric friction due to the undesired cavities be-,,
tween overlapped spheres. o1

Traditionally, the contact detection is split into two
stages: Global Neighbour Search (GNS) and Local2
Contact Resolution (LCR). Although both stages can
be optimised [16, 17, 18], the computational times
grows at least proportionally to the increase in theis

total amount of spheres in the model. 127
128
Superquadrics are a family of geometric shapes de-

fined by formulas that resemble those of ellipsoids and
other quadrics, except that the squaring operations
are replaced by arbitrary powers. Contact calculation ,,
between two superquadrics was addressed by different .,
authors in the last ten years [19, 20, 21]. .

Although superquadrics are a promising option to rep-is
resent granular materials with the DEM, the compu-13s
tational cost of contact detection is high. Podlozh-
nyuk and Kloss [22] reported that the computational
cost for superquadrics was 35 times higher than for

spheres, in a simulation with 4860 DEs. 138
139

Polyhedral particles representation allows the use,,,
of sharp edges and corners, which can be useful to,,,
reproduce many kinds of granular material particles.,,,
However, this approach leads to an increase of GNS,,,
and LCR computational time.

137

144
An extensive effort was made to use polyhedral par-s
ticle shapes. Cundall et al. [23, 24] developed a tech-s
nique to detect contact forces between polyhedronsw
called the common plane method. It is a compu-
tationally expensive iterative method that replaces

the contact between two polyhedrons with two plane-14
polyhedron contacts. This method was further im-
proved by fast determination of the common plane
[25]. Elias [26] presented a new method of estimating_,
the contact force between two polyhedrons based on,,
calculating the intersecting volume, and applied it to ,
the calculation of railway ballast behaviour. Although
the results obtained were promising, the simulations
involved only 120 particles, due to computational time,,,

1ssues. 158

Aiming to improve contact detection and force eval-is
uation, Alonso-Marroquin and Wang [27, 28] devel-eo
oped the spheropolygons approach in 2D. It is basedis:
in sweeping a sphere around a polygon, which leads,,,
to an easier force evaluation, and a decrease in LCRg
computational time. Galindo-Torres and Pedroso [29]
extended it to more complex interactions in 3D, re-
sulting in the spheropolyhedrons approach,=Jch was
used to predict granular materials behavio@)].

Ahmed et al. [21] presented a new algorithm called
the potential particle shapes approach. It is based
in representing the particles as adjustably rounded

polyhedrons. The limitation of this approach is that
it is only able to represent convex particles.

In summary, the computational time of sphere cluster
calculations augments proportionally to the increase of
the amount of spheres in the model. For superquadrics,
polyhedrons, spheropolyhedrons and potential particles, it
strongly depends on the number of DEs and contacts, but
the published works [22, 21, 26, 31] are limited to a few
thousands of particles.

In this work, rolling friction simplification was chosen
due to its simplicity and lower computational require-
ments.

The paper starts with the introduction of the basic for-
mulation of the DE model used. Next, the new insight
for the application of the rolling resistance torque, called
the Bounded Rolling Friction (BROF) model, is presented,
including some validation tests. Finally, the proposed
method is used to reproduce a laboratory test that evalu-
ates the lateral resistance of a ballast layer.

2. Model formulation

2.1. Basic features
2.1.1. Force evaluation

The behaviour of granular materials is governed by
grain-grain contact interactions. This is the basis of the
DEM approach, where the material is characterised by
means of defining the interactions between its constituent
particles. In the basic DEM formulation, standard rigid
body dynamics equations define the translational and ro-
tational motion of particles. For the i-th particle, these
equations can be written as

Lw, =T, (2)

where 1; is the particle centroid acceleration in a fixed
coordinate system X, w; is the angular acceleration, m; is
the particle mass, I; is the second order inertia tensor with
respect to the particle centre of mass, F; is the resultant
force, and T; is the resultant moment about the central
axes.

