Ref. Ares(2019)559011 - 31/01/2019

This project has received funding from the Shift2Rail Joint Undertaking under the European
Union’s Horizon 2020 research and innovation programme under grant agreement No 730849

D4.2 Integration and optimisation of switch and
crossing technologies
Grant Agreement N°:

730849 — IP/ITD/CCA IP3

Project Acronym:

S-CODE

Project Title:

Switch and Crossing Optimal Design
and Evaluation

Project start:

1 November 2016

Project duration:

3 Years

Work package no.:

WP4

Deliverable no.:

D4.2

Status/date of document:

23/01/2019

Due date of document:

31/01/2019

Actual submission date:

31/01/2019

Lead contractor for this document:

Brno University of Technology

Project website:

www.s-code.info

Dissemination Level
PU

Public

PP

Restricted to other programme participants
(including the Commission Services)

RE

Restricted to a group specified by the consortium
(including the Commission Services)

CO

Confidential, only for members of the consortium
(including the Commission Services)

X

Page 1-1 of 1-10

Revision control / involved partners
The following table gives an overview on elaboration and processed changes to the
document:
Revision

Date

Name / Company short name

Changes

v1

2019-01-02

BUT/UPa/DT/UoB/RRC/COMSA

First version

v2

2019-01-10

BUT/UPa/DT/UoB/RRC/COMSA

Second version,
correction of figures,
references and crossreferences, BIM added
into Chapter 7

v3

2019-01-23

BUT/UPa/DT/UoB/RRC/COMSA

Correction of the text,
figures, tables and
references after
proofreading

v4

2019-01-29

BUT/UPa/DT/UoB/RRC/COMSA

Correction of spelling or
grammatical errors. List
of abbreviations added,
figures completed in
Chapter 4,

The following project partners have been involved in the elaboration of this document:
Partner
No.

Company short name

1

UoB

2

DT

4

RRC

6

COMSA

8

BUT

9

UPa

Involved experts
Gemma Nicholson
Sakdirat Kaewunruen
Lukáš Raif
Petr Navrátil
Jiří Zatloukal
Petr Mucha
Stefan Knittel
Hester De Villiers
Hannes Mathis
Andreas Marx
Viktor Lutz
Miquel Morata
Otto Plášek
Vlastislav Salajka
Jiří Kala
Petr Hradil
Zdeněk Čada
Zita Salajková
Jaromír Zelenka
Marin Kohout
Andréa Kalendová

Page 1-2 of 1-10

Table of Contents
Executive summary

1-7

1

Introduction

1-8

1.1

Key outcomes

1-8

1.2

Milestones

1-9

1.3

WP4 workflow

1-9

1.4

Design validation, integration and evaluation

2

Objectives

2-1

2.1

Introduction

2-2

2.2

Declared objectives

2-3

2.3

Benefits of WP4 solutions

2-3

3

Wheel/rail interaction model – design and optimization 3-1

3.1

Introduction to wheel/rail interaction

3.2

Wheel/rail interface model

3.3

Simulation and assessment of rail and wheel profile wear and contact
geometry
3-26

3.4

References

4

Substructure model – mathematical modelling of the
railway track

1-10

3-4
3-20

3-37

4-1

4.1

Arrangement and function of each part of the railway track

4-5

4.2

Interaction of the moving load with the railway track

4-8

4.3

Railway track defects

4-12

4.4

Track–vehicle interaction

4-15

4.5

Basic analysis procedures

4-20

4.6

Finite element method (FEM)

4-39

4.7

Modelling of railway track structure

4-58

4.8

Dynamic analysis of the structure of the railway track directly excited
by the vehicle
4-81

4.9

Modelling of S&Cs using the FEM

4.10

References

4-93
4-101
Page 1-3 of 1-10

5

Opportunities for switch and crossing innovation

5-1

5.1

Fastening system with spring

5.2

Composite plastic sleepers

5.3

Self-healing and high-damping concrete for track support structures5-57

5.4

Neoballast

5.5

Possibility of applying nanomaterials and nanotechnology in S&C 5-68

5.6

Assessment of support innovations with the track–vehicle interaction
and S&C infrastructure models
5-73

5.7

References

6

Switch and crossing rail infrastructure – system
optimization

5-6
5-39

5-64

5-117

6-1

6.1

Task description

6-4

6.2

Background

6-5

6.3

The entire process: from beginning to end

6-28

6.4

Determination of interface

6-47

6.5

Optimization for implementation/installation

6-49

6.6

Summary

6-50

6.7

References

6-51

7

System integration strategy

7.1

Introduction

7-3

7.2

BIM in conditions of S-CODE

7-4

7.3

Example: digital twin of railway switches and crossings

7-8

7.4

Remarks

7-10

7.5

Definition of technologies to be integrated

7-11

7.6

Technology integration

7-18

7.7

Plan for demonstration in WP6

7-26

7.8

References

7-27

8

Summary

8-1

7-1

Page 1-4 of 1-10

Annexes
A

Composite railway sleepers

A-2

A.1

Types of plastic sleeper

A-2

A.2

Behaviour and properties of plastic sleepers

A-4

A.3

Mechanical testing in laboratory

A-6

A.4

Monitoring in-service performance

A-10

A.5

References

A-11

B

Outputs from KONTAKT solver

B.1

Section A

B-2

B.2

Section B

B-3

B.3

Section C

B-4

B.4

Section D

B-5

B.5

Section E

B-6

B.6

Section F

B-7

B.7

Section G

B-8

B.8

deltaR function

B-9

B.9

Y-position of contact point on the wheel

B-10

B.10

Z-position of contact point on the wheel

B-10

B-2

Page 1-5 of 1-10

List of abbreviations
AE
APDL
BC
BIM
CDE
DAQ
DB
DEM
DOF
ELV
ETCS
FE
FEM
FFU
FRP
IS
JIT
LCA
LCC
LOD
LRT
LS
LVDT
MAAP
MBS
MR
NDT
PDE
RTRI
S&C
STL
SW
SWOT
TD
TF
TRL
UBM
UPV
USP
UV
WP

Acoustic Emission
ANSYS Parametric Design Language
Boundary Condition
Building Information Modelling, Building Information Management
Common Data Environment
Data Acquisition
German Railways
Discrete Element Method
Degree of Freedom
End-of-Life Vehicle
European Train Control System
Finite Element
Finite Element Method
Fibre-reinforced Foamed Urethane
Fibre Reinforced Plastic
Information System
Just in Time
Life Cycle Assessment
Life-Cycle Costs
Level Of Detail
Light Rail Transit
Load Step
Linear Variable Differential Transformer
Multi-Annual Action Plan
Multi-Body Simulation
Magnetorheological
Non-Destructive Testing
Partial Differential Equation
Railway Technical Research Institute
Switch and Crossing
Stereo Lithography
Software
Strengths, Weaknesses, Opportunities, Threats
Technology Demonstrator
Technology Factor
Technology Readiness Level
Under Ballast Mat
Ultrasonic Pulse Velocity
Under Sleeper Pad
Ultra Violet
Work Package

Page 1-6 of 1-10

Executive summary
The D4.2 report covers the activities of WP4, which follow up the activities presented in
the D4.1 report. In the previous research within WP4, innovative technologies were
chosen based on SWOT analysis, which are further developed at the TRL1–4 levels. The
following technologies are being developed: i) innovative types of rail fastening; ii)
composite plastic sleepers and bearers; iii) self-healing and high-damping concrete; iv)
bonded ballast bed – Neoballast; v) nanomaterials.
Two milestones were reached within WP4 – the M4.1 S&C wheel–rail interface model was
enhanced, and the M4.2 substructure model developed. Both of these models were
designed to provide advanced tools for evaluating static and dynamic responses for
selected technologies affecting rail support. Static and dynamic analyses were done for
composite plastic sleepers, Neoballast and a combination of these two technologies. At
the same time, static and dynamic analyses were performed for standard S&C structures
to compare the efficiency of new technologies.
Laboratory tests of plastic composite sleepers and Neoballast were preceded by analyses
to obtain mechanical properties as necessary input data for static and dynamic analyses.
In addition, separate finite element analyses of innovative types of rail fastening and
composite plastic sleepers with holes and cavities were carried out to accommodate
advanced devices for monitoring dynamic effects and for the installation of data
acquisition systems and energy harvesting units.
The strategy of optimization and integration in rail infrastructure has been developed for
selected technologies. A solution has been achieved, characterized by modularity and a
self-healing behaviour, and increased durability and lifespan due to reduced dynamic
effects. The monitored technologies do not require any unique technological processes of
installation, maintenance and removal, so that they can be implemented immediately
after development in further TRLs and necessary type approval procedures.
The D4.2 report is organized in eight chapters. The first two chapters describe the
background and objectives, and Chapters 3 and 4 are focused on the track–vehicle
interaction model and the S&C infrastructure model. The design of innovative types of
rail fastening, results of laboratory tests and static and dynamic analyses are presented
in Chapter 5. The strategy of optimization and integration is the object of Chapter 6. The
integration strategy with technologies developed in WP3 and WP5 is described in Chapter
7.
Work on technologies being developed in WP4 will smoothly follow WP6, where these
technologies will be further developed, and demonstrators will be prepared for selected
technologies. The new solutions for rail fastening as well as the implementation of new
support technologies will be further validated within WP7 where the impact that the
individual radical concepts would have will be quantified, to select integrated candidate
concepts that can realize the ambition for TD3.2 – Next Generation S&C.
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1

Introduction

1.1

Key outcomes

The D4.2 report covers WP4 activities, which contribute to the key outcomes and
innovations of the S-CODE project:
•

•

The development and prototyping of a modular whole-system switch and
crossing (S&C) architecture that allows subsystems to be changed over the
life of the S&C. This will enable innovations to be added as they become
available. The architecture and subsystems will be modelled to allow rapid
development of further capabilities:
o

the advanced track–vehicle model, allowing studies into wheel–rail
interaction (Chapter 3);

o

the complex rail substructure model was developed which comprises all
components of S&C structures (Chapter 4)

The design and prototyping of next generation design components that can be
incorporated into the architecture, using new materials and technologies to
create a variety of permanent way subsystems:
o

•

•

three innovative rail fastening systems were designed with the
following aims (Chapter 5.1): i) to better control vertical stiffness of
the rail fastening; ii) to introduce additional damping to the rail
fastening; iii) to implement advanced control and assessment systems
into the rail fastening; iv) to allow energy harvesting in the rail
fastening

The design and prototyping of a next generation control subsystem that can
be incorporated into the architecture, which will include an ‘immune system’
capable of self-adjustment, self-correction, self-repair and self-healing:
o

composite plastic sleepers were investigated especially with the
objective to accommodate control subsystems – sensors, data
acquisition units, batteries, energy harvesting units, wireless
communication devices (Chapter 5.2);

o

self-healing concrete and its behaviour was investigated for different
applications in rail substructure – sleepers, bearers and slabs (Chapter
5.3);

o

bonded ballast (Neoballast) and its implementation into the rail
substructure was analysed (Chapter 5.4);

o

possibilities of
(Chapter 5.5)

implementation

of

nanomaterials

are

presented

Analyses to quantify the value of these innovations from the perspective of:
(i) reliability, (ii) life-cycle cost and (iii) higher-speed switches/train
throughput:
o

static and dynamic analyses of the suggested technologies were done
(Chapter 5.6);

o

S&C rail infrastructure optimization is analysed regarding: i) time and
quality; ii) the entire process from manufacturing, through installation
to removal (Chapter 6.2, Chapter 6.3);

o

the investigated technologies were assessed and evaluated regarding
integration and optimization of installation (Chapter 6.3, Chapter 6.4)
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1.2

Milestones

Within WP4, two milestones were reached:
M4.1 UPA S&C wheel–rail interface model enhanced (UPA – M21)
M4.2 Substructure model developed (BUT – M21)
1.3

WP4 workflow

The workflow in WP4 in the direction of the D4.2 deliverable is illustrated in Figure 1-1.

T4.1 Using novel material
and additive manufacturing
solutions for reduced
complexity and fewer
components in the
switching mechanism (D4.1)

T4.3 Opportunities for
switch and crossing support
innovation
T4.2 Wheel-rail interface
design and optimisation

T4.4 System integration and
whole system optimization

Self-Healing Concrete
Innovative Concrete (5.3)

Smart Plastic Composite
Sleeper or Bearer (5.2)

Fastening system with
controlled stiffness (5.1)

Neoballast (5.4)
Nanomaterials (5.5)

Substructure Model
(Chapter 4)
Stiffness
parameters

Dynamic
forces

Dynamic
analysis

Wheel Rail Model
(Chapter 3)

Analysis results – evaluation
(Chapter 5.6)

Integration of developed
concepts
(Chapter 6)

WP6 System integration
and concept validation

WP7 Evaluation, impact and
future development

Validation of the subsystems
and components that are able
to fit within the modular S&C
architecture

Validation of the subsystems
and components that are able
to fit within the modular S&C
architecture
Figure 1-1 WP4 workflow
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Design validation, integration and evaluation

1.4

The recently chosen technologies – Neoballast and composite plastic sleepers or bearers
– were analysed using the calculation models developed – the wheel–rail interaction and
substructure models. The analysis results were compared with those related to the
standard design of S&C structure in ballasted track.
The new technologies for subsystems and components were assessed within Task 4.4
due to the integration of concepts. The optimization considers time and quality,
manufacture, installation, maintenance and removal processes. The new solutions for rail
fastening as well as the implementation of new technologies will be further investigated
within WP6 where they will be validated and within WP7 where they will be quantified
and the impact that the individual radical concepts would have, in order to select
integrated candidate concepts that can realize the ambition for TD3.2 – next generation
S&C.
Integration with technologies developed in WP3 and WP5 is described in Chapter 7. The
objective of the system integration strategy is to interconnect all technologies and partial
elements of S&Cs developed in all of the three concurrently running work packages WP3,
WP4 and WP5. It means that the technologies of the following fields will be
interconnected:
•
•
•

monitoring and sensors (WP3);
components and materials (WP4);
kinematic system and next switching generation (WP5).

The outputs of individual work packages are provided in the respective deliverables, i.e.
D4.1 (July 2018), D3.1 (January 2019), D4.2 (January 2019) and D5.1 (January 2019).
Each of the deliverables handed over at the end of the solutions of these work packages
(January 2019) provides this system integration which spreads over all work packages
and brings the technologies together.
Another objective of validation, integration and evaluation is to prepare a plan for the
future demonstration of concepts in the following work package, WP6. WP6 will draw
from the activities in work packages WP3, WP4 and WP5. The following partial tasks will
be solved:
•
•
•

validation of next generation control, monitoring and sensor system concepts;
validation of next generation design, material and component concepts;
validation of next generation kinematic systems.

A demonstration is expected to be achieved up to development stage TRL4, which means
validation of the technology in a laboratory (see Chapter 7).
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2.1

Introduction

In order to develop the project, the consortium decomposed the high-level aims
documented in the project call and the technical ambition for TD3.2 detailed in the MultiAnnual Action Plan (MAAP), to identify the key objectives that will help provide radically
new ways of changing trains between tracks in order to improve capacity, reliability and
safety, while reducing investment costs and life-cycle costs. WP4 was focused especially
on the following objectives (as presented in the S-CODE project proposal):
Objective 2: Develop a modular switch and crossing (S&C) architecture that allows
subsystems to be easily changed or upgraded such that the gains in S&C system
performance available from the adoption of new concepts can be realized progressively
without the need for complete system renewal, thus allowing benefits to be attained
more rapidly;
Objective 3: Realize resilience-based design methodologies, maintenance-free and
degradation-free systems, and self-adjusting technologies that will allow complete selfinspection and self-correcting and healing functionality through the development of an
S&C immune system, contributing towards a 50% improvement in the reliability and
availability of switches;
Objective 4: Develop concepts that utilize new materials and construction techniques,
together with an optimized wheel–rail interface to realize a new movement principle
which has the potential to contribute to a reduction in the life-cycle cost of switches by
up to 30%;
Objective 5: Significantly increase the allowable running speed of trains while also
dramatically decreasing the switching time in order to contribute to a capacity
improvement of up to 100%.

Figure 2-1 S-CODE relationship to MAAP technology demonstration

The consortium is developing the technologies leading to a contribution to the fulfilment
of the objectives above within WP4. The technologies being developed were identified
during the first stage of WP4 activities and published in the D4.1 report.
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Declared objectives

2.2

The declared objectives of WP4 according to the project proposal are:
O4.1: Investigate novel
(presented in D4.1)
O4.2

materials

and

additive

manufacturing

approaches

Identify designs that reduce complexity and result in fewer components
(presented in D4.1)

O4.2: Optimize the wheel–rail interface to support new switching mechanisms
•

Task 4.2: Wheel–rail interface design and optimization (DT, F, RSRG, RSSB,
BUT, UPA), presented in Chapter 3

O4.3: Review innovative solutions for support
•

Task 4.3: Opportunities for S&C support innovation (UoB, DT, F, RSRG,
COMSA, BUT, UPA), presented in Chapters 4 and 5

O4.4: Whole-level system optimization
•

Task 4.4: System integration and whole system optimization (DT, F, RSRG,
RSSB, BUT, UPA), presented in Chapter 6

O4.5: Evaluate solutions in relation to logistics and installation (presented in D4.1)

Benefits of WP4 solutions

2.3

Expected benefits due to the innovations introduced into the rail infrastructure are:
•

Support structure innovation allowing ‘designed’ stiffness transition zones
(Chapter 5.1).

•

Optimization of wheel/rail interface will minimize impact forces (Chapters 3
and 5).

•

Optimization of wheel/rail interface will minimize wear (Chapters 3 and 6).

•

New materials and manufacturing techniques will be able to improve
performance (D4.1).

•

Innovation in logistics and installation will increase efficiency, and hence
reduce the cost of installation (D4.1).

•

Simplification of design and fewer components will reduce costs (Chapters 5
and 6).

•

Simplification of design and fewer components will
replacement straightforward (D4.1, Chapters 5 and 6).

make

component
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3.1

Introduction to wheel/rail interaction

3.1.1

Relationship between wheelset and track

3.1.1.1

Basic terms

The wheelset is a key constructional part of the rail vehicle. It is constituted of two
wheels which are pressed onto the axle. The wheelset has two elementary functions – it
supports the vehicle weight and guides the vehicle on the track. The wheelset creates a
rigid body which is characterized by the fact that both wheels must always have the
same revolutions.
The wheelset moves on the track. Track is constituted by two parallel rails. During
motion, the wheels are in contact with the rails; the interface between the wheelset and
the track (and between the vehicle and the track) consists of wheel profiles and rail
profiles.
Wheel profile
By the term wheel profile, we understand a curve which bounds the wheel in its cross
section. The wheel profile creates the vehicle–track interface and consists of the wheel
tread and flange.
The transition section between the wheel tread and the flange is usually defined as a
circular arc. Because of wear, the radius of this arc should have a greater value than the
radius of the inner edge of the rail. According to the shape of the wheel tread, we can
divide the wheel profiles into the following three categories:
•
•
•

cylindrical wheel profiles – the wheel tread is created with a horizontal line
segment;
conical wheel profiles – the wheel tread is created with a line segment again, but
this line segment is inclined; therefore, the wheel has a certain value of conicity;
curvilinear (worn) wheel profiles – the wheel tread is created with a curve
which is defined, for example, with points coordinates, polynomial functions or
connecting circular arcs; the conicity of such a wheel does not have a constant
value.

Wheel back-to-back distance is the distance between the inner surfaces of the wheels
(rims or tyres in case of tyre wheels) and has a nominal value of & = 1360 mm.
The plane of the tape line is an imaginary plane which is perpendicular to the wheelset
axis and goes through the wheel at a distance of 70 mm from the inner surface of the
wheel (rim or tyre). The tape line distance of both wheels is given by convention and
has a value of 2- = 1500 mm. On the tape circle, wheel diameter ∅0 is measured, for
example.
Flange height 12 is measured from the tape line to the top of the flange.
Flange thickness 13 is the distance between the inner surface of the wheel and the
point of the wheel profile which is located 10 mm above the tape circle. The width of the
whole wheel rim (tyre) usually has a value of 135 or 140 mm.
Flange sharpness 45 is defined as the horizontal distance between two points of the
wheel profile; the first one is located 10 mm above the tape circle, and the second one is
2 mm under the top of the flange.
Flange angle 6 is the inclination of the steepest part of the flange. This parameter has
a significant influence on safety against derailment.
Wheelset gauge 7 is the distance defined as the sum of the wheel back-to-back
distance and the widths of both flanges: 7 = & + 9:; + 9:< .
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Figure 3-1 Definition of basic parameters of the wheel profile and the wheelset

Rail profile
By the term rail profile, we understand a curve which bounds the rail in its cross section.
The rail profile, which creates the vehicle–track interface, is usually created with several
connecting circular arcs. Besides the rail profile itself, further quantities related to the
track influence the wheel/rail contact geometry, namely rail inclination and track
gauge.

Figure 3-2 Definition of track gauge and UIC 60 rail profile

Gauge clearance
Because the wheelset gauge is smaller than the track gauge, the wheelset can move on
the track in a lateral direction. By the term gauge clearance, we understand a space
within which the central point of the wheelset can move during the run. Gauge clearance
width is standardly denoted as 2=, and its value depends on:
•
•
•
3.1.2

local track gauge,
wear of flanges,
wheel back-to-back distance.
Characteristics of wheel/rail contact geometry

Wheel/rail contact geometry is a specialized branch of stereometry, i.e. the geometry of
3D figures. The characteristics of wheel/rail contact geometry have a very radical
influence on rail vehicle dynamics. In the investigation of these characteristics, we
suppose that the wheelset and the track are rigid bodies. These two bodies are touching
at two points; these contact points of the wheelset and the track determine the
characteristics of wheel/rail contact geometry. Although solution of these
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characteristics is a 3D problem in the general case, it is usually solved only in the case of
a zero angle of attack (lateral axis of the wheelset is perpendicular to the longitudinal
axis of the track), i.e. as a 2D problem.
Quantities which influence the characteristics of wheel/rail contact geometry are:
•
•
•
•
•

wheel profiles,
rail profiles,
rail inclination,
wheel back-to-back distance,
track gauge.

The characteristics of wheel/rail contact geometry are described in [4] in detail, and the
authors recommend they be studied. Therefore, the following chapters deal only with the
definitions of these characteristics and their important properties.
3.1.2.1

Position of contact points on wheels and rails

The first characteristic of wheel/rail contact geometry is the position of the contact points
on the wheels and the rails; this characteristic serves then for the calculation of the
other characteristics of wheel/rail contact geometry. The aim of evaluation of this
characteristic is localization of the contact points on the wheels and the rails for
any possible position of the wheelset to the track. In the case of a zero angle of
attack, we investigate the position of contact points on the wheels and the rails in
dependency on lateral displacement of the wheelset, >? . figure 3-3 and figure 3-4 show
two particular cases of the contact point position on the wheels and the rails in
dependency on the lateral wheelset displacement |>? | ≤ 10 mm at a zero angle of attack;
these situations correspond to a wheelset with wheel diameter 1250 mm equipped with a
theoretical wheel profile UIC-ORE (i.e. wheelset gauge 1425 mm) and a track with track
gauge 1435 mm equipped with UIC 60 rails (60E1) with inclination of 1: 20 and 1: 40.

Figure 3-3 Contact point position on wheels and rails for a wheelset with theoretical wheel profile
UIC-ORE (S1002) and track with UIC 60 rails (60E1) with inclination 1: 20
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Figure 3-4 Contact point position on wheels and rails for a wheelset with theoretical wheel profile
UIC-ORE (S1002) and track with UIC 60 rails (60E1) with inclination 1: 40

3.1.2.2

Delta-r function (roll radius difference)

The delta-r function gives the actual value of the roll radius difference of the right and
left wheels of the wheelset in dependency on the lateral wheelset displacement >? , i.e.:

∆C = C; − C< = E (>? ).

(3.1)

The delta-r function influences the hunting movement of a wheelset on straight
track as well as the run through a curve. If there is no creep in the wheel/rail contact,
the delta-r function gives the actual curvature of movement of the centre of the
wheelset, too; it is given as:

I=

1 C; − C<
∆C
=
=
,
J
2- ∙ C
2- ∙ C

(3.2)

where r is the curvature of the trajectory, J is the radius of the trajectory curvature, 2is the tape line distance, and C is nominal wheel radius.
In an ideal case, when the wheelset and track are symmetrical, the delta-r function is
centrally symmetric. Figure 3-5 shows the delta-r functions for the same contact pairs,
for which the contact point position is investigated in Section 3.1.2.1.

Figure 3-5 Delta-r function for a wheelset with theoretical wheel profile UIC-ORE (S1002) and
track with UIC 60 rails (60E1) with inclination 1: 20 (left) and 1: 40 (right)

3.1.2.3

Effective conicity

Effective conicity is the conicity of a curvilinear wheel profile at which the curvature
radius of the trajectory of the wheelset has the same value as for a wheelset with a
conical wheel profile, i.e.:
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MNO =

C; − C<
∆C
=
= E (>? ).
2 ∙ >?
2 ∙ >?

(3.3)

Effective conicity MNO is a supplementary characteristic because it is directly derived from
the delta-r function. Therefore, this quantity gives the actual curvature of motion of the
centre of a free wheelset moving without creep and it depends on lateral wheelset
displacement, PQ .
3.1.2.4

Tangent gamma function (contact angle difference)

The position of contact points on the wheels and the rails is connected with the
inclination angles of the contact planes, R (or with angles of normal lines to these
planes at contact points). At the lateral wheelset displacement, these angles (on the
right and left wheels) are generally different. If we suppose equal wheel loads S, the
horizontal components of normal forces are different for different contact angles, as
well. This situation is shown in figure 3-6.

Figure 3-6 Centring effect of a wheelset derived from transmission of the wheel load

The tangent gamma function is a dominant parameter influencing the lateral force
interaction between the wheelset and the track. It is defined as the difference of contact
angles (the difference of inclination angles of the contact planes on the right and left
wheel of the wheelset) and depends on the lateral wheelset displacement >? , i.e.:

tan WX − tan WY = E(>? ).

(3.4)

figure 3-7 shows the tangent gamma functions (contact angles differences) for the same
contact pairs, for which the position of contact points is investigated in Section 3.1.2.1.

Figure 3-7 Tangent gamma function (difference of contact angles) for a wheelset with theoretical
wheel profile UIC-ORE (S1002) and track with UIC 60 rails (60E1) with inclination 1: 20 (left) and
1: 40 (right)
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Using the tangent gamma function, it is possible to formulate the centring effect of
the wheelset Z which follows from transmission of the vertical wheel forces (wheel
loads). We can calculate the [-force as the difference of horizontal components of the
normal forces (see figure 3-6), i.e.:

[ = JX − JY = S ∙ (tan WX − tan WY ) = S ∙ E(>? ).

(3.5)

Therefore, the tangent gamma function characterizes an elastic connection between
the wheelset and the track in a lateral direction; the [-force is then given as:

[ = \] ∙ >? ,

(3.6)

where \] is so-called gravitational stiffness. This quantity – as well as the tan W
function, from which it is derived – depends on the lateral wheelset displacement >? and
is given as:

\] = S ∙
3.1.2.5

tan WX − tan WY
E(>? )
=S∙
.
>?
>?

(3.7)

Equivalent conicity

Movement of a free wheelset on a straight track is generally periodical and is
characterized by two parameters – wavelength ^_` and amplitude >a. These two
parameters define a periodical curve which represents solution of the non-linear
differential equation of movement of a free wheelset equipped with curvilinear wheel
profiles on (ideal) straight track.
It is useful to assess the wheelset/track pair from the point of view of the hunting
movement of a wheelset with a conical wheel profile. This movement is characterized by
a sinusoidal curve with wavelength ^ which is independent of the amplitude >a and has a
value of:

^ = 2b ∙ c

-∙C
,
M

(3.8)

where - is half of the tape line distance, C is the nominal wheel radius, and M is the
conicity value of the wheel tread.
Definition
We may have a wheelset with a curvilinear wheel profile (i.e. amplitude >a and
wavelength ^_` ). By the term equivalent conicity MN_e we understand such a conicity for
which a wheelset with a conical wheel profile reaches the same wavelength. Because the
wavelength ^_` of a wheelset with a curvilinear wheel profile depends on the amplitude
>a of the hunting movement, the equivalent conicity depends on this amplitude Pf
as well. It is possible to determine the equivalent conicity according to Klingel’s formula,
i.e.:

MN_e =

4 ∙ b< ∙ - ∙ C
= E(>a ).
^<_`

(3.9)

Equivalent conicity is usually determined by numerical solution of the differential
equation of the free wheelset movement for given initial conditions. The value of the
equivalent conicity for the hunting movement amplitude >a = 3 mm is standardly used as
a comparative value for various wheelset/track contact pairs. The function of
equivalent conicity influences the running behaviour of rail vehicles very
significantly. Detailed information about these influences of the characteristics of
wheel/rail contact geometry may be found in the article by Prof. Polách [5]. Figure 3-8
shows the functions of equivalent conicity for the same contact pairs, for which the
contact point position is investigated in Section 3.1.2.1.
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Figure 3-8 Functions of equivalent conicity for a wheelset with theoretical wheel profile UIC-ORE
(S1002) and track with UIC 60 rails (60E1) with inclination 1: 20 (left) and 1: 40 (right)

The relationship of the wheelset and the track has a very significant influence on the
dynamics of rail vehicles. Understanding of the characteristics of wheel/rail contact
geometry is a very important precondition to understanding the basic principles which
govern both the run of a rail vehicle on the track and the run on a curve. Assessment of
wheel/rail contact geometry has a practical use above all in the realization of computer
simulations of vehicle run, which are an inseparable part of the development of new rail
vehicles.
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Vehicle run on a straight track

3.1.3

The aim of this section is to understand the principle of wheelset guiding on a straight
track.
3.1.3.1

Motion of a free wheelset on a straight track

The basic principles of motion of a free wheelset with a conical wheel profile on a straight
track are described in detail in [4]; extension for a wheelset with a curvilinear wheel
profile is given in [8], dealing with the characteristics of wheel/rail contact geometry.
Therefore, attention is paid above all in this text to the initiation of hunting movement of
the wheelset.
Let us assume an ideal straight track without irregularities. The centre of the wheelset
moves inside the gauge clearance. However, the wheelset moves in parallel to the track
axis only under the condition that lateral axis of the wheelset is orthogonal to the track
axis and the diameters of both wheels are identical. In the general case, the wheelset is
shifted out of the track axis – the value of this lateral displacement is >? – and the
lateral wheelset axis forms with a normal line to the track axis at an angle of h? ; see
figure 3-9.

Figure 3-9 General position of wheelset on
the track

Figure 3-10 Hunting movement of the
wheelset

If the wheelset has either a conical or curvilinear wheel profile, a roll radius difference
between the right and left wheels occurs at the lateral displacement of the wheelset to
the track. Therefore, the wheelset then moves along a curved trajectory with a centre 9i
and radius J.
The centre of the wheelset then moves along a wavy line, and the wheelset shows a
tendency to move back to the centred position. On the basis of similarity of triangles –
see figure 3-10 – it is possible to express the relation:

C C; − C<
=
,
J
2-

(3.10)

where C is wheel radius, J is the actual radius of the trajectory of the wheelset centre, C;
and C< are the actual roll radii of the right and left wheels, and 2- is the tape line
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distance. From this equation, it is possible to express the actual curvature I of the
trajectory of the wheelset centre as:

I=

1 C; − C<
=
.
J
2- ∙ C

(3.11)

Concurrently, another relationship describing the curvature of a curve > = E(j) at a given
point is generally known from analytical geometry:

I=

1
−>′′
=
.
J l(1 + >′< )m

(3.12)

Because we can suppose that the wheelset trajectory is described by a flat curve, i.e.
>′ → 0 and >′< → 0, it is possible to simplify the analytical relationship for the curvature to
the form:

I =̇− > pp .

(3.13)

If we consider this simplification, on the basis of comparison of the above-mentioned
relationships, we obtain a homogenous differential equation describing the motion
of a free wheelset:

>? pp +

C; − C<
= 0,
2- ∙ C

(3.14)

where the difference C; − C< expresses the value of the delta-r function (see
Section 3.1.2.2), which is generally dependent on the lateral wheelset displacement >? .
Situation for conical wheel profile
For a conical wheel profile, it is typical that the contact point of the wheel profile moves
laterally by a value of > = >? at the lateral wheelset displacement >? ; see figure 3-11.
That follows from the fact that the wheel tread is defined by a line segment with
constant conicity M.

Figure 3-11 Shift of a contact point on the wheel profile at lateral displacement of the wheelset

Due to constant conicity M, the delta-r function of a wheelset with a conical wheel
profile depends linearly on the lateral wheelset displacement >? . Therefore, the value of
the actual roll radius difference of the right and left wheels can be expressed as:

C; − C< = 2 ∙ ∆C = 2 ∙ M ∙ >? .

(3.15)

Therefore, the differential equation of motion of a free wheelset with a conical
wheel profile has the following form:

>? pp +

M
∙ > = 0.
-∙C ?

(3.16)

That is a homogenous differential equation of the second order with constant
coefficients; its solution – see [4], for example – is a dependency of the lateral
wheelset deflection PQ on the distance q, which can be written in the following form:
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M
>? = >a ∙ sin tu
∙ jv.
-∙C

(3.17)

Thus, the centre of the free wheelset moves along a sinusoidal trajectory with
amplitude Pf and wavelength w. It is possible to calculate the wavelength from a
condition that the magnitude of a sinus-function argument increases by 2b during a
drawing of one period; i.e.:

^ = 2b ∙ c

-∙C
.
M

(3.18)

Notes, comments, additional information
The wavelength depends neither on the amplitude ya of hunting motion of the wheelset
nor on the speed of run. Therefore, the frequency of lateral wheelset oscillation, which
acts as excitation of the vehicle during its run, increases with increasing speed. It is
possible to determine this frequency as:

E=

y
,
3.6 ∙ ^

(3.19)

where V is the vehicle speed in [km/h] and L is the wavelength in [m].
Situation for curvilinear wheel profile
The basic difference between wheelsets with conical and curvilinear wheel profiles lies in
the fact that the contact point on the wheel profile does not move laterally by a
value of P = PQ at the lateral wheelset displacement PQ in the case of a wheelset
with a curvilinear wheel profile (as it is for the case of a wheelset with a conical
wheel profile – see figure 3-11). This means that the conicity of the curvilinear wheel
profile is not constant.
At lateral wheelset displacement from the central position about a value of >? , a
difference of roll radii C; and C< of right and left wheels also occurs in this case; these
radii have values:

C; = C + ∆C; ,
C< = C − ∆C< .

(3.20)

However, these roll radius differences ∆C; and ∆C< are no longer identical in the general
case; i.e.:

∆C; ≠ ∆C< .

(3.21)

Now, the value of the delta-r function of a wheelset with a curvilinear wheel
profile can be expressed as:

C; − C< = ∆C; + ∆C< = 2 ∙ MNO ∙ >? ,

(3.22)

where MNO is so-called effective conicity, describing the actual curvature of the wheelset
trajectory. However, the effective conicity is not constant, but rather depends on the
lateral wheelset displacement >? .
Due to the inconstant conicity, the equation of motion of a free wheelset changes
into the following form:

>? pp +

MNO
∙ > = 0.
-∙C ?

(3.23)

Because of the inconstant conicity, i.e.: MNO = E(>? ), it is a nonlinear homogenous
differential equation of the second order. Thus, solving of this equation is usually
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performed by means of numerical methods for given initial conditions and leads to a
periodic function with amplitude Pf and wavelength wÇÉ ; both of these parameters
depend on the initial conditions.
In comparison with a wheelset with a conical wheel profile, movement of a wheelset with
a curvilinear wheel profile differs in that the wavelength wÇÉ depends on the
amplitude Pf of hunting motion; i.e.:

^_` = E (>a ).

(3.24)

For the purposes of comparison with conical wheel profiles, a conventional value of the
amplitude of hunting motion of >a = 3 mm is often used. Then, such a value of conicity of
a wheelset with a conical wheel profile is searched for such that the wavelength of that
wheelset is identical to the wavelength of the wheelset with a curvilinear wheel profile.
That value of conicity is named equivalent conicity; see also Section 3.1.2.5. On the
basis of the mentioned consideration, it is possible to express equivalent conicity as:

MNÑ =
3.1.3.2

4 ∙ b< ∙ - ∙ C
.
^<_`

(3.25)

Motion of wheelset coupled to frame

If the wheelset is coupled to a bogie frame (or carbody frame) with a rigid joint, it
cannot be perpendicular to the trajectory of its motion. Therefore, it cannot roll
kinematically – without creep. Thus, forces and moments, which cause the creep
forces in wheel/rail contact, act during the vehicle run. These forces act as damping
in the vehicle/track system and have a stabilizing effect on straight track. Creep forces
influence the hunting motion of wheelsets which is characterized with its wavelength and
amplitude. The resulting motion is named the limit cycle of the whole non-linear
vehicle/track system. The non-linearities in the vehicle/track system are caused
especially by the following parameters:
•
•
•
3.1.3.3

delta-r function,
creep characteristics,
characteristics of elastic and damping elements.
Summary

In this section, it is shown that a free wheelset with a conical or curvilinear wheel profile
has a tendency to centre itself during the motion on a straight track. As a consequence,
the wheelset hunting motion characterized by amplitude >a and wavelength ^ occurs.
The significance of the characteristics of wheel/rail contact geometry (in relationship to
dynamic behaviour of the wheelset on a straight track) is demonstrated by the difference
between the dynamical properties of wheelsets with conical and curvilinear wheel
profiles.
A vehicle run on a straight track is influenced not only by the characteristics of wheel/rail
contact geometry but also by the parameters of connections between the wheelset and
bogie (carbody) frame, especially by the characteristics of elastic and damping elements
of suspension and wheelset guiding. The resulting motion of the wheelset coupled to the
frame – i.e. hunting motion with small amplitude – is called the limit cycle of the nonlinear vehicle/track system. In the case of some – especially older and more poorly
maintained – vehicles, the dynamic equilibrium of motion can be damaged at higher
speeds under certain conditions; then, so-called unstable run with all its negative
influences on ride comfort and loading of the running gear as well as superstructure can
occur. The running behaviour of rail vehicles (the stability of vehicle run) at higher
speeds constitutes an important subject of railway research nowadays; for these
purposes, computer simulations of vehicle run are used plentifully.
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3.1.4

SJKV as a multi-body simulation tool for the running behaviour of rail
vehicles

The program system ‘SJKV’ is original multi-body simulation (MBS) software for
simulation of the running and guiding behaviour of rail vehicles which is being developed
in the Borland Delphi IDE. Its architecture is based on program units and allows the
creation of different modifications for specific rail vehicles.
In SJKV, the whole non-linear vehicle–track system is modelled as a multi-body system;
it means that all the bodies are considered rigid and coupled by means of elastic and
damping couplings.
Before computational simulations of the guiding and running behaviour, a dynamical
model of the tested vehicle and track has to be created.
Examples of dynamic models are presented in Figure 3-12, Figure 3-13 and Figure 3-14.

