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Abstract

Abstract

Differential settlement along ballasted railway tracks is one of the main factors that force maintenance
work. The elasticity of the sleeper (the railroad tie) plays a key role in transferring the wheel-rail
contact forces to the ground, and thus, impacts the long-term track settlement due to the occurring
local pressure distribution. A deeper physical understanding of the interaction between the railway
sleeper and the ballast can help to improve the railway infrastructure and thereby reduce maintenance
activities significantly. Due to the discrete nature of railway ballast, the discrete element method
(DEM) is considered a suitable and widely used numerical tool to gain insight into the physical
phenomena at particle level and to simulate the bulk behaviour of ballast. In recent DEM related
railway track research, the sleeper is either modelled as a rigid body, built up by bonded particles
or implemented by a complex coupling method. Since sleeper elasticity significantly impacts the
dynamic interaction of the sleeper with the ballast bed, efficient DEM simulations with accurate
elastic sleeper models are needed. In this thesis a method is presented that uses the particle facet
model (PFM) to design an elastically deformable sleeper. The PFM uses nodes, cylinders, and so-
called PFacets to construct flexible objects and was initially utilised to model elastic roots, grids, and
membranes with a smooth surface. This approach is adapted to replicate a smoothed surface elastic
sleeper without the need for coupling techniques. This way, railway track simulations can be carried

out that consider the effects of sleeper elasticity on the discrete railway ballast realistically.

DEM simulations in a box-test setup were carried out in which the elastic PFM sleeper was placed on
a compacted ballast bed and then cyclically loaded. The computed pressure distribution at the sleeper-
ballast interface, the sleeper deflection profile and the settlement were in qualitative agreement with
the literature. In contrast to rigid sleeper models and numerical tools that consider the ballast as a
continuum, the simulations have shown that the aforementioned results heavily depend on the initial

configuration of the ballast bed.

The proposed modelling method offers an realistic integration of elastic sleepers into ballasted rail-

way track DEM simulations and thereby improves the understanding of the physical effects resulting
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Abstract

from the sleeper’s elasticity. Numerical studies of complex railway track regions where the sleeper’s

mechanical properties are decisive, as found in curves or turnouts, are thus made possible.
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Kurzfassung

Kurzfassung

Variierende Fahrwegsetzung entlang von Schottergleisen ist ein entscheidender Grund, dass Instand-
haltungsarbeiten durchgefiihrt werden miissen. Die Elastizitit der Bahnschwelle spielt bei der Uber-
tragung der Rad-Schiene Krifte in den Untergrund eine wichtige Rolle und beeinflusst dadurch das
Setzungsverhalten des Schotterbettes aufgrund der sich einstellenden lokalen Druckverteilung. Ein
tieferes, physikalisches Verstdndnis iiber die Interaktion zwischen Bahnschwelle und Schotter kann
dazu beitragen, Verbesserungen am System vorzunehmen und damit den Wartungsaufwand deut-
lich zu reduzieren. Aufgrund des diskreten Charakters des Gleisschotters gilt die Diskrete Elemente
Methode (DEM) als geeigneter und weit verbreiteter numerischer Ansatz, um Einblicke in die phy-
sikalischen Phianomene auf Partikelebene zu erlangen und um das Schiittgutverhalten des Schotters
zu simulieren. In bisherigen DEM Simulationen des Schienenoberbaus wurde die Schwelle entweder
als starrer Korper modelliert, aus Bonded-Particles aufgebaut oder durch komplexe Co-Simulationen
implementiert. Da die Schwellenelastizitit die dynamische Wechselwirkung zwischen Schwelle und
Schotter maBgeblich beeinflusst, sind effiziente DEM-Simulationen mit einer pridzisen Abbildung
von elastischen Schwellen unerldsslich. In dieser Arbeit wird eine Methode prisentiert, die das Par-
ticle Facet Modell (PFM) verwendet, um eine elastisch verformbare Bahnschwelle zu modellieren.
Die PFM verwendet so genannte Nodes, Cylinder und PFacets um Objekte aufzubauen und wurde
urspriinglich verwendet um elastische Wurzeln, Gitter und Membranen mit glatter Oberflidche dar-
zustellen. Dieses Modell wurde angepasst, um eine elastische Schwelle zu modellieren, ohne auf
Co-Simulationen zuriickgreifen zu miissen. Dadurch kénnen Simulationen des Bahnoberbaus durch-
gefiihrt werden, die die Effekte der Schwellenelastizitit auf diskretem Schotter realitdtsnahe beriick-

sichtigen.

Es wurden DEM Simulationen von Schotter-Box-Tests durchgefiihrt, in denen die elastische PFM
Schwelle auf einem verdichteten Schotterbett platziert und im Anschluss zyklisch belastet wurde.
Die berechnete Druckverteilung an der Schwelle-Schotter Grenzfliche, die Biegelinie der Schwelle

und die Fahrwegsetzung stimmen qualitativ mit Daten aus der Literatur iiberein. Im Gegensatz zu
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starren Schwellenmodellen und numerischen Ansitzen, die den Schotter als Kontinuum betrachten,
zeigen die Simulationen, dass die zuvor erwidhnten Ergebnisse stark von der Ausgangskonfiguration

des Schotterbettes abhidngen.

Die prisentierte Methode ermoglicht eine realitdtsnahe Integration von elastischen Bahnschwellen
in DEM-Simulationen des Schotteroberbaus und verbessert dadurch das Verstindnis fiir die durch
Schwellenelastizitit resultierenden physikalischen Effekte. Numerische Untersuchungen von kom-
plexen Fahrwegsabschnitten, in denen die mechanischen Eigenschaften der Schwelle entscheidend

sind, wie in Bogen und im Weichenbereich, konnen dadurch erméglicht werden.

VI
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1 Introduction

2021 - it is the second year strongly affected by the CoViD 19 pandemic crisis in central Europe.
New mutations are spreading faster than any others before while the economy is scared of further
lockdowns. Scientists claim that climate change directly impacts how people live with other species
on earth, which drastically influences when and where pathogens appear. To limit the risk and impact
of infectious diseases, it is advised to vastly reduce greenhouse gas emissions and thereby the rise
of the average global temperature. This can be achieved by reducing air pollution, mainly caused by
burning fossil fuels like coal and oil, by making the workforce more climate-resilient through scaling
up investments in low-carbon technologies. [1-3]

One of the big concepts to reduce climate change impact is the European Green Deal, which was made
public by the European Commission by the end of 2019. The goal is to reduce the net emissions of
greenhouse gases to zero and to become the first continent to be climate neutral. When it comes
to emissions, the first thing coming into mind are vehicles with combustion engines that should be
significantly reduced. Passenger cars alone contribute 15% to the total CO, emissions of the EU27,
transportation of goods not to mention, and when compared to other transportation types, it is clear
that road traffic needs to be reduced and railway traffic needs to be pushed. [4—6]

One of the approaches to push railway traffic is the European Silk Road. It is meant to connect the
industrial centres of western Europe with the continent’s populous but less developed regions further
east. Additionally, 2021 was assigned to be the "European Year of the Rail" to raise awareness on
the benefits of rail-bound transport and promote trains as the most environmentally friendly way for
passenger and freight transportation. [5, 7, 8]

All these points come to the same conclusion: a lot will be pushed in the railway industry to accom-
plish climate neutrality for transportation issues in the future. This means that the railway infrastruc-

ture needs to be as efficient as never before and resilient enough to take on the challenge of very high
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demand.

1.1 The railway industry

A lot of development and investments in the railway industry could be observed over the last years.
Many huge projects are ongoing at the time of writing. In Austria alone, three massive railway tunnels
are being built. In general, Austria is a central node of Europe’s traffic flow due to its geographical
location. Currently, four out of nine of the central lines of the trans-European railway transport
network go through Austria. This will become even more significant when all planned European
lines, e.g. the European Silk Road, are finished and are working at full capacity. [9—14]

Railway operators and suppliers want their vehicles and tracks to become more efficient while reduc-
ing maintenance work or even malfunctioning. For that reason, the Technical University of Graz (TU
Graz), voestalpine AG, Austrian’s Federal Railways (OBB), Siemens Mobility Austria GmbH and Vir-
tual Vehicle Research GmbH combined their railway competencies and founded the Research Cluster
for Railway Systems (RCRS) research initiative to increase competitive capabilities even further. The
spotlight in this consortium is on rail vehicle technology, rail infrastructure, and rail operations, fo-
cusing on synergy potential and digital transformation. The partners want to promote joint research
projects to leverage on each other’s competencies. Thanks to innovative companies and research
institutions, Styria has already made a name in this field over the recent years. Other scientific insti-
tutions, domestic companies and rail operators will join this venture in the future to boost Austrian’s

rail competence even more and accentuate its expertise throughout Europe. [15-22]

1.2 Scope and outline

Part of ongoing research is developing a deeper physical understanding of ballasted railway tracks.

The interaction between the central components of rails, sleepers, and the ballast bed in dynamic
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load cases is particularly interesting, including the effects of elastic layers between them. In this
thesis, numerical discrete element simulations are carried out to gain insight into ballasted railway
tracks. The work of Kumar et al. [23] is used as a basis for box-test simulations. This approach is
extended in this thesis by developing a method to include an elastic sleeper model in the simulations.
Additionally, the size of the simulation box is increased to cover the sleeper length and the affected
ballast around it entirely. This way, it is expected to understand the influence of sleeper elasticity
on ballast settlement and contact pressure by performing static and cyclic loading. The results are
then discussed and compared to laboratory experiments from the literature and results from other
numerical railway track models. Moreover, this simulation approach is meant to provide the base for
additional simulations to investigate, e.g. the lateral resistance of the track or the situation of long

sleepers in turnouts that are loaded asymmetrically and can develop a hanging sleeper situation.