F; and T; are computed as the sum of: (i) all forces and
moments applied to the ¢-th particle due to external loads,
F¢*t and T, respectively, (ii) contact interaction forces,
F%, where j is the index of the neighbouring particle rang-
ing from 1 to the number of elements n{ in contact with the
particle under consideration 4 and (iii) all forces, F?amp ,
and moments, Tf“mp , resulting from external damping.

F; and T; can be expressed as

F, = F&' 4> F94Ffm (3)
j=1

T, = TP+ rd < FU 41 (4)
j=1
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where rf; is the vector connecting the centre of mass ofis
the ¢ — th particle and the contact point ¢ with the j-th,,
particle (Figure 1(a)). 201

The contact between the two interacting spheres canag
be represented by the contact forces F¥ and F/* (Figuress
1(a)), which satisfy F¥ = —F7%. Each force F¥ is decom-z.
posed into the normal and tangential components, Fif andaes
F}, respectively (Figure 1(b)) 206

Fi/ = F9 + F/ = F,n" + FY (5)207

where n% is the unit vector normal to the contact sur—zzz
face at the contact point.

The tangential force Fij , along the tangential direction,,,
t¥ (Figure 1(b)), can be written as o

212
(6)213

214

F/ = Fty + Bty

where F;, and F}, are the tangential force components

along the tangential directions t; and tg, respectively.  *°

216
217
218
219

220

221
222
223

224

225

(a) Particles contact.

(b) Force decomposition. 226

Figure 1: Decomposition of the contact force into normal and tan-2?7
gential components [32]. 228

229

230

2.1.2. Constitutive model .
The contact forces F,, Fy, and F}, are obtained using a,,
constitutive model formulated for the contact between two,,,
DEs or a DE and a rigid facet. In the simulations carried,s,,
out in this work, the classical Hertz-Midlin constitutive,,,
model along with viscous damping [33] was used for the,,
contact evaluation, modified by introducing an additional,,,
material parameter called ’rolling friction coefficient’. 238
With respect to the detection of contact between,s,
DE spheres and rigid boundaries, the Double Hierarchy
Method H? was followed [18]. To apply this algorithm,
boundary surfaces should be discretised using triangle or*
quadrilateral meshes. A common binned data structure is
used with the different types of objects (spherical DEs andaa
triangular or quadrilateral elements) in order to efficientlyzs
search for potential neighbours. The contact search algo-2s3
rithm is particularised a posteriori for each distinct typeas
of contact, i.e., particle-face, particle-edge etc., in order toas
establish pair-wise contacts at each time step. 26

3

0

2.1.3. Time integration

Equations (1) and (2) are integrated in time using a
simple Central-Differences scheme [34].

Explicit integration in time yields high computational
efficiency and enables the solution of large models. On
the contrary, it is conditionally stable, so the magnitude
of the time step At is limited [35]. The critical time step is
determined by the highest natural frequency of the system.

2.2. Bounded Rolling Friction (BROF) Model

Rolling friction calculation can be addressed by different
formulations. Ai et al. [36] presented four different types:

e Models type A: the direction of the rolling resistance
torque is always against the relative rotation between
the two contacting entities, and its magnitude de-
pends on the material properties and the contact nor-
mal force [37].

e Models type B: the magnitude of the rolling resistance
torque depends on the angular velocity [37]. There
are some situations where these models do not pre-
dict rolling friction when it is required, due to its de-
pendence on surface velocity difference between two
particles. In these cases, they are highly inaccurate.

e Models type C: the rolling resistance torque is the sum
of a mechanical spring torque and a viscous damping
torque [38]. In dynamic situations, models A and C
(without damping) should converge to the same be-
haviour. Aiet al. [36] showed that model C is superior
in static situations.

e Models type D: the rolling resistance torque depends
on the total rotation or rotational velocity of a particle
[39]. These models are clearly inefficient [36].

Models B and D will not be further commented in this
paper due to their limitations.