Figure 3-12 Simplified dynamic model of the vehicle and carbody
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Figure 3-13 Simplified dynamic model of bogie frame

Figure 3-14 Simplified dynamic model of the wheelset
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The track forms the reduced weight (mky, mkz) of the rails and sleepers under each wheel
vertically and transversally (Figure 3-15) suspended and damped (stiffness kk, damping
bk). The nominal position of the individual elements is determined by the theoretical
trace of the track, measured vertical and transverse deviations of the position
(deviations hky, hkz are superimposed on the theoretical track position), and the dynamic
deviations generated by the effects of forces Y andjmenovitá
Q during
the simulation.
poloha podloží koleje
11

2

12
1

xd
m ky ;m

b ky ;k ky

z d yd

h ky2

kz

b kz ;k kz

h kz2

Figure 3-15 Simplified dynamic model of the track

The geometric coupling of wheelset and track is determined by a pre-calculated set of ∆C
and tan W functions and calculated positions of the wheel–rail contact points, depending
on the transverse displacement of the wheelsets in the track clearance, given by the
shape of the railhead profiles and the shape of the wheel profiles. Adhesion is modelled
by creep coefficients in the longitudinal and transverse directions based on the
instantaneous values of the relative creep in the longitudinal and transverse direction,
spin at the instantaneous value of the wheel force, and given the maximum achievable
adhesion coefficient (algorithm proposed by Prof. Polách). The size of the contact
surface is determined by Hertz's theory.
The dynamical model of the vehicle–track system is mathematized on the basis of the
structural elements method; therefore, one equation of motion belongs to each degree
of freedom of the multi-body system. So, the acceleration vector is generally given by:

q!! = M -1 × L × F

(3.26)

where M is the mass matrix, L is the geometric matrix, and F is the vector of
forces. These forces include forces of gravity, wheel/rail contact and coupling.
general case, the characteristics of these couplings are non-linear. Components
acceleration vector represent the acceleration of relevant bodies in directions
considered degrees of freedom (i.e. translation and rotation of these bodies).

acting
In the
of the
of the

Mathematical description of the dynamical model is the basis of the MBS system SJKV.
Therefore, input data for simulations include above all dimensional and mass parameters
of the model, characteristics of couplings, and characteristics of contact geometry. The
next important input data are given by alignment of the track, track irregularities and
vehicle speed. The philosophy of the MBS SJKV is presented in Figure 3-16.
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SOLUTION OF WHEELSETTRACK INTERACTION

INPUT DATA TO MBS SJKV
•
•
•
•

initial speed of vehicle
tracking and track geometry
characteristics of wheelsettrack contact geometry
parameters of vehicles

CONTACT POSITION
CREEP IN CONTACT
ADHESION
CREEP AND GUIDING
FORCES

PREPARATION OF INITIAL
CONDITIONS FOR COMPUTATION

COMPUTATIONAL CORE OF MBS SJKV
POSITION AND
VELOCITY OF MODEL
BODIES

DEFORMATION
IN JOINTS

FINITE
DIFFERENCE
METHOD

FORCES IN JOINTS

WHEELSET-TRACK
INTERACTION *

WHEEL-RAIL
CONTACT FORCES

EQUATION OF MOTION
(ACCELERATION)

WHEEL FORCES

VISUALIZATION OF RESULTS
(3D ANIMATION)

GRAPHICAL PRESENTATION
AND EVALUATION OF RESULTS

OUTPUT FILE

BINARY OUTPUT FILE
•
•
•
•
•

forces in wheel–rail contact
forces and deformations in joints
position, velocity, acceleration
of model bodies
position, velocity, acceleration in
specified locations
…

Figure 3-16 Function of the MBS SJKV
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Input data to the MBS SJKV are:
•
•
•
•

initial speed of vehicle for simulation,
tracking and track geometry (theoretical or measured),
characteristics of wheelset–track contact geometry (theoretical or measured),
parameters of vehicles (geometry, mass, stiffness, damping, …).

All the data have to be transformed into input files with a specific form and format.
The program consists of many basic units with routines, which are responsible for
specific solution of (computational core of MBS):
•
•
•
•
•
•
•
•
•
•
•

Geometrical wheelset–track interaction.
Creep in contact.
Adhesion.
Deformation in joints.
Forces in joints.
Guiding forces.
Wheel forces.
Acceleration.
Solving differential equations of motion.
Output file.
Data processing.

The numerical computational solution of equations of motion with a specific time or
length integration step is solved using the finite difference method.
Simulation of vehicle running through the S&C required changes in many units, including
algorithmization, debugging and validation of the computation.
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Wheel/rail interface model

3.2

The Wheel/rail interface model is solved in the pre-processor ‘CONTACT’. The output
parameters of this model are inputs for the MBS simulation. Geometrical parameters of
rails in the case of switches are different to those of common rails, especially in the frog
area. One of aim of this work was to improve the existing software tools for solving
theoretical switch geometries as well as real switch geometries.

Figure 3-17 Philosophy of the wheel–rail interface preparation

Geometrical parameters as inputs were obtained from a 3D CAD model (in the case of
theoretical geometry) or from a 3D scan (in the case of real geometry). The first type of
input was usually delivered in STEP format (.STP - Standard for the Exchange of Product
Data); the second type of input is in STL format (stereolithography file). For unification,
all inputs were transformed to STL format.
All inputs have to be transformed to the same units, same axes of orientation, and origin
point position. All of these operations can be explained by a rotation matrix, scale matrix
and position matrix, and all points of input data should be transformed according to the
following rules:
•
•
•
•

positive X axis for facing direction,
coordinates of crossing theoretical point [X = 0; Y = −750; Z = 0],
orientation of curved stock rail to positive Y values,
gauge of the track (14 mm under TOR) in horizontal plane X − Y (Z = 0)

In all cases, curved stock rail is oriented to the left side (positive values of Y axes); this
means that 3D points of left-hand switches should be mirrored by the X–Z plane. This
transformation is provided by a negative Y value in the scale matrix.
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Figure 3-18 Graphical output from computation of the wheelset–track characteristics

3.2.1

Theoretical geometry of S&C

Obtaining the transformation matrices in the case of a theoretical 3D CAD model is not
difficult because the original coordinate system of the model is usually perpendicular (or
identical) to the target coordinate system. After exporting data to STL format, all 3D
points (vertices) are placed logically according to the geometry of the model. Exported
data includes fewer 3D points than 3D scan data because vertices are placed only at
points where the curvature changes its value. For example, stock rail without a change
of profile includes only vertices placed at the beginning and at the end of the rail. No
other vertices are needed along the rail. A whole 3D CAD model exported to STL format
typically includes 2 million vertices; against it, a 3D scan only at the frog area typically
includes 2 million vertices.
The input 3D CAD model was delivered by the S&C producer DT Prostějov, Czech
Republic. Switch type J60-1:12-500 was used for example calculations and for
evaluation of software tools.
3.2.2

Measured geometry of S&C

The shape of a real switch was obtained by 3D scanning of its surface. Realization of a
3D scan is not easy in terms of traffic on the switch because of the time necessary for
preparing the surface for scanning. For this reason, 3D scans were realized on as few
switch areas as possible . For calculating wheel–rail contact geometry, only the top
surface of the frog is necessary; stock rail on the opposite side should be also scanned to
obtain inputs for data transformation to achieve the requested position. For these
reasons, a 3D scan should meet the following requirements:
•
•

Frog should be scanned along its length (between weldings to common rails)
Stock rail should be scanned on the top side; scan includes the shape of the
check rail. The minimum length of the scan (in the X direction) on stock rail
should be 200 mm (the same length as the frog scan is recommended).
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The scans of frog and stock rail should be connected into one scan; for this reason,
scanning of at least one sleeper is necessary.

Figure 3-19 Scanned crossing part of S&C

Figure 3-20 Model and scan of the crossing part of S&C
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Figure 3-21 Cross-section visualization on to 3D model

Figure 3-22 Selected parts of S&C used for calculations
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3.2.3

Methodology of preparing input data

A methodology with six steps was proposed (and realized) for obtaining wheel–rail
contact geometry as input to the MBS:
1) importing 3D data as STL format (3D scan or 3D model),
2) transforming data to the requested coordinate system,
3) creating cross sections of rails (and other relevant parts like frog, check rail,
switch rail, etc.)
4) transforming cross sections to input files for CONTACT software,
5) calculating characteristics of wheel–rail contact geometry using CONTACT
software
6) creating input data for SJKV software (input for bilinear interpolation between
cross sections).
The most complicated step of the methodology is to convert cross sections to CONTACT
input files. This type of file needs the rail profile defined as a function. This means that
the first derivation should not increase to infinity. This requirement can be easily met for
straight stock rail, but it is hard to achieve for the frog area. In fact, the switch area
generated the same problem.
Input geometry does not include check rail, but clearance between check rail and stock
rail has to be set up in the MBS software as the maximum lateral position of wheelset.
Outside this position, lateral force increases according to the lateral stiffness of the
check rail.

Figure 3-23 Model of the S&C divided into sections A–G

An important characteristic output for evaluation is the ∆C function. Outputs from the
calculations of wheel–rail contact geometry in different sections according Figure 3-23
are shown in Appendix B. Values can be also shown by 3D surface graph (Figure 3-24).
Higher values (red colour) mean that the rolling radius of the wheel on the stock rail side
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is higher than the rolling radius of the wheel on the frog side. The influence of guide rail
was omitted.

Figure 3-24 Values of Δr function along the S&C

The SW tool ‘Slicer’ can import output data from CONTACT and visualize them along the
input 3D STL model. One of the interesting outputs is the moving trajectory of contact
points on the rail. This trajectory changes shape according to the lateral position of
wheelset (>? ). Three cases are shown in Figure 3-25. Negative values of >? mean that
the wheelset is moved to the left (to stock rail). Positive values of >? mean that the
wheelset is moved to the frog side. In all cases, the trajectory is not continuous. There
should be at least one interruption between the wing rail and crossing nose. But a
significant change of position of the contact point was found in the middle of the wing
rail. It is not interruption exactly, but fast changing of the lateral position of the contact
point.

>? = −5 mm

>? = 0 mm

>? = +5 mm
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Figure 3-25 Example of contact point position at different lateral positions of the wheelset

Simulation and assessment of rail and wheel profile wear and
contact geometry

3.3

Based on data from the S&C producer DT Prostějov (theoretical 3D geometry of S&C
type 1:12-500) and FEM simulation output from BUT (variable stiffness in S&C along the
track), computational simulations of dynamic response for the case of a modern
locomotive (total mass 90 t, theoretical wheelset with S1002 wheel profile) running
through an S&C with
•
•
•
•

ballast (reference for comparison),
Neoballast,
composite bearers,
combination of Neoballast and composite bearers

were made using the MBS tool SJKV.
To determine the influence of modelling the turnout construction (the railhead profiles),
computational simulations were performed for the following variants:
•
•

3.3.1

Considering the constant shapes of the railhead profiles (constant characteristics
of the wheel–rail contact geometry, 60E1 rail) when passing through the S&C
part of the turnout (Section 3.3.1),
Taking into account the variable shapes of the railhead profiles (variable
characteristics of the wheel–rail contact geometry, theoretical shapes of profiles)
when passing through the crossing part of the turnout (Section 3.3.2).
Parameters of the track geometry used in the simulation (Figure 3-33) were
obtained from the measuring car on the Choceň–Zámrsk track route.
Constant characteristics of the wheel–rail contact geometry

The following figures (Figure 3-26–Figure 3-32) illustrate the results of the
computational simulations based on presentation of the wheel force Q11 for a vehicle
passing the crossing part of the turnout. In these calculations, the constant
characteristics of the wheel–rail contact geometry (rail profile 60 E1 and wheel profile
S1002) in the whole turnout (including the crossing part) were used.
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Figure 3-26 Wheel force for constant characteristics of the wheel–rail contact geometry
(model of S&C with ballast, different speeds)
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Figure 3-27 Wheel force for constant characteristics of the wheel–rail contact geometry
(model of S&C with Neoballast, different speeds)
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Figure 3-28 Wheel force for constant characteristics of the wheel–rail contact geometry
(model of S&C with composite bearers, different speeds)
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Figure 3-29 Wheel force for constant characteristics of the wheel–rail contact geometry
(model of S&C with Neoballast and composite bearers, different speeds)
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Figure 3-30 Comparison of wheel force for constant characteristics of the wheel–rail contact
geometry, speed 160 km.h−1 and different models of S&C
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Figure 3-31 Comparison of wheel force for constant characteristics of the wheel–rail contact
geometry, speed 200 km.h−1 and different models of S&C
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Figure 3-32 Comparison of wheel force for constant characteristics of the wheel–rail contact
geometry, speed 250 km.h−1 and different models of S&C
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3.3.2

Variable characteristics of the wheel–rail contact geometry

The following figures (Figure 3-34–Figure 3-40) illustrate the results of the
computational simulations based on presentation of the wheel force Q11 for a vehicle
passing the crossing part of the turnout. In these calculations, the variable
characteristics of the wheel–rail contact geometry (theoretical profiles provided from the
S&C producer) and measured track geometry (Figure 3-33) were used.

Figure 3-33 Parameters of track geometry used in simulations
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Figure 3-34 Wheel force for variable characteristics of the wheel–rail contact geometry and with
consideration of track and crossing geometry
(model of S&C with ballast, different speeds)
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Figure 3-35 Wheel force for variable characteristics of the wheel–rail contact geometry and with
consideration of track and crossing geometry
(model of S&C with Neoballast, different speeds)
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Figure 3-36 Wheel force for variable characteristics of the wheel–rail contact geometry and with
consideration of track and crossing geometry
(model of S&C with composite bearers, different speeds)
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Figure 3-37 Wheel force for variable characteristics of the wheel–rail contact geometry and with
consideration of track and crossing geometry
(model of S&C with Neoballast and composite bearers, different speeds)
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Figure 3-38 Comparison of wheel force for variable characteristics of the wheel–rail contact
geometry, with consideration of track and crossing geometry,
speed 160 km.h−1 and different models of S&C
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Figure 3-39 Comparison of wheel force for variable characteristics of the wheel–rail contact
geometry, with consideration of track and crossing geometry,
speed 200 km.h−1 and different models of S&C
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Figure 3-40 Comparison of wheel force for variable characteristics of the wheel–rail contact
geometry, with consideration of track and crossing geometry,
speed 250 km.h−1 and different models of S&C

3.3.3

Summary

The results of the UPa research activities presented in this chapter introduce the new
approach to computation of the dynamic behaviour of a railway vehicle passing over a
turnout. This research has been following the long-time investigation in the field of
vehicle–track and vehicle–turnout interaction. The new approach takes into account the
transition of the wheel–rail contact point from the wing rail to the crossing nose. This is
visible from the presented result plots of the wheel force in terms of the wheelset rolling
on the rail with an inconstant railhead profile as well as inconstant rail support
parameters (stiffness of the rail support).
Within the consideration of the railhead profile variability, the dynamic effects of the
vehicle are significantly different to the simplified wheel–rail contact model with constant
rail profile used so far. The new approach to the computation of wheel–rail contact
enables acquisition of more exact courses of the appropriate turnout component loading.
It is possible to carry out simulation computations of the dynamic behaviour of the
vehicle–turnout system (based on the improved software SJKV, UPa) for any new type of
turnout which is described exactly by the following parameters:
•
•
•
•

dimensions of the turnout,
exact description of the shape of appropriate components (rail profiles along the
full length of the turnout),
mass parameters of the turnout dynamical model,
parameters of both rail supports and other components along the full length of
the turnout.

Use of the radically improved interaction between wheel and rail which was implemented
in the UPa software SJKV leads to these new opportunities (compared with the previous
approach):
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•
•
•
•

Analysis of the dynamical effects of the vehicle running on the exactly determined
trajectory of the turnout rails (theoretically defined as well as measured).
Consideration of the variability of rail support parameters along the full length of
the turnout.
Optimization of the running surface design of the appropriate turnout component.
Analysis of the wheel and turnout rail profile wear to increase their service life
and operational safety in high-speed conditions.

The results of the computational simulations performed show a possible decrease of
wheel impact forces in the crossing part (crossing nose) of the turnout of up to 10% for
the proposed solutions (Neoballast, composite sleeper) in given conditions (speed, track
geometry, vehicle parameters).
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4.1

Arrangement and function of each part of the railway track

The railway track structure consists of a rail superstructure, which comprises rails,
sleepers in a ballast bed or slab, special structures and structural elements, and the rail
substructure, formed of earthwork structures, civil engineering structures and track and
off-track facilities. Figure 4-1 shows one of the possible layouts of the railway track.

Figure 4-1 Layout of ballasted track

Detailed information on the structure of the railway track is given, for example, in [1, 2,
3].
A ballasted track structure consists of rails fastened and supported by sleepers laid
perpendicularly to the track centre line. The rolling stock is supported and guided by
rails. The sleepers ensure stability of the track gauge and distribute the load caused by
moving vehicles from the rails to the ballast bed and further down into the railway
substructure and subsoil. Ballastless track (or slab track) is alternatively used as a
railway superstructure in new railway lines. The sleepers or blocks, if they are part of the
structure, are installed in the reinforced concrete slab. Rails can also be embedded into
the concrete slab.

a) Pandrol FastClip

b) Vossloh W14

Figure 4-2 Examples of rail fastening design

4.1.1

Railway superstructure

The superstructure is assembled from two parallel rails mounted on supports. The
railway superstructure is a part of the track, and fulfils the supporting and guiding
function for rail vehicles. In the ballasted track structure, the railway superstructure
consists of rails, rail supports, rail fastenings and a ballast bed. Currently, continuous
welded rail is used almost exclusively for the renewal and modernization of railway
superstructure. For rail production, UIC 900A-grade steel with a minimum tensile
strength of 880 MPa is usually used. Steels of higher grade are used for extremely
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loaded rail components, e.g. switch rails and crossings, or in tight curves. Heat-treated
rails or bainitic steel is used in these cases. Typical rail profiles are 60 E1, 60 E2, 54 E1
or 49 E1.
Rail fastenings on supports ensure the track gauge is within prescribed tolerances, fixed
and at the same time sufficiently flexible for fastening rails to supports. During
reconstruction of the track with a new material, it is preferable to have fastenings with
elastic clips. The main representatives of these types in Europe are Vossloh W14 (see
Figure 4-2 b), Pandrol FastClip (see Figure 4-2 a) and NABLA.

Figure 4-3 Ballasted and ballastless track

The transverse sleepers can be concrete, wooden or steel. The most common type is a
concrete monoblock pre-stressed sleeper. Concrete sleepers have a rather greater
weight and structural height. In places where their use is inappropriate from the point of
view of the railway substructure or the category of the track, it is possible to use wooden
sleepers.
The ballast bed is part of the railway superstructure that transfers the railway traffic load
from the rail support to the subsoil; it serves to distribute the load and reduce stress on
the railway superstructure and thus to dampen the dynamic effects of rail traffic. This
contributes to sufficient resistance against lateral and longitudinal displacement of the
track skeleton.
The basic dimensions of the ballast bed are measured between the substructure plane
and the bottom surface of the sleeper under a low rail in a curve. The geotechnical
properties of the aggregate, the degree of homogenization of the aggregate in the
ballast bed, and the environmental properties of the aggregate are other important
parameters of the ballast bed. Railway managers usually recommend superstructure
assemblies with regard to the operational load, speed and utilization of the track.
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4.1.2

Rail substructure

The rail substructure is one of the essential parts of the railway track. The earthwork of
the substructure serves to accommodate the rail superstructure, and it must be designed
so that its structure is permanently secured in the prescribed geometric position and
withstands the dynamic loading of the railway vehicles without permanent deformation.
When selecting the substructure design, the type of soil and rock of the ground plane,
the load-bearing capacity of the subsoil, the prescribed load-bearing capacity rail, and
the highest prescribed train speed are considered. Water regimes and climate conditions
are also taken into account.
The load-bearing behaviour of the rail substructure can be expressed by the bedding
modulus, which is determined on the basis of the static loading test. In order to achieve
the desired bedding modulus, structural layers are proposed. For the design of structural
layers of rail substructure, the following are decisive: its thickness, type of material, the
achieved degree of compaction of the material structural layers of rail substructure, and
the bedding modulus of the substructure plane in the most unfavourable climatic season.
4.1.3

Requirements on the railway track

The railway track must be designed and maintained in such a way that the transport of
goods and passengers is as safe, reliable, comfortable and economical as possible, and
environment-friendly, which raises a number of requirements for the design of the track.
These requirements can be formulated as follows:
•

The load-bearing capacity of the track must be ensured for the given load and
speed and, at the same time, safe for the operation of rolling stock. The
individual components must be designed to transfer the load and maintain the
same geometry of the track, whether the track is loaded or not.

•

The railway track must allow for comfortable travel, despite the fact that safe
operation is guaranteed. Rail vehicles may be subject to excessive vibration to
passengers when in motion.

•

The railway track should be designed to minimize the noise and vibrations in the
track vicinity.

•

Life-cycle costs should be as low as possible.
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4.2

Interaction of the moving load with the railway track

If railway vehicles move on the railway track, significant dynamic interacting forces arise
between the wheels of the vehicles and the rails, which are caused by the movement of
the sprung mass of the vehicle upon the flexible structure of the railway. The increase in
dynamic interaction forces is directly related to the speed of the movement, the
unevenness of the track, and the uneven stiffness of the track.
4.2.1

Effects of moving loads on the railway track

Interaction forces between the vehicle and the railway track are transmitted to the
contact between the vehicle and the rail.
At the point of contact, forces of general character are transmitted whose direction and
size change over time. Vertical effects are dominant. Guiding, braking and acceleration
forces or side impact forces act in the horizontal plane.
The vertical load on the railway track when the vehicle is moving consists of gravity and
inertia effects. Inertial effects are caused by vertical vehicle vibrations that are caused
by wheel and rail inequalities, uneven stiffness of the track, and track imperfections
caused by the effects of the vehicle.
Horizontal lateral forces occur at the wheel contact with the rail running surface as
frictional forces or guide Y force. Their size depends on the speed of the vehicle, the
geometrical layout of the track, and its imperfections. As the cone wheel moves along
the cylindrical surface of the railhead, so-called sine-wave movement of the wheel
(Klingel motion) occurs; see Figure 4-4. This periodic motion is due to the wheel
conicity. If the wheel set moves from the geometric centre of the track when moving
along a straight track, this displacement is interrupted with respect to the different wheel
radii. This phenomenon, due to the unevenness of the track, is also a source of lateral
forces on a straight track.

Figure 4-4 Sine-wave movement of wheel sets (Klingel motion) [1]
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Figure 4-5 One-point and two-point wheel–rail contact [1]

Depending on the position of the wheel sets in the track, one- or two-point contact can
occur. One-point contact transmits vertical and horizontal lateral forces at one point.
With two-point contact, vertical and horizontal force transfer points are not coincident
(see Figure 4-5). Two-point contact occurs when entering the arc, where the movement
of the wheel sets in the transverse direction is limited by the wheel flange at the high
rail.
4.2.2

Influence of track unevenness and uneven track stiffness

Rail irregularity, out of round wheels, and uneven track stiffness are adverse factors that
significantly affect the interaction between the vehicle and the track. They lead to an
increase in interaction forces and increase stress on the track and vehicles. These
imperfections result in acceleration of vehicles, which degrades ride comfort.
Deviations from the designed spatial position of the rail are caused by rail defects or
uneven settlement of the rail track. Track defects caused by material degradation or
track wear (waves, slip waves and long waves) are described in Section 4.3.1. Short
wave events (rail joints, crossings) are the source of shock forces. The approximate
values of impact dynamic forces taken from [4] are given in Table 4-1. Long-wave
defects are also a source of dynamic forces. Their size is smaller than for short wave
defects. The average values of these dynamic forces taken from [5] are shown in Table
4-2.

Figure 4-6 Wheel force distribution on individual sleepers

Another significant source of vibration is the uneven stiffness of the railway track in the
vertical direction. This is due to either a disturbance in the sleeper subsoil, or changes in
the track structure (bridges, tunnels). Greater dynamic effects occur at switches and
crossings (S&Cs). The failure of substructure affects the geometrical layout, track quality
and track stiffness. Even after repair of geometry by tamping of the track, the

Page 4-9 of 4-102

imperfection in stiffness is not removed, and the structure frequently returns to the state
before the fault was removed; see Section 4.3.2.
The problematic point is the transition zone from an embankment to a bridge structure.
Practice has shown frequent occurrence of disturbances, especially after the construction
of a track where the track outside the bridge has higher settlement than the bridge. The
change in stiffness leads to an increase in dynamic forces, which are influenced in
particular by speed, stiffness ratio, damping and transition length; see Figure 4-7.
Table 4-1 Amplitude of impact wheel loads depending on the type of defect and vehicle speed

Mean amplitude of the impact wheel
force (static wheel force 112.5 kN)
Type of defect

Travel speed [km.h−1]
10

40

70

100

Smooth surface of the rail

114

117

119

122

Defect of length 60 mm and depth 3 mm

163

243

329

408

Defect of length 100 mm and depth 2 mm

186

205

301

360

Defect of length 200 mm and depth 3 mm

164

202

177

299

Table 4-2 Impact wheel amplitude depending on the vehicle and vehicle speed

Mean amplitude of impact wheels
(dynamic kN force component)

Vehicle – static wheel force

Travel speed [km.h−1]
30

50

70

100

Locomotive – 125 kN

5.9

10.1

14.3

20.9

Wagon – 50 kN

3.4

5.9

8.7

13.5

Figure 4-7 Changes in the substructure

4.2.3

Wheel–rail interaction

We consider the vehicle and track as a complex dynamic system, wherein the contact
between the wheels and the rails creates a transition between the two subsystems. The
contact between the wheel and the rail ensures load and steering transmission. The
Hertz theory (1887) contributed to the description of the wheel load on the rail at the
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contact point. The elastic deflection of the wheel and rail steel forms an elliptical contact
surface. The size of this area depends on the magnitude of the force applied
perpendicular to the contact surface, and the ellipse axis length ratio depends on the
radius of the wheel and rail curvature and wheel profiles. Figure 4-8 shows the shape of
the contact ellipses for the various positions of the contact area on the rail.

Figure 4-8 Shape of the contact ellipse for different positions of the contact area on the rail [1]

The stress on the contact area is in the shape of an ellipsoid half, with a maximum stress
in the middle according to the mathematical relationship
*

'( = +

./0

(4.1)

,

where 2 is the size of the wheel force, 3 is the half-axis of the contact ellipse in the
direction of the rail axis, and b is that perpendicular to the rail axis. For calculation of the
half-axis of the contact ellipse, the relationships in [1] can be used.
In dynamic analysis of the interaction between the wheel and the rail, it is necessary to
know the stiffness of the so-called Hertz spring, which expresses the stiffness of the
contact. The stiffness of contact can be deduced from Hertz’s theory, which leads to a
rather complicated relationship. Assuming a circular contact surface (curvature of the
ride profile of the wheel → ∞), we obtain a simpler formula for calculating the stiffness
of the Hertz spring:
'( = 4

*5 6 -789: 8;<
+(>?@ 6 )

,

(4.2)

where B is Young’s modulus of elasticity, 2 is the wheel force, CDE is the radius of the
wheel, CFG is the radius of the railhead, and u is a Poisson constant.
The relation between the wheel force and the stiffness of the Hertz spring is non-linear.
For a wheel force value 2 = 60 kN and radii CDE = 460 mm and CFG = 300 mm, the
contact tension '( = 1,012 MPa and the stiffness of the Hertz spring HI = 1.2 GN.m−1.
For smaller radii of wheels, the contact stress can exceed up to 2,000 MPa.
4.2.4

Transfer of load to the sleeper subsoil

The purpose of the railway track is to transfer the load from the rolling stock to the
substructure. The transfer of load from the rails into the subsoil is based on the principle
of stress reduction. The greatest stress occurs between the vehicle’s wheel and rail and
reaches values of around 1,000 MPa. The wheel force is distributed by the rails, so the
rail seat force under the wheel is almost 50% (see Figure 4-6), where it causes stress
smaller by two orders of magnitude (2.5 MPa). The load is further transferred through
the sleeper to the ballast bed (0.25 MPa) and finally to the earth body (50 kPa); see
Figure 4-9. In addition to the vertical load, additional forces are exerted at the wheel–rail
contact point, as described in Section 4.2.3.
Another significant source of vibration is the uneven stiffness of the railway track in the
vertical direction.
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Figure 4-9 Transfer of the wheel force into the substructure

Railway track defects

4.3

The most frequent defects of railway tracks include, in particular, defects in rails,
irregular settlement of the ballast bed and substructure, and degradation of the ballast
bed aggregate. These defects cause permanent deformation of the track, which is
accompanied by increased dynamic effects of the load and consequent deterioration. Due
to the high costs of track maintenance and consequent possessions, along with the
increasing demands for rail transport, associated with higher speed and axle load, the
quality of the rail superstructure and substructure should be improved to prevent defects
and failures.
4.3.1

Rail defects and failures

Increasing the transport speed, axle load and power of the drive vehicles leads to more
frequent occurrence of rail defects due to fatigue of the material at the wheel–rail
contact. Spans of normal contact stresses on the rail head (see Section 4.2.3), along
with the shear stress on the rail caused by the drive wheels (the locomotive wheels are
driven at slippage limit most of the time), causes permanent deformation of the rail
surface or fatigue cracks after a certain period of time. Track defects caused by the
operation of rolling stock can be divided into two groups:
a) defects characterized by cracking as a result of contact stress – these include, for
example, lateral fatigue cracks, the development of which is due to a
manufacturing defect inside the rail or peeling of the running edge of the rail
(shelling). Due to the stress on the rail, the defect extends to the surface. Other
defects resulting from contact fatigue include cracks and local shelling on the rail
head (squat), and cracking or material scraping on a rolling edge (headcheck).
Defects characterized by fatigue cracking are potentially dangerous because they
can lead to rail fracture.

Figure 4-10 Shelling [1,3]
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Figure 4-11 Headcheck [1,3]

Figure 4-12 Squat [1,3]

Low rail

b) defects caused by material conversion or wear – this includes, in particular, rail
corrugation (long or short pitch) and waveform deformation. Short-pitch rail
corrugation is characterized by almost regular elevations and depressions on the
surface. The wavelength is about 3 to 8 cm. The cause of long-pitch rail
corrugation is not fully elucidated; it occurs mainly in straight track or in large
curves. Long pitch corrugations are periodic irregularities with 8 to 30 cm-long
waves and a depth of 0.1 to 1.2 mm. They are caused by slip movements of the
inner wheel on curves with radii below 600 m. Waveform deformation is a defect
characterized by longer vertical waves with a length of at least 25 cm, usually
between 150 and 300 cm. Their depth is between 0.1 and 4 mm. The origin of
the defect is in the production process.

Figure 4-13 Long pitch corrugations

A detailed overview of rail defects, including their detailed classification, identification
and disposal, can be found in [1]. Rail defects, especially geometric defects such as rail
corrugation or waveform deformations, can substantially increase dynamic effects. The
only way to repair these defects is by grinding or planing the rails.
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4.3.2

Defects of the substructure

Defects of the substructure are caused by exceeding its bearing capacity, differential
stiffness, drainage or other environmental and geological affects. Crucial to the
development and spreading of the defect are the dynamic effects on the substructure.
Vibrations are transferred from the track skeleton to the substructure layers where they
cause penetration of fine-grained particles into the ballast bed and structural layers.
They then lose their drainage function and become less bearable and frost-resilient. This
phenomenon is almost always accompanied by deformations of the track’s spatial
position, which further increases the dynamic affects and allows further development of
the defect. Typical areas for this type of defect are rail joints or crossings. The initial
cause of the defect may also be poorly settled and compacted materials from the time of
construction or reconstruction.
Strong dynamic effects can also lead to failure of the ballast bed. This is the attrition of
aggregates of the ballast bed, which occurs especially in places with a sudden change in
the stiffness of the track (bridges, drainage, underpasses of engineering networks).
Development of the defect is similar to that in the previous case. There is a decrease in
bearing capacity, and the source of contamination is the material of the aggregate
grains.

Figure 4-14 Insertion of ballast bed material into earthwork body

Alignment of the track’s spatial position at the point of failure does not eliminate its
cause. Newly added ballast bed material is pushed into the weak subsoil (Figure 4-14). A
so-called gravel bag is formed in the local recess of the substructure plane, which
changes the stiffness of the track bed at the point of failure and increases the dynamic
effects. Track therefore quickly returns to its position before tamping. If the earth body
is a low-permeability cohesive material, the compacted gravel retains water, resulting in
a further reduction in the load-bearing capacity of the substructure. More information
about failures of track bed can be found in [3].
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4.4

Track–vehicle interaction

Searching for the response of a railway track caused by passing vehicles and loading of
its components is a fundamental task of railway track mechanics. This type of task is
referred to as interaction, simulating the mutual interaction of two mechanical systems –
the resilient track(s) and moving objects (vehicles). In general, this is analysis of a
complex dynamic task, in which the track structure emerges as a spatial, non-linear
mechanical system consisting of a track skeleton and a track bed on which the rail
vehicle moves. In places of interaction (in contacts), general spatial forces, variable over
time, are transmitted. Due to the dominant effects of rail vehicle loads in the vertical
direction, the solution focuses predominantly on these effects. The theoretical solution of
the interaction problems of railway track mechanics is performed with mathematical
models which model the two systems with different levels of simplicity, including their
interaction. Dynamic calculations are very complex, so 3D tasks are often simplified to
2D tasks. Very often, the inertia effects of vehicles are neglected, and their action is
replaced by a system of forces, or the problem is reduced to a quasi-static task.
4.4.1

Theoretical solution of interaction tasks

Dynamic track response is the result of the interaction of time-variable load and the
structure (see Figure 4-15). The load on the railway track can be divided into periodic,
impact and stochastic variables. The structure is characterized by a frequency response
function that depends on the mass, damping and stiffness of the structure. These
parameters define their eigen frequencies and eigen shapes. If a component with this
frequency occurs in the load, this may be due to an increase in the dynamic response
(resonance may occur).

Figure 4-15 Dynamic system interaction principle [1]

4.4.2

Mathematical model of a railway track interacting with a vehicle

Dynamic interaction between the vehicle and the railway track can be described by a
mathematical model that includes both the mechanical systems – track and vehicle. One
of the commonly used models in the theoretical solution of the interaction task is shown
in Figure 4-16. It is a discrete model compiled from a discrete body system and elastic
elements representing the vehicle. The track itself is modelled as a continuous beam on
discrete, flexible supports. The contact between the wheel and the rail represents the
Hertz spring. The energy dissipation is bound to discrete damping elements. Dynamic
phenomena occur in a wide spectrum of frequencies in the vehicle–track system,
practically, from 0.5 to 1 Hz for lateral and vertical acceleration of vehicle bodies, and up
to 2 kHz for excitation caused by irregularities in rails and wheels. The primary
suspension between the wheelset and the bogie captures and dampens the vibrations
generated by the wheel–rail contact. The secondary suspension captures and dampens
lower frequencies. In the design of the track, the primary suspension consists of a rail
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Figure 4-16 Simple dynamic model of vehicle–track system [1]

Chapter 3 explains wheel/rail interaction, and how the developed advanced multi-body
simulation software provides a mathematical solution to the dynamic interaction of the
rail vehicle running on a track having elastic supports.
4.4.3

Determination of static and dynamic properties of track components

Experimental measurement of material properties under static and dynamic loading
provides material parameters for structural design, or for constitutional models used in
theoretical calculations. Most often, it is necessary to determine the material properties
of the substructure layers due to their considerable variability.
For track skeleton components, the basic linear parameters of materials are usually
known (steel, concrete). Experimentally, non-linear behaviour of the materials,
components or assemblies used is determined. The dependencies obtained are needed
for structural analysis using more complex non-linear constitutional material models.
These are, for example, the fracture-mechanical parameters of concrete sleepers,
mechanical parameters depending on the deformation velocity in the non-supporting
elastic fastening or under-sleeper pads, and others. Individual components of the track
are more likely to be tested in terms of their load capacity and production quality. In
order to determine the material constants of the materials in the track bed, standard
geotechnics, both laboratory and field, tests are used. From these tests, soil deformation
properties (relationships between strain and stress) can be determined. The following
laboratory tests are used to determine the deformation characteristics:
•

oedometric test to determine the oedometric modulus of compressibility BJKL ,

•

triaxial test for determination of compression volume modulus M, modulus of
elasticity B and Poisson coefficient N,

•

shear test to determine the shear modulus of elasticity O.

The deformation characteristics of the track bed layers are also obtained from field tests.
They are prescribed directly both on the substructure plane and earthwork plane. The
most commonly used field test is a static load test using loading of the rigid plate. From
the measured dependence between the pressure and the deflection of the plate, it is
possible to obtain important soil deformation characteristics, e.g., the compressibility
modulus of the material in the vertical direction MP , modulus of deformation of track bed
BQ, modulus of elasticity B, Poisson ratio, etc. The measurement description and the
theoretical relationships between the measured parameters are given in [4, 5].
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Figure 4-17 Cyclic triaxial test [5]

The above-mentioned structural material constants are sufficient to describe the linear
behaviour of the materials. To describe non-linear behaviour, it is necessary to
determine additional material constants for the non-linear constitutional model. Soil
behaviour is further complicated with repeated dynamic loads. The elasticity modulus
changes with an increasing number of cycles. Relationships between stress and strain
under repeated load are obtained from the cyclic triaxial test. Figure 4-17 shows typical
soil sample behaviour at cyclic compression load. It can be seen that after a certain
number of cycles, the modulus of elasticity does not change and there is no further
irreversible deformation. Another property of soil, which is to be considered in dynamic
calculations, is the dependence of deformation on load velocity. The deformation
properties of the track bed layers under dynamic loading are described by the dynamic
modulus of elasticity BL and the Poisson coefficient NL obtained from dynamic load tests.
4.4.4

Measurement of the response of the railway track to running vehicles

Measurement of the track response to the movable load represented by running vehicles
or whole trains is the only source of objective information on the behaviour of the
structure under actual operating conditions. From the measured response, it is possible
to obtain information about the stress and strain of the track components or their
degradation. Systematic measurement of track response in real traffic plays a key role in
formulating more general principles of track behaviour, introducing technological
modifications and evaluating track reliability. From the measured response of the
structure and its components, the input constants for the theoretical calculation models
can be determined and, at the same time, serve to verify the accuracy of the results
obtained by theoretical analysis. Theoretical models, verified on the basis of
experimental measurements, extend and generalize information about track behaviour
and help in understanding the complex dynamic processes that occur in the track during
the movement of trains.
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In-situ experimental measurement methods on a standard track include, in particular:
-

measurement of the dynamic behaviour of the track structural components (time
dependency of stress and strain in operating conditions under the track load),

-

measurement of static and dynamic characteristics of track components as inputs
for theoretical track analysis,

-

measurement of interaction of unsprung mass of rail vehicle with track structure,

-

measurement of vibration and noise transmission in the vicinity of the railway
track.

When measuring the dynamic response of a track, the following values are observed
during passage of trains:
-

time plots of vertical or horizontal displacement of track components and their
speed and acceleration,

-

time plots of relative strain of track components,

-

time plots of forces transmitted from the rail to the sleeper and further below.

Vertical and horizontal vibrations are recorded using displacement and acceleration
sensors, strain is measured by strain gauge sensors, and direct measurement of the
interaction force between the rail and the sleeper is measured by piezoelectric sensors.
In most cases, the time course of the vertical displacement or acceleration of the rail,
sleepers (in the middle and at the ends of the sleeper, see Figure 4-18) and the forces
transmitted between the rail and the sleeper are measured in situ. Details of the
dynamic response measurement of the railway track can be found in [6]. The timedomain signals obtained by the measurement are further analysed, and their frequency
response spectra are determined.

Figure 4-18 Relative vertical deflection of the sleeper when an EC/IC train passes at a speed of
160 km.h−1 [3]
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4.4.5

Vibration sources

The main source of excitation is the unevenness of the track, which can be characterized
by a certain wavelength. These wavelengths correspond to the eigen frequencies of the
vehicle shown in Figure 4-19.
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Short waves, in the centimetre range, are mainly caused by rail corrugation, welds or
out of round of the wheels. For these high frequencies (up to 2,000 Hz), it is necessary
to include the Hertz spring in the model of contact between the wheel and the rail. The
wavelengths of the sleeper distance and the long waves coincide with the frequency
range which the wheel sets and bogies cause. The lowest eigen frequency has the
sprung mass of the vehicle, which is influenced by the properties of the track bed.