In the first chapter, the basic setup of ballasted railway tracks is described. A literature summary is
presented that investigated the effects of sleeper elasticity through experiments and simulations. In the
second chapter, possible approaches for modelling elastic objects in a discrete element environment
are discussed. The chosen approach is presented and the model’s theory is explained in detail. In
chapter three, the simulation setup is presented, including the design, modelling and calibration of the
sleeper model, the configuration of the box-test and the simulation procedure. The results obtained
from simulations are discussed in chapter four. Finally, in the fifth chapter, a summary and an outlook

on future research are provided.

1.3 The ballasted railway track

Many different types of track structures exist around the world. The most frequently used type is the
ballasted track, also called "classical track" or "conventional track" for that very reason. It consists of

a flat framework made of rails and sleepers that is supported on ballast. The ballast bed rests on a sub-
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ballast layer, forming the transition layer to the formation or subgrade. Fastenings, rail pads, switches
and crossings are also considered part of the track. The construction principles of a classical track
structure are shown in figure 1 and figure 2. Significant developments of the superstructure in the
last century include: introduction of continuously welded rails, use of concrete sleepers, heavier rail-
profiles, innovative elastic fastenings, mechanisation of maintenance, and introduction of advanced
measuring equipment and maintenance management systems. [24]

The main advantages of the ballasted track compared to other track types are: [24]

efficient drainage

sufficient elasticity

* proper noise damping

relatively low construction costs and easy maintenance

Fastening
/ ~_— Sleeper

10 cm gravel

Subgrade

Figure 2: Principal of track structure: longitudinal section [24]
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1.3.1 The ballast bed

The ballast bed consists of a layer of loose, coarse-grained material that can absorb considerable
compressive stresses due to internal friction between the grains, but not tensile ones. The thickness of
the ballast bed is such that the subgrade is loaded as uniformly as possible. The optimum thickness is
usually between 25 and 30 cm measured from the bottom of the sleeper. Besides distributing the load
evenly, the ballast bed needs to also provide adequate lateral resistance. Moreover, the draining effect
of the bed is vital as it must withstand heavy rainfalls without flooding the track. [24, 25]

The primary functions of the ballast bed can be summarised as follows: [25-27]

transferring and distributing the load from the sleepers to a large area of the formation

providing elasticity and resilience to the track for proper riding comfort

providing the necessary resistance and stability in longitudinal and lateral direction

providing effective drainage to the track

 providing an effective means of maintaining the level and alignment of the track

The ballast material’s most essential requirements are hardness, wear resistance, and good particle
size distribution. The particles themselves must have sharp edges, which helps in increasing shear
resistance. Some of the more commonly used types of ballasts are crushed stone (broken rock like
granite, kieselkalk or calcite), gravel (obtained from rivers) or crushed gravel. For special circum-
stances other types of ballast (e.g. sand or moorum) may also be considered. Ballast between 32 mm
and 50 mm should be generally used, but it is recommended to use grain sizes on the upper limit since
it will break down in operation. [24, 25]

To summarise, the ballast material should possess the following properties: [24-27]

* adequate toughness, hardness, durability, wear-resistance, and no absorption of water.

* cubical shape with sharp edges
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* effective drainage for water

* cheap, economical, and available in large amounts

1.3.2 Sleepers

The transverse ties that are laid to support the rails are called sleepers. Sleepers are the essential
elements that transfer the dynamic wheel load from the rails to the subgrade through the ballast bed

and need to fulfil the following functions: [24, 25]

sustain and transfer rail forces as uniformly as possible to the ballast bed

provide longitudinal and lateral stability

act as an elastic medium to absorb blows and vibrations

* preserve track gauge and rail inclination

The commonly used types of sleepers are:

(i) Timber sleepers Timber sleepers have a prismatic shape, are roughly 16 cm high, 26 cm wide,
and 2.60 m long, making them around 100 kg heavy. Softwood sleepers (pine-wood) have a low
compressive strength perpendicular to the wood grain and are used for the regular track. Hardwood
sleepers (beech, oak, tropical varieties) are more robust and offer longer service life. The hardwood
type is used in switches and crossings where the sleepers are called bearers. Bearers have the same

cross-section as regular timber sleepers yet are up to 5.50 m long. [24, 25]

(ii) Steel sleepers Steel sleepers are less used because of problems with insulation, maintenance,
the tendency to corrode and a relatively high price. However, steel sleepers offer some strong points

such as long service life, high dimensional accuracy and a positive residual value. [24]
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(iii) Plastic and composite sleepers In more recent times, composite railroad sleepers manufac-
tured from recycled plastic resins, recycled rubber, or fibre-reinforced foamed urethane (FFU) have
gained the attention of infrastructure managers. The novel sleeper type offers a longer service life than
wooden sleepers with an expected lifetime of 30 to 80 years, as the used materials are impervious to
rot and insect attack. Additionally, composite sleepers generally offer more freedom in design. Aside
from the environmental benefits of using recycled material, these sleepers provide more elasticity and
better damping than concrete sleepers, decreasing the intensity of vibrations and sound production.

[28]

(iv) Concrete sleepers The development and use of concrete sleepers became significant in the last
70 years due to the scarcity of wood, the introduction of the continuous welded rail (CWR) track, and
the improvements in concrete technology and prestressing techniques. The advantages of concrete

sleepers are: [24, 25]

* long service life and resistance against biological contamination

great freedom in design and construction

relatively simple manufacturing with the possibility of prestressing

* heavy weight of about 200 to 300kg

The heavy weight of concrete sleepers is essential for CWR tracks. If not restrained, rails would
lengthen in hot weather and shrink in cold weather. To provide this restraint, the rail is prevented
from moving in relation to the sleeper using clips and anchors. An effectively compacted ballast bed
and heavy sleepers provide the needed conditions to prevent strong rail deformations and, therefore,
less maintenance. Concrete sleepers, in general, provide more strength and stability to the track and
maintain better gauge, cross-level and alignment. However, concrete is less elastic than wood, which

entails that dynamic loads and ballast stresses for a concrete sleeper can be as much as 25% higher
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compared to timber sleepers. Furthermore, additional machinery is needed to handle them due to the
heavy weight. [24, 25, 29]

To reduce impacts of the hard surface of concrete on the ballast, it became common to use under
sleeper pads (USPs). USPs and other elastic layers used in ballasted railway tracks are now explained

in detail.

1.3.3 Elastic layers

One of the main problems in rail transportation are vibrations transmitted from the track to the en-
vironment, perceived as noise and vibrations. Additionally, due to the insufficient elasticity of the
tracks, the maintenance expenses arising from material wear are not neglectable. On the one hand,
a stiff track is needed for proper rail alignment, while on the other hand, more elasticity is required
to reduce maintenance costs. For that reason, elastic layers became state-of-art in any major railway
line. These layers are made up of polyurethane materials and other polymers to provide the needed
elasticity at the critical interfaces. Especially at switches, crossings, transition areas, and expansion
compensation, elastic layers became indispensable. [30]

For ballasted railway tracks, the following elastic layers are used:

(i) Rail pads These elastic pads are placed directly under the rail base, as seen in figure 3a. Rail
pads increase track elasticity and improve load distribution, yielding greater passenger comfort and

less wear on the superstructure. [30, 31]

(ii) Under sleeper pads (USP) USPs are directly mounted to the bottom face of the sleeper, as seen
in figure 3b, and provide vibration protection, preserve the ballast and lengthen the service life of the
track. The pad increases the contact area between the angular ballast and the underside of the sleeper,

which reduces contact pressure. Ballast breakdown and track settlement are therefore diminished
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significantly. Ballast tamping and screening cycles are lengthened, resulting in life cycle cost savings.

[30, 32]

(iii) Under ballast mats (UBM) UBMs are placed below the ballast bed as shown in figure 3c,
reduce airborne noise, and provide vibration protection to preserve the ballast. These mats also de-
crease the magnitude and increase the time duration of impact forces, which substantially reduces

ballast breakage. [30, 33, 34]

\

(a) Rail pad (b) Under sleeper pad (c) Under ballast mat

Figure 3: Elastic layers in ballasted tracks [35]

Further parts of the track, like fastening systems and the rails themselves, will not be explained in
detail here, as this would go beyond the scope of this chapter. Additionally, these parts are of minor

importance for the research conducted in this thesis.

1.4 Track and sleeper research
1.4.1 Ballast settlement

Railway tracks need to become more efficient and less intensive in maintenance. One of the main
influences that force maintenance activity is ballast bed settlement due to operation. Irregularities
along the track result in dynamic responses of the vehicle. The dynamic loads lead to further devel-

opment of track irregularities caused by ballast rearrangement and deterioration. Ballast settlement
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can be broken down into four main mechanisms: ballast rearrangement, edge breakage, wear, and
particle breakage. In figure 4, the ballast settlement with loading cycles is presented, comprising of
three different phases. Additionally, the contribution of the settlement mechanisms is indicated for
the corresponding phases. In phase I, the settlement occurs relatively fast. Ballast rearrangement
(compaction and side-wise spreading) and edge breakage dominate in this phase. Particle breakage
only happens when a stone is positioned with an unfavourable orientation. In phase II, particle rear-
rangement decreases as the local voids in the ballast become less common and settlement slows down.
Moreover, edge breakage is significantly reduced while wear starts to slowly become more notable.
In phase III, the settlement continues at a slow rate and is dominated by the wear of ballast stones.