A and C are the most commonly used rolling friction
model types [8]. In this work, model A was improved
to avoid the inconsistencies appearing in static situations.
The main advantage of model A over model C is that only
one parameter is required to completely define each mate-
rial rolling friction.

In model type A the rolling resistance torque T" is given
by

w'r‘el

To__
T = ‘w'r‘el|

—e¢|F"|

(7)

where e€ is the resistance parameter that defines the con-
tact rolling friction, which depends on the size and mate-
rial properties of the particles in contact. F" is the normal
contact force and w™ is the relative angular velocity of
the two particles in contact. Figure 2 shows schematically
the implementation of the rolling friction model type A.
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Figure 2: Scheme of rolling resistance model type A.

The material property that influences the rolling be-
haviour of the DE particles is called rolling friction co-
efficient (7)), which depends on the shape of the granular
material particles: it will be higher for sharp stones than
for pseudo-spherical ones. The rolling resistance parame-
ter, e¢, depends on the rolling friction coefficient (7,.) and
the radius of both contacting spheres.

Till this point, e® was treated as the rolling resistance
parameter. However, it can also be defined as the eccen-2ss
tricity of the contact. The need of this parameter is basedzss
on the fact that, when dealing with non-spherical particleszss
contact, the line of action of the contact normal force doesass
not pass through the centroid of the particles [8]. In thez
classical model A, the rolling resistance parameter for par-zs
ticle i (e5) is considered as the product of its rolling frictionzes
coefficient n,; and the effective rolling radius R” [8, 36],20
which, for two particles ¢ and j in contact, is calculated as

. T
R = ) 8
rz + ’,“] ( )291
In the BROF model ¢ = min(n;|r;|,n;|r;]). This al-

lows a more realistic consideration of the contact betweena
particles with very different radius sizes, because the ec-2s
centricity of the contact is defined by the lowest eccentric-ze
ity of the contacting particles. This feature can be clearly
noticed in the scheme of Figure 3. 205

Ai et al. [36] outlined that model A should be used withoos
caution in static situations, because rapid oscillations ina
the rolling resistance torque can appear due to the discon-zs
tinuity in Eq. 7 at |w™!| = 0. To avoid this drawback, theas
BROF model limits the rolling resistance torque (T ) tosowo
the necessary moment to stop the sphere rotation in onesn
time step (T;"**)

n; 302

T;’naz = wlllAt — Z I‘ijFij 303

J=1 304

.f TT’ Tmaz TT‘ _ c Fn Tmaz (9)305
if [[T3]] < [ T3] = —¢°|F" | ez

|T | 306

if || T3] = [T = Tj = T;"°
307
where w; is the angular velocity of the sphere ¢ in thess
previous time step. 300
It should be noted that, within the BROF model, theso
rolling resistance torque is applied in the direction of thesu

4

Figure 3: Schematic representation of the effect of the rolling friction
parameters e® and 7.

necessary moment to stop the sphere rotation in one time
step (T7"*"), and not in the direction of the relative angu-
lar velocity of the two particles in contact (|w"®|). This
was set in order to avoid discrepancies, making the algo-
rithm frame-independent.

Eq. 10 highlights the differences in the computation of
the rolling resistance torque between the classical model
A and the BROF model.

rel

Model type A T; = —e°|F"| >
‘wrel|
BROF model T;A = *ec‘Fn‘ |Tma:c|

This improvement, based on the work of Tasora and
Anitescu [40], avoids undesirable oscillations in the spheres
spin.

2.8. Software

The data structures and algorithms have all been im-
plemented through the Kratos multiphysics software suite
[41], an Open-Source framework for the development of nu-
merical methods for solving multidisciplinary engineering
problems. Within Kratos multiphysics, a DEM code called
DEMPack (www.cimne.com/dempack/) was implemented.

3. BROF model validation

Two of the benchmark cases described by Ai et al. [36]
were selected for the validation of the BROF model. In
both cases, the same material properties and simulation
parameters described in [36] were used.