Figure 4-19 Vibration sources [1]
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Basic analysis procedures

4.5

The solution of the static and dynamic tasks of railway track mechanics is based on the
principles of mechanics, which according to the mathematical form of solution and
mechanical meaning are formulated by:
•

direct solution of differential or integral equations,

•

approximate solution using variational principles – often based on energy
principles, nowadays most often the finite element method.
Differential principles

4.5.1

In the differential solution principles, any immediate state of the mechanical system that
is compared to its neighbouring state is examined. The state of the mechanical system
(railway track loaded with rail vehicles) is described by differential equations (ordinary or
partial), and their solution gives the desired parameters (usually displacements)
describing the state of the system.
The general relationship between the external effects (force or kinematic excitation of
the system) and the system response (displacement vector) can be formally written in
the form
(4.3)

R[T(U, V, W, X)] = Z(U, V, W, X).

The symbol R represents a linear or non-linear differential operator. This equation or a
set of such equations (usually partial differential equations), along with marginal and
initial conditions, describes the behaviour of the system.
The description of the space-mechanic system of the vehicle and rail by means of
differential or integral relationships is very demanding due to the complexity of the
boundary conditions and the non-linearity of the task. Therefore, a number of
simplifications are introduced to solve the interaction task. 2D models are used, where
the railway track is idealized by an infinite beam on an elastic substructure, and moving
load models are simplified to 3D single- or two-degree-of-freedom systems. A number of
computational models are described, for example, in [6] and [7]. For easier interaction
models, an analytical solution can be found; numerical methods for solving initial and
marginal tasks, such as the Runge–Kutta method or the grid method, can be used for
more complex models.
4.5.1.1

An infinite beam on an elastic substructure under a moving load

Solving the case of moving force (the weight of a body) over an infinitely long beam on
an elastic substructure is one of the simplest models used to solve the interaction of the
rail vehicle with the railway track, yet it is of great theoretical and practical significance.
Solution of this task is published, for example, in [1].
Problem formulation is shown in Figure 4-20. On an infinite beam on elastic
substructure, for example, a constant force 2 with a constant speed [ moves (for
example, from left to right). Winkler’s model of the subsoil is assumed, where the
subsoil reaction is directly proportional to the beam deflection. Under these assumptions,
the vertical displacement of the beam can be described by the following differential
equation:

B\F

] ^ _(U, X)
] + _(U, X)
]_(U, X)
+
a
+ bF
+ HF _(U, X) = 2c(U − [X)
F
^
+
]U
]X
]X

(4.4)

where B\F is the bending stiffness of the beam (rail), aF is the mass of the beam per unit
length, bF is the viscous damping, HF is the stiffness of Winkler’s subsoil model, _(U, X) is
the vertical deflection of the beam point at coordinate U and time X, 2 is the wheel load,
and [ is the speed of the moving load.
The function d(U) is the so-called Dirac’s delta function to indicate the position of the
singular force effect
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g(U, X) = c(U)2
and has the following properties
l

l

h c(U)iU = 1 3 h c(U − 3)k(U)iU = k(3).
?l

(4.5)

?l

Figure 4-20 An infinite beam on an elastic substructure under a movable load [1]

To get a solution requires implementation of a new dimensionless variable n, defined as
w

H x 1
n = λ(U − [X), where t = u
v = .
4B\
R

(4.6)

Differential equation (4.4) can be expressed using a variable n in the form

i ^ _(n)
i + _(n)
i_(n)
+
+
4z
− 8z|
+ 4_(n) = 0,
^
+
in
in
in

(4.7)

where

[ a w
Ä Å 6,
2t B\
bF a w
|=
Ä Å 6.
2a H
z=

(4.8)
(4.9)

In equation (4.7), the load on the right side is omitted, which will later be used as a
boundary condition. The physical significance of the variables in (4.8) and (4.9) is as
follows:
t is the inverse value of the characteristic track length R,
z is the ratio between velocity v and critical speed [ÉF ,
| is the ratio between damping bÉF and critical damping.
By inserting _ = Ñ ÖÜ into (4.7) we obtain an algebraic equation

á ^ + 4z + á + − 8z|á + 4 = 0.

(4.10)

The solution of the equation has four roots, which are generally complex. If the condition
is to be met, the solution must be expressed in shape

_(s) = â> Ñ Öw Ü + â+ Ñ Ö6 Ü , for n ≥ 0

(4.10a)

(complex roots g> and g+ have a negative real part),

_(n) = â* Ñ Öç Ü + â^ Ñ ÖxÜ , for n < 0

(4.10b)

(complex roots g* and g^ have a positive real part).
Coefficients âê are generally complex. However, the solution _(n) will be realistic in order
to have physical significance. Coefficients âê can be obtained from marginal conditions
for n = 0:
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_ë = _F

→ â* + â^ = â> + â+ ,

i_ë i_F
=
→ â* á* + â^ á* = â> á* + â+ á* ,
in
in
→ â* á*+ + â^ á^+ = â> á>+ + â+ á++ ,

ìë = ìF
2 + ïF = ïë

→

2
â á * + â^ á^* = â> á>* + â+ á+* ,
B\t* * *

(4.11)
(4.12)
(4.13)
(4.14)

Equations (4.11) and (4.12) are based on the continuity of the deflection curve, equation
(4.13) defines the moment equilibrium, and equation (4.14) defines the equilibrium of
the moving forces. These relationships can be written in matrix form:

1
⎡á
⎢ >+
⎢á>
⎣á>*

1
á+
á++
á+*

−1
−á*
−á*+
−á**

−1 â>
â>
−á^ ⎤ â+
â
⎥ ú ù = _Q ú + ù,
−á^+ ⎥ â*
â*
* â
â^
−á^ ⎦ ^
-

where the constant _Q = _Üû/û = ü5†

;°

ç

(4.15)

expresses the maximum static deflection. By solving

the system (4.15), the constants for the functions (4.10) that are the solution of the
task can be obtained.
The method described above cannot obtain an explicit analytical solution in shape
¢(z, |, á, n). The analytical solution is derived in [7] where the Fourier integral transform
method is used. The analytical solution can be easily deduced for z = 0, i.e. static load.
For a non-moving force, equation (4.4) is simplified. Then

B\F

i ^ _(U, X)
+ HF _(U, X) = 0,
iU ^

(4.16)

where the load with the stationary load 2 at the point U = 0 is included in the boundary
conditions. The solution is symmetric to the point U = 0; therefore, the boundary
conditions can only be defined for half the beam U > 0 as follows

_(∞) = 0,

i_(0)
i * _(0)
2
= 0,
=
iU
iU *
2B\

(4.17)

After the substitution of exponential functions and the subsequent solution, relations can
be obtained

2R*
2
§(U) =
§(U) ,
8B\F
2HF R
•
U
U
where §(U) = Ñ ?¶ ßb®n + n©™ ´ for U ≥ 0.
R
R
The subsoil response is distributed according to dependence
_(U) =

¨(U) = HF ¢(U) =

2R
§(U)
4

(4.18)

(4.19)

and the bending moment of the beam is given by the function
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i + _(U) 2R
=
≠(U) ,
iU +
4
•
U
U
where ≠(U) = Ñ ?¶ ßb®n − n©™ ´ for U ≥ 0.
R
R
ì(U) = −B\F

(4.20)

Figure 4-21 Relative deflection curve and bending moment under singular load [1]

Functions §(U) and ≠(U) define the shape of the deflection curve and the bending
moment; see Figure 4-21. The left part of these curves U < 0 follows the symmetry
condition. These curves can also be used as cause lines to obtain deflection and bending
moments in the cross section U = 0 from loads in the vicinity. Samples of solutions for
different combinations of parameters z > 0 and | according to (4.4) to (4.15) are shown
in Table 4-3 for subcritical (z = 0.5), critical (z = 1.0) and supercritical (z = 1.5) velocity of
lonely load movement and undamped (β = 0.0), subcritically damped (| = 0.1 and | =
0.5), critically damped (β = 1.0) and supercritically damped (| = 1.5) systems. In the
case of force movement at critical speed on an undamped system (z = 1.0 and | = 0.0),
the oscillation amplitudes grow infinitely, and the solution cannot be found. Figure 4-22
shows the maximum displacement ratio _LÆØ ⁄_Üû/û in relation to the ratio of the speed of
the load and the critical speed z with different damping values |. For small damping
values and near-critical speeds, dynamic effects can increase several times.

Figure 4-22 Dynamic effects of moving force in relation to speed for different damping values [1]
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Table 4-3 Relative deflection of the beam depending on the relative length for z > 0 and for
different damping values |

4.5.1.2

Critical velocity

It is clear from Figure 4-22 that the critical velocity is located at and around z = 1.0.
From equation (4.8), the critical velocity [ÉF can be derived:
+
[ÉF
=

2
7HF B\F .
aF

(4.21)

Normal operating speeds are usually much lower than the critical track speed, e.g. for
the track parameters in Figure 4-20, the critical speed is 475 km.h−1. For tracks with
weak subsoil or other unfavourable stiffness and mass configurations, the critical train
speed may be significantly reduced. If the speed of the train approaches the critical
velocity, dynamic effects increase significantly. The critical velocity is related to the
velocity of wave propagation through the subsoil. If the surface Rayleigh wave
propagation velocity is close to the train speeds, energy accumulates under the trains,
and the rail deflection increases dramatically to approximately three times the static
load. This phenomenon significantly increases the permanent deformation of the track
and must be avoided.
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4.5.1.3

Double beam on an elastic substructure

The infinite beam on Winkler’s model of substructure is suitable for the basic description
of the characteristics of the railway track. One of the more complex models is the double
infinite beam on an elastic Winkler’s model of substructure; see Figure 4-23. The track is
modelled by two beams; the upper beam is a rail with a bending stiffness B\F and mass
aF . The lower beam models the equivalent bending stiffness B\Ü and mass aÜ of the rail
supports and the track bed. The elastic layer between the beams represents the
elasticity of the fastening HFG of the rail and its viscous damping bFG . The lower beam is
mounted on an elastic Winkler’s base with stiffness HFÜ and damping bFG . The model
parameters according to [6] are shown in Figure 4-23. In dynamic calculations, it is
possible to neglect the equivalent bending stiffness (B\Ü = 0) and to model only the
inertia effects of the rail supports.

Figure 4-23 Double infinitely long beam on elastic substructure, loaded with moving load [1]

Beam vibration can be described by a set of differential equations, which is a
generalization of the differential equation (4.22) for an infinitely long beam on the
Winkler’s model of subsoil:

B\F

] ^ _F
] + _F
]_F
]_Ü
+
a
+ bFG
+ HFG _F − bFG
− HFG _Ü = g(x),
F
^
+
]U
]X
]X
]X
(4.22)
^

+

] _Ü
] _Ü
]_FÜ
]_F
+ aÜ
+ ≤bFG + bFÜ ≥
+ (HFG + HFG )_Ü − _F
− HFG _FÜ = 0,
^
+
]U
]X
]X
]X
where _F (U, X) and _Ü (U, X) are the searched beam deflections. For a moving load, the
equation g(U) = 2(U − [X) is used. The solution must meet the boundary conditions _F (U, X)
and _Ü (U, X) for |U − [X | → ∞.
B\Ü

4.5.1.4

Infinite beam on Pasternak’s substructure model

Section 4.5.2.1 describes an infinitely long beam model on the Winkler’s model of
substructure, which assumes that the subsoil is formed by independent linear springs
spaced evenly apart. The dependence between the load and the displacement of the
ground surface is linear, ¨ = HF _. For a more detailed description of beam deformations
on an elastic substructure, different models of interaction between the Winkler’s model
of substructure springs can be introduced. One of the most well-known models is
Pasternak’s model which assumes that a shear force directly proportional to the shear
strain is transmitted between the springs:

ï = OâF

i_
,
iU

(4.23)

where OâF is the shear stiffness of the subsoil (product of the shear modulus of the
subsoil and the cross-sectional area). Differential equations describing deflection of the
beam on Pasternak’s model of subsoil are created by adding a value expressing the
shear interaction to equation (4.4).
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B\F

] ^ _(U, X)
] + _(U, X)
] + _(U, X)
]_(U, X)
−
Oâ
+
a
+ bF
+ HF _(U, X) =
F
^
+
+
]U
]U
]X
]X
(4.24)
= 2c(U − [X).

The analytical solution for the static force 2 at a point U = 0 can be found, for example, in
[6]. For immobile force, it is possible to neglect values expressing inertial effects and
damping. Then, equation (4.24) is simplified:

B\F

i ^ _(U)
i + _(U)
−
Oâ
+ H_(U) = 0.
F
iU ^
iU +

(4.25)

Load is included in the boundary conditions. The solution is symmetrical, and boundary
conditions for part U ≥ 0 are

_(∞) = 0,

i_(0)
i * _(0)
2
= 0,
=
.
*
iU
iU
2B\

(4.26)

The solution of the differential equation (4.25) is

_(U) =

2
§(U) ,
8B\F 3µt+

(4.27)

where §(U ) = Ñ ?∂• (3cos3U + µsin3U ) for U ≥ 0
and where t is the inverted value of the characteristic length L of the track (see Section
4.5.2.1) and the constants 3 and µ are defined as follows:

1
3 = 74t+ − á,
2

µ=

1
74t+ + á,
2

á=

OâF
.
B\F

(4.28)

The bending moment function can be obtained from equation (4.27):

ì(U) = −B\F

i + _(U)
2
=
≠(U) ,
iU +
43µ

(4.29)

where ≠ (U) = Ñ ?∂• (3cos3U + µsin3U ) for U ≥ 0.
Figure 4-24 shows the relative vertical displacement (U) and relative bending moment (U)
for 0, 1 and 2.0. For 0, the solution coincides with the solution of the beam on Winkler’s
subsoil.

Figure 4-24 Relative deflection line and bending moment under point load for U ≥ 0 [1]

4.5.1.5

Beam loaded with moving mass with three degrees of freedom

Interaction of the moving mass with the beam with its mass on the elastic substructure
is much more complicated than in Section 4.5.1.1, where the inertial effects of the load
were not considered. The problem can be described by a differential equation:
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B\F

] ^ _(U, X)
] + _(U, X)
]_(U, X)
+
a
+ bF
+ HF _(U, X) =
F
^
+
]U
]X
]X
(4.30)

= δ(U − [X) º2 − aΩ

i + _([X, X)
æ
iX +

where the right side expresses the variable position of the wheel force 2 and the inertial
forces of the body of the mass aΩ . The second derivative on the right side of the
equation complicates the solution in comparison with tasks where the inertial effects of
the moving body are neglected.
In equation (4.30), the mass of the vehicle is assigned to one point. Such a simplification
rate is not acceptable in most cases, since in modern railway vehicles, the mass of the
vehicle is sprung by the primary and secondary suspensions. Therefore, models with one
or more degrees of freedom in which the mass of the vehicle is suspended from the
track are used.
The model of the vehicle with three degrees of freedom (see Figure 4-25) describes
relatively well the oscillating movement of individual parts of the vehicle in the vertical
direction. The model consists of wheelsets, bogies and a vehicle body that are connected
to the primary and secondary suspensions and dampers. Interaction of the wheelsets
and beam is provided by the Hertz spring. The main disadvantage is the effect of the
system on the beam at a single point. The system does not include the entire vehicle,
but only a quarter of it (so-called quarter model). This system with three degrees of
freedom can be further simplified according to the quality requirements for the results
into a two or one degree of freedom system.
weight of a vehicle body
weight of a bogie
weight of a wheelset
stiffness of the Hertz spring
stiffness of primary suspension
stiffness of secondary suspension
damping of primary suspension
damping of secondary suspension
unevenness of wheels and rail
Degrees of freedom:

Figure 4-25 Vehicle model with three degrees of freedom

The moving mass acts on the beam by gravity and inertial effects. The weight of the
vehicle is given as the product of mass and gravity acceleration ø. The wheel force
expressing the weight of the moving system in Figure 4-25 is given by the relationship

2 = (aD + a0 + aÉ0 )ø.

(4.31)

Inertial effects result from movement of the vehicle along the track, deflected by the
vehicle and track irregularities. Irregularities can be included in the model using a
function that describes the unevenness of the beam along its length. Usually, the
harmonic function is used. The force in the Hertz spring 2I (X), in which the moving
system affects the beam, is given by the relationship

2I (X) = HI [_>(X) − _(U, X) − ¿(U> )],

(4.32)

where U> is the current position of the system. In a similar way, wheel irregularity can be
modelled.
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To solve the interaction of the infinitely long beam and the system with three degrees of
freedom, it is necessary to assemble a set of four differential equations for unknown
deflections _(U, X), _> (X), _+ (X) and _* (X). The oscillation of the infinitely long beam on
Winkler’s model of substructure can be described by the following differential equation:

B\F

] ^ _(U, X)
] + _(U, X)
]_(U, X)
+
a
+ bF
+ HF _(U, X) = 2I (t)δ(U − U> ). (4.33)
F
^
+
]U
]X
]X

Oscillation of the mass components of the vehicle model is described by three equations
representing the conditions of equilibrium in the vertical direction:

−aÉ0
−a0

i + _* (X)
i_* (X) i_+ (X)
− bÜ º
−
æ − HÜ [_* (X) − _+ (X)] = 0,
+
iX
iX
iX

(4.34)

i + _+ (X)
i_* (X) i_+ (X)
+ bÜ º
−
æ − HÜ [_* (X) − _+ (X)] −
iX +
iX
iX
(4.35)

−bG º

i_+ (X) i_> (X)
−
æ − HG [_+ (X) − _> (X)] = 0,
iX
iX

2 − aD

i + _> (X)
i_+ (X) i_> (X)
− bG º
−
æ − HG [_+ (X) − _>(X)] − 2I (X) = 0. (4.36)
+
iX
iX
iX

The interaction of the three-degree mass system with a beam on the Winkler’s model of
substructure is described by a set of differential equations (4.33) to (4.36) with one
variable coefficient ¿(U). Solution of the system must meet boundary conditions

_(±∞, X) = 0

(4.37)

and initial conditions

_(U, 0) = _Q (U),

]_(U, X)
= _̇Q (U),
]X
(4.38)

_ê (U, 0) = _êQ (U),

i_ê (U, X)
= _̇êQ ,
iX

for X = 0 a © = 1, 2, 3.

The system of equations can be converted, under certain assumptions, into a system of
second-order partial differential equations and to calculate an analytical solution by the
Fourier integration transformation method [7]. Another option is a numerical solution.
4.5.1.6

2D model of a vehicle with ten degrees of freedom

The ten-degree 2D model of Figure 4-26 depicts the behaviour of a four-axle vehicle
interacting with the track model. The vehicle model consists of a system of solid bodies
(rigid plates) connected by springs and shock absorbers (primary and secondary
suspension). The contact between the wheel sets is modelled by a Hertz spring.
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weight of a vehicle body
weight of a bogie
weight of a wheelset
moment of inertia of a vehicle body
moment of inertia of a bogie
stiffness of the Hertz spring
stiffness of primary suspension
stiffness of secondary suspension
damping of primary suspension
damping of secondary suspension
Degrees of freedom:

Figure 4-26 2D model of vehicle with ten degrees of freedom

The procedure of constructing a set of differential equation systems describing the
interaction of the beam on the elastic substructure is similar to that in Section 4.5.1.1.
To solve the interaction of the infinitely long beam and the ten-degree system, it is
necessary to assemble a set of 11 differential equations for the unknown deflection
function of the beam _(U, X), unknown vertical displacements of the mass bodies _> to _ƒ ,
and unknown rotation of the mass bodies j≈ , j∆ and jƒ .
The total force acting on the beam is given by the product of the mass of the vehicle and
the gravitational acceleration. Because of the symmetry of the system, there is a load
corresponding to each axle

2=

1
ø(4aD + 2a0 + aÉ0 ).
4

(4.39)

Individual axles act on the beam by force

2Iê (X) = HI [_ê (X) − _(Uê , X) − ¿(Uê )],

for © = 1, … , 4,

(4.40)

where Uê is the current position of the ©-th axle.
Oscillation of the infinitely long beam in the Winkler’s model of substructure is described
by a differential equation
^

] ^ _(U, X)
] + _(U, X)
]_(U, X)
B\
+
a
+b
+ H_(U, X) = » 2Iê (t)δ(U − Uê ) . (4.41)
^
+
]U
]X
]X
ê…>

The displacement of the body mass of the vehicle model is described by seven equations
representing the equilibrium in the vertical direction.
For the vehicle body, an equation can be created

−aÉ0

i + _ƒ (X)
−
iX +

ƒ≈ (X)

− Àƒ≈ (X) −

ƒ∆ (X)

− Àƒ∆ (X) = 0,

(4.42)

for the bogie, two equations

i + _≈ (X)
+
iX +
i + _∆ (X)
−a0
+
iX +
−a0

ƒ≈ (X)

+ Àƒ≈ (X) −

≈> (X)

− À≈> (X) −

≈+ (X)

− À≈+ (X) = 0, (4.43)

ƒ∆ (X)

+ Àƒ∆ (X) −

∆* (X)

− À∆* (X) −

∆^ (X)

− À∆^ (X) = 0

(4.44)

and for the wheelset, four equations
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i + _> (X)
+
iX +
i + _+ (X)
2 − aD
+
iX +
2 − aD

i + _* (X)
+
iX +
i + _^ (X)
2 − aD
+
iX +
2 − aD

≈> (X)

+ À≈> (X) − 2I> (X) = 0,

(4.45)

≈+ (X)

+ À≈+ (X) − 2I+ (X) = 0,

(4.46)

∆* (X)

+ À∆* (X) − 2I* (X) = 0,

(4.47)

∆^ (X)

+ À∆^ (X) − 2I^ (X) = 0.

(4.48)

The rotation of the vehicle body is described by the equation

−\É0

i + Ãƒ (X)
−
iX +

ƒ≈ (X)Õ+

− Àƒ≈ (X)Õ+ +

ƒ∆ (X)Õ+

+ Àƒ∆ (X)Õ+ = 0,

(4.49)

and the rotation of the bogie by the equations

i + Ã≈ (X)
Õ> −
iX +
i + Ã∆ (X)
−\0
Õ> −
iX +
−\0

≈> (X)Õ>

− À≈> (X)Õ> +

≈+ (X)Õ>

+ À≈+ (X)Õ> = 0,

(4.50)

∆* (X)Õ>

− À∆* (X)Õ> +

∆^ (X)Õ>

+ À∆^ (X)Õ> = 0.

(4.51)

In the equations, variables were introduced for the clarity of the entry:
Forces in springs ÀêŒ between bodies i and j:

À≈> (X) = HÜ [_≈> (X) − _> (X)], À≈+ (X) = HÜ [_≈+ (X) − _+ (X)],
À∆* (X) = HÜ [_∆* (X) − _* (X)], À∆^ (X) = HÜ [_∆^ (X) − _^ (X)],

(4.52)

Àƒ≈ (X) = HÜ [_ƒ≈ (X) − _≈ (X)], Àƒ∆ (X) = HÜ [_ƒ∆ (X) − _∆ (X)] .
Forces in the dampers

êŒ

between bodies i and j:

≈> (X)

= bÜ [_̇≈> (X) − _̇> (X)],

≈+ (X)

= bÜ [_̇≈+ (X) − _̇+(X)],

∆* (X)

= bÜ [_̇∆* (X) − _̇* (X)],

∆^ (X)

= bÜ [_̇∆^ (X) − _̇^ (X)],

ƒ≈ (X)

= bÜ [_̇ƒ≈ (X) − _̇≈ (X)],

ƒ∆ (X)

= bÜ [_̇ƒ∆ (X) − _̇∆(X)].

(4.53)

Vertical displacement at spring/damper locations _êŒ :

_≈> (X) = _≈ (X) + Õ+ Ã≈ (X),

_≈+ (X) = _≈ (X) − Õ+ Ã≈ (X),

_∆> (X) = _∆ (X) + Õ+ Ã∆ (X),

_∆+ (X) = _≈ (X) − Õ+ Ã∆ (X),

_ƒ≈ (X) = _ƒ (X) + Õ+ Ãƒ (X),

_ƒ∆ (X) = _ƒ (X) − Õ+ Ãƒ (X).

(4.54)

The interaction of the ten-degree mass system and the beam in the Winkler’s model of
substructure is described by a set of 11 differential equations (4.41)–(4.51) with one
variable coefficient ¿(U). The system can be solved numerically.
4.5.1.7

Spatial models of vehicles

The 2D model of the vehicle can be further generalized to the spatial (3D) model. The
spatial model is used as a dynamic model of the moving load for the spatial model of the
straight track or is the object of the vehicle simulation of the vehicle along a curved
track. In the first case, the model with respect to symmetry does not differ much from
the 2D model and has the same number of unknown degrees of freedom. In the latter
case, the situation is more complex. The model is to be supplemented by lateral
couplings and describes the tilting of the bogies and the vehicle body (see Figure 4-27).
Typically, the interactions between the wheelsets and the rail in the lateral direction are
described in detail. The most complex are the models that describe the longitudinal
connections between the bodies and their rotation around the vertical axis. These models
are more likely to be used to analyse the vehicle’s driving behaviour rather than track.
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Figure 4-27 Spatial model of the vehicle

Vehicle spatial models are more likely to be used in analyses by the finite element
method because description of the interaction of the spatial system with the vehicle
through the differential equations is very difficult.
4.5.2

Variation principles, finite element method

Variation principles investigate the states that the mechanical system has undergone
during the final time interval and compare them with neighbouring states. Using
variation principles, we can determine the stress and strain of the system using a single
function (usually displacement). The boundary problem (the behaviour of the system
described by differential equations) is solved on the basis of energy considerations.
For static tasks, Lagrange’s principle is used, which expresses the most general static
condition of equilibrium

cœ (–—“” + –‘’” ) = 0,

(4.55)

where cœ is the symbol of energy change caused by variations of the displacement
components. With variations of displacement components matching the geometric
conditions inside and at the boundary of the body that is in equilibrium, the variation of
the overall potential energy of the internal and external forces is equal to zero. From this
principle, it follows that the total potential energy of the internal B—“” and external forces
BK÷û has an extreme value in the equilibrium state of the body, which is minimal.
The general energy principle was formulated by Hamilton. Of all the conceivable
movements of the elastic body, the one at which the sum of kinetic energy B◊ and
potential energy BG , is minimal. This can be written as a variation number:
û6

c ºh (–êØû − –◊êØ )iXæ = 0,

(4.56)

ûw

where d is a symbol of system energy variation.
Using the variation methods, functions that minimize the functional are searched for. For
Lagrange’s principle, for example, they are looking for a displacement ¢, [ and _ to meet
the condition

cœ [B—“” (¢, [, _) + B‘’” (¢, [, _)] = 0.

(4.57)

Classical variation methods include, for example, the Ritz method and the Galerkin
method. The most well-known and most commonly used is the indirect variation method
– finite element method (FEM). The FEM is a powerful tool for solving static and dynamic
tasks of railway track mechanics. Whereas in the classic Ritz method the base functions
are chosen for the whole area investigated and their choice is more difficult, if not
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impossible, in the more complicated form of the investigated area, the FEM has very
simple basic functions, non-zero only in the immediate vicinity of the individual nodes.
The principle of FEM consists of the division of the area into the finite elements (1D
beam elements, 2D area elements and 3D spatial elements) whose nodes are unknown
nodal parameters, most often displacement and rotation. Using these unknown
parameters, it is possible to express the virtual work of internal, external and inertial
forces, and from their equilibrium we can obtain a system of ordinary differential
equations

ÿT̈ + ⁄Ṫ + €T = Z ‘’” ,

(4.58)

where ÿ is the weight matrix, ⁄ is the damping matrix, € is the stiffness matrix, Z ‘’” is the
vector of external forces, and T is a vector of an unknown displacement. By solving this
equation, we get unknown node parameters T. The system (4.58) expresses the
generalized conditions of the dynamic equilibrium of the discretized system. A system of
ordinary differential equations can be solved by explicit or implicit methods of numerical
integration over time, after completing boundary and initial conditions. A more detailed
description of the FEM, derived equations of Lagrange’s updated formula, and an
overview of methods for numerical integration of motion equation over time are given in
Section 4.6.
4.5.2.1

2D rail models on discrete supports

The 2D model on discrete supports is analogous to the model of the infinitely long beam
in the Winkler’s model of substructure described in Section 4.5.1.1. This is the simplest
but very often used model of a railway track. The beam is supported on discrete
supports with stiffness HFG and with a distance corresponding to the spacing of the
sleepers. In dynamic calculations, the spring is modelled in parallel with a viscous
damping bFG . Springs and dampers can also have non-linear characteristics. A sample of
the beam model on discrete supports is shown in Figure 4-20. For dynamic calculations,
it is more appropriate to use the model in Figure 4-28. This two-layered model models
the relatively sprung structural layers. The track and sleepers are sprung by springs and
dampers that model the stiffness and attenuation of the rails and track bed. The main
disadvantage of discrete models is that the wheel force is transmitted to the support
only on the basis of the bending stiffness of the rail, and the individual sleepers do not
interfere with each other.

Figure 4-28 Single-layered track model on discrete support

Page 4-32 of 4-102

Figure 4-29 Two-layer track model on discrete support

A two-layer model is often used to analyse the interaction of the track with vehicle
models with two or more degrees of freedom. In [8] there is described the simulation of
a railway vehicle model modelled by a ten-degree 2D system. The vehicle model
represents a load acting on a two-layer model of the railway track. For this analysis, a
single-purpose computational program was written, which solves the dynamic interaction
FEM task by the explicit numerical integration of the motion equation. The input
parameters are the geometric, weight and stiffness characteristics of the vehicle model,
the speed of the vehicle, the unevenness of the rails, and the stiffness of the rail
fastening and the track bed. The size of the time integration step and the sampling
frequency of the output signals can also be chosen.
The computational model describing the interaction of the vehicle with the railway track
is shown in Figure 4-30. The vehicle is modelled as a 2D mass kinematic system – mass
points and plates are coupled by springs and dampers (primary and secondary
suspension). The wheel contact with the rail takes into account the contact stiffness
using Hertz theory. The computational model of the track is considered to be a 2D model
of a rail which is modelled by beam elements, mass elements (sleepers) and coupling
and damping elements between the rail and the sleepers and between the sleepers and
the track bed. The actual interaction analysis is based on use of the so-called current
position of the vehicle in the moving coordinate system consisting of automatic discharge
of sleepers on one side and addition of sleepers on the other.
The above-described method of simulating the interaction of a moving vehicle is very
often used for its simplicity. It is quite easy to set up a system of the motion equations
(4.58), programming, solving and evaluating a task, or using a programming language
to solve mathematical problems, e.g. MATLAB.

Figure 4-30 Interaction of a multi-degree mass system modelled by a beam on discrete supports
[9]
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4.5.2.2

Spatial track skeleton models on discrete supports

The spatial model of a track skeleton on discrete supports (see Figure 4-31) consists of a
pair of beams which are supported by springs and dampers (rail fastening) on the
transverse beams representing the sleepers. The sleepers are supported linearly, usually
on the Winkler’s-type model of support with damping.
This model in comparison with to the 2D models in Section 4.5.1.3 includes the bending
stiffness of the sleepers. The main disadvantage is, as with 2D models on discrete
supports, that the sleepers do not interact with each other over the layers of the track
bed under load. The model is suitable for track simulation along the track in a curve. The
straight track model was used, for example, in [8], for modal analysis.
Due to the simplicity of the model, which consists only of beams, springs and dampers, it
is suitable for solving the FEM using single-purpose programs.

Figure 4-31 Spatial track skeleton model on discrete supports [8]

4.5.2.3

Spatial track skeleton models on flexible layered half-space

Spatial track skeleton models on an elastic layered half-space best describe the
behaviour of the actual railroad. This model describes the geometric layout of the track
structural elements and their stiffness. The model of track skeleton supported on a
spatial model of layered track bed correctly expresses the distribution of the wheel
forces on individual sleepers. FEM spatial models allow the simulation of very complex
phenomena such as the spread of waves through the track bed. Using advanced
constitutional relationships, it is possible to model the degradation and spreading of
disturbances in the track bed.
The calculations are performed using the FEM, and the model is assembled from beam or
solid finite elements supplemented by elastic and damping couplings. The vehicle’s
spatial model is used as the load.
Due to the complexity of the description of the solid finite elements and the complexity
of the models in terms of modelling of physical non-linearities and the interaction of
Page 4-34 of 4-102

individual components and vehicles, commercial FEM software is used to solve the static
and dynamic analyses. These applications have built-in tools to create the spatial
geometry of the model and the finite element mesh, load and boundary conditions,
solving and graphical processing of results.
Spatial models, depending on their complexity, can require considerable demands on the
software used and on the user’s knowledge. Compared to simpler models, they also
require more input parameters. Some parameters, in particular the material properties
of the track bed layers and damping, have considerable variability. Despite these
problems, the advantages of spatial models prevail over the past and are increasingly
being used, especially in static calculations. Simulation of the interaction of a moving
vehicle with a spatial model of a railway track is very rarely used.
The possibilities of applying spatial models to solving the static and dynamic problems of
railway track mechanics are very extensive. Spatial models have been applied in the
past century, for example, in the calculations of railway structures with sleepers on the
bituminous support layer, in the design of ballastless track (see Figure 4-32).
Track with under-sleeper pads (USPs) has also been analysed; see publications [10, 11,
12]. The use of USPs as resilient components is motivated by the effort to reduce the
size of the static load component on the sleepers and ballast, and to reduce vibration in
the structure. USPs favourably affect the ballast bed aggregate underneath the sleeper
and serve as a vibration mitigation measure. Reducing the dynamic effects on the track
bed slows the deterioration of the track quality and the development of defects in the
substructure.
Spatial computing models respect the actual layout of the railway. The track skeleton
consists of rails, rail fastening comprising elastic rail pads and clamps, and sleepers. The
substructure layers (modelled by Winkler’s model of subsoil) are taken into account. A
contact is modelled between the sleeper and the rail bed. In the case of USP installation,
the contact between the USP and the ballast bed is modelled.
The FEM has been used to solve noise propagation from vehicle passage, i.e. the method
of clustered fields (structural analysis and acoustic analysis) is used. The influence of
wheel profile was analysed; see Figure 4-33.

Figure 4-32 Modelling of the two track bed layers (concrete, bituminous or cemented)
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The software used allows users unprecedented possibilities. The tasks can be solved
geometrically and materially non-linearly with contacts at static and dynamic loads with
the influence of temperature field change. It can be used for modelling the substructure
method for further analysis. This option has been applied to determine the possibility of
fatigue cracks in the structural components of crossings; see Figures 4-35 and 4-36.

Figure 4-33 Wheelset model

Figure 4-34 Part of the computational model of the crossing without showing the track bed layers
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Figure 4-35 Fatigue cracks in a frog

Figure 4-36 Global model for assessing the crossing structure in terms of cracks

The complexity of the models and meshing into the final elements is influenced by the
capabilities of computers at the time of solution. At present, models with a fine structure
of finite element mesh can be used to address static and dynamic responses. Figure 4-37
shows a model to analyse the rail fastening stress. The model is geometrically and
materially non-linear. The assembly procedure stage of the rail fastening node and
subsequent stress during operation is analysed.
The solution options are practically unlimited at present.
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a) Part of the FEM model

b) Vertical cross section of the model

Figure 4-37 Meshing of the rail fastening node

Models for simulating the spatial interaction of the vehicle and the railway track are
described in [7] and [13]. In [13], a study of the influence of speed on the response of
the railway track and the simulation of wave propagation through the track bed is
published. The computational model and the displacement of the railway track are shown
in Figure 4-34. In [7], a vehicle passing a sudden change in vertical stiffness (transition
between a bridge structure and the adjacent track) was simulated.

Figure 4-38 Computational model and demonstration of results of wave propagation analysis in
track bed [13]
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4.6

Finite element method (FEM)

This section describes numerical computational methods for solving non-linear problems
discretized by the FEM. This issue is dealt with by many quality publications and
monographs, as for example in [9], [11], [14], [15] and [16]. In this report, it is not
possible to fully address the extensive problem solving of non-linear dynamic tasks of
the FEM. Thus, basic information on the properties of partial differential equations, basic
relations of continuum mechanics, weak formulation of the task and derivation of the
equation of motion through the updated Lagrange formula are given. The following is a
description of explicit and implicit methods of numerical integration over time, including
their basic features, stability of analysis and implementation.
4.6.1

Classification of partial differential equations

Various numerical methods can be used to solve different types of mathematical-physical
problem described by partial differential equations (PDEs). For the application of an
appropriate method or technique, it is necessary to know the properties of different
types of PDE. The choice of a suitable method depends, for example, on the smoothness
of the solution, the dissemination of information, on boundary and initial conditions, etc.
The attributes and properties of the solutions of each PDE type are very different, and
the knowledge of the PDE properties describing the given task can greatly contribute to
an effective solution.
PDEs are divided into three groups:
1. Hyperbolic PDEs – are typical for body vibrations, wave propagation, etc. For
hyperbolic PDEs, the smoothness of the solution depends on the smoothness of the
boundary and initial conditions. Discontinuity in the initial and boundary conditions
affects the solution throughout the area. The information is propagated at the final
velocity, which is called the wave propagation velocity.
2. Elliptic PDEs – describe physical problems where steady state can be found, e.g.
steady heat conduction, Laplace equation, static tasks, steady flow of groundwater, etc.
For elliptical problems, solutions are very smooth, although the boundary conditions are
not smooth. Boundary conditions at any point affect the solution across the area, i.e. the
area of influence of boundary conditions is the whole area. However, the influence of
small irregularities in boundary conditions is more evident only in the vicinity of the
border – which is the well-known Saint-Venant principle.
The main problem in solving elliptic PDEs is the occurrence of singularities in the solution
in the area of sharp corners at the border, etc.
3. Parabolic PDEs – are time-dependent PDEs with a smooth solution in space, but
singularities may exist in the solution. Examples are diffusion problems – usually timevarying heat or water flow. The properties of parabolic PDEs rank them between
hyperbolic and elliptical equations. In the parabolic system, information spreads at
infinite speed.
The simplest example is heat conduction analysis in a beam. The temperature rises from
the source immediately along the length of the beam in accordance with the given
differential equation; the increment can be very small at a greater distance from the
source. By contrast, there is no response in hyperbolic tasks at that point until the wave
from the source reaches it.
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Description of movement of the body with continuum mechanics

4.6.2

Continuum mechanics deals with modelling of bodies and liquids whose properties and
response can be characterized by smooth functions of spatial variables with a limited
number of discontinuities. The aim of continuum mechanics is to provide a macroscopic
description of the behaviour of bodies, structures and liquids.
Let us consider the body in its initial state at time X = 0. The area occupied by the body
in its initial state is marked as ‹Q (see Figure 4-39) and is called the initial configuration.
This configuration is also referred to as the reference if it is related to other continuum
mechanics relations. The initial configuration is considered non-deformed, which is an
idealized assumption, because in reality most objects have a different configuration and
are deformed, for example, during production.
The actual body configuration area is marked as ‹ and is often referred to as the
deformed configuration. Its border is marked ›. The number of space dimensions is
marked as ™ﬁﬂ .

Figure 4-39 Non-deformed (initial) and deformed (current) body configuration with discontinuities
Γint

4.6.2.1

Lagrange and Euler coordinates, motion of the body

The position of the mass point in the reference configuration indicates the position vector
ØÂÊ

‡ = ·‚ „‚ ≡ » ·‚ „‚ ,

(4.59)

ê…>

where Xi are the components of the position vector in the reference configuration and ei
is a unit vector in the Cartesian coordinate system. The vector variable ‡ for a given
material point does not change over time and is called a material or Lagrange
coordinate. Point position in the current configuration is given as
ØÂÊ

Á = Uê „ê ≡ » Uê „ê ,

(4.60)

ê…>

where Uê are the components of the position vector in the current configuration.
Movement of the body is described by the relationship

Á = Ë(‡, X)

or

Uê = Ëê (‡, X),

(4.61)

where x is the position of the material point ‡ in time t. The coordinates Uê determine the
spatial position and are called spatial or Euler coordinates. The function Ë(·, X) maps the
reference configuration to the current configuration at time t.
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4.6.2.2

Lagrange and Euler formulations

Two ways are used to describe deformations and response in a continuum mechanic:
1. material (Lagrange) formulations, where independent variables are coordinates ·
and time t,
2. spatial (Euler) formulations, where independent variables are spatial coordinates
U and time t.
In fluid mechanics, Euler’s formulations are used more frequently, because it is often
impossible or unnecessary to describe the reference configuration. On the other hand,
for bodies, the stress depends on the strain and its history. Due to the need to specify
the non-deformed configuration, Lagrange formulations are used in body mechanics.
4.6.2.3

Displacement, velocity and acceleration

The displacement of the material point is given as the difference between its actual and
initial position; see Figure 4-15.