When the differential settlement along the track becomes too high, tamping is required. [23, 36—42]

Settlement
Phase |
Phaseu\

Phase lll
Tamping

S

No. of cycles (N)

Underlying mechanisms

Ballast rearrangement

Edge breakage Contribution

Smallest Highest

T | | aa—_——

Wear

Particle breakage

Figure 4: Sketch of sleeper settlement during a ballast tamping cycle [23]
Elastic layers have a significant impact on the sleeper-ballast interface. It was shown that under cyclic
loading, USPs reduced the contact stress at the sleeper-ballast interface and had a positive effect on

ballast settlement as less settlement was observed. However, the pressure measured at the bottom of

10
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the ballast bed remained unchanged. In terms of UBMs, it was shown that ballast settlement increases
with decreasing bottom stiffness under cyclic loading. Higher ballast degradation was observed for

the softer UBMs, due to a possible increase in particle movement. [23, 32, 43-45]

1.4.2 Influence of sleeper elasticity

The material stiffness has a significant influence on the settlement behaviour of railway tracks, as
discussed in the previous section regarding USPs and UBMs. Different sleeper types with varying
material properties are employed in railway tracks. Literature has shown that the properties of the

sleeper material influence the track stiffness (deflection) and long-term settlement behaviour. [46]

In laboratory tests, Salih et al. [47] compared different types of sleepers under static loading and
observed the sleeper deflection profiles shown in figure 5. On the one hand, sleepers with a low
bending stiffness have a prominent W-shaped deflection profile along their length. On the other hand,
stiffer sleepers, like prestressed concrete sleepers, show an almost flat profile. Their deflection profile
was also captured by a finite element analysis, shown in the right part of figure 5 using the BOEF
(beams on elastic foundation [48]) model. The sleeper’s bending stiffness greatly contributes to the
total track stiffness. Additionally, it was concluded that the sleeper’s bending stiffness has more
impact on the deflection behaviour, bending moment and shear force of the sleeper than the support
modulus of the ballast bed. As Salih et al. [47] has shown, sleepers under static loading can form
a pronounced deflection profile; however, considering only static loads might be not sufficient to
determine the effects of sleeper bending on track settlement, as realistic loading conditions of passing

trains are more complex and are stretched over a longer period. [47, 49]

11
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Experimental FEA (BOEF)

14 Plastic —Concrete
£ ..~ = -Timber === SE
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Sleeper length (mm)

Figure 5: Sleeper deflection shapes. Experimental and finite element analysis [47]

The deflection profiles of various sleeper types subject to multiple load cycles in laboratory experi-
ments were investigated by Ferro et al. [50]. The deflection after ten cycles showed a stiff behaviour
for concrete sleepers, while a well-formed W-shape for composite sleepers was observed. Relatively
flexible sleepers, in general, apply a less uniform pressure distribution onto the ballast, with higher
peaks below the rails. The different distribution of the deflections in the short term (figure 6a) for the
composite and concrete sleeper is due to their different flexural rigidity. In the long term, however, a
pronounced hogging shape (figure 6b) for the composite sleeper was observed, as substantial gapping
between the sleeper ends and the ballast developed because of the increased resilient movement of
the sleeper in this region. After three million cycles, the W-shape almost disappeared due to these
gaps. In addition, the ballast beneath the sleeper centre became stiffer and denser with loading cy-
cles resulting in reduced settlement in the middle of the sleepers. Therefore, sleeper bending clearly

impacts the long-term development of railway tracks as observed in laboratory conditions. [50]