3.1. Test case 1: sphere with initial velocity rotating over
a flat surface [36]

The first test adopted is a single sphere (with rolling

friction) rotating over a flat surface. To develop the simu-

lation, a sphere is placed over a rigid surface letting it move
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by its own weight until it achieves equilibrium. Then, an
initial translational velocity (vo = 1.0m/s) is applied to
the sphere. The test case layout is shown in Figure 4.
y
L
vg = 1.0m/s

—>

5.0mm

Figure 4: Initial layout of test case 1.

The material properties and simulation parameters used
in test cases 1 and 2 are summarised in Table 1.

Table 1: Material properties and calculation parameters used in test
cases 1 and 2.

342

Figure 5 shows the rolling resistance torque over time us-
ing the BROF model, as compared to that obtained with
the classic model type A [36]. In the dynamic part of the
simulation, the rolling resistance torque in both models is
a constant value given by Eq. 7. However, once the sphere
reaches its final position, differences between both models
arise. In the classic model A, the torque oscillates between
a positive and a negative value with the same magnitude.,,,
The BROF model overcomes this inconvenience thanks to
the limitation imposed in eq. 9, and leads to an equilib-
rium situation where the rolling resistance torque and the
particle angular velocity are zero.

The torque instability for model A generates oscillations™
in angular velocity, which are also eliminated with the™”
BROF model. Although their magnitude is low for thesso
test case 1, the kinetic energy generated can be relevantss
in simulations involving a large amount of particles. 352

With model C, damping is necessary to avoid oscillationssss
in a static situation. Without damping, the behavioursss
would be similar to the behaviour of model A, but the o0s-s
cillating frequency does not depend on the step: it dependssss
on the rolling stiffness and the mass of the sphere. 357

The graph in Figure 6 shows the response of the BROFss
model and the classic rolling friction model C with a damp-sse
ing ratio §, = 0.3. It can be appreciated that, in model C,ss0

346

347

5

Material properties 3
Density (kg/m?) 1056 244
Young modulus (Pa) 4.0-10"
Poisson ratio 0.49
Restitution coefficient 0.2
Friction coefficient DE/FE 0.8
Rolling friction coefficient 0.2

Calculation parameters

Gravity (m/s?) -9.8
Time step (s) 5.0-107°
Neighbour search frequency 10

CHE T T T T
QZ —— BROF model
Model A
IO 10 b odae
Z
3
& 5 i
8 R
154
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0.0 0.2 0.4 0.6 0.8 1.0
Time (s)

Figure 5: Comparison between rolling resistance torque obtained
applying the classic rolling friction model A and the BROF model.

some oscillations still appear although damping is applied.
The amplitude of the oscillation decreases gradually with
time.

| B T T T T
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Figure 6: Comparison between rolling resistance torque obtained
applying the classic rolling friction model C with a damping ratio
6r = 0.3 and the BROF model.

The results obtained for test case 1 show that BROF
model outperforms models A and C. The difference is less
relevant for model C.

3.2. Test case 2: sphere with initial angular velocity rotat-
ing over an inclined surface [36]

The aim of the second test case is to evaluate the influ-
ence of varying the rolling friction coefficient in the BROF
model. It consists of a sphere rolling up a slope with an
angle of 5 = 10 degrees, as shown in Figure 7. The sphere
has the same properties as in test case 1 (see Table 1).
In this case the sphere is positioned over the rigid surface
allowing it to move by its own weight, but restringing its
movement in the x direction (see Figure 7). When the
sphere come to rest, x movement restriction is removed
and an initial translational velocity vy = 1.0m/s, parallel
to the slope, is applied.
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Figure 7: Initial layout of test case 2.