T(‡, X) = Ë(‡, X) − Ë (‡, 0) = Ë (‡, X) − ‡, ¢ê = Ëê ≤ÈŒ , X≥ − Èê ,

(4.62)

where is T(‡, X) = ¢ê „ê , and at time X = 0, the reference configuration is identical with the
initial configuration ‡ = Á(‡, 0) ≡ Ë(‡, 0). Displacement is most often described in the form

T = Á − ‡,

TÍ = Á Í − ‡ Í ,

(4.63)

where the relationship (4.61) is used.
Velocity Î(‡, X) is the time change of the position vector for the material point, i.e. the
time derivative with a constant ‡. The time derivative, where ‡ is constant, is called
material time derivation or material derivative. Speed can be expressed in different
ways:

Î(‡, Ï) =

∂Ë(‡, Ï) ∂T(‡, Ï)
=
≡ Ṫ ,
∂Ï
∂Ï

(4.64)

where the variable Á is replaced by displacement T according to (4.63).
Acceleration Ó(‡, X) is the time change of the material point velocity, i.e. the material time
derivative of the velocity, and is expressed by these relations:

Ó(‡, X) =

]Î(‡, X) ] + T(‡, X)
=
≡ Î̇ ,
]X
]X +

(4.65)

where the movement is replaced by a displacement T according to (4.63).
If velocity is expressed in spatial coordinates and time, i.e. in Euler coordinates as Î(Á, X),
the material time derivation can be obtained as follows. Space coordinates in Î(‡, X) are
first expressed using the relation (4.63) as a function of material coordinates Î(Ô(‡, X), X).
The material time derivative is then obtained by the derivation rule of the composite
function

Õ[ê (Á, X) ][ê (Á, X) ][ê (Á, X) ]ËŒ (‡, X) ][ê ][ê
=
+
=
+
[,
ÕX
]X
]UŒ
]X
]X ]UŒ Œ

(4.66)

where a relationship was used in the last modification (4.64). The value
side (4.66) is called spatial time derivation, and the value

ΩÒ

[
÷Ú Œ

ΩÒ
û

on the right

is called a convection or

transport value. The equation (4.66) can be written in tensor notation:

ÕÎ(Á, X) ]Î(Á, X)
]Î
=
+ Î ∙ ∇Î =
+ Î ∙ grad Î,
ÕX
]X
]X

(4.67)
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where ∇Î and grad Î are the vector field gradients. The material time derivative of any
spatial coordinate function v and time t can be obtained similarly by the derivation rule
of the composite function. E.g., for vector functions Î(Á, X) and tensor function 'êŒ (Á, X),
material time derivations are given as

Õk ]k
]k ]k
]k
=
+ [ê
=
+ Î ∙ ∇k =
+ Î ∙ grad k,
ÕX ]X
]X ]X
]X
Õ'êŒ ]'êŒ
]'êŒ ]σ
]σ
=
+ [◊
=
+ Î ∙ ∇σ =
+ Î ∙ grad σ,
ÕX
]X
]X
]X
]X

(4.68)
(4.69)

where the first value on the right is always a spatial time derivative and the other value
is a transport value.
Strain gradient

4.6.2.4

Strain gradient is an important characteristic of the deformation of a body. The strain
gradient is defined as

ÀêŒ =

]Ëê ]Uê
≡
]ÈŒ ]ÈŒ

or ˜ =

]Ë ]Á
≡
.
]‡ ]‡

(4.70)

The strain gradient is the Jacobi function matrix describing the movement of the body
Ë(‡, X). Determinant X is designated J and is called the strain gradient determinant.

¯ = det(˜).

(4.71)

Strain gradient determinant is used to express the relationship between the integrals of
the reference and the current configuration

h k(Á, X)iΩ = h k (Ë(‡, X), X)¯iΩQ .
˙

4.6.3

(4.72)

˙˚

Governing equation of the updated Lagrange formula

Two formulations are used to discretize tasks by Lagrange finite elements. Both
formulations use the Lagrange description, i.e. the dependent variables are a function of
Lagrange coordinates and time. In the updated Lagrange formula, relations are derived
for spatial coordinates, and the weak formulation involves the integration of the
deformed (current) configuration. In the Lagrange total formula, relationships are
derived for material coordinates, and the weak formulation involves integration of the
initial (reference) configuration.
The following text only describes Lagrange’s updated formula, which is used more
frequently and is an effective method for dealing with most continuum mechanics tasks.
The key relationship for discretization with the updated Lagrange formula is the
momentum conservation law, expressed by spatial (Euler) coordinates and Cauchy
stresses. Section 4.6.4 describes the weak problem formulation, known as the principle
of virtual works, which is suitable for discretization of the final elements. For the
description of the thermomechanical behaviour of the continuous body located in the
area Ω with the boundary C (see Figure 4-39), the following control relations can be
applied:
1. The law of conservation of mass
2. Law of momentum conservation and conservation of angular momentum
3. Energy conservation law (first thermodynamic law)
4. Constitutional relations
5. Relations between deformation and displacement
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The governing relations of continuum mechanics are based on the conservation laws,
which are complemented by constitutive relations and the relations between
transformation and shifting. Conservation laws (balance equations) are basic principles
that must be met in a given physical system. Conservation laws are usually expressed in
the form of PDEs. More detailed information on conservation laws and their derivation
can be found in [14].
4.6.3.1

Law of conservation of mass

The law of conservation of mass states that the mass of any area of the material must
be constant, since no material is flowing across the boundary of the area, and conversion
of mass into energy is not considered. It follows that the mass of an isolated system is
unchanged. The law can be expressed by the following differential equation

Õ¸
¸div(Î) = 0,
ÕX

(4.73)

where ρ is the density of the material, v is speed and t is time. The first element of the
equation expresses the material derivation of density in Lagrange coordinates. A
Lagrangian network uses the mass conservation law written in the form

¸(‡, X)¯¸(‡, X) = ¸Q (‡) or
4.6.3.2

¸¯ = ¸Q .

(4.74)

Law of momentum conservation

An equation based on the momentum conservation law is a key relation in the non-linear
FEM. Keeping momentum is the equivalent of Newton’s second movement law, which
describes the relationship between the forces acting on a body and its acceleration. The
momentum conservation law can be expressed by the following relationship

¸

ÕÎ
= ∇ ⋅ σ + ¸ˇ º ¸div(σ) + ¸ˇ,
ÕX

(4.75)

where σ is the Cauchy stress tensor and b is a vector of volumetric forces. The left side
of the equation represents a change in momentum as a product of density and
acceleration. This member is also called a kinetic or inertial member. The first member
on the right side of the equation expresses the internal volume forces as divergence of
the voltage field, and the second member on the right side as divergence of the volume
force. In a number of tasks, the load is very slow, and the inertia is so small that it can
be neglected. Equation (4.75) can then be written in the form

¸div(σ) + ¸ˇ = 0.

(4.76)

This equation is called the equation of balance. Problems covered are called static.
4.6.3.3

Law of conservation of angular momentum

The law of conservation of angular momentum is satisfied only if the Cauchy stress
tensor is symmetric

σ = σ! .

(4.77)

Therefore, Cauchy’s stress tensor represents three different dependent variables in a
two-dimensional problem, and six in a three-dimensional problem.
4.6.3.4

Energy conservation law

The energy conservation law says that the change in a body’s total energy, which
includes both internal and kinetic energy, equals the sum of the work done by the
external forces and the energy supplied to the body by heat or other heat sources. The
above refers to the thermomechanical process, where the only sources of energy are
mechanical work and heat, i.e. no other energy sources are considered. The change in
total body energy can be expressed as

" ”#” = " —“” + " $—“ ,

(4.78)
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where " —“” is the change of internal energy and " $—“ is the change in kinetic energy. The
law of conservation of energy can be written as

" ”#” = " ‘’” + " %‘&” ,

(4.79)

i.e. the change in the total energy of the body (including internal and kinetic energy) " ”#”
is equal to the change in the work done by the external forces " ‘’” and the change of
energy supplied to the body by heat flux or other heat sources " %‘&” . This definition
corresponds to the first law of thermodynamics. Relation (4.79) can be converted to a
PDE of the law of conservation of energy, provided that the heat flux or other heat
sources are insignificant:

Õ_ —“”
¸
= ' ∶ σ − ∇ ⋅ ()) + ¸n,
ÕX

(4.80)

where _ —“” is the internal energy per unit mass, D is the tensor of velocity deformation,
q is the heat flux per unit area and n is the heat source per unit of volume. If we do not
consider heat flow and heat sources, i.e. we are considering a purely mechanical
process, the energy equation will be simplified to

¸

Õw —“”
= ' ∶ σ,
ÕX

(4.81)

which is no longer a PDE. The above relationship defines the energy change introduced
into the unit volume of the body according to its stress and strain.
4.6.3.5

Constitutive relations

A constitutive relation defines the mathematical dependence between the deformation of
a material and its state variables. This dependency is also called a physical or material
model. It is an integral part of every numerical analysis. State variables characterize the
current state of the material. These include, for example, stress, temperature and time,
and for soil, porosity and saturation. The constitutional relationship can be written in the
following form:

' ∇ = *û+,ﬂ (', σ, atd. ),

(4.82)

where σ is the change of the stress tensor depending on the state variables. In this case,
it depends on the rate of deformation tensor ' and on the stress tensor '.
4.6.3.6

Deformation rate

The deformation rate is defined by the relationship

1 ][ê ][Œ
' = sym(∇Î), ÕêŒ = .
+
/.
2 ]UŒ ]Uê
4.6.3.7

(4.83)

Boundary conditions

The boundary conditions can be defined using the following relationships

™Œ 'Œê = Xê̅ na ΓûÒ , [ê = [̅ê na ΓΩÒ .

(4.84)

The prescribed displacements Xê are defined on the boundary ›ûÒ and prescribed velocity
[ê at the boundary ›ΩÒ . Parameter ™ﬁﬂ expresses the task dimension. For the same
component, both displacement and speed cannot be specified:

ΓûÒ ∩ ΓûÒ = 0.

(4.85)

The boundary condition for speed is equivalent to the boundary condition for
displacement. If the displacement is known as a function of time, then the speed can be
obtained by derivation by time, and vice versa, the displacement can be obtained by
integrating the prescribed velocity.
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4.6.3.8

Initial conditions

Initial conditions can be defined either for speed and tension values

Î(‡, 0) = ÎQ (‡, 0), σ(‡, 0) = 3Q (‡, 0)

(4.86)

or for speeds and displacements

Î(‡, 0) = ÎQ (‡, 0), T(‡, 0) = TQ (‡, 0).
4.6.3.9

(4.87)

Conditions of internal continuity

The condition of the internal continuity of the body for stress can be written as

Γ —“” : 〈6 ⋅ σ〉 = 0 or 〈™ê 'êŒ 〉 ≡ ™ê8 'êŒ8 + ™ê9 'êŒ9 = 0,

(4.88)

where the indices A and B relate to stress and normals on both sides of internal
discontinuity Γ —“” (see Figure 4-39). This condition must be fulfilled wherever there is a
possibility of discontinuity in any of the voltage components, e.g. an interface between
two materials. These conditions must apply in both dynamic and static problems.
Weak formulation of the problem, the principle of virtual works

4.6.4

The principle of virtual work is the weak formulation of the momentum conservation law
(Section 4.6.3.2), the boundary conditions (Section 4.6.3.7) and the conditions of the
inner continuity (Section 4.6.3.9). These relationships are referred to as the general
principle of equilibrium, or a strong solution of the task. The general principle of
equilibrium is not suitable for discretization by the final elements; therefore, its weak
formulation is used:
Ø<=

](c[ê )
h
' iΩ − h c[ê ¸µê iΩ − » h c[ê Xê̅ iΩ + h c[ê ¸[̇ ê iΩ = 0.
]UŒ Œê
˙
˙
:;
˙
ê…>

(4.89)

Ò

Equation (4.89) is a generalized (weak) formulation of the general principle of
equilibrium. To obtain a weak formulation, it is necessary to define the space of the test
functions and the space of the kinematically acceptable functions. The test function area
is defined as

c[ê (‡) ϵ ?Q , ?Q = @c[ê Ac[ê ϵ B Q (‡),

c[ê = 0 na ΓΩÒ C.

(4.90)

Testing functions are also called virtual speeds. Kinematically acceptable functions are
defined

[ê (‡) ϵ ?Q , ?Q = @[ê A[ê ϵ B Q (‡),

[ê = [̅ê na ΓΩÒ C.

(4.91)

The displacement ¢ê (‡, 0) is the integral of the velocity, so the displacement field can also
be used as a kinematically acceptable function. The derivation of the weak formulation is
given, for example, in [14].
The first member in (4.89) represents the overall virtual work of the inner forces " —“” ,
the second and third members the overall virtual work of the external forces " ‘’” , and
the last member is the total virtual work of inertial forces " —“‘D” . After the introduction of
this label, the principle of virtual works can be written as

c" = c" —“” − c" ‘’” + c" —“‘D” = 0

∀ c[ê ϵ ?Q .

4.6.5

Updated Lagrange discretization by the FEM

4.6.5.1

Approximation of finite elements

(4.92)

For discretization of the weak formulation of finite elements in the updated Lagrange
formula, it is necessary to divide the Ω region into elements Ωe so that the sum of all
elements includes the entire region ‹ =∪ ‹K . The node coordinates in the current
(deformed) configuration are marked as Uê† , \ = 1 X® ™( . A lowercase letter indicates
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folders, a capital letter indicates node values. For two dimensions Uê† = [U† , V† ], for three
dimensions Uê† = [U† , V† , W† ]. The node coordinates in the undeformed configuration are
marked Èê† . In the FEM, motion Á(‡, X) is approximated by

Uê (‡, X) = G† (‡, X)Uê† (X) or Á(‡, X) = G† (‡, X)Á † (X),

(4.93)

where G† are interpolation (shape) functions and Á† is the vector defining the position of
node I. Nodal displacements can be defined as

¢ê† (X) = Uê† (X) − Èê†

or

¢† (X) = U† (X) − È† .

(4.94)

The relationship for the displacement field is based on (4.93) and (4.94):

¢ê (‡, X) = Uê (‡, X) − È† = ¢ê† (X)G† (‡)

or

T(‡, X) = T† (X)G† (‡).

(4.95)

Speed can be obtained as a material derivation of the offset by time:

[ê (‡, X) =

]¢ê (‡, X)
= ¢̇ ê† (X)G† (‡) = [ê† (X)G† (‡) or Î(‡, X) = Ṫ † (X)G† (‡) (4.96)
]X

Velocity as a displacement material derivative is a partial derivative of time with a
constant material coordinate. The velocities have the same shape functions as the
displacements because the shape functions are constant over time. Acceleration is given
analogously to the material derivative of velocities:

¢̈ ê (‡, X) = ¢̈ ê† (X)G† (‡)

or

T̈ (‡, X) = T̈ † (X)G† (‡) = Î̈ † (X)G† (‡).

(4.97)

The test function (variation) is not time-dependent, so the test function approximates as

c[ê (‡) = c[ê† G† (‡)

or cÎ(‡) = cÎH G† (‡) ,

(4.98)

where c[ê† are virtual node velocities. To derive discrete motion equations, it is necessary
to insert the test function into the principle of virtual works (4.89):
Ø<=

](G† )
c[ê† h
' iΩ − c[ê† h G† ¸µê iΩ − » c[ê† h G† Xê̅ iΓ + c[ê† h G† ¸[̇ ê iΩ = 0.
]UŒ Œê
˙
˙
:;
˙
ê…>

Ò

(4.99)
Stress in (4.99) is a function of kinematically permissible speeds and displacements.
From the definition of the test function space (4.90), it is clear that virtual velocities
must disappear everywhere the speeds are prescribed, i.e. c[ê = 0 on ›ΩÒ , and therefore
virtual node speeds for nodes not on ›ΩI are arbitrary. On the basis of the previous
statement, we can write a weak formulation of motion equations in the form
Ø<=

]G†
h
'Œê iΩ − h G† ¸µê iΩ − » h G† Xê̅ iΓ + h G† ¸[̇ ê iΩ = 0 ∀(\, © ) ∉ ΓΩÒ ,
˙ ]UŒ
˙
:;
˙
ê…>

Ò

(4.100)
where the degrees of freedom with the prescribed velocity are excluded.
4.6.5.2

Internal and external nodal forces

For individual members of the virtual work principle equation, the corresponding nodal
forces can be defined. Internal nodal forces can be obtained from the following
relationship for the overall virtual work of internal forces

c" —“” = h
˙

](c[ê )
]G†
'Œê iΩ = c[ê† h
'Œê iΩ = c[ê† kê†—“” ,
]UŒ
˙ ]UŒ

(4.101)

where the first member of (4.100) was used. The above is the relationship for internal
nodal forces
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kê†—“” = h

˙

]G†
' iΩ.
]UŒ Œê

(4.102)

External nodal forces are obtained similarly from the overall virtual work of the external
forces
Ø<=

c" ‘’” = c[ê† h G† ¸µê iΩ − » c[ê† h G† Xê̅ iΓ = c[ê† kê†‘’”
˙

ê…>

(4.103)

:;Ò

and external nodal forces are given as
Ø<=

kê†‘’” = h G† ¸µê iΩ − » h G† Xê̅ iΩ .
˙

4.6.5.3

(4.104)

ê…> :;Ò

Mass and inertial forces matrix

Inertial nodal forces can be obtained from the relationship for the overall virtual work of
inertial forces

c" —“‘D” = c[ê† h G† ¸[̇ ê iΩ = c[ê† kê†—“‘D” .

(4.105)

˙

The above is the relationship for inertial nodal forces

kê†—“‘D” = h G† ¸[̇ ê iΩ .

(4.106)

˙

Using the expression (4.97) for acceleration, the above relationship can be written in the
form

kê†—“‘D” = h ¸G† GK iΩ[̇ ê† .

(4.107)

˙

It is appropriate to define this nodal inertia as the product of the mass and nodal
acceleration matrices. Defining a mass matrix as

ìêŒ†K = cêŒ h ¸G† GK iΩ .

(4.108)

˙

From (4.105) and (4.106), the relation for inertial forces in the form follows

kê†—“‘D” = ìêŒ†K [̇ŒK .

(4.109)
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4.6.5.4

Motion equations

With the definition of internal (4.102), external (4.104) and inertial forces (4.109), a
discrete approximation of the weak formulation can be written as

c[ê† ≤kê†—“” − kê†‘’” +ìêŒ†K [̇ŒK ≥ = 0 for ∀c[ê† ∉ ΓΩÒ .

(4.110)

The above relationship can be written in the form

cÎ ! ≤Z —“” − Z ‘’” + ÿÓ≥ = 0,

(4.111)

where v, a and f are vectors of velocity, acceleration and nodal forces for unknown
degrees of freedom, and M is a mass matrix for unknown degrees of freedom. Given any
node velocity values for unknown degrees of freedom, it can be written

LM + NêØû = NK÷û .

(4.112)

The relationship above is called a discrete system of motion equations or abbreviated
motion equation. It is also used to denote a semi-discrete system of motion equations
because it has not been discrete in time. The semi-discrete motion equation is the nDOF
system of ordinary differential equations. This system has nDOF of unknown node speeds.
In general, this system can be extended by the equation describing constitutive relations
(material model). A system of ordinary differential equations can be solved by numerical
integration methods over time, after completing boundary and initial conditions, see
Chapter 4.6.6 and 4.6.7.
For static tasks, the influence of inertia effects can be omitted, and (4.112) is simplified
to a discrete system of equations that expresses the balance of internal and external
forces

Z —“” = Z ‘’” .

(4.113)

If constitutive relations are not dependent on the velocity of deformation, then it is a set
of common non-linear algebraic equations of stresses and nodal displacements. For
materials that depend on the velocity of deformation, time discretization must be used to
obtain a set of common non-linear algebraic equations.
4.6.6

Explicit methods

4.6.6.1

Central differential method

The central differential method is one of the most explicit numerical integration methods
used. This method uses the central proportional velocity and acceleration differential.
This is followed by derivation of the central differential method for Lagrange networks.
The derivation includes both geometric and material non-linearity, which does not affect
the integration scheme. For the purpose of deriving numerical integration methods, the
following designation is introduced. The simulation interval 0 ≤ X ≤ X5 is divided into time
steps PXØ , for ™ = 1 to ™!ﬁ , where ™!ﬁ is the number of time steps and X5 is the end of the
simulation.
The upper index indicates the time step: XØ is time and iØ ≡ i(X Ø ) displacement in time
step ™. In most practical applications, the finite element mesh is deformed during the
solution and the time step for maintaining the stability of the solution needs to be
changed; see 4.6.6.3. Therefore, the algorithm is derived for a variable time step, and
time increments are defined as

1
∆X ØR>/+ = X ØR> − X Ø , X ØR>/+ = (X ØR> − X Ø ), ∆X ØR>/+ = X ØR> − X Ø?>/+ .
2

(4.114)

The relation for the central proportional velocity differential is

Ṫ ØR> ≡ Î ØR>/+ =

TØR> − TØ
1
= ØR>/+ (TØR> + TØ ),
ØR>
Ø
X
−X
∆X

(4.115)
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where the definition of (4.114) was used in the final step. This differential relationship
can be translated into an integration relationship

TØR> ≡ TØ + ∆X ØR>/+ Î ØR>/+ .

(4.116)

Acceleration and the corresponding integration relationship are defined as

TØ ≡ ÓØ =

Î ØR>/+ − Î Ø?>/+
,
X ØR>/+ − Ï Ø?>/+

Î ØR>/+ = Î ØR>/+ + ∆Ï Ø ÓØ .

(4.117)

As can be seen from the relations above, the velocities are defined in half of the time
steps. Using the relations (4.115) and (4.117), the acceleration can be expressed
directly depending on the displacement

T̈ Ø ≡ ÓØ =

∆X Ø?>/+ ≤TØR>/+ − TØ ≥ − ∆X ØR>/+ ≤TØ − TØ?>/+ ≥
.
∆X ØR>/+ ∆X Ø ∆X Ø?>/+

(4.118)

In the case of a constant time step, the previous relationship can be modified to

T̈ Ø ≡ ÓØ =

≤TØR>/+ − 2TØ + TØ?>/+ ≥
,
(∆Ï Ø )+

(4.119)

which is a known relationship for approximating the second derivative of the function.
Let us consider the time integration of the equation of motion (4.112), which is for the
time step ™ expressed as

ÿÓØ = Z Ø = Z ‘’” (TØ , X Ø ) − Z —“” (TØ , X Ø ),

(4.120)

ø† (TØ ) = 0, \ = 1 do ™É .

(4.121)

for

The relation (4.120) is a set of second-order differential equations over time. Because
this system is discretized in space but not in time, it is often called semi-discrete. The
relationship (4.121) is the general expression of boundary conditions or other
relationships of the computational model. These linkages are linear or non-linear
functions of nodal displacements.
External and internal nodal forces are a function of nodal displacements and time.
External forces are usually prescribed as a function of time, but they can also be a
function of nodal displacements, e.g. when a pressure load is entered on the surface of
the deformed body. The dependence of internal forces on displacements is obvious: the
internal nodal forces depend on the stresses that depend on the strains according to
constitutional relations, and the strains are directly dependent on the displacements and
their derivations.
The relationship for updating nodal velocities is obtained from (4.120) and (4.116) as

Î ØR>/+ = Î Ø?>/+ ∆X Ø ÿ?> Z Ø .

(4.122)

At each time step n, displacement TØ is known. From the displacement, we can gradually
obtain a strain based on the constitutive tension relations and ultimately the nodal forces
Z Ø. The right side of equation (4.122) is therefore known, and (4.122) can be used to
determine Î ØR>/+ . The displacement can be determined from (4.116).
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As can be seen from the displacement and velocity update relation (4.122), it can be
done without solving a system of equations when using a diagonal mass matrix ÿ. This
is the main characteristic of explicit methods: in an explicit method, the time integration
of discretized motion equations does not require solving a system of equations. The
necessary condition is to use a diagonal mass matrix. If the attenuation is modelled as a
linear viscous force

Z U&VW = ⁄ U&VW Î,

(4.123)

the formula (6.64) can be written in the form

Î ØR>/+ = Î Ø?>/+ + ∆X Ø ÿ ?> ≤Z Ø − ⁄ U&VW Î Ø?>/+ ≥.
4.6.6.2

(4.124)

Implementation

A detailed description of implementation of the method of central differences is described
in detail, for example, in [14]. For the sake of completeness, see Table 4-4 only for an
overview of the basic calculation steps.
Table 4-4 Basic steps of the method of central differences

1.

Initial conditions
and initialization

2.

Calculation of nodal forces

3.

Calculation of acceleration

4.

Time update

1
∆X ØR> = X Ø + ∆X ØR>/+ , X ØR>/+ = (X ØR> − X Ø )
2

5.

First velocity upgrade

Î ØR>/+ = Î Ø + (X ØR> − X Ø )ÓØ

6.

Applying boundary
conditions for velocities

If the node \ lies on ΓΩÒ : [ê†

7.

Update nodal displacements

TØR> = TØ + ∆X ØR> Î ØR>

8.

Calculation of nodal forces

9.

Calculation

ÓØR>

10.

Second velocity update

Î ØR> = Î ØR>/+ + ≤X ØR> − X ØR>/+ ≥ÓØR>

11.

Energy balance test
in the time step

™ = ™ + 1, see Section 4.6.6.4

12.

Time step update

13.

Return to step 4 or
write results

Setting Î Q, 3Q ; TQ = #, ™ = 0, X = 0; calculating ì

ÓØ = ÿ?> ≤Z Ø − ⁄ U&VW Î Ø?>/+ ≥

ØR>/+

= [̅ ê ≤Á† , X ØR>/+ ≥
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The main part of the algorithm is the calculation of the nodal forces (steps 2 and 8). The
basic steps for calculating nodal forces are:
1. Solving node displacements and final element velocity from global matrices and
vectors
2. Calculation of strain at all element integration points
3. Calculation of stress according to constitutive relations at all element integration
points
4. Integration of internal nodal forces from the stress on the element surface
5. Localization of nodal forces back to global matrices and vectors
In the first time step, strain and stress are not calculated. The internal nodal forces are
calculated directly from the initial tensions.
In explicit methods, most of the boundary conditions can be easily implemented. For
example, if speeds or displacements are prescribed by the function over time, these
boundary conditions can be set at nodal velocities:
ØR>/+

[ê†

= [̅ ê ≤‡ † , X ØR>/+ ≥.

(4.125)

If a displacement is prescribed at the boundary, it is necessary to derive the offset
function in time and use the obtained velocity according to (4.125).
The main advantages include a simple method and easy implementation. Explicit
numerical integration does not require solving a system of equations, and numerical
problems in implementing the algorithm rarely occur. The main disadvantage of explicit
integration is the conditional stability of the method.
4.6.6.3

Stability of the solution

Explicit methods are conditionally stable. If the time step exceeds the critical value ∆XÉFêû ,
the solution will grow indefinitely. A critical time step is also called a stable time step. A
stable time step for a constant strain and non-load-dependent finite element mesh is
given by

∆X = z∆XÉFêû , ∆XÉFêû =

2
YV&’

≤ min
K,†

2
ZK
,
K = min
K bK
Y†

(4.126)

where Y[/÷ is the maximum frequency of the linearized system, ZK is the characteristic
length of the element Ñ, and bK is the current wave propagation velocity in the element.
Because of the destabilizing effect of non-linearity, the stable time step is reduced by the
coefficient z. This coefficient is usually chosen within the range 0.8 ≤ z ≤ 0.98. The
relation (4.126) is called the Courant condition. The derivation of (4.126) is shown, for
example, in [14]. The ratio between the time step and the critical time step is called the
Courant number. From the relationship (4.126), it is evident that the critical time step
decreases with refinement of the finite element mesh and increasing stiffness of the
material. During the solution, the time step of the individual elements is determined, and
the minimum time step is used for the solution. The explicit simulation solution
requirements are independent of the frequency range that is in the area of interest,
depending only on the size of the model and the number of time steps.
The effect of damping on the stability of a central differential method can be determined
by a linear stability analysis [14] where the damping is considered by a linear
relationship ⁄ \ Î, as

∆XÉFêû = min
†

2
.4]†+ + 1 − ]† /.
Y†K

(4.127)
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The expression in brackets is equal to 1 when the damping ratio ] = 0 and is less than 1
if ] > 0. The size of the integration step for a stable solution reduces linear damping in
form B Ω [ i damping, which is included in the constitutive relation for the particular
material.
4.6.6.4

Balance of energies

The stability condition (4.126) is based on the stability analysis of linear motion
equations. There are no general conditions of stability that would include all nonlinearities that are commonly found in engineering tasks such as impact, damage, etc.
Meeting the condition (4.126) does not guarantee a stable solution. Unlike linear
problems where an unstable solution grows exponentially above all boundaries and
cannot be overlooked, non-linear problems may not make the unstable solution easily
recognizable. However, it can easily be detected by checking the energy balance. Any
instability generates false energy in the system, resulting in failure to observe the
energy conservation condition. Therefore, the following conditions are used to control
the stability of the solution:

|–$—“ + –—“” − –‘’” | ≤ ^ max(–$—“ + –—“” − –‘’” ),

(4.128)

where ϵ is the chosen tolerance. The kinetic energy is calculated by:
Ø
–$—“
=

1 Ø ! Ø
(Î ) ÿÎ .
2

(4.129)

Energy of internal forces –—“” and the work of the external forces –K÷û can be obtained by
numerical integration over time, e.g. by the trapezoidal rule:
>

ØR>
–—“”

=

Ø
–—“”

∆X ØR+ ØR> ! Ø
1 ! ØR> ! Ø
ØR> )
Ø
ØR> )
+
(
+
uÎ v Z—“” − Z—“” = –—“” + ∆T uÎ + v (Z—“” − Z—“”
,
2
2
(4.130)
>

ØR>
–‘’”

> !
∆X ØR+ ØR> ! Ø
1
Ø
ØR> )
Ø
Ø
ØR> )
= –‘’” +
uÎ + v (Z‘’” − Z‘’”
= –‘’”
+ ∆T! uÎ ØR+ v (Z‘’”
− Z‘’”
,
2
2
(4.131)

where ∆T = TØR> − TØ .
4.6.6.5

Mass scaling, subcycling, dynamic relaxation

Under the condition (6.68), the time step of the calculation must be less than the time
step of the individual elements. If the model contains several very small and rigid
elements, these elements will considerably reduce the time step, and the effectiveness
of explicit integration is substantially reduced. To eliminate this disadvantage, two basic
techniques are available:
a) mass scaling – the weight of rigid elements is increased so that these elements
do not reduce the time step. Mass scaling should only be used for tasks where the
response at lower frequencies is important, e.g. sheet forming, etc.
b) subcycling – for stiffer elements, a lower time step is used. The model is divided
into sub-regions, and each is integrated with its own stable time step. Border
issues can occur.
Dynamic relaxation is often used to calculate static tasks using explicit numerical
integration methods. The basic idea is the very slow application of the load, and the
solution of dynamic system equations with sufficient damping so as to minimize the
oscillation of the structure. However, this is very slow. Newton’s methods, combined with
an effective linear system equation solver, are much faster and more accurate.
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4.6.7

Implicit numerical integration, static tasks

4.6.7.1

Static and dynamic tasks

Methods for solving static tasks, and implicit methods for solving motion equations have
many common features, and their solution is described together in the following.
Discrete motion equations over time can be written in a form usable for static and
dynamic tasks:

0 = _(TØR> , X ØR> ) = nﬂ ÿÓØR> + Z —“” (TØR> , X ØR> ) − Z ‘’” (TØR> , X ØR> ).

(4.132)

Column vector _(TØR> , X ØR> ) is called the residual force vector. Parameter nﬂ serves as a
switch, nﬂ = 0 if it is a static task, nﬂ = 1 for a dynamic task. The discrete system of
equations (4.132) is a set of non-linear algebraic equations in nodal displacements.
If the inertial effects can be neglected, this is a static task, and the relation (4.129) for
nﬂ = 0 can be written as:

0 = _(TØR> , X ØR> ) = Z —“” (TØR> , X ØR> ) − Z ‘’” (TØR> , X ØR> ).

(4.133)

For static tasks, the residual force vector corresponds to an unbalanced load. When
dealing with static tasks with material models independent of load velocity, t may not be
real time and can be replaced by any monotone-increasing parameter. If a constitutive
relationship describes differential or integral equations, it must be discretized over time.
4.6.7.2

Newmark method

For non-linear dynamic tasks by implicit numerical integration, the Newmark method is
most often used. The displacements and speeds over time are given as:

TØR> = T̀ØR> + |∆X + ÓØR> ,

Î ØR> = Îa ØR> + á∆XÓØR> ,

T̀ØR> = TØ + ∆XÎ Ø +

where

where

∆X +
(1 − 2| )ÓØ ,
2
(4.134)

Îa ØR> = Î Ø + (1 − á)∆XÓØ ,

(4.135)

where ∆X = X ØR> − X Ø . Parameter á controls damping by a numerical method used to
suppress solution noise. For parameters | and á, the following values are used:
>

| = 0, á = + is an explicit method of central differences
>

>

| = ^ , á = + is a trapezoidal rule without damping
>

>

á ≥ + numerical damping proportional to á − +.
From equation (4.134), an updated acceleration can be expressed for | > 0:

ÓØR> =

1
TØR> − T̀ØR> ,
|∆X +

for

|>0

(4.136)

and substituting (4.136) to (4.132), we obtain:

0=_=

nﬂ
ÿ≤TØR> − T̀ØR> ≥ − Z ‘’” (TØR> , t ØR> ) + Z —“” (TØR> ),
|∆X +

(4.137)

which is a system of non-linear algebraic equations, dependent only on nodal
displacements. Relationship (4.137) can be used to solve static and dynamic tasks.
Therefore, solving a discretized task is used to find TØR> , so that _(TØR> , X ØR> ) = 0, for
b(TØR> , X ØR> ) = 0, is given by the relationship (4.137).
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4.6.7.3

Newton method

To solve the system of algebraic non-linear equations (4.137), the Newton method is
most often used. This method is very often called the Newton–Raphson method or
tangent method. The principle of this method can be easily demonstrated for a task with
one equation and one unknown d without boundary conditions. For one unknown and | >
0 (6.76), it is reduced to one non-linear algebraic equation:

0 = ¿(i ØR> , X ØR> ) =

nﬂ
ì≤i ØR> , ì ØR> ≥ − k(i ØR> , X ØR> ).
|∆X +

(4.138)

Solution of (4.138) by Newton’s method is an iterative process. The iteration number is
indicated by an index N, and iΩØR> ≡ iΩ is the displacement in iteration N in the time step
™ + 1. As an initial value of the iterative process, the iØ value from the previous time
~ØR> is chosen by the
step is used, i.e. iQ ≡ iØ . For dynamic calculations, the value i
Newmark method. Taylor’s residual development around the current displacement value
iΩ and positioning the resultant residue equal to zero we obtain

0 = ¿(iΩR> , X ØR> ) = ¿(iΩ , X ØR> ) +

]¿(iΩ , X ØR> )
∆i + d(∆i + ),
]i

(4.139)

where

∆i = iΩR> − iΩ .

(4.140)

If we neglect members of a higher order than ∆i, then we obtain from (4.139) the linear
equation for

0 = ¿(iΩ , X ØR> ) +

]¿(iΩ , X ØR> )
∆i.
]i

(4.141)

This equation is called a linear model or a linearized non-linear equation model. The
linear model is a tangent to the non-linear residual function. The process of calculating
the linear model is called linearization.
The linear model solution for displacement increments gives

]¿(iΩ )
∆i = − .
/
]i

?>

¿(iΩ ).

(4.142)

In Newton’s method, solution of the non-linear equation is obtained by iterative solution
of the sequence of linear models (4.142). A new value unknown in each iteration cycle is
obtained from relationship (4.140) as

iΩR> = iΩ + ∆i.

(4.143)

The iteration process is shown in Figure 4-40. The process continues until a solution with
the required precision is reached.
Newton’s method can be generalized for more unknowns, replacing the equations above
with one unknown system of equations. The relationship (4.139) can be rewritten as

0 = _(T Ω ) +

]_(TΩ )
∆T + d(∆T+ ).
]T

(4.144)

The matrix ]_/]T is called the Jacobi system matrix

e=

]_
.
]T

(4.145)
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Figure 4-40 Linearization of a gradual solution

4.6.7.4

Linear models of the non-linear equation

By merging the two equations above and neglecting members of a higher order than
linear ones, we obtain

_ + e∆T = 0,

(4.146)

which is a linear model of a non-linear system of equations. The increment of nodal
displacements is obtained in the Newton method by solving the system of linear
equations

e∆T = −_(TΩ , X ØR> ).

(4.147)

The newly calculated increment of strain is added to the previous one

TΩR> = TΩ + ΔT.

(4.148)

The new offset is verified by the convergence criteria (see Section 4.6.7.5). If the
convergence conditions are not met, a new linear model is created, and the process is
repeated. The iteration process ends when the convergence criteria are met.
Jacobean e represents the resulting tangent matrix of stiffness, and contributions of
inertial, internal and external nodal forces are linearized separately. Based on the
relationship (4.137), the Jacobean for the Newmark integration scheme can be written

e=

]_
nﬂ
∂Z —“” ∂Z ‘’”
=
ÿ
+
−
, for | > 0.
]T |∆X +
∂T
∂T

(4.149)

In the relation above, we use the fact that the stiffness matrix is constant over time in
the Lagrange finite elements. Jacobean internal nodal forces

€ —“” =

∂Z —“”
∂T

(4.150)

are called the tangent stiffness matrix, which expresses the material and geometric
rigidity (the influence of the initial strain.) The Jacobean outer nodal forces

€ ‘’” =

∂Z ‘’”
∂T

(4.151)

express the effect of the loads that follow the shape change of the body. This type of
load occurs especially in geometrically non-linear tasks. A typical example is the
pressure load. When the pressure is perpendicular to the surface of the body, and with
the movement of the body, the external nodal forces change even when the pressure
value does not change.
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Using the Jacobeans (4.150, 4.151), we can express the relationship between the nodal
force increments and the displacement increments

iZ —“” = € —“” iT, iZ ‘’” = € ‘’” iT, i_ = eiT.

(4.152)

The process of assembling the matrices above is called linearization and is described in
detail, for example, in [14].
4.6.7.5

Convergence criteria

Termination of the Newton iteration algorithm for implicit dynamic and static tasks is
governed by convergence criteria. These criteria belong to the convergence of the
solution _(TØ , X Ø ). Three types of criteria are used to end the iterative process:
1. Criteria based on the size of the residual vector _
2. Criteria based on the sizes of the displacement increment PT,
3. Energy criteria.
For the first two criteria types, the Euclidean standard is usually used. The criterion for
the residual vector size is
Ø=ij

>
+

‖_‖ë6 = h » ¿/+ k ≤ ^ max ÄlZ —“” lë , ‖Z ‘’” ‖ë6 , ‖ÿÓ‖ë6 Å
6

/…>

(4.153);

the criterion for the offset increment is
Ø=ij

>
+

‖∆T‖ë6 = h » i/+ k ≤ ^ ‖T‖ë6 .