12
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—— Concrete, ks=310kPa/mm, end gap=0.4mm
—— Composite, ks=205kPa/mm, end gap=1.3mm
~~~~~~ Composite, ks=310kPa/mm, end gap=1.3mm
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—— Concrete, ks=250kPa/mm
1.6 —— Composite, ks=180kPa/mm
------ Composite, ks=250kPa/mm

1.8 . . - 1.8 . . - . :
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
Distance along the sleeper length (m) Distance along the sleeper length (m)
(a) Short-term study (b) Long-term study

Figure 6: Sleeper resilient deflection. Laboratory data and BOEF model [50]

The in-service bending behaviour of plastic composite sleepers over several years was studied in
the U.S. ([51]) by measuring the maximum downward and upward displacement, which was then
compared to the behaviour of timber control sleepers. The results are shown in figure 7. It can be
seen that the deflection shapes of the investigated sleeper types are similar but more pronounced for
softer (plastic) sleepers, which also depicted more resilient movement of the sleeper ends. This long-
term sleeper behaviour is in agreement with the laboratory work of Ferro et al. [50], as previously
discussed. Nevertheless, the investigated sleepers in the field tests show an asymmetric deflection
profile, which was not depicted in laboratory work. The asymmetry of the deflection profile can be
due to several reasons; however, in this case, only little is known about the surroundings of the sleeper,

e.g. the ballast, which can significantly influence the deflection profile. [51]
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Figure 7: In-service bending shape of various sleeper types (control in the legend refers to a timber sleeper)
[51]

Railway track behaviour strongly depends on sleeper and ballast properties as prior shown in labora-
tory experiments; however, it becomes vital in situations where flexible sleepers are installed in rigid
surroundings, as Van Belkom [52] points out. In this scenario, the loads on the sleeper can reduce sig-
nificantly, which decreases the pressure, and the rail deflection can double when sleeper deformation
is considered. Moreover, when tracks are not maintained, eventually, gaps between the sleeper and the
ballast can occur that close on train passage. These gaps accelerate ballast deterioration and sleeper
settlement significantly, and it was shown that the development of these gaps strongly depends on the
bending stiffness of the sleeper. All these points mentioned above are clear signs that sleeper bending
needs to be considered in future research to gain more insight on how track components interact with
each other and how the chosen materials affect railway track behaviour in the short- and long-term

perspective. [52]
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1.5 Railway track simulations

Laboratory experiments of railway track segments are difficult to set up and require lots of time,
space and effort. Additionally, it is complex to measure the physical effects within the ballast bed
or at the sleeper-ballast interface. Therefore, numerical simulations became popular as these tools
offer quick adaptations and detailed insights. The discrete element method (DEM) is considered an
appropriate and commonly used numerical tool to simulate the bulk behaviour of railway ballast due
to the discrete nature of the ballast stones, and provides insight into the physical phenomena at the
particle level. The prediction quality of DEM simulations depends on three points: the geometrical
representation of the single particles, the used contacts models, and parametrisation through principal
experiments. For modelling the ballast itself, many different approaches have been used so far. Guo
et al. [53] summarised and reviewed known railway ballast models to assist researchers in choosing
the appropriate model for specific applications. A few ways to model railway ballast in combination
with an (elastic) sleeper model are discussed next. [23, 53-55]

Several DEM works on railway ballast focus on accurate description of particle shape while paying
less attention on capturing the underlying physics at the particle scale. Suhr et al. [54, 55] used a
balanced approach where a clump particle of three spheres and the conical damage model (CDM, an
extension of the Hertz-Mindlin contact model) are used to represent railway ballast. Particle edge
breakage and yielding are captured in this approach. A single set of parameters is able to describe
the behaviour observed in different experiments. This approach offers computationally efficient sim-
ulations with proper bulk behaviour for railway ballast. Kumar et al. [23] used this parametrised
model to perform cyclic loading in a box-test for investigating the influence of elastic layers in rail-
way tracks numerically. This approach offered deeper insights into the physical mechanisms at the
sleeper-ballast interface and inside the ballast bed. However, the sleeper was modelled as a rigid body

that was allowed to move only vertically. Additionally, only a small track segment was covered in the

15



1 Introduction

simulations. [23, 54, 55]

Gao et al. [56] proposed a method that uses bonded sphere clusters as a ballast representation and a
sleeper built up of a sphere clump. The difference being that a bonded cluster can break up when a
specific stress is reached, while a clump will always stay connected regardless of the stress state. By
building up the sleeper through particle clumps, it is possible to adequately represent the geometry of
the sleeper. However, this sleeper model will always show a geometrically rough surface and is not
able to replicate elastic behaviour. Both of these aspects are crucial for a precise sleeper representation
in railway track simulations. [56]

Nishiura et al. [57] tried a novel approach by using the so-called quadruple discrete element method
(QDEM) to model the ballast and the sleeper. The QDEM concept uses a four-particle interaction
model to replicate the real three-dimensional linear visco-elasticity of bulk material. The QDEM ele-
ments were used to model the sleeper in the ballast bed and enabled the computation of its viscoelas-
tic deformation. Hence, this sleeper model can be seen as an extension to the previously mentioned
sphere clump sleeper model that additionally covers sleeper bending. In addition to that, many parti-
cles need to be used for these simulations, and the discrete timestep drops significantly. To determine
sleeper settlement over several loading cycles this approach might be too computationally expensive
and the effects of a rough surface persist. [57]

To include a sleeper model with a smooth surface in DEM simulations, Guo et al. [58] replicated the
sleeper by a complex wall geometry. This way, the exact sleeper geometry can be considered and the
sleeper-ballast contacts can be accurately handled. However, wall geometries in DEM simulations
cannot elastically deform, and thus, sleeper bending is not covered in this approach. [58]

To extend the exact sleeper replication with elastic behaviour, Song et al. [59] utilised an open-source
DEM-FEM surface coupling method to model elastic sleeper behaviour. Via this coupling method,

it was possible to consider sleeper bending and thus evaluate its effects on the pressure distribution
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at the sleeper-ballast interface. The sleeper settlement could not reflect the field situation because
of more conservative boundary conditions and the use of spherical particles. However, this coupling
method shows a valid approach to combine discrete methods with continuum ones to model flexible
sleepers in railway tracks. Extension on ballast representation and calibration is needed for proper
evaluation. [59]

Most approaches in recent literature tend to use sphere clumps to accurately model ballast stones
with either a linear or Hertz-Mindlin contact model. Several similar approaches were found in the
literature and are herewith mentioned [60—71]. However, it is possible to model ballast with the same
accuracy using a simpler geometrical approach and a modified contact law as was shown in [53-55,
72].

For modelling the sleeper, only a few studies used a complex model to include the deflection of
the sleeper within their simulation [57, 59]. However, it is expected that sleeper deformation has a
significant influence on ballast behaviour [52]. As mentioned above, these elastic sleeper approaches
tend to have several drawbacks and seem computationally expensive. A simple model to include
sleeper elasticity in DEM simulations of railway tracks would be of high value, which is, in fact,
the focus of this thesis. In the following chapters, a novel approach for elastic sleeper modelling is

explained in detail.

17



2 The approach

2 The approach

2.1 Possible approaches for elastic sleepers in DEM simulations

Multiple different approaches to include deformable objects, like elastic sleepers, in a discrete element

method (DEM) environment exist. In this section, some approaches are discussed.

2.1.1 Finite element method (FEM) coupling

When thinking about simulating elastically deformable objects, the FEM has proven to be a suitable
choice. The FEM in engineering is primarily used to investigate stress development in geometrically
complex structures when analytical solutions are not practical or even possible anymore. However,
coupling DEM and FEM to analyse railway ballast and sleeper deformation simultaneously is chal-
lenging since a continuum approach (FEM) meets a discrete approach (DEM). Stransky et al. [73]
developed an open-source FEM-DEM coupling in the DEM environment of Yade [74] and the FEM
software OOFEM [75]. The surface coupling of this work was later used by Song et al. [59] to
investigate sleeper-ballast interactions, as explained in section 1.5.

One of the issues that remain is that coupling methods tend to be relatively slow in terms of compu-
tation since two simulations, that depend on each other’s input, run simultaneously. Moreover, accu-
rately defining the contact behaviour between the discrete elements and finite elements for a complex
three-dimensional object is not a trivial task, and developing a proper interface for the ongoing data

transfer between the environments is challenging. [76]

2.1.2 The bonded-particle model (BPM)

To account for the complexity, due to coupling between different tools (FEM and DEM), models were

developed that used connected discrete particles within the DEM environment to resemble deformable
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objects.

One of these approaches is the bonded-particle model (BPM). The BPM is an additional algorithm
turning the pure unbounded DEM into a model capable of replicating the mechanics of continua. An
additional interaction model is defined between particles that connects them. This virtually created
bond is allowed to have elastic properties and is able to break when a certain stress level is reached.
This way, a simple body can be assembled to form an elastic cantilever beam, as shown in figure 8.
Even particles of complex shape, as Fimbinger [77] proposed, can be bonded to build up fully flexible

objects like conveyor belts. [77-83]
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Figure 8: Generation of a cantilever beam model using the bonded approach in DEM [83]

The BPM, therefore, is a possible approach to model elastic sleepers in a DEM environment. How-
ever, when spherical particles are used, it is not possible to model an accurate surface. Complex-
shaped particles can resolve this issue but are computationally demanding and tricky in terms of

implementing the correct behaviour at the contact level [77].
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2.1.3 The particle facet model (PFM)

Chareyre et al. [84] proposed a model for implementing elastic objects in the DEM environment using
cylindrical connections between spherical particles. Contrary to the BPM, where the bonds are only
virtual, the cylindrical connections can also interact with external particles. This way, flexible strings
were used to replicate soil reinforcement by plant roots and also wire-meshes or geogrids, shown in

figure 9 and figure 10a, respectively. [76, 84-90]

Figure 9: DEM plant roots [85]

(a) DEM geogrid (b) DEM membrane

Figure 10: DEM geogrid and membrane comparison [76]

Effeindzourou et al. [76, 88—90] extended the cylindrical model with so-called particle facets (PFacets)
to extend the approach to also cover smooth membranes. Three nodes, each connected via cylindrical
connections, build up a triangle that is then covered with two facets. Several triangular PFacets can

then share corner nodes to form membranes or three-dimensional shell bodies shown in figure 10b
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and figure 11, respectively. This approach basically combines a simple bonded-particle model and

adds additional surfaces for proper contact management. [76, 88—90]

Figure 11: Deformable three-dimensional DEM shell body [88]

2.1.4 The chosen modelling approach

Each of these methods and models mentioned above has its strengths and drawbacks. In this work,