381
382

383

In order to evaluate the influence of the rolling friction3s
coefficient in the sphere response, two other values of thes
rolling friction coefficient 7, were considered. When 7,
is lower than 0.176 (which corresponds to a rolling fric-
tion angle o = 10 degrees) the sphere should roll back
downwards after reaching its highest point. When 7, is
sufficiently large (more than 0.176), the sphere should be
stopped by a resistance torque that prevents the downward
rolling due to gravity.

] 15 T T T T
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(a) Rolling resistance torque versus time.

T T T L
— n,=01H

nr =02
nr =0.4T]

0.14

0.12

0.10 |- .-
0.08 - /)

0.06 -

0.04

Rolling distance (m)

0.02 -

0.00 | | | |
0.0 0.2 0.4 0.6 0.8 1.0

Time (s)

386
387
(b) Rolling distance versus time. 388
389

Figure 8: Test case 2 results for three different rolling friction coef-3%0
ficients n, = 0.1, 0.2 and 0.4 applying the BROF model.

391
Figure 8(a) shows the evolution of the rolling resistance

torque over time. It is worth noting that applying thess
BROF model, the rolling resistance torque in dynamic sit-so
uations is constant for a specific value of the rolling frictionses

6

coefficient. However, when the particle comes to rest, the
rolling resistance torque is set to a specific value, which
is the necessary torque to stop the sphere rotation in one
time step. This feature can be clearly appreciated in Fig-
ure 8(a), for 7, = 0.2 and 0.4, where the rolling resistance
torque is the same independently of the value of the rolling
friction coefficient.

Figure 8(b) shows the sphere rolling distance over time.
It can be observed that, with a higher rolling friction coeffi-
cient, the sphere spin stops faster. As expected, the sphere
rolls back downwards after reaching its highest point for
nr = 0.1.

15 T T T T

10 L ------ nr =041[]

Rolling resistance torque (10~ °Nm)

—10 1 i | | 1
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(a) Rolling resistance torque versus time.
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(b) Rolling distance versus time.

Figure 9: Test case 2 results for three different rolling friction coeffi-
cients . = 0.1, 0.2 and 0.4 applying the classic rolling friction model
C with a damping ratio §, = 0.3 [36].

Figure 9 presents the results obtained by Ai et al. [36]
with the classic rolling friction model C with a damping
ratio §, = 0.3. Although the rolling resistance torque is
similar, BROF model avoids oscillations with only one pa-
rameter to calibrate.

4. Railway ballast behaviour calculation

4.1. Ballast characterisation

Railway ballast refers to the layer of crushed stones
placed between and underneath the sleepers. The purpose
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of this layer of granular material is to provide drainageas
and structural support for the dynamic loading applied byass
trains [42]. 29

The ballast layer is relatively inexpensive and easy tosso
maintain. However, the demands over the ballasted trackas
are increasing due to the faster, heavier and more frequentas.
trains, which yields to the necessity of a better understand-sss
ing of its mechanics and the way in which it resists lateralsss
and vertical loads [21].

Mechanical testing on specimens of railway ballast is dif-
ficult to carry out in traditional laboratory devices owing
to the large particle size [43]. Thus, there is interest in de-
veloping simulation techniques that enable the numerical
analysis of the mechanical behaviour of ballast. Railway
ballast is an ideal material to be calculated with the DEM
[21], due to its granular nature and relatively large grain
size, compared with the depth of the ballast layer.

Some material properties of ballast are well documented
in technical literature. In this work, the following values
were adopted:

o Density: 2700 kg/m3 [44].

o Particle size: ballast granulometry is regulated [45].
Following the indications of European standards, the
mean diameter of the particles was set to 0.05 m.

455

456

« Poisson ratio: 0.18—(@[46, 44].