(4.154)

/…>

The Euclidean standard is appropriate if the mean value of all degrees of freedom is to
be checked. Using the maximum standard ‖ ‖l, the maximum size at any degree of
freedom can be controlled. The convergence tolerance ε determines the accuracy with
which the displacement is calculated before the iteration process ends. The convergence
tolerance controls the accuracy and speed of the calculation. If the convergence criterion
is too loose, the solution may be inaccurate. On the other hand, too strict a criterion
unnecessarily prolongs the calculation time.
The energy criterion is based on the work of unbalanced forces on the current increment
of strain

|∆T! _| = |∆i/! ¿/ | ≤ ^ max≤= – ‘’” , – —“” , – $—“ ≥.

(4.155)

The calculation of energies on the right side is given in Section 4.6.6.4 The left shows an
error in energy balance.
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4.6.7.6

Stability of the solution

The Newmark method is unconditionally stable for

|≥

á á
≥ .
2 4

(4.156)

The relation for the conditional stability of the method can be found by means of a linear
stability analysis [14], where damping is considered by a linear relationship Cvv, as
>/+
1
]á̅ + Äá̅ + 4 − | + ] + á̅ + Å
1
YV&’ ∆X =
, kde á̅ ≡ á − ≥ 0.
á
2
2−µ

(4.157)
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4.7

Modelling of railway track structure

The railway track is a complex mechanical system, which is for the purpose of calculation
replaced by a suitable calculation model. The way in which the design is idealized
depends primarily on the type of task and the requirements for the accuracy of the
calculation. The FEM is almost exclusively used to solve spatial problems of railway track
mechanics. The idealization of the railway track by the spatial FEM model is a very
complex task. It includes, in particular, comparatively complex geometry of the
structure, and the non-linear interaction of individual structural elements, considers the
non-linear physical properties of the materials used and is influenced by considerable
scattering of the material characteristics of some components of the railway track. The
mode of modelling greatly influences the quality and time consumption of the
calculation. The most suitable but also the most time-consuming in terms of calculation
is idealization of the structure by the spatial model of the track skeleton stored in the
spatial model of the track bed. Such a model can be used to correctly simulate the
interaction of the structure with the rolling stock with a minimal amount of simplistic
assumptions. The spatial computational model compared to commonly used planar
models better describes the behaviour of the real design; on the other hand, it puts
greater demands on machine time for calculation, requires more input parameters and
puts more demands on the solver’s knowledge.
Creating a computational model requires prioritizing the entire process of solving the
required task and specifying the calculation goals in detail. It is inappropriate to rework
the model or rebuild it. Therefore, it is necessary to consider and evaluate many partial,
sometimes small, but decisive steps necessary to create a suitable functional finite
element model. In the case of the creation of spatial models of the railway track, a
number of decisions need to be made. Consideration should be given to the method of
discretization of individual track components (size of the critical time step of numerical
integration, dividing density, full or reduced integration, hourglassing in an explicit
solver, etc.), how to model the track bed, and the interaction of sleepers and ballast
bed. Additionally, it is necessary to correctly define the size of the model area and
introduce boundary conditions in the individual analyses. In the case of dynamic tasks,
considerations are the effect of the size of the model area and the boundary conditions
on the propagation of the waves, how to implement the damping calculation, etc.
Essentially, this is preparation that requires a number of analyses and studies to
compare different tracking techniques and ways and to monitor the individual model
parameters that have a decisive influence on the static and dynamic response of the
model. Calculations can be made by implicit or explicit integration of motion equations
with spatial discretization by the FEM. The choice of method depends on the dynamic
calculations on the spectrum that need to be obtained in the analysis. In dynamic
calculations of the railway track, the aim was to obtain a response of the structure in the
range of frequencies up to 5,000 Hz, which implies a relatively small integration step,
with an implicit analysis of about 50 × 10−6 s. This step is close to the critical time step
of explicit numerical integration when using the appropriate size of network elements, so
an explicit method was used for dynamic calculations.
Solution of the static and dynamic interaction tasks of the railway track mechanics with
the FEM puts considerable demands on the software used, concerning modelling a
solution of motion equations and evaluation. Creating a program code uniquely aimed at
solving the problems of railway track mechanics is time-consuming, and efficiency is
debatable. Therefore, it is preferable to use general commercial software that allows the
solution of spatial tasks by the FEM.
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Figure 4-41 Section of railway track

For resolving static and dynamic tasks using the FEM, the ANSYS program system was
used in conjunction with the LS-DYNA program.
This software has a high-quality pre-processor for efficient complex spatial
computational models, suitable solvers and a post-processor for evaluating results. The
process of modelling and evaluation of results can be automated by APDL (ANSYS
Parametric Design Language) macros, which allows for parameterization of most input
data and significantly improves program efficiency. The program has an implicit solver
that integrates both linear and non-linear static and dynamic tasks. For the calculation
model created, the input data for the external explicit LS-DYNA can be generated. The
combination of explicit and implicit solvers and quality pre- and post-processing provides
very good prerequisites for solving the problems of railway track mechanics. However,
maximum effort is made that the conclusions and recommendations from the
calculations and analyses are of a general nature and are not related to the ANSYS/LSDYNA solver.
4.7.1

Spatial computational model of plain track for the use of an explicit
solver

The object of observation is a straight single railway track of ballasted track. The layout
and shape of the track components are considered in accordance with railway
infrastructure manager regulations [17], [18]. The track skeleton consists of 60 E1 (60
E2) rails which are fastened to the sleepers by means of resilient rail pads and clamps of
the Vossloh Skl 14 type. The distance of the B 91 S sleepers is 0.6 m. The track skeleton
is embedded in the ballast bed. The ballast bed thickness is considered to be 0.35 m
under the bottom surface of the sleepers; the total thickness is 0.55 m. The slope of the
ballast bed is considered to be 1 : 1.25.
Under the ballast bed, there is a structural layer (equivalent to sandy gravel) with a
thickness of 0.5 m. The inclination of the slope of this layer is designed as 1 : 1.5. This
layer is stored on the earthwork body and subsoil (natural ground). The section of the
railway track is shown in Figure 4-41.
In accordance with railway infrastructure regulations, the spatial geometry of the
straight railway line was created in an embankment on which a finite element mesh was
generated. When creating a finite element mesh, the speed of the solution must be
taken into account. Using implicit methods, the speed of the solution depends on the
number of unknown degrees of freedom; for explicit methods, the complexity of the
calculation depends not only on the number of unknowns but also on the length of the
minimum critical time step for the finite element mesh; see 4.6.6.3.
Another factor that significantly influences the rate of calculation using explicit methods
is the type of integration of the finite element. One-point integration or full integration
(four points for shell elements, eight points for solid elements) is used. One-point
integration is significantly faster; its disadvantage is the emergence of hourglassing.

Page 4-59 of 4-102

Hourglassing is the designation for the zero-energy element deformation mode.
Hourglassing modes have zero stiffness and are reflected by mesh deformations that
resemble the shape of an hourglass. The occurrence of hourglassing in the calculation is
always undesirable and should be minimized. The limit is considered when its energy
reaches 5% of the energy of the internal forces. Hourglassing can be limited by refining
the mesh or by so-called hourglass limiters that work on the principle of artificially
increasing viscosity or stiffness of the element by adding intangible springs.
Furthermore, it is recommended not to use force loads attached to one node of the finite
element mesh. By using elements with full integration, this problem can be avoided, at
the cost, however, of increasing the computation time when assembling the finite
element matrices. A disadvantage when using fully integrated elements may be that the
models assembled with them have a greater stiffness than is true, especially for a coarse
finite element mesh. This is particularly evident in shear locking or in large deformations
of the finite element mesh. The issue of discretization of railway line components is
described in more detail in the following sections. Since it is a model of straight railway
track, the geometry of the structure and the load are symmetrical. This allows the
application of boundary conditions of symmetry, and only half of the structure can be
modelled.
4.7.1.1

Track skeleton model

The track skeleton consists of rails, fastenings (rail pads and clamps) and sleepers.
When creating a spatial model of a track skeleton, it is appropriate to model sleepers
and rail pads with solid elements, which allows correct modelling of the sleeper
supporting the spatial model of the track bed. The rails can also be discretized by solid
elements, especially when using implicit methods. In explicit numerical integration, the
solid finite elements control the length of the time step and thus the length of the
calculation, due to size and material characteristics. For this reason, in explicit analysis,
discretization of the rails is more appropriate by means of a combination of shell and
beam elements or only beam elements. All three ways of rail discretization mentioned
above are shown in Figure 4-42.
The rails modelled by solid elements (Figure 4-42 c) require a relatively small time step
of 2.5 × 10−6 s compared to other variants when explicitly integrated. The rail model in
Figure 4-42 b consists of shell elements (rail flange and rail web) and beam elements
(rail head). The geometry of the modelled cross section is chosen so that the crosssectional area and moments of inertia correspond to the properties of the actual rail. The
critical time step for this model is 4.3 × 10−6 s. Rails discretized only by beam elements
(Figure 4-42 a) have the longest critical time step at 8.5 × 10−6 s. The disadvantage of
beam rail is its connection to the rail pad, where it is necessary to use auxiliary beam
elements that can distort the distribution of mass and stiffness of the model track
skeleton. If the default solution is used, selection of the integration step is governed by
other rules.
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a) beam elements

c) solid elements

b) shell elements

a)

b)

c)

Figure 4-42 FEM rail models for various discretization methods

For explicit analysis, the track skeleton model with rails with discretized shell and beam
elements appears to be the most appropriate one; it is connected to the rail pad and the
sleeper by modelled solid elements. It is advisable to use shell and solid elements with
full integration to suppress hour glassing. This assembled model considers the real
stiffness and weight of the track skeleton and has a favourable critical time step.
Components for track skeleton can typically use linear constitutive relations (linear
material models). Non-linear steel material models are used mainly for detailed stress
analysis and rail head-forming in the vicinity of vehicle wheel contact. In the case of
concrete sleepers, the assumption of linear behaviour can be assumed without any
problems due to their pre-stress. Non-linear concrete models are used in calculations of
load-bearing capacity of sleepers. A more complicated situation is with the pads. They
are made of rubber, polyurethane and similar materials. The working diagram of these
materials does not have a linear part, as in steel and partly in concrete. Therefore, the
shear modulus of elasticity is used for the expected load level. Shear stiffness may vary
depending on load speed. For a more accurate description of the behaviour of the pads,
it is necessary to use more complex non-linear constitutional relations (e.g. hyper-elastic
material models) that describe non-linear behaviour with the influence of loading rate.
Another problem is the considerable variation in the material characteristics of the
rubber, which varies depending on the age, temperature and type of pad. In the
literature, we can find vertical stiffness of the pads from which the shear modulus of
elasticity can be calculated for the model surface of the pad. Due to the profiling of the
rail pads, it is advisable to use a material model with orthotropic properties. For
example, [8] shows the values of the vertical stiffness of the pads HG . An interval of 80–
600 × 106 N.m−1 is indicated. For response calculations in straight railway track, the
value of the vertical stiffness of the rail pad is selected HG = 150 × 106 N.m−1.
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The track skeleton model can be complemented by clamps for more detailed rail
fastening modelling. It makes sense to model the pre-stressing in the rail pad caused by
clamps only by pads with a non-linear material model. It must not be forgotten to
activate the clamp calculation; the clamping force from the clamp is around 10 kN.
An overview of the linear material characteristics of the track skeleton components used
is given in Table 4-5.
4.7.1.2

Model of the track bed

The track bed is composed of a ballast bed, a structural layer, an earthwork body and
subsoil (natural ground). It is a multilayer system of cohesive and non-cohesive soils and
rocks. These layers have considerable dispersion of material characteristics, exhibit nonlinear behaviour, and their distribution is not uniform. The position of the individual
layers and their material properties may vary over time depending on the amount of
operation load, tamping and track bed irregularities. Given the above, it is evident that
the mathematical description of the real characteristics of the track bed is very complex
and challenging to realize. Currently, for the FEM, the following models of the track bed
are used:
•

elastic (layered) half-space,

•

surface model of the subsoil (Winkler’s or Pasternak’s model of the elastic
foundation).

Due to the character of the track bed, it is clear that this structure is sufficiently
representative of the elastic half-space model with constant thickness isotropic layers.
When applying FEM, this half-space can be modelled as a finite dimensional area and
boundary conditions or a surface model of the subsoil. Restricting the elastic layered
half-space with borders with boundary conditions may distort the results of both static
and dynamic calculations. The influence of the size of the model area of the track bed is
discussed in more detail in Section 4.7.2.1.
An essential problem in modelling of the track bed is the description of its behaviour
under a static load, but especially under repeated dynamic load. When moving trains,
there are permanent changes in the track bed, which can lead to the development of
disturbances and the degradation of the track bed. The dependence between
deformation and state variables (stress, degree of saturation, porosity, temperature)
defines the constitutive relation (material model). To describe the hysteresis behaviour
of the soil under cyclic load, it is possible to use elastic–plastic constitutive relations with
kinematic consolidation. Application of these complex constitutive relations encounters
problems with considerable complexity of mathematical description of the model, the
higher the number of input constants and their purpose. These models typically have
more than ten material constants, which must be determined by special tests. Another
problem is to determine the initial state of stress and strain. For subsoil layers, the initial
stress is difficult to estimate due to the history of the formation of these layers; for the
built-up layers of the track bed, the initial stress is given by the method of construction
(mechanical compaction) or by tamping of the sleepers during the repair works of the
permanent way. For these reasons, constitutive models capable of simulating permanent
changes in the track bed caused by repeated trains movements are very rarely used.
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Table 4-5 Material characteristics of track bed layers

Layer

Modulus of
elasticity E

Poisson’s
ratio N

Equivalent
modulus of
elasticity BK◊

Specific
weight n

[MPa]

[-]

[MPa]

[kg.m−3]

Subsoil

1

40

0.30

40

1,800

Earthwork body

2

40

0.30

40

1,800

Structural layer

3

90

0.25

80

1,800

Ballast bed

4

150

0.20

126

2,000

An alternative to non-linear constitutive continuum relations is discontinuity models,
which have been increasingly used for modelling grain materials (e.g., ballast bed). The
best-known representative of these models is the separate element method (discrete
element method, DEM) [13, 14]. The individual elements (grains) are considered as a
continuum (mostly perfectly rigid), but the resulting behaviour is determined by the
rules of interaction between the elements. The problem of constitutional relations will
therefore be transferred to the level of contact between the grains.
If calculating the simulation of permanent changes in the track bed is not the objective,
a linear constitutive relationship may be used under certain conditions. This
simplification is based on soil behaviour in experimental cyclic loading (see Figure 4-43).
Experimental measurements show that after a certain number of cycles, there is no
plastic deformation, and the ratio between stress and strain change does not change
much – the soil behaves almost linearly. The assumption of linear behaviour can
therefore be accepted under the following conditions:
•

the railway line has a consolidated track bed, which undergoes mainly elastic
deformation, and the plastic deformation forms a significantly smaller part of the
overall change in deformation,

•

the load used in the calculation does not significantly exceed the values that
occur in normal track operation,

•

the purpose of the calculation is to simulate the movable load representing one
running vehicle or a whole train (the simulation of repeated movements in a
linear model does not make sense).

During the construction and operation of the track, after a certain period of time in the
track bed, a stress 'F and a field of strain oF will be created; see Figure 4-43. For linear
materials of permanent way, it is not necessary to know the current stress 'F , nor the
soil strain oF , and the track can be considered as the reference configuration without
initial stress and strain. When calculating, only the load on railway vehicles is
considered; the influence of self-weight is included in 'F and oF . In this way, we obtain a
field of stress σ and strain ε induced by the effects of the vehicle to determine the overall
stress 'ûJû and total strain oûJû , where stress 'F and strain oF must be added.
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Figure 4-43 History of stress and strain during track operation

It is challenging to determine the current stress 'F and strain oF of the unloaded track.
Primarily, it is caused by the weight of the layers of the track bed, and further influenced
by the method of construction, the amount of workload, tamping and many other
factors. For the approximate determination of stress and strain in the track bed,
standard geotechnical procedures for calculating the settlement of the layered half-space
can be used. When discretizing the track bed with the finite elements, it is necessary to
start from the track skeleton model, which is installed in the ballast bed. The nodes on
the contact between the sleeper and the ballast bed can be identical (the mesh is
continuous), or it is possible to model the interface of the contact (discontinuous mesh).
For a ballast grid that carries a load from sleepers, hourglassing can be expected, so
solid elements with full 2 × 2 × 2-point integration are appropriate. For other layers of
track bed, one-point integration with an hourglass limiter can be used. The structure of
the model for static and dynamic calculations of the track bed is evident from Figure 444. It consists of a ballast bed under sleepers, a structural layer, an earthwork body and
a layer below the original terrain (subsoil). These layers are modelled with sliding
elements with linear isotropic material. The subsoil layer (natural ground) has a coarser
mesh and special linkages to the earthwork body.

Figure 4-44 Part of the model of the track bed layers – finite element mesh
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The same meshing is on the interfaces between the sleepers and the ballast bed and it is
possible to easily connect the grids of both models by node merging. If necessary,
contact can be predicted between the sleeper and the ballast bed, and it is possible to
model the non-linear interaction. The material characteristics of all layers for ideally
elastic material are given in Table 4-6. For information, it also contains the value of
equivalent elasticity modulus BK◊ at the surface of the layer. This value is given for
comparison with the minimum required values of the deformation modulus on the
ground plane BQ and the substructure plane BGë . Deformation moduli determined from a
static plate load test include the plastic strain, while equivalent elastic modules on the
surface of the individual layers were calculated assuming the linear behaviour of the soil
to be considered when comparing. The model fulfils the load requirements for new
construction for a speed of up to 160 km.h−1.
The layout of the computational model of the track is shown in Figure 4-45.

Figure 4-45 Computational model of railway track including subsoil – finite element mesh
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4.7.1.3

Boundary conditions

The boundary and initial conditions are closely related to the track bed model. A railway
track is a large longitudinal structure based on a flexible ground body, which can be
characterized as an infinite layered half-space. When using numerical simulation using
the FEM, it is possible to model only part of the structure, i.e. only a certain length and
depth can be considered, and boundary conditions or the surface model of the subsoil.
The length of the model and the depth of the track bed should be chosen such that the
boundary conditions used do not affect the resulting response of the structure. The
influence of the length of the model and the depth of the track bed on the static
response of the structure is described in more detail in Section 4.7.2.1. The influence of
model size and the possibility of modelling special boundary conditions to prevent
reflection of wavelengths at model boundaries in dynamic calculations is given in Section
4.7.3.2. The boundary conditions of the track bed models used in the areas where real
construction continues are shown in Figure 4-46. Two sets of boundary conditions were
defined to compare the effect of the support on the response of the structure. The first
set, labelled BC1, prevents the displacement perpendicular to the plane boundary of the
model and allows displacement in the plane. The second set of boundary conditions BC2
prevents displacement in all directions. Symmetric boundary conditions have been
defined on the plane of symmetry, and rotation is prevented at the ends of the rail.

Figure 4-46 Boundary conditions

4.7.1.4

Structural damping

Damping is the ability of a material or structure to convert kinetic energy into energy of
another type. Overall damping of the structure involves internal damping, structural
damping and external structural damping. Internal damping occurs in the material
structure, and energy conversion is manifested by temperature change and dynamic or
static hysteresis. Structural damping arises at the borders of cracks in the material or on
the boundaries of two materials. External structural damping arises in the joints of the
components, e.g. in the rail fastening. The proportion of individual damping components
cannot be measured separately, and only the overall damping of the structure can be
determined during experiments. The overall damping is most often given by the value of
the logarithmic decrement of the damping δ, which is determined by the amplitude value
of the vibration attenuation or by the value of the relative damping ζ, which represents
the damping of the structure in relation to the critical damping.
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Relations between the logarithmic decrement of damping and relative damping are given
by

c = 2p

]
71 − ] +

3] =

c
√4p + + c +

(4.158)

.

For small damping values, approximate formulas can also be used:

c = 2π] a ] =

c
.
2p +

(4.159)

In the structure of the railway track, damping forces are created which resist the
oscillation of the track components. The following damping forces are manifested in
particular:
•

damping forces in the elastic rail fastening system (rubber pad, clamps),

•

damping forces (friction) between the sleepers and the ballast bed,

•

internal and structural friction of the ballast bed and other layers of the track bed.

Experimentally detected values of logarithmic decrements have considerable variance
and depend on many factors. Table 4-6 lists the intervals in which the logarithmic
decrement values of damping of track components are measured. Also, mathematical
modelling of energy dissipation is currently not satisfactorily resolved. In dynamic
calculations, various approximate damping models [8] and their combinations are used.
For example, we can mention:
•

proportional motion speed damping model – viscous damping,

•

dry friction,

•

energy dissipation is included directly in a constitutive relationship,

•

proportional damping – Rayleigh‘s damping model.

Table 4-6 Logarithmic damping values of the track components by [8] and the corresponding
relative damping

Logarithmic decrement
of damping δ

Relative damping ζ

[−]

[−]

Track skeleton in the ballast bed

0.100–1.000

0.016–0.157

Sleepers in the ballast bed

0.050–0.600

0.008–0.095

Subsoil, earthwork body

0.150–2.000

0.024–0.303

Rail pad

0.100–0.600

0.016–0.095

Construction part

The viscous damping model generates damping forces that are proportional to velocity.
It is mainly used for discrete dampers with linear or non-linear viscosity damping, which
can be used in railway track mechanics, for example, for modelling damping couplings of
a moving load model (vehicle). Another damping model used is the dry friction model,
which describes the formation of a damping force in the dry friction of two bodies. This
damping force always acts against the movement of the body and is directly proportional
to the normal force À( , acting between the bodies

ÀsFêÉ = ≠À( .

(4.160)

The constant ≠ is called the coefficient of friction.
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Power dissipation is often modelled directly in constitutional relations. These are nonlinear material models whose behaviour is described in a one-dimensional case by the
basic building elements – the Newton element (damper), the Hook element (spring) and
the Saint-Venant element (friction element). These elements model the elastic, viscous
and plastic behaviour of the material. Parallel or serial sequencing of these elements can
result in more complex models, such as the Maxwell model and the Kelvin model.
Constitutive equations derived from these models, for example elastic–plastic models
with kinematic hardening, visco-elastic and visco-plastic models themselves have
incorporated damping.
In solving systems with finite degrees of freedom, proportional damping, which is also
called Rayleigh’s damping model, is most often used. The damping matrix ⁄L/[G is
expressed as a linear combination of the mass matrix and the system stiffness matrix

⁄L/[G = zÿ + |€,

(4.161)

where α and β are dimensionless coefficients of proportional damping. According to these
coefficients, proportional damping is called alpha and beta damping. In determining the
coefficients α and β, the fact that the Cdamp damping matrix is a linear combination of the
mass matrix M and the stiffness matrix K is used. Under this assumption, decomposition
can be used according to its eigen mode of vibration. By transforming the n-shaped
normalized form ϕn, the following equation can be obtained

Ô!Ø ⁄L/[G ÔØ = Ô!Ø (zÿ + |€)ÔØ = z + |YØ+ = 2YØ .

(4.162)

The following also applies:

]Ø =

1
Ô! ⁄
Ô .
2YØ Ø L/[G Ø

(4.163)

Combining the last two equations we get

]Ø =

z
|YØ zp |kØ
+
=
+
,
2YØ
2
kØ
4p

(4.164)

where ]Ø is the modal damping belonging to the n-th eigen mode, and YØ is the n-th
eigen angular frequency of vibration. For the two chosen angular frequencies Yê and YŒ ,
by solving the system of two equations, we can obtain coefficients z and |. Obviously,
the system will have the correct damping values only for Yê and YŒ . In some cases, only
alpha damping proportional to weight | = 0, or only damping proportional to stiffness z =
0, referred to as beta damping, can be used. Alpha damping is effective at low vibration
frequencies and at damping global body translational and rotational motion. Beta
damping reduces vibration at higher frequencies. When calculating the coefficients z and
|, it is necessary to select the frequencies Yê and YŒ appropriately. Typically, two
significant natural vibration frequencies are selected in which most masses are vibrating,
or the values that delineate the interval in which more significant frequencies are
selected. The constants z and | for proportional damping used in dynamic calculations
are calculated in Section 4.6.6.1, based on the frequency oscillations of the oscillation of
the individual components of the track. There is also a procedure to include modal
damping of multiple mode vibrations.
4.7.1.5

Parameterization and assembly of the model

Due to the large number of analyses and necessary comparative calculations, which
monitor the response of the structure depending on the selected model parameters, it is
advisable to parameterize the model. This significantly increases the efficiency of the
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calculations. ANSYS allows parameterization of calculations using APDL scripts. For
computational purposes, the model can be compiled based on the following parameters:
•

model length R[ (number of sleepers),

•

depth t[ and width –[ of the track bed layer,

•

material parameters of all track components,

•

model of interaction between sleeper and ballast bed (without/with contact),

•

proportional damping values for all track components,

•

choice between implicit and explicit calculation.

To generate a model based on these parameters, a macro has been assembled and
debugged, which gradually forms a model from sections including the model of a track
skeleton and a track bed with a width of the sleeper distance (0.60 m). A sample of the
assembled model is shown in Figure 4-46. The actual assembly of the model is as
follows:
•

depending on the type of analysis (explicit, implicit), finite element types,
material properties, cross-sectional characteristics and thicknesses are defined,

•

a track skeleton of the desired length is generated from the respective submodel,

•

generating the track bed model in the necessary depth,

•

definition of boundary conditions,

•

merge nodes between the sleeper and the ballast bed or the definition of contact,

•

prescribing damping,

•

definition of nodes and elements for load and evaluation of results.

This procedure can be used to construct a basic calculation model very quickly.
Depending on the analysis, it is possible to specify loads, add a vehicle model, set the
job cycle, and evaluate as needed, using other scripts (macros).
4.7.2

Response of the railway track to static loading

In railway track mechanics, the bulk of the events taking place in the construction of the
railway track have a dynamic character. Nevertheless, the design of the track or part of
it is often monitored statically. This helps to tune the calculation model, for example, to
monitor loading of the individual fastening parts, splitting of bending moments on the
sleepers, or the influence of the bearing capacity of the individual railway substructure
layers, etc.
Here are shown the static calculations obtained in ANSYS. For the calculations, a halftrack railway model (symmetry in a straight line) was used. The load model represents a
125-kN wheel force.
The objective of static analysis is to determine whether the model is sufficiently
comprehensible in terms of its scope if the boundary conditions and properties of the
materials are correctly defined.
Figures 4-47 and 4-48 show the calculated static response of the railway track. It is clear
that the spatial model provides detailed information on the load on track skeleton
components and track bed layers and provides much more detailed information on the
behaviour of the structure than with simple planar models.
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Figure 4-47 Progress of vertical deflections and bending moment of rail

a) Deflection field uz

b) Stress field σz in the track bed

Figure 4-48 Static response of railway track

4.7.2.1

Impact of boundary conditions and model range

In most cases, the entire construction of the railway line cannot be modelled when
applying the FEM. The plain track is not limited in length and is placed on a layered
subsoil, which can be characterized as an infinite layered half-space. The computational
model may include only part of the construction around the point of view, and the
boundary conditions must be defined at the boundaries. These boundary conditions can
significantly affect the results of the solution when the size of the model area is
insufficient.
The influence of boundary conditions and the size of the model area on the static
response was monitored depending on the model length R[ , width –[ and depth of the
subsoil Hm. Only one parameter was changed in the calculations; the maximum values
were used for the other two parameters. In the analysis, two types of boundary
conditions, BC1 and BC2, were considered; see Section 4.7.1.3. The vertical deflection of
the rail head in the model with the boundary conditions BC1 and BC2, depending on its
length Lm,, is shown in Figure 4-49.
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Figure 4-49 Vertical rail head displacement in a model with boundary conditions BC1 and BC2
depending on its length Lm

Figure 4-50 Dependence of the maximum
deflection of the rail
modelled on model length Lm

Figure 4-51 Dependence of the maximum
deflection of the rail on the
subsoil layer Hm

Thanks to the calculations, it was found that the boundary conditions did not affect the
design response at a model length greater than 25 m (see Figure 4-51). For a shorter
length, the edges are too soft when the BC1 marginal conditions are used, and the BC2
marginal conditions are too stiff. Similarly, the recommended value for the model width
is 12 m for the half-model. The influence of the size of the model area in the vertical
direction is evident from the graph in Figure 4-51, where the maximum deflection of the
rail is plotted on the model depth of the subsoil. The difference between the boundary
conditions BC1 and BC2 in this case is negligible. It can be assumed that the model
should include subsoil to a depth greater than 12 m.
The results show the dependence of the static response of the structure on the size of
the model and on the boundary conditions used. However, these model parameters only
affect the relocation of the structure, i.e. the shape of the deflection curve of the rail and
the size of the deformation zone. On the contrary, the differences in stress between
individual structural elements (e.g. internal forces in the rail, spreading on the sleepers)
are insignificant. It turns out that with increasing size of the model area, the effect of
boundary conditions is minimized.
It should be noted that an effect of the settlement of the structure, depending on the
size of the model, has been observed, assuming that the subsoil layers are modelled as
an ideally elastic isotropic material and under the wheel load of one axle. Calculated
settlement values may differ from real-world settlement due to non-linear properties of
subsoil layers, the initial stress in the track bed, and the history of the load (amount of
operation load, etc.). In order to determine the total settlement, it is necessary to add a
settlement from the self-weight, which can be determined, for example, according to the
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norm, where relations for settlement of structures are given. These relations introduce
so-called structural strength that considers the non-linear behaviour of the soil – strain is
less than corresponds to the direct proportionality between stress from additional load
and strain. The insecure part of the model affecting the vertical deflection is the pads
between the rails and the sleeper. Their properties are highly variable over time.
4.7.2.2

Influence of interaction of sleepers and ballast bed

The contact between sleepers and track bed has a non-linear character. Tensile stress
cannot be produced in the normal direction because there is no cohesion on the sleeper
– ballast bed contact on the clean ballast bed. There is friction between the concrete
sleeper and the ballast grain. The amount and distribution of contacts between the
ballast grain and the sleeper (bottom surface, side surfaces and sleeper ends) is random.
This is determined by the qualitative parameters of the aggregate itself, by the method
and the quality of aggregate compaction, and tamping of the sleepers. It follows from
the above that the contact properties may change over time depending on the amount
and size of the operational load and other parameters being driven.
For mathematical modelling of the contact between the sleeper and the ballast bed, the
inclusion of all the above-mentioned properties of the contact is very difficult. Therefore,
some simplifications are introduced – we assume that the contact surfaces are
homogeneous, and the contact properties do not change over time.
When compiling the calculation model from the sub-models of the track skeleton and
track bed, it is possible to define the contacts on the contact surfaces between the
sleeper and the ballast bed, i.e. the bottom surface, the side surfaces and the sleeper
ends. Contact modelling puts greater demands on software and hardware. Therefore,
this method of comparing non-linear interactions was compared with computational
models that did not consider this non-linear interaction, i.e. it also transmits potential
tensile stress at the interface between the sleeper and the ballast gravel. Due to the way
the track skeleton is embedded in the ballast, the same behaviour of the contact on the
bottom surface and the side surfaces of the sleeper cannot be assumed. On the bottom
surface of the sleeper, it is possible to assume contact with a compacted gravel ballast
bed; the side surfaces of the sleeper are in contact with the uncompacted gravel. An
influence of sleeper ballasting was observed. The task was solved both linearly and nonlinearly. Friction between the contacts was not considered. Based on the results of the
solution, it can be stated that in the linear interaction of the sleeper and the ballast bed,
sleeper ballasting does not influence the response of the structure. If the ballasting is
not modelled, horizontal forces are transmitted through the bottom surface of the
sleeper. When modelling the non-linear interaction with ballasting, the response does not
change much: only the value of normal force in the rail decreases slightly. On the
contrary, significant differences in the results compared to other variants are found in
the non-linear model of interaction of the sleeper with the ballast bed only on the bottom
surface (without the ballasting). This is the case when the sleeper–ballast bed interaction
does not consider the transfer of horizontal forces from the track skeleton to the subsoil.
Friction in contacts must be entered for correct transmission. There is no normal force in
the rails, as with other variants, and there is a significant unrealistic lift of sleepers in the
vicinity of the force. The summary of the results is displayed in the form of graphs in
Figure 4-52.
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Figure 4-52 Influence of modelling of the sleeper in the ballast – vertical deflection of the rail in
the place of the force

The non-linear interaction of the sleeper and ballast bed in the bottom surface did not
have a significant effect on the calculations, as there was no lift of the sleepers.
Interaction of sleepers and aggregates on the side surfaces affects the transmission of
forces in the horizontal direction and hence the global response of the structure. For a
more accurate description of sleeper behaviour, it would be necessary to perform
experimental measurements or model this problem as sleeper–ballast bed contact with
an idealized discontinuity model (the separated element method).
4.7.2.3

Comparison of spatial and planar models

The results of the static response of the spatial model are interesting to compare with
the response of the simpler planar model of the railway track. For comparison, the
spatial model of the railway track was 27 m in length, 12 m in width and 12 m in depth.
Complete ballasting of sleepers was modelled without contact. This model was compared
with the results of the beam models in Winkler’s model of subsoil, the beam in
Pasternak’s model of subsoil, and the discrete support beam, whose input parameters
are shown in Table 4-7. The vertical stiffness of the beam on Winkler’s subsoil was
chosen in such a way that the maximum deflection of the rail corresponds to the
maximum deflection of the spatial model rail. Similarly, the stiffness of the Pasternak’s
subsoil model was determined. The stiffness of Winkler’s and Pasternak’s models differs.
The stiffness of discrete support was calculated from the stiffness of Winkler’s model of
subsoil for a sleeper distance of 0.6 m.
Table 4-7 Parameters of 2D models of railway track

Parts of the model

Designation

Value

Dimension

Bending stiffness of the UIC 60 rail

B\

6.4155 ×
106

[N.m−2]

Stiffness of Winkler’s subsoil model

HF

40 × 106

[N.m−2]

Stiffness of Pasternak’s subsoil model

HF

26 × 106

[N.m−2]

Parameter á of Pasternak’s subsoil model

á

4

[-]

24 × 106

[N.m−2]

Stiffness of discrete support

Figures 4-53 to 4-55 compare the vertical deflection of the rail, the bending moment
plots, and the force distribution on the sleepers. The beam on the discrete supports
gives the same results as the infinitely long beam on Winkler’s subsoil. Compared to the
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space model, the rail has a narrower deflection area, and the rail slightly lifts at the
edge. This corresponds to slightly different curves of the bending moment of the rails.
There are also differences in the load dispersion on the sleepers, with the space model
being transferred to the sleeper under the wheel force by about 50%, whereas for the
model of the rail on discrete supports it is only about 30%. The infinitely long beam on
Pasternak’s subsoil, which takes into account the effects of the shear forces of the
subsoil, approaches the spatial model.

Figure 4-53 Vertical deflection of the rail under the wheel force

Figure 4-54 Bending moments from wheel force

Figure 4-55 Force distribution on the sleepers
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Response of structures to dynamic loads

4.7.3

The railway track is a structure that is largely loaded with the effects of moving vehicles
and trains that cause vibration of the structure. Modelling the track for dynamic
calculations is much more complicated than for static calculations. The computational
model for dynamic tasks has multiple input parameters that define inertial effects and
structural damping. When modelling the dynamic tasks, there are specific problems such
as wave reflections from boundary conditions when wave propagation is modelled.
Dynamic calculations are also much more demanding on machine time.
4.7.3.1

Dynamic characteristics of the railway track

Calculation of the eigen frequencies is the basic means of obtaining information about
the dynamic properties of the structure. Eigen modes and frequencies are typically
obtained by modal analysis, which solves the free undisturbed vibration described by the
homogeneous motion equation

ÿÓ + €T = #.

(4.165)

The modal analysis of the railway line is not very suitable for determining the dynamic
characteristics of the railway line with the spatial model of the track bed. The modes of
the line’s natural vibrations are always dependent on the size of the model. The
wavelength of the natural vibration mode increases with the length of the model area.
Another disadvantage is the very dense frequency spectrum; it is necessary to
determine hundreds of natural modes for the calculation of natural modes in the wider
frequency range. Moreover, the modal analysis of (4.165) does not consider structural
damping and is therefore not applicable to more precise calculations, when it is
necessary to take into account damping (such as solving aircraft wing vibration, etc.).
There are other ways to determine natural frequencies. The natural frequencies of the
structure can be obtained, for example, from the response to the harmonic excitation
and the response to the general load that has the character of white noise.

Figure 4-56 Vertical deflection amplitudes at monitored points

A harmonic analysis was first used to determine its Eigen frequencies in the band from 0
to 200 Hz. The model was loaded by a frequency harmoniously variable force with an
amplitude of 125 kN located in the centre of the track model. A track model of 48.6 m
with a 12 m-wide, 12 m-deep track bed was generated. A non-linear model of interaction
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between sleepers and ballast bed was not considered. The calculations were performed
for the whole zone in 0.5-Hz increments. The harmonic response of the structure was
monitored at the location of the excitation on the rail, the sleepers underneath it, and at
track bed depths of 0.35 m (the ballast bed interface and the structural layer) and 1.35
m. The calculated deflection amplitudes are shown in Figure 4-56. The local maximum
extremes of the acquired functions indicate their eigen frequencies. From the frequency
responses, important natural frequencies of 40, 90 and 162 Hz are apparent. Due to the
zero dissipation of energy in the calculation model, the amplitudes in the resonance are
very strictly bounded. The 0.5-Hz step is too big for determining more accurate
maximum vibration amplitudes. For that purpose, however, this step is sufficient. In the
same way, the response of the construction was also observed with damping. The
advantage of calculating the harmonic excitation response is that the damping values
can be entered independently of the frequency.
For investigation of the dynamic properties in the wider frequency range (0 to 5,000 Hz),
the response to the general load response in the time domain was used to convert the
Fourier transform into frequency response. The most suitable load for this purpose is the
variable force whose intensity is white noise. White noise refers to a signal having a
uniform spectral power density. Equally wide frequency zones have the same energy,
and the white noise signal is evenly distributed across all frequencies. The endless
frequency range of the white noise signal is only theoretical; in practice, noise is referred
to as white if it has a flat spectrum within a defined frequency range. For excitement of
the railway line, a white noise signal of 5 s was generated, with a sampling frequency of
10 kHz and a range of ± 62.500 kN. Part of the signal is shown in Figure 4-57.