it was decided to use the PFM approach from Effeindzourou et al. [76, 88-90] due to the following

reasons:

smooth surface modelling

* no coupling needed (and therefore less effort)

available as open-source in Yade, including examples

documented, tested, and explained in several papers

* no complex-shaped particles needed

Additionally, the goal of this research is to use the calibrated ballast model of Suhr et al. [54, 55]
and the box-test setup used by Kumar et al. [23]. Both studies were conducted in Yade and, since the
approach using particle facets was also introduced within the same framework, efficient modelling

and fast simulations are expected using the PFM approach.
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2.2 The PFM approach

2.2.1 General structure

The discrete element method (DEM) models assemblies of locally deformable particles that interact
by contact forces [91]. The interaction between each particle is defined via a contact model. The
motion of the particles are computed by Newton’s second law using an explicit time-stepping algo-
rithm. For each time step the contacts are updated and the corresponding contact forces are applied on
the particles. During the simulation procedure, the particles are allowed to overlap and the resulting
contact forces are defined as a function of these overlaps. [76, 88-91]

For implementing the elastic bodies using the PFM, three different types of DEM bodies are needed:

(i) Node elements Nodes are the core bodies of this model that are typically geometrically rep-
resented by spheres and responsible for the elastic behaviour of the object, explained in detail in

section 2.2.2. In Yade a node element is further referred to as a GridNode. [76, 85, 88-90]

(ii) Cylinder elements Cylinders (or cylindrical connections) are defined between two nodes. These
cylinder elements are geometrically constructed by the Minkowski sum of a sphere and a segment.
Hence, compared to a bonded-particle model consisting of a row of multiple spheres, it does not show
any numerical roughness. The basic design of a cylinder and a comparison to the bonded-particle
model is shown in figure 12. It is worth noting that one node can be part of many cylinders, which
offers the possibility to build up one- or two-dimensional structures, such as grids. A cylinder element

is further termed GridConnection in Yade. [76, 85, 88—90]
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(a) Single cylinder [89] (b) Interconnected cylinder [76] (c) Bonded cylinder [76]

Figure 12: Discretisation of a cylinder element

(iii) Particle facets Particle facets (termed PFacets) are extending elements introduced to model
arbitrary deformable objects. PFacets geometrically correspond to the Minkowski sum of a triangular
facet and a sphere, and are composed of three nodes, three cylinders, and two facets. The geometrical
construction and composition are demonstrated in figure 13. As can be seen, this approach offers
the modelling of smooth surfaces, and as mentioned before, nodes can be part of multiple cylinders,

which is also valid for PFacets. [76, 88-90]

AY

(a) PFacet creation [89] (b) PFacet composition [88] (c) Final PFacet shape [89]

Figure 13: The PFacet element

All these elements work together to build up elastic objects. However, in order to understand how
the interactions between the elements are computed within the simulation framework, it is necessary
to separate internal and external mechanics. Internal mechanics cover the behaviour of the elastic
object subject to forces, while external mechanics cover the situation of external particles getting into

contact with the object.
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2.2.2 Internal mechanics

The elasticity of a body modelled by the PFM depends solely on the interactions between nodes.
Connections and PFacets do not contribute to the internal mechanics and only follow the movements
of the nodes. Hence, an increase or decrease in volume (and corresponding surface) can appear.
Additionally, the body’s mass is lumped into the nodes, meaning that the mass is discretised. [76, 85,
88-90]

Nodes are assigned a cohesive material (CohFrictMat) in Yade, and specific values for normal and
shear cohesion need to be defined. These two parameters are needed to maintain the interactions
between nodes and to define the elastic limits. If the values of the cohesion parameters are exceeded,
the interaction is lost. This interaction loss can be viewed as plastic material behaviour. If only elastic
behaviour is wanted, the values for cohesion should therefore be set adequately high. Furthermore,
the interaction between nodes is only virtual and is not geometrically represented in the simulation
framework. [76, 85, 88-90]

Once an interaction between two nodes is defined, their initial distance L., the node radius R, the
Young’s modulus E and the shear modulus G are used to compute the stiffnesses of each possible
displacement as visualised in figure 14. These stiffnesses are used to compute repulsive forces and
torques via a linear spring model when changes in the relative position are detected. The four cases of
displacement that can occur between nodes and the mathematical computation of the corresponding
stiffness and repulsive force/torque are explained in the following. The equations originated from
identifying the classical beam stiffness matrix used in the FEM with the classical elementary stiffness

matrix. Details are explained by Bourrier et al. [85]
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Figure 14: Possible deformation of two interacting nodes [92]

(i) Normal deformation The equations for computing the stiffness k,, and force F;, for elonga-
tion/compression are given in equation 1 and equation 2, respectively. The corresponding sketch can

be seen in figure 15, where AL is the elongation of the node distance. [85]
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Figure 15: Sketch for elongation or compression

(ii) Shear deformation The equations for computing the stiffness k; and force F; for shear defor-
mation are given in equation 3 and equation 4, respectively. The corresponding sketch can be seen in

figure 16, where AS is the shear distance. [85]
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Figure 16: Sketch for shear deformation

(iii) Rotational deformation The equations for computing the stiffness k, and force F; for rotational

deformation are given in equation 5 and equation 6, respectively. The corresponding sketch can be

seen in figure 17, where f is the rotation angle. [85]
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Figure 17: Sketch for rotational deformation
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(iv) Twisting deformation The equations for computing the stiffness k;,, and force F;,, for twisting

deformation are given in equation 5 and equation 6, respectively. The corresponding sketch can be

seen in figure 18, where 7 is the twisting angle. [85]
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Figure 18: Sketch for twisting deformation
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2.2.3 External mechanics

Connections and PFacets deal with contacts between the elastic body and DEM particles and, there-
fore, different material properties can be defined for these elements to describe the interaction with
external particles. Using two different materials for internal and external mechanic computations
makes it possible to manipulate each behaviour separately. The basic principles for contact and con-
tact point computation are thoroughly explained by Effeindzourou et al. [76, 88-90].

At the contact point of an external particle with a cylinder or PFacet, a virtual sphere is introduced
within the element to take over the contact computation. This virtual sphere has the same radius as
the nodes and cylinders. Introducing this virtual sphere makes it possible to manage the contact as a
typical sphere-sphere DEM contact as visualised in figure 19a and figure 20, where S is a spherical
particle and S¢ is the virtual sphere of the cylinder. The resulting forces of the contact are interpo-
lated and distributed to the connected nodes. This contact management also allows contact handling
between different PFM elements. Illustrated in figure 19b, two virtual spheres S¢, and Sc, are used to

manage the contact between two cylinders that do not share nodes. [76, 88-90]
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(a) Sphere-cylinder contact (b) Cylinder-cylinder contact

Figure 19: Application of the virtual sphere [90]

Figure 20: Sphere-PFacet contact [89].

Contacts at edges, corners or intersections are especially crucial for this model since multiple contacts
between the elastic body and an external particle can be detected (element overlap) and have to be
treated differently. In figure 21, two situations are shown. Indicated by the red and yellow lines, it
can be seen that a different amount of contacts needs to be considered for the two shown situations.

Details on multi-contacts are thoroughly explained by Effeindzourou et al. [76, 88—90].

(a) Convex configuration (b) Concave configuration

Figure 21: Contact between a sphere and two PFacets [90]
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The PFM includes these conditions to cover for the transition from one element to another. For newly
detected contacts inside an element, a search is conducted to determine whether the contact has moved
on from an neighbouring element. If an old contact is found, the contacts parameters are transferred
and used to compute the new contact forces. As demonstrated by the plot in figure 22, it can be seen
that for three connected and fixed cylinders Cy, C; and C3, the contact force of a sphere sliding over
the cylinders stays constant. The same conditions are considered for PFacets and enable a smooth

transition from one PFacet to another. [76, 88—90]
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Figure 22: Contact forces for a sphere moving along three fixed cylinders [76]
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3 The box-test

This chapter covers the modelling method used in this work to build an efficient railway track DEM
simulation setup replicating a box-test. The simulation setup represents one sleeper section of a
regular straight track. The box-test simulation consists of the box itself, the railway ballast, and a
sleeper. The whole simulation setup is designed to enable easy and fast adaptations and extensions
for future work. Each component of the box-test and its modelling approach will be thoroughly

explained next.

3.1 The box

The work of this thesis extends the box-test simulations carried out by Kumar et al. [23]. Increased
box dimensions are needed to cover all effects accurately that sleeper elasticity might induce. There-
fore, the used box is 3.5 m in length and 1.0 m in width. The height of the ballast bed remains at 0.3
m. This way, the full sleeper and an adequate amount of surrounding ballast are represented. With
these box dimensions, the ballast volume increases by 14 times compared to the box dimension used
in Kumar et al. [23]. The material parameters for the box are chosen to represent steel and were
taken from Kumar et al. [23]. The dimensions of the previous work and the work conducted in this
thesis are summarised in table 1. The box was modelled using a FrictMat material in Yade [74]. The

assigned material parameters are presented in table 1.
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Kumar et al. [23] ‘ Values in the present work

Young’s modulus 200 [GPa]

Density 7834 [kg/m?]
Poisson’s ratio 0.28 [-]
Coulomb’s friction coefficient 0.2 [-]

Box length 0.5 [m] 3.5 [m]
Box width 0.5 [m] 1.0 [m]
Filling height 0.3 [m] 0.3 [m]
Box volume 0.075 [m?] 1.05 [m?]

Table 1: Material parameters and dimensions of the box-test setup

3.2 Ballast modelling
3.2.1 Geometrical representation

Several approaches to model railway ballast within a discrete element method (DEM) framework
exist, as discussed in section 2.1. Kumar et al. [23] used the railway ballast model of Suhr et al.
[55], where the ballast shape is represented by a sphere clump consisting of three non-overlapping
spheres of different radii, as shown in figure 23. In the work of Kumar et al. [23], the size of the
initially calibrated particles from Suhr et al. [S5] was changed to fit the ballast stone’s ds size ([24])
and to reduce simulation time. A similar approach is considered in this work. The aforementioned
increased box size entails that more particles are needed for the simulations. Since the number of
particles amplifies the simulation time drastically, the ballast particles are rescaled in this work. The
clump particle’s major axis (demonstrated in figure 23) is scaled by a factor of 1.8 in terms of allow-
ing efficient simulations. The final particle dimensions, together with a comparison to the previous

representations, are given in table 2. [23, 55]
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‘ Suhr et al. [55] ‘ Kumar et al. [23] ‘ Dimensions of the present work

Major axis 25.6 40 72

Radius R; 7 10.9375 19.6875
Radius R, 5.8 9.0625 16.3125