» Restitution coefficient: 0.4 [46]. w7

458

o Angle of repose: 40 degrees [13]. 459

460

There is some scope for uncertainty in the choice of thesw
Young modulus value. For real ballast stones, some au-s:
thors suggest £ = 30 GPa [47, 48]. However, contacts be-s:
tween real ballast stones are not Hertzian, as the particlesass
have rough and non-spherical surfaces [49]. For rough sur-sss
faces, the contact radius of curvature is much smaller thanasss
for idealised spherical shapes. As a consequence, the ap-
propriate value of the Young modulus when using spheres
is lower. Ahmed et al. [21] used values of shear modulus
(G) between 1 and 10 GPa, that corresponds to a value
of the Young modulus between 2.36 and 23.6 G Pa for the
chosen Poisson ratio (v = 0.18). In this work, we tested
four values within that range: £ =5.9, 11.8, 17.7 and 23.6
G Pa, which correspon G =2.5,5,7.5 and 10 GPa.

The friction coefficiermmoetween ballast stones depends
on the time and the load cycles suffered by ballast stones.
According to Melis [44], the friction angle should always
be between 30 and 40 degrees (friction coefficient between
0.577 and 0.839). In this work, a value of 0.6 was selected,
following Chen et al. [13].

As mentioned before, ballast particles were represented
as spherical DEs with rolling friction. The value of thess
rolling friction coefficient was calibrated to reproduce theass
angle of repose of ballast, as described in the followingass
section. 470

7

4.2. Angle of repose

The angle of repose is defined as the slope of a pile of
granular material laid up on the ground without any other
support [50]. The importance of this material property is
that it controls all parameters that affect the behaviour
of large amounts of granular material (friction between
particles, shape and size of different grains), allowing their
evaluation in a simple way.

0.5
A
1.3
0.7
0.25
y
A
0.25

..

Figure 10: Simulation layout (measurements in meters) [13].

Figure 10 shows the layout of the simulation (taken from
Chen et al. [13]) developed to calibrate the rolling friction
coefficient of the material. The test is based on measuring
the angle of repose for each of the rolling friction coeffi-
cients evaluated. In the simulation, particles are deposited
from a hopper with a squared aperture of 25 c¢m side, lo-
cated 0.7 m above the floor.

Material and calculation parameters are defined in Table
2. The critical time step of the system is determined by
its highest natural frequency, and it depends on the mass
and the stiffness of the particles. For that reason, different
time steps were used for each simulation.

Table 2: Data summary.

Material properties

Density (kg/m?®) 2700
Poisson coefficient 0.18
Young modulus (GPa) 5.9/11.8/17.7/23.6
Friction coefficient 0.6
Restitution coefficient 0.4
Rolling friction coefficient 0.2/0.25/0.3

Calculation parameters
8.0/6.0/5.0/4.0
Neighbour search frequency 10

Time step (us)

Figure 11 shows the angle of repose obtained for each
value of the rolling friction coefficient. It corresponds to
the tests for ' = 17.7 GPa, though the results were inde-
pendent of the Young modulus (results not shown).
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Figure 11: Repose angle of the granular material for different rolling friction parameters (E = 17.7 GPa).

Since the angle of repose of ballast is 40 degrees, the
rolling friction coefficient was set to 0.25 for the benchmark
test described in the following section.

It should be noted that the rolling friction approach can
be useful to reproduce other granular materials with spher-
ical DEs.

4.8. Ballast layer lateral resistance

One of the problems that may appear in railway infras-
tructures is lateral buckling, which is one of the most criti-
cal troubles in railroad tracks [51]. It can greatly affect the
circulation and may cause catastrophic derailments [52].
Lateral buckling can be caused by mechanical or thermal
loads, being relatively common in countries with large de-sos
viations in temperature between winter and summer. Forso
this reason, lateral resistance of the track is one of theswo
most important parameters regarding track stability. In
this context, the ballast plays a crucial role [51]. 511

Because of the importance of this problem, we devel-**
oped a numerical simulation to evaluate the lateral resis->"
tance force of a ballast layer against a sleeper with imposed®*

motion. o
516
A reference experimental test [53] was reproduced nu-

merically, and the results were compared.