Figure 4-57 White noise signal

The noise signal was used to excite the structure of the railway line by the vertical force
acting on the rail. The same model of railway track was used as in the harmonic
analysis. A numeric integration was used to solve the time domain for solution of motion
equations. From the response results, the acceleration amplitudes were obtained by the
Fourier transform at nodes identical to the model at the harmonic response.
From the frequency response, the values of the eigen frequencies of the structure are
again visible. In the area of low-frequency vibration (0–200 Hz), there are more local
extremes than the response obtained from the harmonic analysis of the structure. This
difference results from the unfavourable effect of boundary conditions. Boundary
conditions prevent the propagation of waves by the structures and cause their reflection.
The effect of the reflection of boundary conditions and its elimination is addressed in the
following section.
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Figure 4-58 Amplitudes of acceleration at monitored points – model without damping

4.7.3.2

Wave propagation in track bed, reflection of waves by boundary
conditions

Dynamic loading of the actual railway track spreads waves through the track skeleton
and the track bed which, due to damping, disappears at a certain distance from the
excitation point. This distance is usually larger than the size of the model area of
calculation models. Waves arrive at the model boundary before they disappear. When
entering boundary conditions representing constraints such as displacement, these
waves are bounced off the edge, and their energy returns back to the model, which
adversely affects the quality of the results. This phenomenon is called wave reflection
due to boundary conditions. In the calculations, it is desirable to eliminate this
phenomenon or reduce it significantly.
To reduce the reflection of waves by boundary conditions, special boundary conditions,
referred to as non-reflective boundary conditions, are used. Various techniques are used
to absorb waves at the boundaries of the model, either entirely or partially eliminating
reflection of the waves. One of the possible approaches is to supplement the model with
absorption layers adjacent to the model boundaries. A layer or layers are being
modelled, the damping of which is close to the critical damping value. A wave that
passes through the absorption layers will lose some energy before the reflection, and
another part of the energy is lost on the return path after the reflection. With the
appropriate damping option, waves with little insignificant energy return to the model.
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Figure 4-59 Model with absorption layers at the boundary of the track bed

For the calculations, the absorbent layer method has been chosen due to its wide
usability. It does not require the implementation of any special algorithms; FEM software
alone is sufficient to apply it, and allows you to enter different values of damping for
different materials.
Absorbent layers used in the railway track model are shown in Figure 4-59. Two layers
have been modelled at the boundaries of the model with a proportional damping model.
Proportional damping parameters of the inner layer are designed for frequencies in the
range of 20 to 2,000 Hz, and of the outer layers for frequencies ranging from 80 to 500
Hz. For both layers, relative damping of 0.8 was considered.
In order to determine the effect of absorption layers on the response of the structure,
calculation of the response of the construct emitted over time by the variable force
(white noise) was repeated, on the model supplemented with absorption layers. From
the results (see Figure 4-60), the effect of the absorption layers is evident, especially on
the vibration of the track skeleton. There has been a significant reduction in acceleration
amplitudes, some frequencies disappearing almost completely. There are no significant
differences in the response of the track bed. This is because the vibration of the track
skeleton contributes most to the overall kinetic energy of the model. Most energy is
attenuated in the absorption layers at the ends of the track skeleton.
Another way to evaluate the efficiency of absorption layers is to compare the kinetic
energy in the model (outside the absorption layers). The course of kinetic energy over
time in the model with and without the absorption layer is shown in Figure 4-61.
Absorption layers drain energy at the boundary of the model and prevent energy
accumulation in the model. This corresponds to the real behaviour of the structure.
The decision whether to use absorbent layers or other special boundary conditions to
prevent wave reflection depends on the size of the model area and the damping of the
structure. Without comparing model response with and without absorption layers, it is
not possible to reliably determine whether special measures are required at the
boundary of the model, or whether a sufficient size of the model along with damping
causes a complete dissipation of wave energy upon propagation.
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Figure 4-60 Amplitudes of acceleration at monitored points –model without damping and
absorbent layer

Figure 4-61 Efficiency of the absorbent layers of the model and the damping expressed by kinetic
energy

4.7.3.3

Calculation of proportional damping coefficients

From the solution of the structure response in the frequency domain calculated for the
load by harmonic force and for the general load (model with absorption layers), the
range of significant frequencies required for the calculation of coefficients and
proportional damping can be determined (see Table 4-8).
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Table 4-8 Frequency range for calculating coefficients z and |

Frequency range kê to kŒ

Component

Damping
ratio ]

[Hz]

[Hz]

[-]

Rail

40

8,000

0.005

Rail and baseplate pads

40

1,000

0.04

Sleepers

40

1,000

0.01

Ballast bed

40

800

0.10

Other layers of track bed

40

400

0.12

Damping rate ! [-]

Coefficients z and | have been calculated for track components with relative damping
values. The calculated values of the proportional damping in relation to the frequency
are shown in Figure 4-62. For frequencies within the frequency range kê to kŒ , the
proportional damping values are lower, because constant proportional damping cannot
be modelled by proportional damping. However, due to the considerable uncertainties of
the damping characteristics of the railway line, this does not play a significant role.
Parameters of the damping model could be tuned more accurately only based on
experimental measurements. In addition, the potential benefit of structural damping
motivates improvement in material design.

rail
pad
sleeper
ballast bed
other layers of the track bed

Frequency f [Hz]
Figure 4-62 Component damping rate depending on frequency

For the calculated parameters of the proportional damping model, analysis of the
response of the structure to the general load was repeated. The model with the
absorbent layer was used. The effect of damping on kinetic energy was also monitored.
The damping model used reduces vibration amplitudes especially in the track bed.
Damping causes a reduction of kinetic energy and, together with the absorption layers,
ensures correct energy dissipation in a non-endless half-space model.
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4.8

Dynamic analysis of the structure of the railway track directly
excited by the vehicle

Dynamic analysis of a vehicle–track system idealized by the spatial model is one of the
most complicated tasks of railway track mechanics. To solve this task, it is necessary to
create models of vehicle and track and a suitable contact algorithm to ensure the
interaction of the vehicle wheels and the rail. The previous section was devoted to
modelling the railway track. This section describes modelling of the moving load
(locomotives series 151), the contact algorithm properties for transferring the effects of
the moving load on the track, and the numerical simulation of the train’s movement.

Figure 4-63 Series 151 locomotive

Within the simulations performed, the track response was monitored, depending on the
speed of the vehicle. An essential part of the increase in the effects of the moving
vehicle is track failures, so the options for taking account of the most common failures in
the track model are described.
4.8.1

Calculation model of the series 151 locomotive

The series 151 locomotive is an electric locomotive with a total weight of 82 tons. The
series 151 was developed by modernizing 150 series locomotives. Series 151
locomotives reach a maximum speed of 160 km.h−1. A spatial computational model
idealized the locomotive. In the modelling, the compliance of most parts was neglected,
only suspension elements being considered as flexible. The model represents a
mechanism composed of absolutely rigid bodies which are connected by springs,
dampers and joints. The model is designed to simulate movement along the railway
track, so symmetry can be used to model only half the vehicle, which greatly simplifies
modelling. Some degrees of freedom of the mechanism (transverse displacement,
swinging and tilting) are removed, and it is not necessary to model some parts of the
vehicle, such as absorbers of the bogies’ swinging movement. This computational model
only has vertical effects on the railway track.
The computational model of the locomotive is composed of seven rigid bodies (vehicle
body, two bogies and four wheelsets) with respective weights and moments of inertia.
Between the bogie and wheelset is modelled the primary suspension, which has been
modelled by linear spring elements. Similarly, a secondary suspension between the
vehicle body and the bogie has been modelled. Primary and secondary dampers are
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aligned parallel to the suspension and have been modelled as viscous damping elements.
Joints, fulcrum and sliding pins ensure connection of individual parts of the vehicle.
Figure 4-64 shows the computational model.
The spatial model of the vehicle, compared to simpler planar models (one-stage or twostage), takes into account the actual mass distribution of the individual parts of the
vehicle, their interconnections and the transmission of the dynamic load on the track.
The computational model can be further generalized and adapted to simulate travel
along a curved track.

Figure 4-64 Computational model of the locomotive

4.8.2

Modelling the contact between the wheel and the rail

At the point of contact of the vehicle wheel with the rail, forces are transmitted between
the vehicle and the railway track. These are complex dynamic forces of a general
character. These interacting forces include, in particular, the gravity and inertia effects of
the vehicle, the centrifugal force, the longitudinal forces caused by the change in travel
speed, etc. Their size is due to inequality of rails and wheels and other line faults. At the
point of contact, the linear relation between interaction force and deformation does not
apply. The wheel and rail interactions are described in detail in Section 4.2.3.
The wheel–rail contact can be modelled in different ways. The most common is a wheel–
rail contact pattern that is discretized by a finite mesh of finite elements, and the contact
algorithm used prevents penetration of wheel nodes into the rail surface and vice versa.
This model is mainly used for static tasks, where the detail of the wheel and rail stresses
is calculated at the point of the contact. For dynamic interaction tasks, this model is too
complicated and demanding regarding the scale of the computational model and hence
the calculation. Therefore, models are used that introduce some simplifying
assumptions.

Figure 4-65 Special features for wheel–rail interaction in the LS-DYNA program
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An example of a simple wheel–rail modelling model is the *RAIL model of contact
implemented in the LS-DYNA program specifically for dynamic analysis of railway
structures. This contact algorithm provides for routing of the node on the circumference
of the wheel (at the point of contact with the rail) for a railway track defined by two
parallel rails. These rails are modelled by beam elements. The railway track can be
straight or curved and can be modelled as flexible or stiff. The theoretical curve on which
the nodes of the beam elements define a vehicle wheel moves, and between these nodes
its position is interpolated to maintain smoothness when analysing the curved track. The
*RAIL contact allows definition of vertical track unevenness. This unevenness is defined
as a function of distance from the beginning of the railway track. By adding the
theoretical curve of the track to the unevenness function, the overall profile of the
railway track is obtained (see Figure 4-65). Similarly, the unevenness of the vehicle
wheel can be included in the calculation.
The contact algorithm is based on a simple penalizing function that prevents wheel
nodes from penetrating the curve defining the profile of the railway track. The vertical
and transverse contact forces are treated independently. For vertical loads, a linear
dependence between force and compression is assumed. The stiffness of the contact can
be selected. The tensile force, which corresponds to the loss of wheel–rail contact, is
eliminated. In the transverse direction, it is possible to define a non-linear dependence
between the force and the displacement of the wheel relative to the centreline of the rail
only when the wheel is offset from the axis of the two rails – this corresponds to the
contact of the wheel flange and rail.
The contact algorithm *RAIL represents a very simple model of wheel–rail interaction,
which is suitable for simulating the movement of railway vehicles on both straight and
spatially curved tracks. Very simple wheelsets and rail models are enough when using
this algorithm. Wheel and track unevenness can be defined, and a very simple
interaction model in the transverse direction takes into account the shape of the wheel
profile. The deficiency of this algorithm is that it is not possible to model wheel rolls and
friction. For these reasons, it is not possible to use this contact algorithm to solve some
tasks, such as track load when starting and braking vehicles. However, for most of the
interaction tasks of railway track mechanics, it is sufficient.
4.8.3

Simulation of vehicle movement along a straight railway track

The model of railway track was constructed using procedures as described in Section
4.7. The subsoil depth and width below the ground level is 18 m. Energy dissipation is
modelled by proportional damping, and absorption layers are defined at the boundaries
of the model to absorb waves at the boundary of the model and prevent their reflection.

Figure 4-66 Configuration of the vehicle running over the FEM model section

The calculation of movements takes place in three phases. In the first phase, the
locomotive is loaded with its self-weight and moves to the required speed. In the second
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phase, the locomotive crosses with constant speed through the track, and in the third
phase, the locomotive stops smoothly. The start and stop of the locomotive must not
interfere with the response of the structure around the area under consideration.
Therefore, the journey must be long enough, and it is appropriate to define the load
curves to bring the minimum dynamic load into the structure. The length of the first and
third phases is 1 s, and the track length is 27 m. The total calculation time and the
length of the model depend on the speed of the locomotive. The task configuration is
shown in Figure 4-66.
The solver setting and evaluation was debugged in APDL. This macro performs the
following steps:
•

calculating the required length of the track model for moving at the specified
speed,

•

calls the procedure for building the track model (see Section 4.7.1.2) with the
relevant parameters,

•

places the locomotive model on the track,

•

defines the contacts between the wheels and the rail,

•

enters gravitational acceleration and speed of the locomotive,

•

sets the solver and calculates.

Figures 4-67 to 4-70 show the dynamic response of the structure in the absolute
coordinates for the locomotive movement at a speed of 160 km.h−1. The spatial FEM
model allows a detailed assessment of the stresses of the individual track components.
This means that, in addition to determining the displacement or acceleration courses of
the track components (Figures 4-67 and 4-68) and the force distribution in the track
skeleton (Figures 4-69 and 4-70), it is possible to observe the change of displacement,
strain and tension fields (Figure 4-71) during the entire dynamic process of the vehicle
when the vehicle is moving along the track.

Figure 4-67 Vertical displacement of track components over time
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Figure 4-68 Vertical acceleration of track components over time

Using calculations for parameterization (using APDL), calculations can be performed
repeatedly to determine the impact of selected parameters on the structure response.
For example, Figure 4-72 shows the vertical displacement of the track components, and
Figure 4-73 shows the force acting on the sleeper depending on the travel speed.

Figure 4-69 Force acting on the sleeper

Figure 4-70 Force of interaction between the third axle and the rails
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Figure 4-71 Displacement field uz and stress field σz during travel time of 1.3 s

Speed responses of 80, 160, 240 and 320 km.h−1 were monitored. The speeds 240 and
320 km.h−1 are only theoretical; the modelled locomotive and modelled railway track are
not designed for speeds over 160 km.h−1.
The results show an increase in the response from the effects of the vehicle with its
increasing speed. The increasing effect results from the crossing of a multi-axle vehicle;
the first axle loads the track, and other axles increase this strain. Thus, the response of
the structure depends on the speed at which the vehicle’s axle moves along the track
and on the dynamic characteristics of the track. For a theoretical analysis of the speed
effect, it is enough to model the load at one point (one axle) and compare with the
results with inertia of the vehicle and with no inertia mass (only moving force). In this
way, the critical speed of the track can be determined; see Section 4.5.1.2. The model of
a spatial vehicle–track system can also have dozens of input parameter variables, and
one of the methods of sensitivity analysis is appropriate to determine their effect on the
response of the structure.
4.8.4

Impact of failures on the response of the railway track

Railway track disturbances significantly increase the interaction forces between the
vehicle and the track. Increased track stress results in deterioration of its condition and
further development of failures. The most frequent failures of the track include track
unevenness and track bed failures. These failures and their causes are described in more
detail in Section 4.3.2.
The original model for calculating the dynamic response of the structure has been
modified to include track unevenness and failures in the track bed. The modelling of
these failures is done in a simplified way and may not sufficiently correspond to the
actual state of the structure. On models including failures, the dynamic response for the
vehicle’s speed is 160 km.h−1. From the response results, the plots of the change of the
contact force between the wheel and the rail, the vertical deflection of the rails, and the
force transferred to the sleepers were evaluated. These variables provide global
information about structural strain and railway track stress. The results were compared
with the model without failures.
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Figure 4-72 Deflection of individual components
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Figure 4-73 Forces transferred to the sleeper depending on the train speed

4.8.4.1

Influence of track unevenness

The effect of track unevenness was monitored first. Two scenarios of wheel movement
on the rail were considered. One considers the so-called short unevenness in which the
wheel loses contact with the rails, and the other considers long unevenness, when the
wheel is in contact with the rail all the time. Short unevenness of the track is either due
to permanent deformation of the rail material from the effects of the wheels, or due to
the production of the rail. Long unevenness is usually caused by track geometry
deterioration, which is caused by failures in the track bed.
For calculations, two functions describing unevenness along the length of the rails were
defined. These are harmonic functions; the first function is characterized by short
unevenness with a length of 0.1 m and a depth of 1 mm; the second function represents
long unevenness with a length of 2 m and a depth of 3 mm. The progress of the
unevenness in the vicinity of the section evaluated (the 17th to the 27th sleeper of the
monitored section, see Figure 4-66) is shown in Figure 4-74.

Figure 4-74 Unevenness along the track length considered in the calculations

The harmonic functions used to describe unevenness are very simple and do not exist in
a real structure. The harmonic functions were chosen intentionally because it is possible
to determine the excitation frequency simply and to observe the effect of the wavelength
on the response of the structure. In a real structure, the unevenness of the rails does
not have the character of a harmonic function; it is a random function composed of
waves of different lengths. The implementation of real unevenness is seamless; any
function can be entered into the calculation by a set of values with the selected sampling
frequency. The advantage of the contact algorithm used is that the specified function
approximates and eliminates false excitation with a frequency corresponding to the
sampling frequency.
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Figure 4-75 Progress of the interaction force between the third axle and the rail when moving
along a track with long unevenness

Increasing the dynamic effects of a vehicle due to unevenness can be monitored by
comparing the magnitude of the interaction forces between the wheel and the rail. For
the illustration in Figure 4-75, the contact forces are shown between the third axle of the
locomotive and the rail when moving along a track with long unevenness. It has been
found that the wheel loses contact with the rail when moving after short unevenness
(the contact force gains zero values), and the effects of impact appear. For long
unevenness, the wheel does not lose contact with the rail; the contact force varies but
does not gain zero values. In both cases, a significant increase in the dynamic force of
the contact force was recorded.

a) Vertical deflection of rails

b) Force acting on the sleeper
Figure 4-76 Influence of long unevenness – sleeper no. 23

In addition to the contact forces between the wheels and the rail, the vertical deflection
of the rails and the force that is transmitted from the rail to the monitored sleeper were
evaluated. For example, in the case of a track with long unevenness, the results of
deflection and forces are shown in Figure 4-76. Due to unevenness, the rail starts
vibrating with a frequency corresponding to the speed and the wavelength of
unevenness. For the forces acting on the sleepers, in both cases, there was an increase
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in the intensity of these forces, which corresponds to the increase in the interaction
forces between the wheel and the rail. The force transferred to the sleeper and hence
the stress in the track bed in the case of long unevenness depends on the magnitude of
the deviation from the ideal rail axis.
If the wheel passes through a depression, less force is transmitted to the sleeper, and
there is a smaller rail deflection. When crossing the wheel through increased
unevenness, the nearest sleepers are more loaded, and there is greater rail deflection.
For short unevenness, this effect is not noticeable, and all sleepers are stressed
approximately the same.
Numerical analysis has shown a significant influence of unevenness on the increase of
interaction forces between vehicle and track. The increase in the interaction forces stems
in particular from the length and depth of the unevenness. Short contact unevenness
may result in loss of contact, and the wheel force is of an impact character. With long
unevenness, the interaction forces are smaller. These conclusions coincide with the
considerations published in [16]; see Tables 4-1 and 4.2.
4.8.4.2

Influence of failures in track bed

Track bed failures are due to permanent changes in the track bed. A more detailed
description of these failures and their causes is in Section 4.1.3.2.
Two defects were considered in the calculations – a group of improperly supported
sleepers and a change in the thickness of track bed layers. Both failures cause uneven
stiffness of the track bed, which leads to increased dynamic effects and further
subsequent failures.

Figure 4-77 Improper support of sleepers

Figure 4-78 Failure defined by deformation of the layer in the track bed

Improper support of the sleepers is due to the uneven settlement of the track bed layers
loaded by the dynamic effects of the vehicles. A group of improperly supported sleepers
was modelled by shifting the nodes of the track bed underneath the sleepers to create a
gap between the bottom surface of the sleeper and the ballast bed under the sleeper.
The track model was modified so that under the 23rd sleeper there is a gap of 2 mm,
and for adjacent sleepers, 1 mm; see Figure 4-77.
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a) Above the 23rd sleeper

b) Above the 24th sleeper
Figure 4-79 Influence of failure in the track bed on rail deflection – 23rd and 24th sleepers

a) The 23rd sleeper

b) The 24th sleeper
Figure 4-80 Influence of failure in the track bed, the force acting on the sleeper – sleepers 23 and
24

Uneven thickness of the track bed layers can be caused by repairs to the railway track.
To straighten the spatial position of the track, new material is added to the ballast bed,
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which is pushed into the lower bearing layers of the track bed. The modelled change in
the thickness of the track bed layers is shown in Figure 4-78.
The dynamic response of the structure when a locomotive is moving over the modelled
failures is shown as a progress of displacement and force (Figure 4-79 and Figure 4-80).
When the wheel is crossing over a group of improperly supported sleepers, excessive
deflection of the track skeleton is in the vicinity of sleepers that have a gap under the
bottom surface of the sleeper. The force acting on the sleeper increased at the last
supported sleeper before the failure (the 21st sleeper on the track), by about 20%.
Another increase, on the 24th sleeper, was by about 33%, although this sleeper is not
perfectly supported. A load decrease is observed on the 22nd sleeper. No force is
transmitted to the track bed over the 23rd sleeper, which has the greatest gap between
the bottom surface of the sleeper and the ballast bed. In general, it is possible to state
that the track bed is loaded under the sleeper just before the failure and under the
sleepers, where the support stiffness of the track skeleton is increased again. At the
point of failure, the bending moments of the rail are also increased.
For the second failure, modelled by a change in the thickness of the track bed layers,
there was no significant change in the response of the structure compared to the track
with a constant layer thickness (model without failure). The modelled change in stiffness
is probably too small and smooth to significantly affect structural stress. It can be
assumed that the effect of this failure will increase with an increasing change in track
bed thickness and in the ratio of stiffness of the ballast bed to the stiffness of the lower
track bed layers. Significant stiffness changes also occur in the crossing of the track to
the bridge structure, to culverts not covered with filling, or to the underpasses of
underground utilities.
Simultaneous application of non-linear constitutive relations is required to simulate the
development of failure in the track bed layers during repeated vehicle load. Material
models capable of describing non-linear soil behaviour in cyclic loading are nowadays
part of quality FEM solvers; the problem of using them lies in ignorance of the material
constants of these complex models.
4.8.5

Conclusions from FEM calculations when applying the LS-DYNA explicit
solution

As shown, the model of the moving load can be modelled as a rigid body of
interconnected joints, and the primary and secondary suspensions are modelled by
springs and dampers. This simple model is enough – only the effects of the vehicle on
the track are decisive. This procedure was used to build a model of the 151 series
locomotive (Czech Railways).
In calculating the interaction tasks, it is necessary to properly model the contact
between the wheels and the rails where the power transfer is between both systems.
The surface contact between the wheel surface and the rail top surface is best described,
but it is practically unusable for interaction tasks because it significantly prolongs the
calculation time. For the calculations, a contact algorithm implemented in the LS-DYNA
program was used specifically for modelling the contact between the wheel and the rail.
This contact ensures the node guidance on the circumference of the wheel along the rails
and can model the unevenness. The model also has a simplified model of power
transmission in the transverse direction. The algorithm used is very efficient regarding
calculation time and includes all the essential properties of the contact, including
unevenness.
The ANSYS program, which is advantageous for building structural models (robust,
powerful pre-processor and APDL) and that is designed for implicit solution response
with an explicit solver implemented in LS-DYNA program, provides unparalleled options
for addressing the dynamic track response.
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4.9

Modelling of S&Cs using the FEM

Modelling of S&Cs is more demanding than modelling of straight track. S&Cs consist of
many areas with a different design. An important area is the S&C with its surroundings.
Furthermore, the area in front of and behind the S&Cs should also be included. When
creating a high-quality computational model of an S&C with the FEM, it is based either
on the drawing documentation or on the 3D model of the S&C in the CAD program. A
simple J60-1:12-500-I-zl, b S&C is modelled. The modelled S&C is less than 34 m long.
The S&C model is usually assembled in two variants, for movement in the main and in
the branch track of the S&C. The direction and the speed of railway vehicle movement
are also defined. In the case of a dynamic response model, it is appropriate to extend
the model in front of and behind the S&C by the area in which the dynamic effect of the
vehicle starts and disappears. The model described is designed for a movement against
the crossing nose in the main track of the S&C. Since the dynamic response is assumed
to be calculated, the model of the S&C is extended by a group of six sleepers in front of
the S&C, 13 sleepers in the main track and 17 in the branch track behind the S&C. The
S&C lies in a track with B 91 S sleepers. The rails are fastened at an inclination of 1 : 40
on the concrete sleepers, and vertically on the bearers. There are two steel trough
sleepers in the S&C. The track vehicle is not modelled; the exciting forces are
determined from the interaction between the track and the vehicle model.
4.9.1

A computational model compiled by the FEM

The computational model of the S&C was constructed using the FEM in ANSYS. The basic
geometry of the model includes the track skeleton which was taken from the 3D CAD
model and transferred to ANSYS using the SAT format. The model of the S&C was
extended on both sides by a track with B 91 S pre-stressed concrete sleepers; see Figure
4-81.

Figure 4-81 Computational model of the switch and crossing
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a) The area in front of the switch

c) The second locking device – trough sleeper

e) Crossing and check rail

b) The first locking device – trough sleeper

d) Switch heel area

f) The area behind the switch and crossing

Figure 4-82 Parts of the computational model

The computational model consists of many element types. The space parts (rails,
crossing, switch rails, sleepers, elastic support representing the stiffness of the
earthwork and some steel parts of the fastening and pads) were modelled with SOLID45
elements (three-dimensional elements defined by eight nodes). Trough sleepers,
baseplate, slide baseplates and the elements carrying the check rails were modelled with
SHELL43 elements (two-dimensional shell elements defined by four nodes). The check
rail was modelled in a simplified way by BEAM44 elements. Fastening clamps were
modelled in a simplified way using LINK8 elements (beam elements transmitting only
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axial forces). The additional mass of the electromotive point machine was replaced by a
concentrated mass modelled by the MASS21 element. This element was attached by the
auxiliary beam elements to maintain the centre of gravity. The elastic support
representing an earthwork was modelled with SURF154 elements (surface elements).
Details of the model are shown in Figure 4-82. FEM meshing is shown in Figure 4-83 and
Figure 4-84. Great attention was paid to the rail fastening.

a) Switch

b) Crossing

Figure 4-83 Computational model with an FEM mesh

a) Bearers and B 91 S sleepers

b) Trough sleeper

Figure 4-84 Detail of rail fastening

The computational model consisted of 389,834 elements located at 485,133 nodes and
has 1,387,991 degrees of freedom.
4.9.2

Fastening and supporting of the rails

Fastening of the rail to the sleepers was realized using Vossloh elastic clamps. Working
diagrams define the stiffness characteristics of the clamps. It is predominantly a bilinear
dependence of the force on the displacement; see Figure 4-85.
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Figure 4-85 Examples of work diagrams for fastening elements

The key clamp used in the S&C is the Skl 24 clamp (clamp stiffness kSkl24 = 0.625
MN.m−1, force in the clamp 10 kN) connecting the rails and the bearers. The Skl 12
clamp (18 pieces) (clamp stiffness kSkl12 = 0.87 MN.m−1, force in the clamp 10 kN) was
used to fasten the rails onto the sleepers at the place of the check rails. The Skl AEKP
clamp (eight pieces) (clamp stiffness kAEKP = 0.5682 MN.m−1, force in the clamp 12.5 kN)
was used to fasten rails to steel trough sleepers. Spring clamps (48 pieces) (stiffness
kps = 8.333 MN.m−1, force in the clamp 10 kN) were used in the fastening system with
slide baseplates. Rail fastening to B 91 S sleepers was done using Skl 14 clamps
(stiffness k14 = 0.769 MN.m−1, force in the clamp 10 kN). In addition, the double helical
spring washer Fe 6 was modelled (stiffness k = 25 MN.m−1).
The clamps were modelled using substitutive elements with vertical stiffness as
mentioned in the previous paragraph. Mostly, the clamps were modelled with three
LINK8 elements, the spring clamps in the slide baseplates with one element (the
stiffness H is recalculated by the modulus of elasticity B, depending on the ‘length’ Z of
the clamp and the selected surface of the element â). The pre-stress in the clamps was
introduced by the specified value of the relative axial deformation of the clamp o/÷ .
Between the rail and the sleeper is a layer that varies depending on the fastening
location. There is an elastic layer consisting of the rail pad with thickness 6 mm, a steel
baseplate and a baseplate pad (Penefol 900) with thickness 2 to 3 mm in the S&C. The
R 65 rail pad, the steel baseplate and a 25 mm-thick layer from ARAMID are on the steel
trough sleeper. The rail fastening on the concrete sleepers B 91 S is simpler, since only a
6 mm-thick WU 7 (Rubena) rail pad is modelled between the rail and the sleeper.
The stiffness properties of the rail pads R 65 and WU 7 are shown in Table 4-9. The
material is characterized by non-linear behaviour. The vertical stiffness of the pads
depending on the loading speed was verified experimentally. The static and dynamic
stiffness of the pads was determined. It was also necessary to take into account the
change in their properties, depending on the real time in a railway track. The rail pads in
Table 4-10, labelled as used, take into account the dynamic stiffness and the stiffness
influenced by track conditions (such as temperature, age, working load).
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Table 4-9 Stiffness properties of rail pads

Type of pad

RNG (fastening system)

WU 7 (fastening system)

Default – stiffness knew

198 kN.mm−1

90 kN.mm−1

Used – stiffness kused

380 kN.mm−1

330 kN.mm−1

Table 4-10 Material properties of the pads specified in the model

R65

WU 7

Penefol
900

ARAMID

Elasticity modulus Enew [MPa]

23.570

13.82

0.8 × 103

3.5 × 103

Elasticity modulus Eused [MPa]

56.804

43.678

0.8 × 103

3.5 × 103

1,400

1,400

930

1,150

Type of pad

Density ρ [kg.m−3]

In the calculation model, the pads are modelled with three-dimensional elements with
isotropic material properties. Vertical stiffness must be recalculated to the modulus of
elasticity (see Table 4-10) and then checked. The Poisson ratio ν for the R 65, WU 7 and
Penefol pads was neglected. For ARAMID, the Poisson ratio ν was considered to be 0.4.
The stiffness value of the WU 7 pads was modified. The significant difference is in the
value of dynamic stiffness. The test calculations were performed with the original
stiffness values and variants with new modified stiffness values of the WU 7 pads.
The bearers and concrete sleepers are made of pre-stressed concrete. In the calculation
model, the concrete material was modelled as linear isotropic without the inclusion of
pre-stressing. It is assumed that the sleepers and bearers are made of class C50/60
concrete. This reinforced concrete corresponds to the secant modulus of elasticity BÉ[ =
37 GPa, Poisson ratio NÉ = 0.20, and density ¸É = 2,500 kg.m−3. In the calculation, the
secant modulus was slightly increased to BÉ[LÆØ = 39 GPa.
The steel trough sleepers and auxiliary steel elements have standard material properties.
The individual properties for the production of used steels are not distinguished in detail.
A steel elasticity modulus Eo = 210 GPa, Poisson ratio νo = 0.27, and density ρo = 7,850
kg.m−3 were used.
4.9.3

Track skeleton supports and boundary conditions

The track skeleton support consists of three linearly elastic weightless layers. Their
stiffness is determined in such a way that the deflection of the railhead is within the
prescribed limits. In the test calculation, a 1.25-mm deflection of the rail foot on bearers
when applying one axle (vertical wheel force 112.5 kN) is considered for the so-called
long-term-lying pads in the track. A ballast bed of 350 mm thickness is characterized by
a modulus of elasticity B = 160 MPa and Poisson ratio N = 0.35. The middle layer, 200
mm thick, is characterized by a modulus of elasticity E = 600 MPa and Poisson ratio
N =0.45. The bottom layer, 1 m thick, is characterized by a modulus of elasticity
B =360 MPa and Poisson ratio N = 0.35. Modulus values characterize the stiffness under a
dynamic track load and are selected so that the relative deflection of the track
corresponds to the real values. The two bottom layers are enveloped by elastic surface
elements that take into account the stiffness of the surrounding environment. The
stiffness values determine the deflection of the railway track model. In the case of a test
calculation, the horizontally positioned layer has a vertical stiffness expressed by a
coefficient HuΩKF = 3.7 MPa.m−1 and horizontal lateral stiffness HuEJF = 3.7 MPa.m−1. In the
variant solution, the values Hu are changed depending on the solution being solved. In
cross sections at the ends of the model (cross section by rails and supporting layers),
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the bonds prevent displacement in the normal direction. On the bottom surface of the
model, the bonds prevent horizontal displacement at each node. It should also be noted
that the ends of the switch rail lean against the rail at a distance of 1.5 m. This contact
is modelled by prescribing the same displacement of switch rail and stock rail in the
horizontal lateral direction.
4.9.4

Preparing the model for calculation and test calculations

After the model was assembled, the model calibration (stiffness and clamping) and the
effect of boundary conditions were performed. Clamps needed to be preloaded to the
required force. This is an iterative process. The calculation must take into account the
weight of the skeleton that lies on the flexible substructure uninfluenced by self-weight.
The static stiffness of the pads is considered when tuning the clamps. The results of the
tuning of the model are shown in Figure 4-86 to 4-91. In the case of the three-element
clamp modelling, the resulting force in the clamp is given by the sum of forces in the
clamp elements. Differences from the theoretical values were minor. After changing
static stiffness of the pads to dynamic stiffness of the pads, there was an increase in the
forces in the clamps, which then dropped under load by wheel force. The greatest
increase in forces, up to 10%, was in spring clamps in slide chairs (with high stiffness)
compared to other clamps; see Figure 4-90.

Figure 4-86 Forces in the clamp model – rail fastening on concrete sleepers (B 91 S)

Figure 4-87 Forces in the clamp model – rail fastening on concrete bearers
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Figure 4-88 Forces in the clamp model – rail fastening on trough sleepers and in slide chairs

Figure 4-89 Forces in the clamp model – dynamic stiffness – rail fastening on concrete sleepers

Figure 4-90 Forces in the clamp model – dynamic stiffness – rail fastening on concrete bearers
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Figure 4-91 Forces in the clamp model – dynamic stiffness – rail fastening on trough sleepers and
in sliding chairs

The calibrated model was used for the assessment of four variants of the track bed:
•

V1 concrete sleeper – standard ballast bed

•

V2 concrete sleeper – Neoballast

•

V3 plastic sleeper – standard ballast bed

•

V4 plastic sleeper – Neoballast

Details of the load steps, solving and analysis results are presented in Chapter 5.6.
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5.1

Fastening system with spring

5.1.1

Current state overview

This section contains basic information on the most common fastening systems with
springs supplied for turnouts from manufacturers from all over the world. It is an
overview of major manufacturers such as the turnout manufacturer BWG and the
companies Vossloh, Pandrol, Delkor and Schwihag. This search can give an image as to
direction in which the development of a quite new next generation of fastening systems
should continue. With regard to the fact that the turnout manufacturer DT – Výhybkárna
a strojírna – is situated in the Czech Republic, the experiences below are oriented mainly
to the historical development in Czech Railways.
5.1.1.1

Flexible turnouts from BWG

The first experience in the Czech Republic with turnouts with flexible fastening systems
dates back to the beginning of the 1990s, when Czech Railways (the infrastructure
administrator) decided to test turnouts from foreign manufacturers. Communication was
established with WBG Weichenwerk Brandenburg GmbH (now Voestalpine BWG GmbH)
which then, in 1995, supplied two J60-1:12-500-L turnouts including transition areas
before and after turnouts (18 sleepers) and an area between turnouts (approx. 15 m).
All fastening systems of these turnouts are flexible in such a way that the base plates,
including abnormal ones, are provided with vulcanized elastomer. Another structural
difference was using split long switch sleepers (sleepers longer than 3 m) to facilitate
installation, and also using a structural extension of the track gauge in the switch part,
the so-called FAKOP (Fahrkinematische Optimierung). The respective components of
sleepers are joined using an element with a vibration damper. In DB (Deutsche Bahn),
this structural arrangement is used as a standard for high-speed lines. These turnouts
have been installed at the Poříčany railway station as turnouts No. 10 and No. 11; after
about 20 years’ operation, they are still in a very good overall condition and, according
to the infrastructure administrators, the turnouts have not required any major
maintenance interventions for the entire period of operation, which proves, among other
things, the good effect of the fastening with spring also on the wear of running surfaces.
Also, dynamic effects were measured, and the result was favourable behaviour of the
fastening systems. The figures below show an example of one of the fastening systems
with an apparent vulcanized elastomer [1].

Figure 5-1 ERL fastening system with spring on BWG’s turnout at Poříčany railway station
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Specifically, the fastening systems used in the turnouts at the Poříčany railway station
are of the ERL (elastic ribbed plate) type. These fastening systems are made in two
versions – ERL 30 with an approximate stiffness value of 30 kN.mm−1 recommended for
speeds from 160 to 200 km.h−1, and ERL 17.5 with an approximate stiffness value of
17.5 kN.mm−1 recommended for speeds over 200 km.h−1 [2].

Figure 5-2 Section through ERL fastening system [2]

5.1.1.2

Flexible fastening systems for plain track – Vossloh E14

In a plain track, there are also areas which should be made with springs. They are often
areas with a stiffer sleeper subgrade, for example in the areas of subways at stations,
where the thickness of the rail bed is not sufficient (for example, at the Czech station of
Kolín) or in areas where it is suitable to make the rail with a spring for some other
reason (e.g. used in the Czech Republic in the small radius curve in front of the
Okrouhlice head of the Havlíčkův Brod railway station in relation to prevention of an
occurrence of corrugation). The base plate free fastening system Vossloh W14 used as
standard can then be replaced with the fastening system Vossloh E14, which is fully
compatible with the sleepers (in the Czech Republic, types B 91S/1 and B 91S/2)
manufactured for the W14 fastening system. Unlike the W14 fastening system, the E14
fastening system has the following differences. Under the flange of the rail, there is a
fully rigid plastic pad instead of the elastic pad under the rail foot, and it only has a
separation function. It rests on a steel bearing plate, under which an elastic pad of
Cellentic material is located, and all elasticity of the fastening system is created in it.
With regard to the fact that the E14 fastening system is higher than W14, it is also
necessary to use different angled guide plates which are adequately higher. The clamps
and the other components are then interchangeable between both fastening systems
[3].
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Figure 5-3 Sole plate free fastening system with E14 springs for running rails from Vossloh. The
steel bearing plate is in blue, and an elastic pad of EPDM Cellentic material is under it [3]

5.1.1.3

Vossloh for turnouts

Vossloh Fastening Systems GmbH is one of the best-known suppliers of fastening
systems not only in the Czech Republic, but all over the world, which is proven by a
number of mentions of this company in the text above. At the present time, Vossloh
clamps are used as standard in base plate free fastening systems (Skl 14, including the
entire fastening W14) or in fastening systems with base plates (Skl 12, Skl 24, Skl AEKP,
etc.). Nevertheless, Vossloh supplies many other fastening systems, including those with
springs, which are mostly designed for applications in slab tracks, including fastening
systems for turnouts.
As regards flexible base plate systems, Vossloh offers a fastening system, type Vossloh
336. It is basically a fastening system based on the standard fastening system KS with
the following modifications. The holes for sleeper screws are bigger so that there is
space there for centric or eccentric bushing (adjustment of the rail position is achieved
by turning the eccentric insert). With regard to the fact that installation is expected on
slab tracks, use of anchors rather than sleeper screws is considered here. The
substantial change is the location of an elastic pad under the base plate, which requires
use of a spiral spring under the anchor nut, so that a stable downward pressure on the
nut is ensured at the moment of vehicle passage, and impacts and loosening of the nuts
are avoided. Since it is a base plate system, in this case there is no problem with the
application into turnouts.
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Figure 5-4 Vossloh 336 fastening system in the version for fixed runways built using the ‘bottom
up’ (to the left) and ‘top down’ (to the right) systems. In both fastening systems, an elastic pad is
installed under the sole plate [3]

Vossloh manufactures this fastening system in two slightly different versions – for a slab
track built using the ‘bottom up’ system, i.e. from the bottom upwards, which means
that the bearing plate of slab track is made first and only then are the rail and rail
objects installed. Bores for gluing anchors at the points of base plate holes are then
made into the plate. The other version is an opposite system – ‘top down’, i.e. from the
top downwards. First the rails and rail objects are set up in the correct height and
direction space position with pre-installed fastening systems, and only then is concrete
cast and the bearing plate of a fixed runway made [3].
Vossloh offers also an alternative to the W14 sole plate free fastening system. In this
country it is only known from use in running rails, as well as in a modification for
turnouts (see Figure 5-3). This fastening system is designated as W 21 T. In this case,
some of the abnormal fastening systems (e.g. slide chair) still require the use of a sole
plate, which then leads to two-floor fastening (see Figure 5-5). If the W 21 T fastening
system is used in turnouts, it is necessary that the switch sleepers have, apart from
built-in dowels, also specially shaped grooves for inserting angulated guide plates.
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Figure 5-5 W 21 T fastening system in a turnout [3]

Figure 5-6 Slide chair with Vossloh W 21 T fastening system [3]

Vossloh offers also fastening systems with springs for turnouts installed on slab tracks,
specifically the 300 W fastening system (see Figure 5-15). The name itself indicates that
this fastening system is based on the Vossloh 300 fastening system used on slab tracks.
With regard to its modularity, it can also be used in turnouts on slab tracks, as well as in
turnouts installed on sleepers in a ballast rail bed.
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Figure 5-7 System with spring Vossloh 300 W for turnouts [3]

5.1.1.4

Pandrol

The British company Pandrol is known in the Czech Republic mainly for its base plate
free elastic fastening system FastClip, which was used as an alternative to the Vossloh
W14 fastening system in the Czech Republic on B 91 S/P sleepers, and also thanks to
Pandrol’s ‘e-Clip’, which was used together with an adapter in base plate fastening
systems designated as Ke within turnouts and for fastening switch sleepers between
turnouts. At the present time, Czech Railways has abandoned these fastening systems
and prefers components from Vossloh. Nevertheless, abroad, mainly in the UK, this
system is used almost solely, including the version with direct fastening after welding-on
of eyes in which the Pandrol e-Clip is inserted.
This manufacturer has also developed flexible fastening systems applicable in turnouts,
which can be used on fixed runways, as well as flexible fastening systems in rails with a
ballast rail bed, specifically the DFC (double FastClip) system. This fastening system was
used, for example, in a turnout on a ballast rail bed installed in a high-speed line in
Norway. It is possible to make this fastening system with different stiffnesses
(depending on the pad used).