Radius R;3 5 7.8125 14.0625

Table 2: The particle dimensions used in the present work together with a comparison to the previous repre-
sentations. All dimensions in millimetres.

Figure 23: The sphere clump representing a ballast stone

3.2.2 The contact model

Kumar et al. [23] used the conical damage model (CDM) to compute the interaction forces in the sim-
ulations. This model was initially proposed by Harkness et al. [93] and adapted for railway ballast by
Suhr et al. [54, 55], including proper DEM contact model calibration conducted by compression and
direct shear experiments in a box-test. The CDM is based on the non-linear Hertz-Mindlin contact
law. When the contact stress in the normal direction exceeds a specific limit, ideal plasticity is in-
troduced to replicate edge breakage of the ballast. In the tangential direction, the Hertz-Mindlin law
remains unchanged. [23, 54, 55, 93]

The initial goal of this thesis was to use the CDM for the simulations. However, the particle facet

model (PFM) in Yade is a complex approach and only supports the linear spring contact model at the
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time of writing. Therefore, the simpler linear contact model is used here to model all interactions and
to present a method that accounts for sleeper elasticity (and thus the more-complex CDM is neither
used for the ballast nor for the sleeper for now). The material parameters for kieselkalk (taken from
Kumar et al. [23]) were used for the contact model and are presented in table 3. Though the ballast
interaction is only modelled by the linear contact model, the parameter values taken are not entirely
off and are expected to describe qualitative behaviour. Additionally, by missing out on the plasticity
component (edge breakage) of the CDM, it can be said that only the influence of ballast rearrangement

is contributing to the sleeper settlement behaviour.

Young’s modulus 30 [GPa]
Density 2660 [kg/m?]
Poisson’s ratio 0.2 [-]
Coulomb’s friction coefficient 0.45 [-]

Table 3: DEM material parameters used for the linear contact model for ballast

3.3 Sleeper modelling
3.3.1 Geometrical modelling and implementation

The particle facet model (PFM) is used to design the elastic sleeper, as mentioned in section 2.1.4.
A prismatic shape is chosen for simplicity to ensure model stability and to be able to evaluate and
validate its mechanical behaviour. Timber sleepers also have a prismatic shape and reduced elasticity
compared to concrete sleepers, which leads to a clear W-shaped deflection profile [50]. Therefore, a
timber sleeper is chosen here to verify the modelling approach as the deflection results are suspected

to be more pronounced. The properties of the timber sleeper used in this work are presented in table 4.
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Length 2.60 [m]
Width 0.26 [m]
Height 0.16 [m]

Young’s modulus | 13.82 [GPa]
Poisson’s ratio 0.167 [-]
Density 690 [kg/m?]
Weight 74.63 [kg]

Table 4: Timber sleeper properties considered in this work

The sleeper geometry is designed in the open-source software Gmsh [94]. Gmsh additionally offers
the possibility to mesh an object like commonly done in the preprocessing of finite element simula-
tions. After meshing the model’s surface, it is possible to export all vertices and connecting elements
into a mesh file that can then be directly imported into Yade to build the designed object out of PFM
elements. The sleeper mesh has 124 nodes (31 along the sleeper edges), 366 cylindrical connections
and 244 PFacets. Therefore, the sleeper model is made up of 734 discrete elements. The sleeper after
meshing is shown in figure 24 and is made to be symmetric about the centre plane.

In addition to the positions and connections given by the mesh, a radius for the node elements, and
therefore also for the cylinders and PFacets, is required. This radius is chosen to be 6 mm, which
seems appropriate as it is significantly smaller than the sleeper’s dimension, as well as smaller than
the smallest particle radius present in the simulations. This way, the influence of sleeper edges and
corner roundings can be considered neglectable. It should be noted that the PFM radius should not be
set too small as it slows down simulation speed.

Only the required elements should be implemented to keep the model simple and efficient. Therefore,
a shell structure of the sleeper is considered, meaning that the sleeper model is hollow inside. The
node elements are only placed on the edges of the sleeper model to provide a stable shell. This
approach is considered feasible, as the primary deformation of a sleeper is bending, which can be

represented adequately by this chosen shell structure.
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Figure 24: The sleeper design and applied mesh in Gmsh [94]. Colours are used to show the symmetric
meshing of the sleeper.

Side note: The initial design of the sleeper model considered a shell structure with additional nodes
within the faces of the sleeper for a higher resolution in the transverse direction of the sleeper. How-
ever, this concept has shown a collapse of the sleeper faces because the hollow model is missing an
inner support structure for the nodes within a sleeper face. The aforementioned design was introduced

to avoid unwanted deformations and to provide proper stiffness to the model.

3.3.2 DEM internal model parameters for the sleeper

In this section, the adaptation of the parameters for the sleeper model to be used for the simulations

is discussed.

(i) Density Since a shell representation is considered for the sleeper in the DEM the mass compu-
tation within the DEM model needs to be adjusted. The mass in the PFM to model an elastic sleeper
is lumped into the nodes, as mentioned in section 2.2.2, which means that the density of the node ma-
terial needs to be adjusted to ensure the accurate total weight of the sleeper. The nodes are assigned
a density Py, different than the sleeper density, to ensure that the correct sleeper mass is achieved
in simulations. The density of the nodes is given in table 5, which leads to the desired sleeper weight

of 74.63 kg. The discretised mass distribution is thought to not show influence on sleeper oscillations
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as the frequencies used in this work (3 Hz) are much lower than the first natural frequency of wooden

sleepers (at approximately 61.77 Hz) [95].

(i) Young’s modulus The various stiffness components are computed using the node radius, as
explained in section 2.2.2. However, for a complex structure, like the used sleeper model in the
simulation, these stiffness components are to be adapted to describe the correct bending behaviour
of the physical sleeper. In Yade, each stiffness is initially defined when an interaction is established
and can be changed later. Here, after the density calibration of the node element, the corresponding
Young’s modulus is adjusted to achieve proper bending behaviour.

In contrast to density adjustment, it is not straightforward to determine a corresponding factor for the
Young’s modulus as the sleeper model has a complex structure, and multiple different spring com-
ponents are active simultaneously in a rather complex arrangement. Since the primary deformation
considered here is sleeper bending, the deformation of a cantilever beam subject to a single load at
the very end was considered for the calibration of the Young’s modulus to achieve the same bending
behaviour in simulations as for the physical sleeper. A sketch of the situation is given in figure 25.
The assumption is made here that the PFM beam behaves like an Euler-Bernoulli beam. This compar-
ison is only valid when the beam’s length L is significantly higher than its cross-sectional dimensions
and the beam’s deflection is significantly smaller than the length of the beam. To meet these require-
ments, the cantilever beam used for calibration is three times longer than the sleeper model (7.8 m in
total) and the applied load F is set to 2500 N. In equation 9 and equation 10, the analytic deflection
computation for a rectangular cross-section with width W and height H is shown. The final Young’s
modulus is given in table 5. It should be noted that this way of calibration is only valid for bending
and that the calibrated parameters are mesh-design- and node-radius-specific. To ensure only elastic
deformation, the cohesion parameters of the node material were set adequately high, as presented in

table 5. A detailed explanation of these two parameters is given in section 2.2.2.
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— X

Figure 25: Sketch of a cantilever beam subject to a point load F [96]

1 3 I ... Area moment of inertia [m4]
1= 0 -W-H 9)
F.I3 Oend - -- Sleeper end deflection [m]
6end = ﬁ (10)
real Ereal --- Young’s modulus of the real sleeper [Pa]
Final density 10245 [kg/m?]
Final Young’s modulus 424 [GPa]
Normal cohesion 10% [Pa]
Shear cohesion 10% [Pa]

Table 5: DEM internal material parameters for the wooden sleeper after calibration

In order to test the mechanical behaviour of the cantilever beam, two additional tests were conducted.

The first test investigated if the resolution of the beam, precisely the number of PFM elements used

to model the beam, has an impact on the deflection using the same set of calibrated simulation pa-

rameters. Besides deviations for coarser meshes, the deflection remains consistent for all resolutions,

and thus, the chosen mesh resolution was sufficient. The second test examined whether the deflection

at each individual node along the beam fits the analytic expectation. In the calibration process, only

the deflection at the endpoint was considered. Almost perfect accordance of the node deflection with

the analytic deflection profile was observed. These two tests confirm that the introduced calibration

37



3 The box-test

of the sleeper model is done correctly.

3.3.3 DEM parameters for the sleeper-ballast interaction

The material parameters given in table 6 are used to compute interactions between sleepers and ballast
particles and are assigned to PFacets and cylinders. The Young’s modulus differs from the original
internal parameters of a wooden sleeper as the value is taken from Kumar et al. [23] for concrete
sleepers interacting with ballast. Values for wooden sleepers are not available yet.

In this work, the external contacts between the sleeper and the ballast are handled by introducing
a virtual sphere with the same radius (6 mm) that was initially defined for the nodes and used for
cylinder and PFacet construction. The contact between the virtual sphere (radius of 6 mm) and an
external particle is not entirely accurate for a contact on a sleeper surface. For a more precise contact
computation, the radius of the virtual sphere used to compute the interactions needs to be set to a
much higher value while keeping the geometrical radius of the PFM elements unchanged. This way,
such a contact would be represented as a proper wall-particle contact. The manipulation of the contact

computation, including a detailed calibration, should be conducted in future work.

Yade material type FrictMat
Young’s modulus 51.409 [GPa]
Poisson’s ratio 0.167 [-]
Coulomb’s friction coefficient 0.7 [-]

Table 6: DEM external material parameters for the wooden sleeper

3.4 Simulation procedure

The section covers the individual steps needed to prepare a compacted ballast bed with the right
porosity on which a sleeper is first placed and then loaded. The whole simulation process was split into

four scripts for easier use and customisation, each accounting for a specific phase. These simulation
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phases are discussed in detail in the following sections.

3.4.1 First phase - rainfall

After the box walls and the particle clumps are defined, a virtual volume gets randomly filled with
particle clumps. This volume resembles a cuboid covering the whole ground area of the box and has
a height of 2 m. The ballast material in this phase has a reduced Young’s modulus and a friction
coefficient close to zero. This way, a compact ballast bed can be achieved. The ballast particles then
set at the bottom of the box due to gravity. As soon as the particles have settled and kinematic energy
drops to zero, the bottom wall of the box is vibrated. The bottom plate performs two vibration cycles
with an amplitude of 4 mm and frequency of 40 Hz, including an intermediate relaxation of 0.25 s.
This injection of energy due to bottom vibration spreads the clumps evenly and allows the ballast
particles to fill the possible voids in the system. After the vibration stage, the simulation setup is

saved and offers a starting point for the next phase.

3.4.2 Second phase - material update

The restart file of the first phase is then loaded for the second phase of preparation. At first, the
material parameters are updated to the set values presented in table 6, followed by relaxation as
changing the particle’s material of existing interactions can induce a sudden change in contact forces.
Afterwards, a plate is inserted directly above the ballast bed. The plate moves downwards with a