4.3.1. Reference test

Zand and Moraal [53] conducted a series of three-
dimensional ballast resistance tests using a rail track panel.
Those tests were performed in the Roads and Railways Re-
search Laboratory of the Delft University of Technology
(TU Delft).

The tests consisted of a track panel with five sleepers in-
side a ballast bed (Figure 12). Lateral load was applied by
means of two diagonal rods connecting the hydraulic actu-siz
ator (150 kN) to the track section. Two connecting beamss:s
were welded between the rails to reinforce the track panelsio
enabling a more uniform load application. The motion ofsx
the track panel was imposed and the opposing force wassa
measured. 522
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v =1 cm/min

Figure 12: Laboratory test layout [53].

The laboratory tests were performed for different ver-
tical loads. In this work, the test with unloaded sleepers
was chosen for the numerical calculation.

4.3.2. DE model

The geometry used in the simulations is the same as in
the laboratory test, but for only one sleeper, instead of five
(see Figure 13). Lateral resistance test simulations were
developed using spherical discrete elements with rolling
friction.

034 074

E_
<

Figure 13: Test geometry for calculating ballast lateral resistance
force against sleeper movement (distances in meters).

Particles initial distribution is a key parameter that has
not been already mentioned, since it is specific for numer-
ical modelling, though irrelevant for the case described in
section 4.3.1.

To start the calculation, the volume has to be filled with
spherical DEs. Although there exist sphere meshers (e.g.
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543

544

545

546

547

548
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551

GiD pre and post-processor sphere mesher, http://www.ss
gidhome.com/), the result do not always meet the desiredsss
material compactness. As a result, new alternatives needsss
to be considered to address the problem. 555

Tran [54] proposed the so-called gravitational packingsss
technique to generate DE samples for granular materialssz
simulations. It consists in assigning the particles a zerosss
friction coefficient value, and letting them to freely fill thesso
volume under consideration. This leads to a high particlese
compactness, though requires a pre-simulation. This is thess:
method applied in this work. 562

In this specific case, an auxiliary surface is needed to
maintain the slope of the the embankment when the ma-s;
terial friction angle is zero. 564

Figure 14 shows the layout of the numerical model atg
the beginning and at the end (time = 2.5s) of the pre-,
simulation. The auxiliary surfaces move downwards to-
gether with the granular material in order to maintain the
desired geometry. In Figure 14 it can also be seen that
an auxiliary sleeper, higher than the real one, was used to
keep the geometry of the ballast layer.

At the end of the pre-simulation, it was verified that
the value of the vertical force on the upper part of the
auxiliary surfaces was zero (otherwise, the ballast layer
would be over-compacted).

Auxiliary sleeper Auxiliary
B surfaces
o| . (t50.05)
(o) i G
S
Auxili"cu'y sleeper Auxiliary
5 = . surfaces
s ‘\~'ij3\£t=2.5 s)
= N

Figure 14: Auxiliary surfaces used to keep the geometry during the56?
pre-simulation. 568

569

The particle arrangement at the end of the pre-*°
simulation was the starting point of the laboratory test®™
numerical calculation. The DE mesh, consisting of 21,708

spheres, is shown in Figure 15. 573
574

Imposed 575

Wmem

576
577
578
579
580
581
582
583
584
585

Figure 15: Initial configuration for the ballast resistance numerical®®
test. 587
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The friction between ballast and the outer walls was con-
sidered null to simulate a continuous domain with mirrored
particles. Hence, the results of the numerical model can
be compared to those obtained in the experiment, where
the lateral force was applied to 5 sleepers.

The material properties and calculation parameters were
defined in Table 2. The rolling friction coefficient was set
to 0.25, based on the results of section 4.2. The value of
the friction coefficient between the ballast stones and the
sleeper was taken from the reference study [53], where it
was computed experimentally.

4.3.8. Results

Figure 16 shows the results of the lateral resistance force
versus the sleeper displacement. The numerical and the
experimental results are compared.