Figure 5-8 Pandrol DFC system used as a slide chair in a turnout [4]
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Figure 5-9 Pandrol DFC system with both FC and e-Clips in a turnout installed on a fixed runway
[4]

5.1.1.5

Delkor

Quite a different method of spring, the so-called Delkor Egg, has been developed by
Delkor (today also made under licence by other companies, e.g. Vossloh, Ortec). It is
basically a base plate fastening system which has a special base plate in an ellipse shape
with ribs, and this sole plate is fastened through vulcanized rubber into the bottom
bearing element. With regard to the fact that the top component is basically a ribbed
base plate, this fastening system can also easily be applied into turnouts. The top part
can be made without any problem as a slide chair, a sole plate to a check rail, or another
abnormal fastening system as necessary, and the bottom part remains unchanged. For
this purpose, companies offer also several different length versions of the bottom
bearing element. A huge advantage of this fastening system is its perfect electric
insulation, because the top plate is fully surrounded with rubber. Another advantage is
installation onto the sleeper, because conventional sleeper screws can be used. Since the
rubber is not exposed to any pre-stress, it can behave here in a quite ideal way. An
adjustment in the cross direction of ±15 mm and a height adjustment of up to 25 mm
are possible. The manufacturer states the static stiffness of the fastening node as 6 to
15 kN.mm−1, vertical compression up to 4.5 mm and a static to dynamic stiffness ratio
of up to 1.4 [5].
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Figure 5-10 Fastening system with Delkor Egg spring [3]

Figure 5-11 Section through Delkor Egg fastening system with apparent shapes of individual
elements and vulcanized rubber [5]
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5.1.1.6

Schwihag

The slide chair with spring, type ERL 30-P, offered by Schwihag, is structurally very
similar to the slide chair KSN 20 developed in DT. The slide surface is removable here
too, and under it there is an elastic pad; in this way, the transition from the check rail to
the tongue of the same stiffness is achieved. In addition, this slide chair has a spring pad
under the base plate.

Figure 5-12 Flexible slide chair fastening system by Schwihag

Figure 5-13 Slide chair from Schwihag with a spring slide surface and with another spring under
the base plate

5.1.2

Dynamic model of a fastening system

A fastening system can be seen as a dynamic model in which concentrated masses,
springs and dampers occur on which the wheel force is acting while a train is passing
(see Figure 5-14).
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Figure 5-14 Dynamic model of a fastening system

The design of a fastening system can change the values of damping and spring stiffness
in the dynamic system according to equation (5.1) to achieve a suitable configuration
with such properties that we require from the fastening system. We expect especially the
following properties from a fastening system:
•

sufficient flexibility that corresponds with the optimal displacement while a train is
passing, optimally 1.5 mm;

•

exclusion of sudden changes in stiffness along the length of the switch by tuning
the stiffness appropriately; and

•

ensuring appropriate damping of the dynamic system, i.e. the fastening system.
!"̈ + %"̇ + '" = )(+)

(5.1)

In terms of design, we need a fastening system to meet the following requirements:
•

sufficient rail holding;

•

the possibility of vertical movement;

•

level adjustability; and

•

horizontal adjustability.

The last two requirements are more important, especially in a case where a slab track is
used that does not enable adjustment of the geometry of the track by packing up.
5.1.3

Concept #1 – Controlling stiffness by contact surface

The first idea being developed is designing passive stiffness control using a suitable
modification to the contact area between the baseplate and the baseplate pad. This
concept is based on common fastening systems used for a slab track (such as Vossloh
336). Considering sudden changes in stiffness along the length of a switch and the
different lengths of the baseplates within one switch, and thus a different contact
surface, these problems are very topical in the field of switches and crossings (S&Cs). A
change in the contact surface enables nonlinearity in the dynamic system to be brought
into a fastening system, which enables, for example, displacement of the rail head to be
kept within similar limits with different wheel forces.
Description of the fastening system
A modification to a contact surface may be made in various ways – the contact surface
can be curved to get a convex or concave shape, can be stepped or can be a
combination of both ways. The final shape can also be derived from the manufacturing
technologies available. This modification enables the contact surface, and thus the
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stiffness of the fastening system, to be different with different wheel forces. It is
expected that a rail will be fastened to a baseplate in a standard way, i.e. using a flexible
clamp, clamp bolts and a pad under the rail foot.
Problems and what needs to be solved
This concept brings many problems that must be solved using calculation optimization:
1) A fastening system must be designed so that the required level position of the rail
is guaranteed by tightening the clamp bolts and air screws.
2) A fastening system must be designed so that its stiffness is sufficient while a train
is passing. This means that the system will hold as a whole – the system will not
be set vibrating, and the clamp bolts and chair screws will not come loose. From
the viewpoint of the passage of a train, it must also be true that the whole
fastening system is designed so that the intensity of the steering force has no
significant influence on its stiffness control in the vertical direction.
3) A fastening system must be designed so that the resistance to movement of the
rail caused by the action of the force from the long-welded rail is within the
required limits.
4) A fastening system must be designed so that all parts have sufficient cyclic
strength, contact resistance and capability of performing their function at the
required quality for a long time (the whole system must not show any signs of
relaxation due to repeated passages of a train or due to repeated changes in the
temperature).
5) The stiffness of the whole fastening system must depend as little as possible on
the manufacturing tolerances of individual system parts.
6) A fastening system must be designed so that dirt cannot get between individual
parts.
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Figure 5-15 Next generation fastening system concept No. 1 – stiffness control by the shape of the
contact surface

5.1.3.1

Example of design of innovative fastening type with variable bearing
surface

The aim was to design such a fastening system in which the bearing surface of the base
plate will not always be constant but will always have a different size depending on the
intensity of the wheel force – when the wheel force is greater, this bearing surface will
be greater, and the overall stiffness of the fastening system will be greater.
It was required that the fastening system be designed so that even a relatively big
change in the wheel force leads to the minimum possible change in rail deflection. So, it
was required that the stiffness of the fastening system must show the largest possible
progression.
Using an analytical calculation, such a geometry was designed that would allow
something like that. The basis of such geometry was an elastic base plate with a curved
surface, laid in a steel pit with three stages of pads. The pad on each stage was of
different thickness and of a different constitutive model. In the unloaded state, the base
plate had contact with the pads only on both edges in the area around sleeper screws
and then in the middle in the area near the vertical axis of the rail.
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Figure 5-16 Section of the fastening system design with modified contact surface

The rate of stiffness progression in such a fastening system was then assessed
numerically. The fastening system containing an elastic sole plate with a variable bearing
surface was, together with a concrete sleeper, installed on an elastic substrate and
exposed to the effect of the mounting stress of clamps and sleeper screws. In the next
step, the designed fastening system was exposed to the effect of wheel force. The wheel
force range was considered at an interval of 0 to 200 kN.

Figure 5-17 Example of finite element mesh from ANSYS software

The aim of the calculation was, on the one hand, to assess how much the designed base
plate is able to change the bearing surface with pads by the effect of vertical load (how
much the fastening system stiffness changes) and, on the other hand, to assess the
cyclic strength of this base plate. The ability of the designed base plate to change the
bearing surface is shown in the figures below, which illustrate a different bearing surface
for a different intensity of wheel force.
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Figure 5-18 Distribution of reduced stress and distribution of contact (bearing) surface on pads for
two different wheel forces

The rail deflection depending on the intensity of wheel force is shown in the graph below.
It shows that the designed fastening system shows a certain, but not big, progression
rate. Therefore, another shape optimization of this fastening system will follow with the
aim to increase the rate of this progression. Also, a sensitivity analysis will be carried
out, i.e. how individual input parameters (e.g. production tolerances, different stiffnesses
of pads, different pre-stresses of clamps and sleeper screws, a different module of
subgrade reaction, etc.) affect the stiffness characteristic of this type of fastening
system.
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Figure 5-19 Dependence of wheel force on vertical rail deflection

Concept #2 – A replaceable cartridge

5.1.4

The basic idea of the concept is to introduce an active method for influencing stiffness or
damping in a rail-to-bearer fastening system. The design includes the installation of a
so-called cartridge in the fastening system structure that takes over partially or fully the
function of the rail foot pad or, in case that the rail is fastened to the slab track, other
flexible rail pads.
The aim was to design a modular, universally applicable system, simple to establish and
maintain. A system of cartridges inserted in a fastening system was chosen. This method
has the following advantages:
•

When the dimensions are chosen universally, cartridges with various equipment
with regard to the requirements, or current technical development, can be used.
Cartridges with simple equipment can be replaced with new ones, for example
with more advanced equipment, in the future.

•

A cartridge can be produced so that the devices inside are protected against dirt
and moisture. Sensitive or technologically advanced devices can be mounted in a
clean workshop; devices protected by a cartridge are delivered to an installation
base or construction site.

•

Relatively simple installation or replacement. Simply insert a cartridge into the
sleeve in the baseplate or to its place in the fastening system; removing it is as
simple as inserting. A cartridge is not to be fastened in any special way in the
fastening system; depending on the accuracy of manufacture of the sleeve, the
height position of the cartridge would be rectified at the most (for example, by
inserting thin shims into the bottom of the cartridge; this can be done on delivery
of the sole plate).

•

The equipment of cartridges will meet the requirements and technological
possibilities. A cartridge can contain the following elements:
•

active or passive elements influencing stiffness or damping, such as coiled
springs, an oil or magnetorheological damper, piezoelectric stack elements,
and the like;

•

sensors, such as force, acceleration, temperature or moisture sensors and the
like;

•

a recording and communication unit, such as for saving data from the sensors
for a short time and a Wi-Fi module for data transmission or sharing;

•

a control unit for controlling active elements; and

•

a power supply, an energy harvesting unit.
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A cartridge can be connected through an opening in the sleeper to the central unit using
a cable line, ensuring data transmission and the power supply of the active elements.
A cartridge is assumed to be placed in a sleeve. Both the cartridge and the sleeve can be
in the shape of a cylinder or a prism; in the case of a common sole plate fastening, the
area of the base will be approximately 20-30% of the rail pad area. With regard to the
expected dimensions, the use of a baseplate with a sleeve will require the use of plastic
composite sleepers or concrete sleepers, the shape of which is adjusted and which are
reinforced. The removal of penetrating moisture in the opening in a sleeper intended for
a sleeve will have to be ensured, and the connection of cabling is needed.
In the case of a rail-to-slab-track fastening, such as the Vossloh 300 or similar type, the
cartridge would be in the shape of a box. This box would be in the position of the
distribution plate and the flexible pad under the distribution plate in the fastening
system. In this case, the cartridge would be easy to replace without disassembling the
rail. The box would have the dimensions and ground plan area of the mentioned
components.
Passive fastening systems can be used for monitoring quantities using sensors, for
adjusting stiffness and damping passively with regard to the position of the fastening
system in the switch structure, in the passage area, and the like.
Active fastening systems can work separately. On the basis of data from the sensors and
their evaluation, fastening systems can change stiffness or damping characteristics.
Active nodes can further be interconnected to create a network, both wired and wireless.
A network of nodes can adaptively change its properties through a learning process
(using the neuron network method) so that, for example, the stiffness of the track
seems to be homogenous with regard to the placement of the node in the switch
structure, various supports of sleepers in a railway bed, and the like. Fastening systems
in a network can react to specific vehicles running, with regard to the condition of the
wheel running surfaces or the lack of roundness of the wheels or the spring condition.
Information about these parameters can be transmitted within a network of active nodes
in the direction of driving of a vehicle also with regard to the phase in which the
respective wheel reaches the fastening system concerned.
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Figure 5-20 Next generation fastening system concept No. 2

5.1.4.1

Example of design of innovative fastening type with cartridge

The aim of the design was to verify the practicability of such an arrangement, specifically
for a system with a cylindrical cartridge. The aim of the design was to find suitable
dimensions of the cartridge, to propose modifications of the fastening node for
installation of the cartridge and to demonstrate the application of the cartridge for
inserting suitable devices. The design of the innovated fastening node was divided to
three phases:
•
•
•

design of a suitable shape and dimensions for usable devices in the cartridge;
devices commonly available on the market were selected;
preliminary design of the fastening node and cartridge to meet the requirements
in relation to dimensions and rigidity parameters in the fastening node;
compilation of a finite element model of the fastening node with the aim to
demonstrate the actual static behaviour of the fastening node.

The model installed devices selected for the fastening node design were a piezo stack,
able to work in energy harvesting mode or in active mode for rigidity or damping control,
and a force sensor. With regard to the use of standard products, connection of the
devices by cables to the power and control units was considered.
Design of shape and dimensions – fastening with cylindrical cartridge
The design is based on using common sole plates, used for fastening rails on sleepers in
turnouts. Nevertheless, the same method could be used to modify the slide chair in the
area of mounting of the check rail. In any case, dimensional tolerances common for
machine products are presumed. So, it cannot be assumed to use it in the sole plate free
fastening system, characteristic for common cross sleepers, where the shape and
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dimensions of the bearing surface are based on the tolerances in production of the
concrete element [6].
A common steel sole plate of layout dimensions 372 × 150 mm, thickness 15 mm, was
considered. In its centre, the sole plate is provided with a hole 70.8 mm in diameter,
followed by a steel pipe of the same inner diameter 70.8 mm, outer diameter 76 mm.
This means that the thickness of the steel pipe wall is 2.6 mm. The steel pipe is welded
to the sole plate with a fillet weld, thickness 6 mm. The steel pipe length is 188.9 mm.
The steel pipe is terminated with a steel bottom, diameter 76 mm and thickness 5 mm.
The bottom of the steel pipe is provided with a hole, diameter 10 mm, for water
drainage. The bottom of the steel pipe is 194 mm below the surface of the bearing
surface of the sleeper.
To verify the construction, the model did not contain holes in the sole plate to fasten it
on to the sleeper with sleeper screws and steel ribs in which the clamp screw is inserted.
None of the undone modifications in the sole plate had any effect on the behaviour of the
fastening node, which was examined.

Figure 5-21 Base plate with steel pipe for inserting cartridge

The cartridge is inserted into the steel pipe. With regard to the overall vertical rigidity of
the rail fastening node, a rubber pad is placed on both the sole plate and the cartridge.
The rubber pad is slightly weakened at the place of the cartridge so that, along with the
cartridge under it, the vertical rigidity value is the same, if possible, as for the rubber
pad placed straight on the sole plate.

Page 5-23 of 5-120

3,6
60

3,6

6

197,8

Ø1

205

Ø

Ø68

The cartridge is a cylinder containing the installed devices. The cartridge protects the
devices against moisture and dust. The cartridge body is made up of a hard rubber pipe
and it is closed with steel bases – a bottom and a lid. The inner diameter of the rubber
pipe is 60 mm, while the outer diameter is 68 mm, i.e. the wall thickness is 4 mm. The
thickness of steel bases is 3.6 mm; the top lid has in its centre, in addition, a supporting
surface, 16 mm in diameter, with a dome (part of spherical surface) with a radius of 80
mm. The purpose of the spherical surface is to ensure force transmission without
introducing a bending moment on the installed piezo stack. The rubber body with steel
bases can be joined by gluing. The total length of the cartridge is 205 mm.

Figure 5-22 Cartridge – steel lid and bottom, rubber body

A rubber pad with layout dimensions 150 × 150 mm, thickness 6 mm, is considered. In
its centre at the lower surface, the rubber pad is weakened in a circle with a diameter of
70.8 mm to thickness 4.9 mm. The rubber pad is considered to be without profiling and
is inserted in the design with substitute vertical stiffness.
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Figure 5-23 Modified pad under rail flange – weakened circular central part
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A load cell, type HBM C9C, range up to 50 kN, is considered in the cartridge on the
bottom. The load cell height is 28 mm, diameter 46 mm. A piezo stack P-056.90P in the
shape of a cylinder 56 mm in diameter and 169 mm in length is mounted on the load
cell. The cross-stability of elements is not solved in detail in the design. A possible
solution is using rubber rings on the load cell body and a piezo stack of such thickness
that it fills the space to the cartridge body. The cabling outlet is not solved; with regard
to the rubber body of the cell, the penetration of cables can be easily proposed, and the
penetration sealing will be simple.

Figure 5-24 Load cell HBM C9C, Piezo stack P-056.90P (source: www.hbm.cz,
www.picaceramic.com)

Figure 5-25 View of a simplified fastening node model

Preliminary static design
Two cases of vertical rigidity in the fastening node were considered for the design – the
basic 200 and 150 kN.mm−1. The basic criterion for the design was to achieve
approximately the same rigidity for the entire surface of the elastic pad under the rail
flange. The rigidity of the piezo stack, that of the load cell, and that of the cartridge
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alone were taken into consideration. The elasticity of the pipe under the sole plate for
mounting the cartridge was disregarded.
The basic parameters of the piezo stack according to the manufacturer’s declaration
were taken in the design:
•

for alternative kr,200 = 200 kN.m−1 type P-056.90P, diameter 56 mm, length 169
mm, stiffness ks,200 = 390 kN.mm−1, blocking force 45 kN, offset range 0.18 mm;

•

for alternative kr,150 = 150 kN.mm−1 type P-045.90P, diameter 45 mm, length
169 mm, stiffness kr,150 = 250 kN.mm−1, blocking force 70 kN, offset range 0.18
mm.

The manufacturer declares the rigidity of the HBM C9C load cell, range up to 50 kN, at
the nominal force of 20 kN, compression 0.055 mm, which corresponds to rigidity of
approximately kf = 365 kN.mm−1.
For the selected dimensions, the cartridge body of hard rubber (Young’s modulus of
elasticity 10 MPa is considered) has inner diameter 60 mm and outer diameter 68 mm,
and rigidity of approximately 0.04 kN.mm−1. The cartridge rigidity was disregarded in
the following calculation.
It was assumed in the design that the nominal rigidity of an unmodified pad under the
rail, thickness 6 mm, is kr,200 = 200 kN.mm−1 and kr,150 = 150 kN.mm−1, respectively.
The elastic pad area without the weakened central part is 18,563 mm2, and the
corresponding stiffness of this part is kr1,200 = 165 kN.mm−1 and kr1,150 = 124 kN.mm−1,
respectively. The area of the central part of the pad, weakened to 4.9 mm, is 3,937 mm,
and its stiffness is kr2,200 = 43 kN.mm−1 and kr2,150 = 32 kN.mm−1, respectively.
The following applies to the overall stiffness in the weakened part of the rubber pad:
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It applies for the assembly stiffness:
'-,011 = '-E,011 + '-0,011 = 165 + 35 = 200 kN.mm−1

(5.4)

'-,E:1 = '-E,E:1 + '-0,E:1 = 124 + 26 = 150 kN.mm−1

(5.5)

The dynamic force, falling to the bearing surface, was calculated according to the
instructions stated in prEN 13230-6:
K2 =

LMNO
0

∙ P1 + Q'R + 'S TU ∙ 'V ∙ '- =

00:
0

∙ [1 + (0.89 + 0.75)] ∙ 0.39 ∙ 1.35 = 98.2 kN

(5.6)

where:
kp = 0.89, the coefficient expressing the impact load attenuation in the fastening node;
kv = 0.75, the coefficient expressing the effect of speed, corresponding to V ³ 200
km.h−1;
kd = 0.39, the coefficient of distribution along the rail length, typical value for the 60 E1
rail, twin-axle bogie, common quality of rail bed;
kr = 1.35, the coefficient expressing the fact that sleepers are not always supported
correctly.
In the following analysis, the rounded value Pk = 100 kN was considered, of which,
adequately to the area, the force on the pad without the central weakened part Fr1 =
82.5 kN, and on the weakened part of the pad Fr2 = 17.5 kN, which is less than the
blocking force 70 kN and 45 kN, respectively. The compression of the piezo stack at this
force will be:
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The compression of the weakened part of the pad will be:
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The overall compression will be:
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At the axial load of the steel pipe, in which the cartridge is inserted, 17.5 kN will be the
stress in the pipe cross section s = 29.2 MPa.
Design verification – finite element (FE) model
An FE model was compiled to verify the preliminary design of the above-mentioned
construction. The version with fastening node rigidity 200 kN.mm−1 was modelled. The
model included all the above-mentioned components and their shapes. Within modelling,
the following simplifications took place, having no effect on the resultant stress of
individual components:
•

the actual contact behaviour between individual components was not taken into
consideration; the model was considered as a continuum; the exception is the
contact between the rail and the sole plate; due to the shape difference of the
rail, contact elements were used there in the ‘bonded’ mode;

•

the spherical domes (parts of spherical surfaces) on the cartridge lid and on the
load cell were not modelled;

•

the clamping force of clamps was modelled using an equivalent pressure on the
rail flange (vertically down) and on the sole plate area corresponding to the rib
(vertically up).

The following material properties were considered in the model:
•
•
•

•

•

steel, E = 210 GPa, µ = 0.3; used for the rail, sole plate, pipe and bottom,
cartridge lid and bottom, weld between pipe and sole plate;
rubber, E = 10 MPa, µ = 0.45; used for the cartridge body;
pad under the rail flange, E = 53 MPa, µ = 0.25; used as equivalent material
properties for the pad under the rail flange; the values were determined so that
the resultant rigidity of the pad with dimensions 150 × 150 mm is 200 kN.mm−1;
piezo stack, E = 57 GPa, µ = 0.3; used as equivalent material properties of the
piezo stack; the values were determined so that the resultant rigidity of the stack
is approximately 390 kN.mm−1;
load cell, E = 29 MPa, µ = 0.3; used as equivalent material properties of the load
cell; the values were determined so that the resultant rigidity of the load cell is
approximately 365 kN.mm−1.
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The model was compiled in the ANSYS program environment. Spatial elements in the
form of a hexahedron were used for all components (SOLID185, mapped mesh). With
the aim to model the fact that the sleeper under load is not perfectly rigid, but deflects,
the sole plate was mounted on an elastic half-space. This half-space was modelled by a
surface element (SURF154); rigidity of setup C = 100 N.mm−2 was determined from the
anticipated deflection of the sole plate. The connection between the rail and the rubber
pad was modelled using contact elements (CONTA173 and TARGE170), in the ‘bonded’
mode.
In order to create an element mesh, the value of 10 mm was selected as the maximum
element size. Only the symmetrical quarter of the fastening node was modelled. The
model containing 6,824 elements, defined by 8,579 nodes and with 25,737 degrees of
freedom (DOF) was solved.
Rail

Baseplate

Rail
pad

Cartridge

Piezo
stack

Steel tube
Force
sensor

Figure 5-26 Fastening model – overall, symmetrical quarter
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Figure 5-27 Cartridge – overall model, symmetrical quarter

For static analysis, the support of nodes vertically to the symmetry surfaces in the
direction of axes x and y was entered. In the vertical direction, the sole plate was
mounted with the bottom surface on the elastic half-space.
The static analysis was carried out for two load states:
•

LS1 (LS – load step): load by the clamping forces of clamps, the anticipated
clamping force on a clamp 10 kN;

•

LS2: to the load of the loading forces of clamps, load by force Pk = 100 kN was
added, acting in the symmetry axis, entered as a pressure acting on an area of
200 mm2.

The weight of elements was not entered for the static analysis.
The following in particular was checked in the results: offset in vertical direction, forces
acting on the cartridge, piezo stack and load cell, and stress in selected steel elements.
The resultant vertical offsets are shown in the figures below.
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Figure 5-28 Vertical deflection LS1

Figure 5-29 Vertical deflection LS2
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Figure 5-30 Vertical deflection LS2 – symmetrical quarter

Figure 5-31 Compression of elastic pad LS2
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Figure 5-32 Compression of cartridge LS2

Figure 5-33 Compression of piezo stack LS2
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Figure 5-34 Compression of load cell LS2

In the analysis, a force acting on the cartridge of 13.5 kN was identified; the anticipated
force was 17.5 kN. The force decrease was caused by the deflection of the sole plate,
when the outer areas of the elastic pad under the rail flange take a higher load than
anticipated in the preliminary analysis.
The compression of the piezo stack for force 13.5 kN was 0.034 mm; the anticipated
value for force 17.5 kN was 0.045 mm. The corresponding rigidity of the piezo stack is
397 kN, which corresponds well to the declared rigidity of the piezo stack of 390 kN. In
no case was the limit force of 70 kN or the limit compression of 0.18 mm achieved. It
can be assumed that the piezo stack will be fully functional in the energy harvesting
mode.
The compression of the load cell for force 13.5 kN was 0.037 mm; the anticipated value
for force 17.5 kN was 0.048 mm. The corresponding rigidity of the load cell is 365 kN,
which corresponds to the estimated rigidity of the load cell of 365 kN for compression of
0.055 mm. In no case was the limit force of 50 kN achieved. It can be assumed that the
load cell will be fully functional.
From the view of acting force and compression of elements in the cartridge, it can be
stated that these will fulfil their function within the expected dynamic load, with a
reserve.
Furthermore, the stress on the decisive steel elements – pipe, weld with sole plate and
pipe – was assessed. Figure 5-35 below shows the equivalent von Mises stress.
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Figure 5-35 Stress in steel pipe LS2

The stress in the pipe body is 98 MPa, which is significantly more than the value
anticipated according to the preliminary analysis of 29.2 MPa. The extreme stress is in
the pipe immediately surrounding the weld and is caused by bending of the sole plate.
The anticipated stress value in the pipe is in its body in the cross sections below. The
stress value of 98 MPa is safely lower than the limit value for common structural steels
for stress and fatigue.
It can be stated that the present design of an innovative type of fastening a rail on a
sleeper will be functional in the energy harvesting mode and for measuring force on the
bearing surface of the sleeper from the view of the static analysis, in which dynamic
forces and unequal support of sleepers were taken into consideration.
5.1.4.2

Magnetorheological dampers

Magnetorheological dampers are other elements which can be applied in fastenings as
actively controlled elements of damping. They can find their application in both the
cylindrical cartridge for mounting on the sleeper in the rail bed, and in a box suitable for
mounting into the fastening node on fixed runways. The technology of
magnetorheological damping is an example of the application of a technology originally
developed in a different industrial branch (automotive industry).
A magnetorheological damper or magnetorheological shock absorber is a damper filled
with magnetorheological fluid, which is controlled by a magnetic field, usually using an
electromagnet. This allows the damping characteristics of the shock absorber to be
continuously controlled by varying the power of the electromagnet. Fluid viscosity
increases within the damper as electromagnet intensity increases. This type of shock
absorber has several applications, most notably in semi-active vehicle suspensions which
may adapt to road conditions, as they are monitored through sensors in the vehicle.
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A magnetorheological damper is controlled by algorithms specifically designed for the
purpose. There are plenty of alternatives, such as skyhook or groundhook algorithms.
The idea of the algorithms is to control the yield point shear stress of the
magnetorheological fluid with electric current. When the fluid is in the presence of an
applied magnetic field, the suspended metal particles align according to the field lines.
Viscosity of the fluid increases according to the intensity of the magnetic field. When this
occurs at the right instant, the properties of the damper change help in attenuating an
undesired shock or vibration.
The damper fluid contains metallic particles. Through the control computer, the dampers’
compliance characteristics are controlled by an electromagnet. Essentially, increasing the
current flow into the damper magnetic circuit increases the circuit magnetic flux. This in
turn causes the metal particles to change their alignment, which increases fluid viscosity,
thereby raising the compression/rebound rates, while a decrease softens the effect of
the dampers by aligning the particles in the opposite direction. It is the electric field
produced by the electromagnet that changes the alignment of the metal particles.
Information from wheel sensors (about suspension extension), steering, acceleration
sensors and other data, is used to calculate the optimal stiffness at that point in time.
The fast reaction of the system (milliseconds) allows, for instance, making a softer
passage by a single wheel because of flat spots or lack of roundness.
Material behaviour
To understand and predict the behaviour of the magnetorheological (MR) fluid, it is
necessary to model the fluid mathematically, a task slightly complicated by the varying
material properties (such as yield stress). As mentioned above, smart fluids have a low
viscosity in the absence of an applied magnetic field but become quasi-solid with the
application of such a field. In the case of MR (and ER) fluids, the fluid actually assumes
properties comparable to a solid when in the activated (‘on’) state, up until a point of
yield (the shear stress above which shearing occurs). This yield stress (commonly
referred to as apparent yield stress) is dependent on the magnetic field applied to the
fluid but will reach a maximum point after which increases in magnetic flux density have
no further effect, as the fluid is then magnetically saturated. The behaviour of an MR
fluid can thus be considered similar to a Bingham plastic, a material model which has
been well investigated.
However, an MR fluid does not exactly follow the characteristics of a Bingham plastic. For
example, below the yield stress (in the activated or ‘on’ state), the fluid behaves as a
viscoelastic material, with a complex modulus that is also known to be dependent on the
magnetic field intensity. MR fluids are also known to be subject to shear thinning,
whereby the viscosity above yield decreases with increased shear rate. Furthermore, the
behaviour of MR fluids when in the ‘off’ state is also non-Newtonian and temperaturedependent; however, it deviates little enough for the fluid to be ultimately considered as
a Bingham plastic for a simple analysis.
Thus, the model of MR fluid behaviour in the shear mode becomes:
VS

f = fg (h) + i Vj

(5.14)

where τ = shear stress; τy = yield stress; H = magnetic field intensity; η = Newtonian
viscosity; dv/dz is the velocity gradient in the z-direction (vertical).
Shear strength
Low shear strength has been the primary reason for a limited range of applications. In
the absence of external pressure, the maximum shear strength is about 100 kPa. If the
fluid is compressed in the magnetic field direction and the compressive stress is 2 MPa,
the shear strength is raised to 1,100 kPa. If the standard magnetic particles are replaced
with elongated magnetic particles, the shear strength is also improved.
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5.1.5

Concept #3 – Leaf springs

Just as in concept #1, this concept is based on fastening systems for slab tracks, where
flexible pads are used under the sole plate and ensure the springing of the whole
fastening system. However, this concept assumed the replacement of a flexible pad,
which has the function of a spring in the dynamic model, directly with some type of a
spring. The use of a leaf spring seems to be the best. The suitable arrangement of leaf
springs is expected to ensure better stiffness control of the whole fastening system.
Description of a fastening system
In this case, the sole plate will consist of an upper plate and a lower plate, between
which leaf springs will be placed in a suitable configuration. The springs will be placed so
that each of them always has three contact points. Vertical movement will be enabled
due to fastening using a sleeper bolt or a sleeper anchor with a spiral spring, ensuring
that it is permanently pressed against the sleeper bolt or the sleeper anchor. A fastening
system will also show certain damping given by friction in the area of the spring contact
points. The standard type of fastening a rail to the sole plate using a flexible clamp,
clamp bolts and a rail foot pad is assumed.
Prospects of solutions
The concept brings many problems that must be solved by calculation optimization:
1) A leaf spring system must be designed so that the required height position of the
rail is guaranteed by tightening the clamp bolts and chair screws.
2) A leaf spring system must be designed so that the fastening system has sufficient
stiffness while a train is passing. This means that the system will hold as a whole
– the node will not set vibrating, and the clamp bolts and the chair screws will not
come loose. In terms of the passing of a train, it must also be true that the whole
fastening system is designed so that the control of its stiffness in the vertical
direction is not significantly influenced by the intensity of the guiding force.
3) A leaf spring system must be designed so that the resistance of the rail to
movement caused by the action of the force from the long-welded rail is within
the required limits.
4) A leaf spring system must be designed so that all parts of the fastening system
have sufficient cyclic strength, contact resistance and capability of performing
their function at the required quality for a long time (considering repeated
passages of a train, or considering repeated changes in the temperature, the
whole system must not show any signs of relaxation).
5) The stiffness of the whole fastening system must depend as little as possible on
the manufacturing tolerances of individual parts of the system.
6) A fastening system must be designed so that dirt cannot get between the springs.
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Figure 5-36 Next generation fastening system concept No. 3

Figure 5-37 3D geometrical model of concept No 3
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Figure 5-38 3D geometrical model of concept No 3 – cross section

Figure 5-39 3D geometrical model of concept No 3 – exploded view
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5.2

Composite plastic sleepers

5.2.1

Fibre-reinforced foamed urethane (FFU) composite bearers

The development of railways is closely linked with the development of social economy.
At present, the world railway is still developing rapidly, especially in developing
countries. Although the development of railways is different in every country, many
common rules and technologies are worth learning from. While the speed of railway
operation needs to be improved, the requirements for railway sleepers are also
increased, and materials should also be considered from the perspective of economy and
environmental protection. Railway sleepers are an important part of the infrastructure.
Currently, the sleepers involved or applied include wooden sleepers, concrete sleepers,
FRP (fibre-reinforced plastic) sleepers, rubber sleepers, thermoplastic sleepers and FFU
sleepers. The service life of rails is getting longer and longer, which requires some nondestructive real-time monitoring of the sleepers. Non-destructive testing (NDT) of
concrete sleepers is now common, but for some other materials, the testing system still
needs constant practice and application. NDT data for FFU sleepers, such as acoustic
emission testing techniques, inclinometers and the use of stress gauges to replace those
destructive tests, are still scarce; they are used to study the structural characteristics of
FFU sleepers under static load. In this section, the recent progress of polymer
composites as a substitute material for railway sleepers is reviewed, evaluated and
summarized. FFU materials are tested under different load conditions, which are based
on the three-point bending experiment. AE sensors are used to accurately provide the
location and information of the crack or damage in the sleeper.
5.2.1.1

Background

Originally called ESLON Neo Lumber, FFU is a new material developed from wood,
synthesized by Sekisui in 1978 for railway sleepers. Since then, it has been widely used
in Japan’s rail infrastructure, from the high-speed Shinkansen to regional trains and
urban subway systems. So far, more than 870 km of track has been laid with FFU, and
the main application areas are switches, open steel beam structures and tunnels. Earlier
studies found that wood bearers, were vulnerable to damage to the shape and erosion of
the sleeper due to the weather. Therefore, many countries are investigating new
materials to replace the weakness of the wooden bearer and maintain its original
advantages. FFU synthetic materials have almost the same specific quality as natural
materials, but their service life is much longer, and their weathering resistance is also
superior. They are easy to process, raw materials are easy to obtain, with the same high
electrical insulation ratio as raw materials, and can be mass-produced [7].
In 1996, the Railway Technical Research Institute (RTRI) removed the first synthetic
sleepers from the experimental track section and ran a series of new tests on them.
Based on the results recorded at the time, the FFU’s field service life is expected to
exceed 50 years. Fatigue tests were carried out at the Technical University of Munich
and showed that the FFU composite wooden sleeper performed well due to the plastic
deformation caused by high track pad force, sleeper screw pulling force and impact test
behaviour. FFU is much more durable than natural wood [8]. RTRI’s reports showed the
development and use of the Japanese FFU sleeper for over 35 years, mainly used in
short sections and on bridges [9]. The initial results showed that 15 years after laying,
the short sleeper had no cracks on the surface, no bending on the whole, and the overall
colour and size were basically unchanged. In terms of performance, after 15 years of
use, bending strength decreased by only 17%, tensile strength was similar, and all
parameters were higher than the required index; 15 years after laying the FFU sleeper
on the bridge, there were no cracks or bends on the surface, no damage to the bonding
surface, and only changes in surface colour. In terms of performance, after 15 years of
use, when bending strength was reduced by 20%, tensile strength was reduced by 23%,
and all parameters were higher than the required index [10].
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5.2.1.2

Experimental studies

The experiment is based on the evaluation criteria of EN 13230 [11]. The Standard
describes test material specifications, support conditions, loading procedures and some
specific requirements for bending tests on sleepers, etc. The aim of this full-scale test is
to identify failure modes of the FFU bearers, which are essential to optimize design
performance.

Figure 5-40 Full-scale FFU composite bearers

Figure 5-41 Modal testing on FFU composite bearers

Prior to the experiment, each sleeper was subjected to modal testing. This requires
laying a rubber cushion under the sleeper to support the sleeper. The cushion is placed
under the rail seat support and is used to provide softer support so that the modal
parameters of sleeper itself can be recorded. For the modal test when recording the first
crack, the sleepers are kept in the same condition; therefore, the sensor will not be
interfered with, and the modal data can still be accurate. Three full-scale specimens of
FFU sleepers with length, width and height of 3300, 260 and 180 mm, respectively, were
utilized. Firstly, modal analysis was carried out on them. The equipment we used is
Prosig P800 impact hammer testing. Thirty-four uniform points were marked on the
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sleeper surface as the excitation point of the impact hammer. One of the excitation
points in the corner should be an accelerometer, which is kept in a fixed position (Figure
5-41). The maximum application frequency is 2,100 Hz; several frequencies were
extracted for record analysis and comparison. The curve fitting method was used to
define these attributes more clearly. According to BS EN 13230-2 bending testing [11],
positive and negative bending tests are required at the rail seat support. In the
experimental process, static load was applied to the middle span of the sleeper for
normal bending. When the sleeper cannot distribute the load evenly into the ballast, it
will bend. Three AE sensors were used in the tests, and a linear variable differential
transformer (LVDT) was installed at the mid-span location of the sample to record the
deflection. Four strain gauges were installed at the front and rear positions of each
sample to collect stress changes, as shown in Figure 5-42.

Figure 5-42 Experimental setup

Based on Table 5-1, for FFU composite sleepers, the lowest mode is the first bending,
the second mode is the first torsion, the third mode is the second bending, the fourth
mode is the second torsion, and the fifth mode is the third bending. Variation of a
dynamic property shows that the internal property of the sleeper has been changed from
the undamaged to damaged state.
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Table 5-1 Mode shapes for FFU composite sleepers

Mode

Healthy condition

After ultimate loading (133 kN)

Frequency
[Hz]

Damping [%]

Frequency
[Hz]

Damping [%]

68.23 (1st bending)

3.96

56.92 (1st bending)

5.0

85.78 (1st twisting)

2.98

75.94 (1st twisting)

3.83

143.61 (2nd
bending)

3.37

121.87 (2nd bending)

2.8

180.14 (2nd twisting)

3.85

139.68 (2nd
twisting)

3.99

247.96 (3rd bending)

4.96

185.28 (3rd
bending)

2.53

1

2

3

4

5
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As illustrated in Figure 5-43, it was found that the first sleeper fracture appears at 32 kN
and it fails at 132 kN. The largest fracture exceeds 25 mm in width.