constant velocity of 0.025 m/s to compress the ballast. As soon as the stress on the plate exceeds
333 kPa (value taken from Kumar et al. [23]), the motion of the plate is reversed. This compacting
process is performed for three cycles. After a relaxation for the duration of 0.1 s, all particles above a
height of 0.3 m are removed from the ballast bed.

This described compression procedure is repeated to ensure a well-compacted, dense and flat ballast
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bed. The resulting ballast bed consists of approximately 9000 clumps (27000 spheres) with a porosity
of roughly 0.40. After a relaxation for the duration of 0.25 s, the ballast bed is ready for the next

phase.

3.4.3 Third phase - sleeper placement

This phase starts with sleeper implementation on the obtained ballast bed. The sleeper model is ini-
tialised in the centre of the box, just above the ballast, and is then dropped under gravity on the ballast
bed. The sleeper is allowed to move freely in the lateral and vertical direction, but its longitudinal
movement is blocked. Rotational degrees of freedom are not restricted. Following a short relaxation,
vertical consolidation forces F7 and Fg are applied. The forces Fy, = Fpg rise linearly to ensure a smooth
consolidation of the sleeper, as demonstrated in blue in figure 26. These vertical forces are applied
at the railhead locations situated 0.55 m from each side face of the sleeper. The distance between the
railheads is therefore 1.5 m. At each railhead location, the load is distributed to the four nearest nodes
on the upper sleeper surface to replicate the force distribution from the rail, as shown in figure 27.
When the total force on each railhead reaches 5 kN ( Fy;n ), it remains constant for another 0.25 s to
achieve a balanced state, as shown in orange in figure 26. A restart file is created at the end of this
simulation phase to enable simulations for various (cyclic) loading scenarios. The value for Fy,j, was

taken from Li et al. [66] and is also considered the lower limit of the cyclic load in the next phase.
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Applied Force [kN]

Time [s]

== | inear load increase
== Constant load
=== Cyclic loading

Figure 26: The applied force on the sleeper

3.4.4 Fourth phase - cyclic loading

The state of the consolidated sleeper is then used to perform the main experiment where cyclic loading
simulations are performed. The applied force Feyc(f) is expressed in equation 11 and is visualised in
green in figure 26. It depicts a cosine function. The force function replicates the load on each railhead
due to a moving vehicle in ideal track conditions. Since a regular straight track is considered in this
work, the force on the left railhead F7 is always identical to the force on the right railhead Fy. Different
forces on the railheads can be applied, which will enable studying of different loading scenarios in
the future. The peak load of F,,x = 40 kN was applied at each railhead location and was taken from
Li et al. [66]. Therefore, the cyclic load alters between 5 kN and 40 kN per railhead, meaning that
the force amplitude is F;, = 17.5 kN. The low frequency f of 3 Hz is chosen to keep dynamic effects
in the system low. The cyclic load is applied on the same nodes as initially done in the third phase, as

shown within the simulation setup in figure 27.
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F, :O~5'(Fmax_Fmin)
Feye(t) = Frin + Fu - [1 —cos( 27 ft )] (11) t ... Time [s]

FL(t) = FR(t) = Fcyc(t)

Figure 27: The simulation scenario and force input
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4 Results

In this chapter, the results of box-test simulations during cyclic loading over ten cycles are shown
and discussed. The loading is applied between 5 kN and 40 kN on each railhead location. At first,
the microscopic and macroscopic results are presented, namely the number of contacts between the
sleeper and the ballast, sleeper deflection, settlement, and pressure distribution at the sleeper-ballast
interface. Afterwards, additional simulations were conducted to analyse the repeatability of the sim-
ulation results. Finally, two different loading scenarios were simulated to gain more insight into the

effects of force amplitudes on the railway track.

4.1 Main results
4.1.1 Sleeper-ballast contacts

The number of contacts at the sleeper-ballast interface during cyclic loading is shown in figure 28.
For the initial (ten) cycles performed in this work, it can be seen that the number of contacts increases
with the applied force and does not necessarily return to the initial number after the loading. During
the cyclic loading, the number of contacts at the interface varies between approximately 30 and 70
contacts for the lowest and highest load, respectively. Although not an apparent saturation for the
number of contacts is seen, it is expected that the number of contacts stabilises after further cyclic
loading, as observed in work of Kumar et al. [23], which should be considered in future work.

The number of contacts at the sleeper-ballast interface are of particular importance regarding the
settlement. Higher contacts, or higher contact area, lead to lower contact stress, which in turn reduces
the sleeper settlement (positive influence) [23]. Therefore, it is crucial to model the sleeper body as an
elastic object to carefully analyse the microscopic behaviour at this critical sleeper-ballast interface.

Contrary to a rigid sleeper, an elastic DEM sleeper model can help to better understand the contact
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and stress situation at the initial and later loading, and thus, can support in developing new track

components for reducing the track settlement.
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Figure 28: Number of contacts at the sleeper-ballast interface

4.1.2 Sleeper deflection and settlement

The deflection profile of the sleeper at the lowest load (5 kN) of each cycle is shown in figure 29, while
the deflection profile at the highest load (40 kIN) of each cycle is shown in figure 30. The first cycle is
represented in light grey in both plots. The increasing line darkness represents increasing cycles. The
locations of the railheads (where the load is applied on the sleeper) are indicated by red dashed lines.
It can be seen that in the beginning, already after the consolidation, a W-shaped deflection profile is
formed, which is even more pronounced when the peak load is reached.

Along the length of the sleeper, a slight slope (different settlement) can be seen for all loading cycles.
This slope is due to the discrete nature of the ballast and differs from idealistic models that consider

the ballast as a continuum [47, 50]. Similar asymmetric deflection profiles were observed in long-term
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field tests for composite and timber sleepers performed by the U.S. Department of Transportation [51]
as presented in section 1.4.2. Due to the discrete particles present in the ballast bed, the porosity (and
hence voids) is not uniform as a variation exists in different regions of the ballast bed. Such a situation
offers higher settlement in one region compared to another. However, a self-correcting behaviour is
expected in later cycles when the less settled part of the sleeper starts to put higher pressure onto
the ballast bed, leading to higher settlement in this area. The self-correcting behaviour needs to be
confirmed in simulations with a higher amount of cycles in future work. Observations like these are
precisely why the combination of an elastic sleeper with a discrete ballast is needed in simulations to
deepen the understanding of effects within the track. The inhomogeneous settlement behaviour stays
consistent throughout the later cycles. The well-formed W-shape was expected and is therefore in
accordance with laboratory experiments from the literature as described in detail in section 1.4.2 [47,

49, 50, 52].
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Figure 29: Sleeper deflection at minimal load of 5 kN per railhead for each cycle (increasing darkness repre-
sents increasing number of cycles)
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Figure 30: Sleeper deflection at maximum load of 40 kN per railhead for each cycle (increasing darkness
represents increasing number of cycles)

In figure 29 and figure 30, it can be seen that the gap between deflection profiles of two consecutive
cycles reduces continuously as the simulation progresses, which means that track settlement slows
down with cycles. The decreasing settlement rate with load cycles is classical track settlement be-
haviour as observed in the field and laboratory experiments as well as in several empirical settlement
models [37, 38, 97]. The sleeper settlement behaviour below the two railhead locations, obtained by
subtracting the present value with the initial sleeper position, is presented in figure 31. This settlement
behaviour observed in the simulations resembles the sketch shown in figure 4 in section 1.4 for the
initial cycles. The PFM sleeper model in DEM simulations, therefore, helps in qualitatively depicting

the settlement behaviour as expected from the literature.
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Figure 31: Sleeper settlement behaviour during the load cycles

4.1.3 Pressure distribution

The pressure at the sleeper-ballast interface is an essential quantity that affects the short- and long-
term track behaviour. To determine the pressure distribution at the sleeper-ballast interface in simula-
tions, the sleeper is classified into ten equally sized bins along its length. The contact forces of each
bin are summed up and divided by the area of the bin to provide the pressure within each bin. The
pressure distribution along the sleeper length is shown in figure 32 for the lowest load and figure 33
for the highest load for each cycle.

At the low load, just after the consolidation, the pressure is more or less uniform along the sleeper
length, as seen in figure 32. This uniform pressure distribution is mainly because of the low conso-
lation force. For higher loads, a relatively flexible sleeper exerts a less uniform pressure distribution
onto the ballast with higher peaks below the rails, as explained in section 1.4.2. Similar behaviour can
be observed in figure 33. The higher pressure below the railheads leads to more local ballast settle-

ment near the railhead locations. This behaviour entails a significant sleeper centre binding, meaning
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that the ballast beneath the sleeper centre becomes denser and stiffer. This compaction can be seen
in figure 32, where the pressure at the centre rises with loading cycles. A self-correcting behaviour
is expected with loading cycles since the lesser settlement in the sleeper centre will cause the centre
region to transfer more load to the ballast, which will lead to higher pressure and higher settlement at
the sleeper centre. This behaviour needs to be verified by simulations with a large number of cycles in
future work. The aforementioned observations also indicate that ballast tamping can have significant
influence on the sleeper deflection and settlement behaviour. Unlike the uniform ballast compaction
in this work, only the ballast directly below the rails is compacted in the tamping process, which can
lead to different sleeper deflections (e.g. less centre binding) and, therefore, can affect short- and

long-term sleeper settlement behaviour.
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Figure 32: The pressure distribution along the sleeper length at the minimal load of each cycle (increasing
darkness represents increasing number of cycles)
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Figure 33: The pressure distribution along the sleeper length at the maximum load of each cycle (increasing
darkness represents increasing number of cycles)

It is essential to highlight that the dynamic effects in the system are of minor importance due to the
low loading frequency considered in this work, which can be demonstrated by computing the sum of
all sleeper-ballast contact forces. At the highest load, the total force applied on the ballast is 80.73 kN
due to the external load (40 kN on each railhead) and the sleeper weight (0.73 kN). The net sleeper-
ballast contact force is 84.01 kNN, which is in the equal order of magnitude as the applied load (4.06

% offset). Thus, the dynamic effects in the simulations have indeed minor influence.

4.2 Additional simulations

In order to check the repeatability of the simulation results, five additional ballast beds were generated
and went through the same preparation and cyclic loading steps as described in section 3.4. The only
difference in the ballast bed setups is the random generation of the ballast particles in the first phase

of the simulation. The bed’s mass, height, porosity and the number of particle clumps remained more
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or less unchanged for the different ballast beds. The properties of each compacted ballast bed before