12000

10000 - —
- T
- S
8000 i
z
§ 6000 1
o
=
4000 .
. E=59GPa ~-----
2000 f E=11.8GPa — — A
E=17.7GPa
E=236GPa - - —
Experimental

0 L I I
0 0.005

0.01 0.015
Displacement [m]

0.02 0.025

Figure 16: Numerical results of the ballast resistance test for four
different values of the Young modulus, and comparison to the exper-
imental test.

It can be observed that the results in the first loading
stages for £ = 17.7 GPa and E = 23.6 GPa are almost
identical, and close to the experimental curve. For lower
values of E, the slope is also lower. The differences in
terms of the maximum resistance force are less relevant,
with certain erratic behaviour.

These results suggest that for this test, the influence of
E is negligible provided that some value greater than 17.7
GPa is chosen. Since lower values allow for larger time
steps and low computational time, it is advantageous to
use E = 17.7 GPa.

An interesting feature of the numerical methods is that
they allow obtaining results difficult to measure in exper-
imental facilities. As an example, the percentage of the
lateral resistance force exerted by ballast against each face
of the sleeper can be computed. This information can
be useful to optimise the geometry of the cross-section to
increase the lateral resistance force under different situa-
tions.

Figure 17 shows the results. It can be seen that at the
start of the simulation, 50% of the resisting force is due to
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Figure 17: Percentage of the lateral resistance force acting on each®®
sleeper face. 639
640

641
the friction of the bottom face. However, that percentages,,

decays sharply up to 20% for displacement equal to 3 mm g,
while it grows for the shoulder, whose force is higher for
displacement greater than 1 mm.

According to these results, the most effective way tos
increase the lateral resistance would be to augment the
roughness of the bottom face of the sleeper. If lateral dis-64
placements greater than 1 mm were allowed, the geometrys+
of the shoulder should be optimised. 647

A more comprehensive analysis would be required tos
draw conclusions in a practical case, including the analysis®
of loaded scenarios. 650

651

652
5. Summary and conclusions 653
654
655

A new model, called the Bounded Rolling Friction656
(BROF), for the computation of rolling friction for spher-;,
ical DE particles was presented. Besides providing similarsss
results than the previous rolling friction models in dynamic®®
situations, it includes a limitation to the angular velocity::?
in order to avoid undesirable sphere rotation when the par-g,
ticle is almost at rest. The BROF model was comparedsss
with previous rolling friction models, concluding that the®*

. 665
results are accurate, with only one parameter (n,) to be_,
calibrated. BROF model sensitivity to changes in 7, wasss
also checked. 668

It can be concluded that the BROF model outperforms:jz
previous approaches for modelling irregular particle shapes,
with spherical DEs. 672

10

To calibrate the BROF model 7, parameter, the angle
of repose of the granular material can be used, since it
is easy to obtain it in the laboratory. In the case study
presented, an angle of repose of 40 degrees was obtained
for ballast with n, = 0.25.

The BROF model with spherical DEs was used to re-
produce an experimental test on the lateral resistance of
ballast against a sleeper with imposed motion. The initial
stiffness was correctly reproduced, and the maximum force
was captured with an error of almost the 6%.

DEM allows detailed analyses of the system response,
which are often difficult to carry out in laboratory. In the
benchmark presented, the evolution of the relative influ-
ence in the resistant force of each component of the ballast
layer was identified.

The results showed some degree of dependence on the
Young modulus value. In particular, they suggest that
a minimum value of 17.7 GPa (correspondent to a shear
modulus of 7.5 GPa) should be considered. Hence, cali-
bration of this parameter seems advisable before applying
this model to reproduce ballast behavioder different
load conditions.

Although the results suggest that spherical DEs ca
appropriate to reproduce the macroscopical behav
large domains featuring a high amount of particles (as is
the case of the ballast bed), it is obvious that a more accu-
rate description could be achig ith more realistic parti-
cle shapes. The authors are currently working in this line
by using clusters of spheres.
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