the sleeper placement are shown in table 7. Bed 1 refers to the initial simulations explained in detail

in the previous section.

Bed mass [kg] \ Bed height [mm] \ Number of Clumps [-] \ Porosity [-]

Bed 1 1476 294.5 8979 0.4043
Bed 2 1479 294.5 8999 0.4013
Bed 3 1479 294.3 8998 0.4015
Bed 4 1482 295.5 9012 0.4014
Bed 5 1478 295.4 8991 0.4033
Bed 6 1478 295.6 8994 0.4019

Table 7: Properties of each ballast bed after the bed preparation, before the sleeper placement

The simulations on the different ballast beds show similar qualitative sleeper-ballast contact be-
haviour. The evolution of sleeper-ballast contacts with loading cycles for the six ballast beds is shown
in figure 34. It can be seen that the observations for the first ballast bed regarding sleeper-ballast

contacts are also valid for other ballast beds.
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Figure 34: Number of contacts at the sleeper-ballast interface for different beds during repeatability simulations
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The number of contacts at this interface strongly depends on the applied force and therefore depicts
an oscillating behaviour during cyclic loading. The number of contacts at the highest and lowest load
for the individual ballast beds are shown in figure 35 to provide a better overview of the oscillation
range. The solid line depicts the upper, while the dotted line depicts the lower values during the

loading cycles.
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Figure 35: Upper and lower values of the number of contacts at the sleeper-ballast interface for the six different
ballast beds. The solid line depicts the contacts at the highest load, while the dotted line depicts the contacts at
the lowest load of each cycle.

The sleeper settlement during the load cycles at the two railhead locations for the six ballast beds is
presented in figure 36. Solid lines represent left railheads, while dotted lines refer to right railheads.
It can be seen that most sleepers have dissimilar settlements at the railhead locations depicting a slope
along the sleeper’s length. Additionally, it is substantial to note that the settlement values vary a lot
for the simulated ballast beds over ten load cycles. This deviation is due to the discrete nature of the
ballast stones since the unique arrangement of the particles within each ballast bed can have more or

less impact on sleeper settlement.
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Figure 36: Railhead settlement for the six ballast beds during the repeatability simulations. The solid line
depicts the settlement evolution of the left railhead, while the dotted line depicts the settlement evolution of the
right railhead.

The results of each ballast bed have shown similar trends for the number of contacts, deflection profile,
settlement and pressure distribution. Therefore, sufficient repeatability of the results is given when
considering the discrete nature of the ballast bed. A pronounced W-shape deflection profile for all
simulated sleepers was observed as well as higher pressure beneath the rails at higher loads and rising
pressure below the sleeper centre for lower loads for the considered loading cycles. As all results
have shown similar trends that are in agreement with the literature, the proposed modelling method

to introduce sleeper elasticity in DEM simulations is considered a viable approach.

4.3 Effects of loading amplitude

Two additional cyclic loading simulations were conducted on bed 1 to investigate the influence of
loading amplitude. In one simulation, the maximum load Fy,,x was higher (50 kN), while in the other

it was lower (30 kIN) than in the initial setup, as presented in equation 11. The lower limit of the
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loading ( Fnin ) was kept constant at 5 kN for all scenarios. The exact force values are given in
table 8. A comparison between the different loading amplitudes regarding the sleeper-ballast contacts
is shown in figure 37. The values at the highest loads are represented as solid lines, while the values
at the lowest loads are depicted by dotted lines. It can be seen that the number of contacts at the
higher loads increases with increasing maximum load Fi,,x, which is mainly because of the higher
penetration of the sleeper into the ballast bed with higher load leading to a higher number of contacts.
As the minimum load Fj,,j,, remained at 5 kN for all simulations, no significant variation in the number
of contacts can be observed for the lower loads of the cycles. Clearly, the loading amplitude has a
substantial impact on sleeper-ballast contacts.

‘ Fmin [kN] ‘ Fmax [kN]

Increased load 5 50
Initial setup 5 40
Reduced load 5 30

Table 8: The considered loading scenarios on bed 1 using equation 11 for investigating the effects of loading
amplitude

260

[2]

8

£ 50 F__ =50kN
o max

o —F__ =40kN
5 40 max

o —F__ =30kN
[0 max

Qo

£ 30

]

Z

N
o

-
o

Time [s]

Figure 37: The number of contacts at the sleeper-ballast interface for the three loading scenarios as described
in table 8. The solid line depicts the contacts at the highest load, while the dotted line depicts the contacts at
the lowest load of each cycle.
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The settlement evolution for simulations with different loading amplitudes is shown in figure 38. The
sleeper settlement at the left and right railhead location is shown by the solid and dotted lines, respec-
tively. It can be seen that the settlement behaviour increases with loading amplitude. A difference in
the settlement behaviour below the two railhead locations is again due to the discrete nature of the
ballast bed. The deflection shape of the sleeper at different loading amplitudes remained more or less

unchanged during the ten loading cycles applied in this work.

Settlement [mm]

Time [s]

Figure 38: Sleeper settlement at the two railhead locations for the three different loading scenarios described
in table 8. The left and right railhead location is shown by the solid and dotted lines respectively.

In figure 39, the pressure at the highest load of the last loading cycle for the three loading scenarios
can be seen. The shape of the pressure distribution for all simulated forces remains relatively similar
and a higher pressure below the railheads is observed. As expected, the pressure values are higher for

a higher applied load and lower for a lower load.
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Figure 39: The pressure distribution along the sleeper length at the maximum load of the last cycle for the
three loading scenarios as described in table 8.

The observed variation in pressure at the sleeper-ballast interface and sleeper settlement due to the
change in loading amplitudes is classical track behaviour. The simulation results are in agreement
with the literature and other numerical models and show the impact of elastic sleepers in railway
track simulations. Further investigations on the impact of elastic sleepers on settlement can assist in

designing sleepers and optimising tracks, thereby reducing the maintenance activities.
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S5 Concluding remarks

5.1 Summary

This thesis presented a method for incorporating an elastic sleeper body into ballasted railway track
discrete element method (DEM) simulations using a relatively novel type of surface modelling tech-
nique. The particle facet model (PFM) made it possible to represent an elastic continuum object with
a smooth surface as opposed to other models in DEM environments that feature geometrically rough
surfaces. The proposed sleeper model is easy to implement and the calibration is straightforward.
Additionally, no coupling of two different numerical solvers is needed.

The general structure of ballasted railway tracks is described in the beginning, followed by a com-
prehensive survey on state-of-art laboratory and numerical research on track settlement and sleeper
elasticity. Previously used approaches to integrate elastic sleeper behaviour into DEM simulations
are discussed, before the PFM approach is explained in detail. The box-test and its precise assem-
bling of the three components (box, ballast and sleeper) are described, and the simulation procedure
is covered. In this study, vertical cyclic loading was applied on the elastic sleeper at two locations
representing the positions of the railheads. The same cyclic load was applied on both railheads for
ten cycles. The simulations finished within reasonable time and the results regarding the number of
contacts at the sleeper-ballast interface, the deflection profile of the sleeper, the sleeper settlement
and the pressure distribution along the sleeper length are presented. Finally, the simulation results are

discussed, including two additional loading scenarios to study the effects of loading amplitude.

5.2 Conclusions

The proposed modelling method to consider sleeper elasticity in railway track DEM simulations has

shown to be a promising approach. The elastic behaviour and the smooth sleeper surface can be

56



5 Concluding remarks

reconstructed accurately for a simple geometrical shape while keeping the required effort low. More-
over, the PFM is available as an open-source subroutine in Yade [74] and therefore enables possible
modifications for, e.g. regarding the contact modelling.

The results presented in this work are qualitatively similar to the observations from the literature and
include insights on physical effects due to the elastic sleeper behaviour. Simulations on additional
ballast beds were performed to analyse the effects of initial ballast bed configurations. Besides mod-
elling the sleeper elasticity in the DEM environment, the following conclusions can be drawn for

simulations conducted for ten loading cycles:

1. During the cyclic loading, the number of contacts at the sleeper-ballast interface oscillates be-
tween a high and low value.

2. The sleeper develops a W-shaped deflection profile when loaded, which becomes even more
pronounced under higher loads.

3. The discrete nature of the ballast entails that the loaded sleeper can develop a slope along its
length over the ten cycles considered in this work.

4. The sleeper-ballast contact pressure is higher in the region below the railheads than elsewhere
at the interface.

5. For the number of cycles investigated, the pressure beneath the sleeper centre increases over the
cycles depicting a centre-bound behaviour at the lower loads. This behaviour is expected to be
less at later loading cycles since the sleeper centre is the main load bearer and will have higher
settlement, thus leading to a self-correcting behaviour.

6. An increase in loading amplitude leads to increased pressure peaks below the railheads, leading

to higher settlement.
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5 Concluding remarks

5.3 Outlook

The thesis presents a viable modelling approach to include elastic sleepers in a DEM environment.
Further calibration and adaptations are needed to make the next step from qualitative to quantitative
results. The following points need to be considered in order to replicate realistic microscopic and

macroscopic track behaviour:

(i) The contact model The contact model should be updated as the used linear contact model
does not depict the physical behaviour of ballast for the chosen geometrical representation of sphere
clumps. Additionally, the contact behaviour between the sleeper and ballast particles needs to be

calibrated and verified.

(ii) The ballast’s geometrical representation The increased ballast particle dimension either needs
adaptation on the contact model and its parameters, or the initial particle size from Kumar et al. [23]

should be considered accepting the fact of increased simulation time.

(iii) The PFacet contact handling The introduction of a virtual sphere to manage the contact be-

tween a PFacet and an external particle should be improved to replicate a wall-sphere contact.

Once these points in the DEM setup are successfully modified and validated, further scenarios can
be considered in the simulations as this modelling approach offers a broad range of applications.
Besides analysing the long-term vertical settlement behaviour by simulating more loading cycles, the
lateral resistance and settlement can be investigated where sleeper elasticity is suspected of having
a significant impact. This approach can even be enhanced by applying sleeper forces exported from
multi-body simulations to depict realistic loading conditions. Even more complex situations, as found
in turnouts, are of interest where a longer sleeper can depict a hanging sleeper situation (see also [98—

101]), for which an elastic sleeper model is essential.
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5 Concluding remarks

The applications mentioned above together with recent trends in the railway industry give hope for
a bright future for railway researchers to dive even deeper into the ocean of numerical modelling to

enable an infrastructure that can withstand the transportation challenges of tomorrow’s world.
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