Figure 5-43 Damage mechanism of FFU composite sleepers under static loading

Figure 5-44 shows the load deflection and acoustic energy from acoustic emission
probes. It was found that the maximum energy can be found at the moment of ultimate
damage. The failure mode of the FFU composites is also illustrated in Figure 5-45. It is
quite clear that the composites generally fail in brittle mode.
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Figure 5-44 Load deflection of FFU composite sleepers under static loading

Figure 5-45 Failure mode of FFU composite sleepers under static loading

Based on the results, it was found that composite sleepers can fail in splitting mode,
which could not be properly identified by the flexural strength. As such, the design
should take into account this splitting phenomenon. It was found that, by adopting
FFU composites, track stiffness can be retained (40–50 MPa), but track decay
rate or track damping can be increased (5–7% across dominant frequencies).
5.2.2

3D-printed layered composite bearers

Multi-layer composite fibre bearers with various stiffness using various types of
thermoplastic resin can be printed using a commercial 3D printer, as shown below in
Figure 5-46. Current 3D printing technology can easily enable production of the
component, and it can be printed in the field. The technology enables the printing of
combined fibres and thermoplastic resins, which are critical for the strength and
durability of turnout bearers.
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Figure 5-46 3D-printed multi-layered composite bearer

Three layers are designed to ensure that the top layer (blue) is sufficient to provide pullout resistance to fastening and bolt systems for baseplates. The minimum depth of the
top layer is 150 mm; the second and the third layers can be designed with respect to the
maximum grain size of ballast. Table 5-2 shows the nominal strength of the composite
materials in each layer.
Table 5-2 Nominal depth design of 3D printing composite layers

Layer

Depth

Density
(kg.m−3)

Elastic modulus
(GPa)

Top

> 150 mm (to assure
structural integrity of the
fastening system)

800–1200

8–14

= Total depth – 150 mm –
the soffit depth

600–800

2–4

< 500

200–500

(blue)
Middle
(green)

For example: for 180 mm
total depth of turnout bearers
over 63 mm ballast, this
middle layer should be 20
mm deep
Soffit

≥ 10 mm for 63 mm ballast

(orange)

≥ 8 mm for 53 mm ballast
> 6 mm for ballast with grain
size less than 53 mm

(equivalent to stiff
under sleeper pad)

A 3D FE simulation has been established and validated with experimental results for FFU
composite bearers. This model has been modified for use to design optimal 3D-printed
layered composites. Figure 5-47 shows the 3D finite element model (FEM) of the FFU
bearers, and Figure 5-48 shows the comparison between experimental and numerical
studies. It was found that the model can be used to predict the behaviour of the
composite bearer really well, with a discrepancy of less than 5%. The 3D printing
technology can thus be designed for appropriate use as a novel track support for railway
S&Cs [12].
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Figure 5-47 FEM of composite bearer

Figure 5-48 Model validation for composite bearer

A 3D FEM for 3D-printed layered composite bearers has been established using the
previous modelling technique, as shown in Figure 5-49. It can be seen from Figure 5-50
that the model is capable of predicting the stress–strain behaviours that can be used for
design optimization of the material properties in each layer. The delamination effect
should be designed in order to improve the life cycle of the 3D-printed composite bearer.
By optimizing the properties of the bottom layer (10 mm thick), it is possible that the
layer can enable ballast biting, which will improve ballast–sleeper friction and strengthen
lateral track stiffness (as shown in Figure 5-51). By using 3D-printed composites, track
stiffness can be modified (40 MPa) throughout the S&C panels. There will be no need for
a stiffness transfer zone. Track decay rate or track damping can be increased (up to
15% across dominant frequencies), depending on the design properties of the composite
layers. The 3D printing composites thus create a new opportunity to automate
construction, to improve maintenance productivity and to optimize track stiffness and
dynamic damping, which can reduce wheel/rail force, vibration and noise propagation,
and wear and tear, resulting in lower whole-life costs and carbon emissions.
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Figure 5-49 FEM for 3D-printed composite bearer

Figure 5-50 FEM for 3D-printed composite bearer

Figure 5-51 Condition of bearer soffit after 15 years (FFU bearer)
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5.2.3

Multifunction composite sleeper

5.2.3.1

Introduction

The use of composite sleepers will expand the possibilities for using the sleeper itself. At
this moment, sleepers are used practically only to hold and support the rails. In the
future, it will be possible (indeed, it is already during the production of composite
sleepers) to insert various active/passive interlayers or devices for online monitoring,
energy harvesting, etc.; see Figure 5-52.
With innovations, it is possible to create a composite sleeper (plastic sleepers with
different particle/fibre reinforcement) with holes or cavities for inserting specially
designed and modified energy harvesters. These energy harvesters should be able to
convert mechanical energy (deflection or deformation) into electrical energy, which can
be further utilized to power different low-energy sensors/devices.

Figure 5-52 Example of use of a composite sleeper with various types of piezo stack

The aim of the study is to verify the possibility of creating different holes (see Figure 553), with additional usability for energy generation/storage or implementation of
individual sensors or entire unified measuring devices. Hole 1 should be used primarily to
hold energy generation equipment; hole 2 is then designed to hold batteries, different
sensors or data acquisition (DAQ). The entire system is designed as modular. It should
be possible, in a very short time and with minimal effort, to replace the entire cartridge
for the individual holes. These separate cartridges should be individually set for specific
purposes, of course; they may contain different sets of sensors, batteries, energy
harvesters, etc.

Figure 5-53 Design of hole locations in this study
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5.2.3.2

Concrete sleeper

Numerical model and boundary conditions
First, a numerical model of a simplified standard concrete sleeper (without the holes)
was created on which the calculations were calibrated. To determine the corresponding
stiffness of the subgrade, the values of deflection of the sleepers were verified here to
match conventional concrete sleepers. ANSYS FE software was used for modelling and
calculation. The boundary conditions are shown in Figure 5-54. Only one plane of
symmetry was used; that means only half of the sleeper was modelled. In the numerical
model, a baseplate (E = 210,000 MPa, µ = 0.3) with a thickness of 15 mm, and a PE
baseplate pad (E = 800 MPa, µ = 0.4) with a thickness of 2 mm were also considered.
The load was applied to the base plate by means of a pressure corresponding to a force
of 100 kN. Depending on the model type, about 500,000 3D SOLID186 elements and
about 10,000 2D SURF154 elements were used.
static load by pressure of 1.79 MPa,
corresponding to force of 100 kN

plane of symmetry

SURF154, stiffness 0.28 N/mm.
Figure 5-54 Proposed model of standard concrete sleepers with boundary conditions.

Verification of numerical model
To verify the behaviour of the numerical model used, deflection (vertical displacement)
on the concrete sleeper was chosen as the key value; see Figure 5-55. From the results,
it is obvious that the maximum deflection occurs below the rail seat area where the
deflection value is slightly above 1.2 mm. In the middle of the sleeper, the deflection is
approximately 0.925 mm. This result corresponds to real measurements made on
concrete sleepers and corresponds to rail deflection of approximately 1.6 mm in
dependence on the rail fastening parameters. It can be stated that the stiffness of the
subgrade value of 0.28 N.mm−3 is chosen correctly and will be used in further
calculations.

Figure 5-55 Deflection of standard concrete sleepers [mm]
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Concrete sleeper with hole
Based on the previous model, and the need to place a piezo stack (energy harvester or
stiffness controller) on the sleeper, a cylindrical hole 80 mm in diameter was designed at
the foot of rail sleeper; see Figure 5-56.

Figure 5-56 Hole created in the sleeper for the possibility of inserting a piezo stack
(energy harvester/stiffness controller)

Numerical results
The results for the concrete sleepers are presented in Figure 5-57 (deflection) and Figure
5-58 (bending stresses). As can be seen in Figure 5-57, the deflection changed only
minimally. There was a slight increase in the deflection value of 0.02 mm (approx. 2%).
On the other hand, as a result of the formed hole, a bending stress tip that reaches over
13 MPa appeared near the created hole; see detail in Figure 5-58. Considering the
allowable bending stress value of 3 MPa usually considered when designing concrete
sleepers, it is not possible to use standard concrete sleepers for the proposed
modification.

Figure 5-57 Deflection of the concrete sleeper with hole [mm]
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Figure 5-58 Bending stresses of the concrete sleeper with hole [MPa]

5.2.3.3

Composite sleeper

Material properties
As can be seen from previous results, the use of standard concrete sleepers for this
application is not possible. So, if we want to introduce this innovation (the possibility of
inserting cartridges with sensors, energy harvesters, etc.), it is necessary to switch to
another type of material. Here is the opportunity to use sleepers made from composite
materials.
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Generally, a composite material is made by combining two or more materials – often
ones that have very different properties. The two materials work together to give the
composite unique properties. Most often, composite sleepers have been composed of a
proprietary mixture of plastics (mainly shredded HDPE), rubber from whole postconsumer tyres, rubber buffing from retreaders, other waste materials, chemical
additives and various fillers and reinforcement agents like fibreglass [13, 14].
In this study, FFU synthetic sleepers were considered. They are manufactured using a
pultrusion extrusion process. Continuous glass-fibre strands are soaked in special
polyurethane, and a composite of the materials is developed by curing at an increased
temperature [3]. FFU synthetic sleepers can be used on the railway practically in exactly
the same way as natural wood. Moreover, the estimated lifetime of FFU synthetic
sleepers is much longer, 50 years (unlike concrete sleepers at 35 years and wooden
sleepers at 20 years). Moreover, the bending resistance of FFU sleepers is reported to be
more than 140 MPa.
The material properties used in the numerical model corresponding to FFU synthetic
sleepers (see example in Figure 5-59) were taken from [15]: Young’s modulus E =
8100 MPa and Poisson ratio µ = 0.3.

Figure 5-59 Example of FFU® synthetic wood (www.sekisui-rail.com)

Numerical results
Deflection
Figure 5-60 shows the deflection of the composite sleeper under the same boundary
conditions and at the same load as the standard concrete sleeper (see Section 5.2.3.2).
In the following schematic image, Figure 5-61, a comparison of the deflection of the
composite and concrete sleeper is plotted. Obviously, as a result of different stiffness,
the composite sleeper on the symmetry axis is deflected significantly less (more than
30%), while under the foot of the rail, deflection of the composite sleeper is about 15%
higher. But that should not hurt; on the contrary, when using electrical energy from a
mechanical response, this effect could be positive.
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Figure 5-60 Deflection of the composite sleeper with hole [mm]

Figure 5-61 Schematic comparison of deflections (bottom) for composite (middle) and concrete
(upper) sleepers with hole [mm]

Stress
Figure 5-62 shows the bending stresses for the composite sleeper with the hole. There is
a significant increase in the bending stresses around the hole as well as in the concrete
sleeper; see detail in Figure 5-62. As a result of the stress concentrator, the bending
stress value is about 10 MPa, even less than in the case of concrete sleepers (over 13
MPa), which is due to the different stiffness of the materials. But unlike the concrete
sleepers, the bending resistance of the FFU composite material is considerably higher
(more than 140 MPa [15]). Therefore, this material has been proved to be well-suited for
the considered adjustment.
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Figure 5-62 Bending stresses of the composite sleeper with hole [MPa]

Final geometric design
With respect to maximizing the potential of composite sleepers, another numerical model
with a second hole at the end of the sleeper was created; see Figure 5-63. This hole can
be used to hold different devices either to convert energy, to store energy, or to hold
different sensors, etc. For basic calculations, a 200 × 100 × 100-mm hole was cantered
from the side. Obviously, it is possible to further modify both dimensions and location.
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Figure 5-63 Example of the composite sleeper with two holes

Looking at the design, critical locations were defined in the corners of the new hole. The
calculation was therefore focused on these places. As can be seen from the result
(Figures 5-64 and 5-65), in this case, there was almost no influence on the stress field
when the maximum tensile bending stresses increased by 0.012 MPa. It can be stated,
therefore, in terms of safety, that this second hole has practically no role.

Figure 5-64 Detail of the composite sleeper with second hole; bending stresses are plotted [MPa]
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Figure 5-65 Bending stresses of the composite sleeper with (bottom) and without (top) second
hole [MPa]

Conclusions
The main aim of the study was to verify the possibility of placing various devices in the
holes created directly in the sleepers. Two holes were designed for the basic assessment,
one under the rail and one at the end of the sleeper. It turned out that for a standard
concrete sleeper, the proposed concept is unusable. The bending stresses of more than
13 MPa are too high, when the allowed value is about only 3 MPa usually considered for
concrete sleepers.
For further application of built-in devices, it was necessary to design sleepers from a
material other than concrete. Specifically, the material generally known as FFU synthetic
sleepers was chosen. After a series of numerical calculations with FFU material, the
maximum values of bending stresses were determined to be about 10 MPa. However,
the allowed bending stress is more than 140 MPa for FFU. Therefore, it can be said that
this material is more than adequate for the proposed solution.
On the other hand, however, it should be noted that there is basically no valid
methodology for assessing FFU sleepers, which will need to be dealt with in the future.
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5.3

Self-healing
structures

and

high-damping

concrete

for

track

support

Concrete is used in railway construction worldwide as a key material for railway sleepers,
bearers, track slabs, platforms, railway stations, bridges, drainage, culverts, etc.
However, concrete is still found to be brittle, especially under tensile forces and shock
loads. In order to improve its ability to resist dynamic loading, crumb rubber from waste
rubber tyres has been used to replace sand. Also, synthetic fibres have been used to
offset the negative influence of adding rubber and to improve the tensile load resistance
of concrete. In this project, specimens with standardized and natural cracks were
manufactured and tested in order to evaluate the self-healing ability when different
contents of fibre and crumb rubber were added to concrete. This task is part of the proof
of concept for the novel technology for track support innovation.
5.3.1

Background

Concrete is made from cement, coarse and fine aggregate, sand and water. Concrete is
a material often called for today because it is widely used worldwide and it has high
compressive strength, high stiffness, good fire resistance and low cost [16]. The obvious
disadvantage of concrete is its weak tensile strength and brittleness that can easily
induce cracks under tension and shocks [17]. Cracks in concrete can expand gradually to
internal reinforcements if there is no immediate repair [18]. This means that chemical
materials and water can easily attack steel bars and cause corrosion [19]. Thus, these
cracks not only result in a reduction of the strength of concrete, they also reduce the
durability of buildings [20]. In the UK, 45% of annual construction fees is spent on
maintenance of existing buildings and concrete structures [21]. If cracks can be healed
by themselves, then the maintenance fees of these buildings can be dramatically
reduced. Moreover, it is difficult to check cracks in some places where workers have
difficulty getting access. It is really difficult to properly check the stability of
construction, especially for large-scale structures [22]. Furthermore, manual methods of
repairing cracks have limitations, such as using chemicals and environmentally
unfriendly construction materials [23, 24].
In order to enhance environmental sustainability, replacing sand with crumb rubber
(derived from recycling of waste tyres) can be beneficial and practical. Discarded tyres
which are out of service are estimated as the second largest waste material worldwide
[25]. The major component of rubber, styrene, is bad for the environment when it is
discarded or burned [26]. Discarded polystyrene cannot enter the biosphere through biodegradation and photolysis. Due to its low density, foamed polystyrene (Styrofoam)
floats on water or in the wind, causing subjective landscape damage. Moreover, plenty of
land which provides potential living sites for rodents is filled with waste tyres. There is
an urgent need to deal with the negative influence from waste rubber. In this project,
crumb rubber was used to substitute a small part of sand, to detect the influence of
adding rubber into concrete. Self-healing concrete has been paid much attention in the
last 40 years. There have been some research works about self-healing with bacterial
additions. However, it has been found that these bio-solutions can be impractical,
especially in aggressive rail environments. In fact, there has been no previous research
on the self-healing ability of crumb rubber concrete, especially with fibre addition. If the
concrete can satisfy the requirements of strength and has good self-healing
performance, it can be used to manufacture sleepers and bearers which are hard to
access for inspection, repair and maintenance. Moreover, it is really helpful to release
the burden of waste rubber. Thus, this project is crucial to investigate the self-healing
ability of rubberized concrete with fibres, which can inform the technical feasibility and
potential uses in the railway sector. The preliminary results will enable the proof of initial
concept and identify improvement areas for manufacturing the prototype of self-healing,
high-damping concrete bearers and track slabs for railway systems.
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5.3.2

Experimental studies

For autogenous self-healing ability, the processes can be separated into two
mechanisms. Firstly, remaining cement particles start hydration. Secondly, CaCo3 will be
formed after dissolution of Ca(OH)2 [27]. The mechanisms are shown below [28]:

H2O + CO2 Û H2CO3 Û H+ + HCO3− Û 2H+ + CO32−
Ca2+ + CO32− Û CaCO3 (pHwater > 8)
Ca2+ + HCO3− Û CaCO3 + H+ (7.5 < pHwater < 8)
Based on these processes, the concrete can be designed to improve its self-healing
capability, while retain strength, damping and durability.
According to the British Standard BS EN 197-1 [29], Ordinary Portland Cement type 1
(CEM 1) with a strength of 42.5 MPa is used to manufacture concrete. Sand particles
which are smaller than 5 mm can be used as fine aggregate. Gravel particles which are
between 5 and 10 mm can be used as coarse aggregate. Before concrete is made,
aggregates need to be dried in an oven at 100 degrees for an hour and moved outside
for cooling to reach indoor temperature.
The sizes of crumb rubber used in this project are 180 and 400 microns, as shown in
Figure 5-66, and were kindly supplied by Lehigh Technologies Incorporation. They are
mixed at a ratio of 1 : 1.

(a)

(b)

Figure 5-66 (a) 180-micron crumb rubber; (b) 400-micron crumb rubber

High-performance construction fibres, which are called DURUS EasyFinish, from Adfil
Construction Fibres, were used in this project. The fibre can reduce embodied carbon
dioxide and create more durable structures, as shown in Figure 5-67.
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Figure 5-67 DURAS EasyFinish fibre

The concrete mix designs can be found in Table 5-3. Six design mixes of concrete have
been developed to identify the challenge in material design for concrete sleepers and
bearers. It is important to note that these mix designs have been developed from
previous studies [30, 31, 32], which have yielded damping of 4% to 6% in concrete.
Table 5-3 Concrete mix design

Design of concrete mixtures

Cement

Water

Gravel

Sand

Reference

530

233

986

630

Mix 2

5% 180&400 CRC

530

233

986

598

32

Mix 3

5% 180&400 CRC+0.1% fibre

530

233

983.621

598

32

2.379

Mix 4

5% 180&400 CRC+0.15% fibre

530

233

982.431

598

32

3.569

Mix 5

5% 180&400 CRC+0.2% fibre

530

233

981.242

598

32

4.758

Mix 6

5% 180&400 CRC+0.25% fibre

530

233

980.052

598

32

5.948

No.

Mixes

Mix 1

Rubber Fibre

unit: kg.m−3
The concrete was manufactured in the control laboratory at the University of
Birmingham, as shown in Figure 5-68. The mechanical properties have been tested to
evaluate technical feasibility of the novel solution.
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Figure 5-68 Concrete slump and specimens

5.3.3

Results

As generally found, rubber added to concrete will induce a reduction of compressive
strength. Figure 5-69 shows that there was a 17.4% reduction of compressive strength
caused by adding 5% rubber between Mix 1 and Mix 2. Then, the compressive strength
increased from Mix 3 to Mix 5 with the rates of 5.3%, 2.2% and 1.6%, respectively. The
compressive strength of Mix 5 was highest in the rubberized concrete. The reason can be
supposed to be that fibre confines concrete and supports it to suffer higher loads.
However, the compressive strength of Mix 6 dropped with a rate of 1.2% to 53.14 MPa.
This phenomenon can be supposed to be due to too much fibre inducing a reduction of
compressive strength. However, the design of slightly higher strength concrete can
compensate for this issue to achieve C55, as required by the standard for sleepers and
bearers.

Compressive Strength (MPa)
70,00
60,00

59,57
49,20

50,00

51,82

52,96

53,81

53,14

M3

M4

M5

M6

40,00
30,00
20,00
10,00
0,00
M1

M2

Figure 5-69 Concrete compressive strength

According to Figure 5-70, a decline of splitting tensile strength with the rate of about 8%
can be observed between Mix 1 and Mix 2. This results from additional rubber.
Afterwards, there is a noticeable increase of strength from Mix 2 to Mix 3 at a rate of
3.9% which is the highest. Then, there are two continuous increments of strength from
Mix 4 to Mix 5 at rates of 2.1% and 2.0%, respectively. This can be explained by the
strength increasing by adding fibre into the concrete. However, the increment stops at
Mix 5 with 0.2% fibre. Finally, the strength of Mix 6 decreases to 2.97 MPa at a rate of
2.0%. This phenomenon can also be supposed to be due to too much fibre inducing a
reduction of splitting tensile strength.
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Splitting Tensile Strength (MPa)
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Figure 5-70 Concrete tensile strength

In Figure 5-71, there is a decline of flexural strength at a rate of 13.4% for Mix 2,
compared with Mix 1 which is plain concrete. After that, the strength of Mixes 3, 4 and 5
increases constantly at rates of 0.3%, 0.5% and 0.2%, respectively. Finally, the strength
of Mix 6 remains at 5.92 MPa. It can be concluded that additional fibre can improve
flexural strength, because fibre can bond concrete samples when they are broken.
Nevertheless, this phenomenon stops at Mix 5 with 0.2% fibre. It can be recognized that
0.2% fibre in concrete can lead to the highest flexural strength of concrete in this
project.

Flexural Strength (MPa)
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7,00
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6,00
5,00
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5,88

5,91

5,92
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3,00
2,00
1,00
0,00
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Figure 5-71 Concrete flexural strength

In previous studies, no researcher has previously calculated the precise increase rate of
self-healing. In this project, a method of measuring the rate of increase has been
developed. Firstly, four concrete prisms were prepared in one mix as the reference.
Secondly, the speed of UPV tests and modal natural frequencies of other concrete mixes
were used to benchmark with the reference. The difference in the speed and natural
frequencies was used to identify the crack healing rate. Figure 5-72 demonstrates the
self-healing capability of the concrete mixes. It is clear that the proposed design mixes
of concrete possess autogenous self-healing ability to reduce cracks and improve
durability of the structures. It is noted that concrete bearers would crack under highintensity shock loads that occur several times a year. This implies that the concrete has
sufficient time to self-heal within the shock loading period.
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 5-72 Visual observations of concrete crack healing after 28 days (a, b: Mix 3; c, d: Mix 4; e,
f: Mix 5; g, h: Mix 6)
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In this project, Mixes 1 and 2 cannot be pre-cracked with natural cracks, because
specimens have no reinforcement and will be separated into two parts by using existing
equipment in the laboratory. Thus, Mixes 1 and 2 were pre-cracked artificially with thin
films on the casting day. Additionally, the standardized cracks made by thin plastic films
were around 0.25 mm, and the cracks are found to be healable according to previous
research. However, Mixes 1 and 2 with standardized cracks pre-cracked at an early age
have more possibility to be healed than other mixes which were cracked at 28 days.
Mixes 3, 4, 5 and 6 were cracked by a four-point bending machine at 28 days. The width
of the cracks was also around 0.25 mm. Additionally, the specimens were fully cracked,
which means that the depth of the cracks is around 100 mm. Based on the UPV and
natural frequency tests, it can be observed from Figure 5-73 that it is much harder to
heal specimens with natural cracks than those with artificial cracks.

(a)

(b)

(c)

(d)

Figure 5-73 Self-healing rates of (a) Mix 3 with natural cracks; (b) Mix 4 with natural cracks; (c)
Mix 5 with natural cracks; (d) Mix 6 with natural cracks

5.3.4

Remarks

This project has reviewed previous research on self-healing and rubberized concrete. It
has developed a new improvement in concrete design that enables high damping and
self-healing properties. The experimental studies into the improved self-healing
concrete, which contains 5% of 180 and 400-micron rubber and different proportions of
fibres, were carried out to demonstrate self-healing abilities as a main radical
improvement concept in innovative material design for railway S&Cs. The improved
concrete enhances dynamic damping by up to 6% while maintaining the strength and
durability. This research has shown that the improvement can also help to reduce the
negative influence of waste rubber. Furthermore, the developed concrete has clearly
demonstrated self-healing ability, with up to 90% crack healing found within 28 days
(after cracks). This type of concrete could be used in the railway construction industry to
reduce maintenance costs and improve the durability of railway concrete bearers and
track slabs.
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5.4

Neoballast

5.4.1

General description

Neoballast consists of a ballast aggregate covered by an advanced coating that
comprises a bespoke binder component and recycled rubber coming from end-of-life
vehicle (ELV) tyres. Neoballast allows the use of poor-quality aggregates (e.g. limestone
ballast), even recycled ballast, which can compensate for the lack of high-quality
aggregates in certain regions. Neoballast samples can be seen in Figure 5-74.

Figure 5-74 Neoballast samples (left); cut Neoballast samples (right)

Although many solutions have been developed for ballast, in order to increase track
performance and reduce maintenance needs, the current ballast present in the majority
of European and worldwide railway lines is practically the same as a century ago. The
ground-breaking nature of Neoballast lies not only in adding significant value for the first
time to ballast aggregates, but in achieving a multipurpose solution able to increase the
lifespan of the track and reduce track stiffness, which is especially relevant in S&Cs,
while solving another major issue of concern for infrastructure managers: annoyance
caused by noise and vibrations.
With its rubber coating, Neoballast increases energy dissipation and load distribution,
leading to increased flexibility. This allows a reduction in ballast layer thickness of up to
20%, which is significantly important for tunnels and bridges with reduced gauge. It is
also very convenient for high stiffness zones of the track, such as S&Cs. In addition,
Neoballast provides a larger contact area with sleepers, which leads to less track
deterioration and fewer maintenance needs for the track in general and S&Cs in
particular. Neoballast can also be combined with plastic bearers or any other
technologies to be developed for track support [33].
Neoballast can reduce the extraction of new ballast by up to 70% by enhancing its
durability, but also by allowing old ballast to be recycled. Best practices in track
maintenance and renewal are able to recover a small percentage (usually between 10%
and 15%) of ballast in good condition and thus it is susceptible to being reused in the
track by means of ballast-cleaning machines. In contrast, Neoballast technology enables
the recovery of degraded ballast aggregates, increasing significantly the amount of
ballast recycled (up to 80%). Consequently, Neoballast is also a recyclable product.
Moreover, Neoballast incorporates recycled rubber as an input material, contributing to
the circular flow of materials and to a more sustainable society [34].
In conclusion, Neoballast is an innovative solution for track substructure compatible with
the new concepts for S&Cs, with the main benefits summarized as:
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•

Better attrition resistance than standard ballast, doubling service life (from 20 to
40 years).

•

Larger contact area between sleepers and ballast, leading to less track
deterioration (up to 100%).

•

Reduction in track stiffness, which is very suitable for reducing the increased
stiffness in S&C zones.

•

Possibility of reducing ballast layer thickness, which may be very positive for
some new S&C designs.

•

Fewer tamping operations needed, which is especially appropriate for S&C
support zones, which are difficult to tamp.

•

It reduces LCC by about 40% due to the increase in durability. Further savings
can be obtained from the use of recycled or poor-quality aggregates.

•

Increase of noise and vibration (N&V) performance, avoiding in some cases the
need for isolation devices (reduction up of to 10 dBa of airborne noise and 6–10
dBv of vibration peak). Neoballast is two to four times cheaper than conventional
N&V mitigation solutions (ballast mats, isolating windows, etc.).

•

Reduction of the need for natural aggregates in railway construction (estimated
by 70%).

•

Reduction of ELV tyres sent to landfill and incineration plants (4 kg ELV tyres.t−1
of Neoballast).

•

Reduction of CO2 emissions (estimated at 3.50 kg of CO2.t−1 of Neoballast).

5.4.2

Data used for the simulations

The following data have been used in the track model developed by BUT:
•

Young’s modulus: 82 MPa

•

Poisson coefficient: 0.2

•

Density: 1.7 T.m−3 (apparent, considering voids)

•

Static stiffness: 25 KN.mm−1 (measured as load/displacement on the rail)

•

Dynamic stiffness: 30 KN.mm−1 (measured as load/displacement on the rail)

The static and dynamic stiffness have been obtained in laboratory tests in the way
described below.
The load considered in the tests is shown in Figure 5-75:

Figure 5-75 Load distribution considered in the lab tests
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The load applied on the static tests is shown in Figure 5-76.

Figure 5-76 Applied load for the static test

The load applied for the dynamic tests is shown in Figure 5-77.

Figure 5-77 Applied load for the dynamic test

In the static test, the cycle considered was the third one. In the dynamic test, an
average of all 1,000 cycles was considered.
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The global track stiffness was obtained by dividing the increase of the load applied on
the rail by the increase of the displacement measured at the same point of the rail
(secant stiffness), as shown in Figure 5-78.

Figure 5-78 Measurement of the secant static and dynamic stiffness
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5.5

Possibility of applying nanomaterials and nanotechnology in
S&Cs

5.5.1

Introduction

This section deals with the functional protection of metal material surfaces using coatings
based on organic and inorganic binders containing functional nanoparticles, and the
possibility of applying nanomaterials and nanotechnology in protective coatings on the
slide parts of switching boxes.
The application of organic, inorganic or composite coatings ranks among the most
widespread procedures for the protection of metal materials against effects acting from
the surrounding environment. The functional properties of these coatings allow the
protection of surfaces against chemical effects, atmospheric and biological degradation,
electrochemical corrosion, and corrosion associated with mechanical or thermal stress
and wear. Functional coatings based on organic or inorganic binders are made for
mechanically stressed surfaces of mechanical and technical devices, running and heavyduty areas, products, etc., in which they adjust, modify, improve and optimize the
surface. At the same time, they protect the surfaces of structural equipment against the
consequences of mechanical loads of various types, and/or they protect them against
damage caused by mechanical stress associated with chemical, thermal or conductance
effects, or they reduce their losses [35, 36].
These coatings are made using a number of techniques, from manual processes of
applying an initial paint using a number of types of spray gun or by dipping, coating,
etc., to the application of these techniques in automated and robotized workplaces. For
example, the automotive industry has a relatively comprehensive overview of
nanotechnology for its products. Also, rail transport has tried to penetrate the world of
nanotechnology [37, 38].
The possibility of how to offer new properties and utility values to numerous technical
objects is the manufacturing and application of so-called functional coatings or smart
coatings. That is why a large part of research works today aims to develop new
substances which, once they are built into a coating (paint film), perform exactly defined
tasks. Such substances include not only bio-molecules or encapsulated special materials,
but also, particularly, nanoparticles. If the size of particles of some substances is made
smaller to the level of nanoscale (units to tens of nanometres), then they show unique
physical and chemical properties and can significantly improve the utility properties of
paints. Nanoparticles can affect magnetic, antimicrobial, antistatic, photocatalytic, optical
and other properties. They affect also the final hardness and toughness of the coating,
the corrosion and mechanical resistance, and physical properties of the surface [39, 40,
41].
The possibilities of solving the application of nanomaterials in the construction of
turnouts, on the slide part of switch actuators, or straight onto the surface in the contact
area with the wheel, mean utilizing and connecting the properties of selected
nanomaterials with the properties of a selected coating binder so that the coating resists
the action of many relatively extreme loads or effects of the environment. It means a lot
of specific requirements for these coatings, which include, according to the terminology
of protective coatings, in particular: an extraordinarily high resistance to mechanical
stress, resistance of coating material to variations in high and low temperatures, UV
stability of coating material, hard coating surface and, at the same time, elastic binder
material, optimum slide properties of coating surface as well as resistance to friction,
suitable coating adhesion and integrity, impact toughness, etc. Smart coatings and
nanotechnology have the potential for solving this issue, which lies in finding
‘cooperation’ between the inorganic and organic components of the protective coating
[42, 43, 44, 45].
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5.5.2

Nanoparticles in protective coatings

Nanoparticles of metal oxides, mainly Al2O3, SiO2, SnO2, TiO2 and ZnO, are applied in the
composition of coatings and paints. Nanoparticles of BaSO4, CaCO3, oxides of silver, tin,
cerium, indium, Si carbides, Si, Al and B nitrides are utilized. Also, sulphides, ZnS and
many others are used. Special properties are provided by numerous forms of carbon,
such as C nanotubes or graphene, in so-called smart coating. Nanoparticles affect a
number of initial and final properties of paints, such as the ‘common’ stability in storage,
but they also affect the final improvement of the surface hardness of paints and
resistance to abrasion and impact. Nanoparticles improve the barrier properties and
chemical resistance of coatings; they also improve the thermal resistance and
incombustibility of coatings or also anticorrosion properties. There are many properties
of coatings and their initial materials, which are already mentioned not only in many
publications, but also in the offers of many companies [46, 47].
Specifically, if a coating is to be abrasion- or wear-proof, then it is useful, when
formulating the coating, to apply nanopigments resistant to this type of load. Such
particles come into consideration for these purposes as they themselves are very hard.
Silicate nanoparticles are suitable, or carbides and nitrides, in which excellent results
have been achieved in a number of applications. Also, adhesion of a coating or coating
system to the substrate, and adhesion of individual coating layers can be increased by
functional pigments and nanopigments with lamellar particles. Applications of specular
hematite, mica, lamellar silicates, graphite, oxides, etc. are known. The lamellar shape is
shown also by nanoparticles of some sulphides [48, 49].
There are a large number of possibilities to improve the properties of coatings using
nanoparticles, naturally depending on the type of nanoparticle. A comprehensive
overview of nanoparticle pigments and their properties and utilization is provided, for
example, in the Danish publication Survey of Products with Nanosized Pigments [50].
5.5.2.1

Carbon-based type C nanoparticles for protective coatings

Carbon materials and compounds have been known for decades. Natural forms, such as
graphite, diamond or amorphous forms, are an integral part of most industrial branches,
whether it is soot as a rubber filling in tyres, coal and coke as reducing agents or energy
fuel, diamond as an abrasive material or a coating for lathes, graphite as a dry lubricant
and anticorrosion pigment, or newly prepared synthetic forms which find new
applications. Excellent progress was achieved in the 1990s when, thanks to Sumio
Iijima, the world got to know about nanostructures; the first synthesis of carbon
nanoparticles took place using arc discharge from soot on graphite electrodes [51].
Knowledge of how the properties of a substance change, in the macro- and nano-form,
unknown until that time, started to be used in the course of time. Nor is the
development and use of carbon nanostructures in the form of thin coatings and films an
exception. Single-wall carbon nanotubes (SWCNT) are unrealistic for use in anticorrosion
paints due to their artificially created conditions with minimum entropy, which are not
compatible with uniformity and energy occurrence in nature. On the other hand,
multiwall carbon nanotubes (MWCNT) have exceptional properties, both mechanical and
chemical; in addition, with regard to their hydrophobic nature with high conductivity and
specific surface area, they have potential use also in protective coatings [51, 52].
Sumio Iijima described nanotubes as concentrically rolled sheets of graphene (a flat
molecule with a width of one carbon atom). At the beginning, this author only examined
multi-layer nanotubes with 2 to 20 layers, but in 1993 he confirmed the existence of
SWCNT and clarified their structure [51, 53, 54].
The force of the carbon–carbon bond improves the mechanical properties of nanotubes.
Individual SWCNTs have a remarkable property at extensive cross-deformation: they
bend, but do not break. Two parts of the zone ‘broken’ on both sides can be bent without
damage of the acute angle of bonds. Simulations and experimental tests have proven
that after removal of the acting force, the tubes again take their original shape [55].
Page 5-69 of 5-120

The exceptional impact toughness of these materials has also been proven. The modulus
of elasticity and the ultimate strength are properties dependent on the growth method of
nanotubes and subsequent processing. MWCNTs and bundles of SWCNTs are stronger at
bending, but they have a lower resistance at tensile stress due to ‘pull-out’ of individual
tubes. It seems that the actions of non-ideal structure and morphology have wide varied
effects on the modulus of elasticity and ultimate strength [55].
5.5.2.2

Conducting polymers and C nanotubes

A number of other protective coatings, so-called conducting polymers, are used,
particularly polyaniline (PANI), poly(p-phenylenediamine) (PPDA) and polypyrrole (PPY)
which, with their conductivity, are very similar to metals due to the structure with πconjugation and unique properties in redox ‘salt–base’ transitions. These conducting
polymers are used together with MWCNTs, because they can create a nanostructural,
physically bonded film on the surface of the substrate and therewith change its
properties to a certain extent. In the latest research studies, it has been found that using
conducting polymers and by thermal carbonization in an inert atmosphere it is possible
to prepare carbon nanotubes with up to 10% content of nitrogen heteroatoms (N-CNT),
which excellently change the entire system properties such as morphology, density,
viscosity and electric conductivity. By affecting the carbonizing reaction, conducting
polymers appear to be potential candidates for use in anticorrosion and thermally stable
paints and protective coatings [56, 57, 58].
5.5.2.3

Graphite and graphene

Graphite with sp2 hybridization is thermodynamically the most stable form of carbon on
Earth; it has a typical lamellar structure, perfectly cleavable by layers, which is caused
by weak Van der Waals forces [59].
As in the case of graphene, carbon atoms are not involved in the structure; it is situated
at the same point with sp2 hybridization as graphite. However, it is a synthetic allotrope
with relatively complicated preparation. It is the base stone for the next preparation of
nanocarbon particles (CNT, fullerene). It forms a honeycomb of hexagons with cyclically
repeating carbon atoms. It has a width of only one atom. It is permeable for the VIS
area with an extraordinary high thermal conductivity, specifically 5,000 W.m−1.K−1,
which is 2.5 times the value of diamond. It is used in electrical engineering, photovoltaic
cells, etc. [60].
5.5.2.4

Conducting polymers for protective coatings

It is generally known that polymers, thus also polymeric binders used in paints, are, with
their electric conductivity, closer to insulating materials; therefore, their electrostatic
charging by surfaces finished with them cannot be affected. Common polymers, such as
PE or PVC, are nonconductive and they are used as excellent insulating materials.
Conducting polymers are a special group of polymers owing to their unusual properties,
particularly in the field of conductivity. The common feature of these polymers is a
polyconjugated system of π-bonds, which mediates their electric conductivity and
magnetic and optical properties as well as in metals, but with the mechanical properties
and workability of conventional polymers. That is why conducting polymers are also
called synthetic metals. Admittedly, doped polyacetylene has the highest conductivity,
but due to destabilization by air, attention has turned to other conducting polymers, the
conductivity of which is in the range from 1 to 105 S.cm−1, very close to that of
polyacetylene [61, 62, 63].
The conducting polymers most often used are PANI, PPDA or PPY. For their conductivity
regulation properties, they are used in numerous electronic devices such as
electrochemical accumulators, biosensors, membranes for gas separation, in electrocatalysis and, last but not least, in anticorrosion paints, in which they have good
resistance, inhibiting mechanism and adhesion [64].
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5.5.3

Powder nanomaterials for protective and functional coatings

5.5.3.1

Protective and functional coatings based on organic and inorganic
polymers containing special pigments and nanoparticles

Sliding varnish-based coatings: present state
Sliding varnish is a thin coating which is applied on the surfaces of various materials,
most often metals, to improve their sliding properties. This sliding coating or film is
comprised of solid lubricating particles and organic or inorganic binders (special resins
and solvents). These solid lubricating particles are most often based on molybdenum
sulphide, graphite, Teflon or synthetic particles; however, special pigments can be used
too. Of all the types of solid lubricating particles mentioned, MoS2 provides the best
lubricating properties. The excellent lubricating effect is due to its lamellar structure; it
contains non-isometric particles, and the prevailing form is lamellae, which are able to
suitably integrate with the surface of basically any metal.
In the case of a surface load, the bundles of layers are gradually divided, and the sliding
coating is polished; also, after this phase, it reliably separates friction surfaces and thus
it significantly affects the coefficient of friction between those surfaces which move
between one another in dry state, i.e. without use of another type of lubricant. The
planes of sulphur atoms lead to a strong bond to metal surfaces and, therefore, sliding
varnishes are generally characterized with a number of positive properties: they
significantly improve the surface friction. Some types of sliding varnish provide very
good protection against corrosion. They are easily applied by spraying, are suitable also
in a vacuum environment, resist various types of radiation, do not have a drop point,
and are not subject to moisture variations.
A number of websites and publications deal with sulphides and their structures, with
substances with similar functional properties, and with products and coatings based on
them [65, 66, 67, 68, 69].
Metal Coatings Corp. has a very wide range of many types of high-tech coatings. In their
range, they offer protective coatings for extremely stressed substrates. Depending on
the type of polymer (fluoropolymers, PTF, PTFE, PVDF, FEP and many others), these
coatings provide protection for surfaces which are extremely stressed, whether
mechanically, abrasively, thermally or chemically. A crucial component is selection of the
lubricating component of coatings for extreme environments [70, 71].
Protective

and functional
nanotechnology

coatings

with

nanoparticle

content:

changeover

to

Another perspective in the field of protective and functional coatings is the development
of other types of coating containing nanosulphides such as WS2 and MoS2, or other
lamellar particles without a surface finish. Also considered is the development of coatings
containing nanosulphides and other lamellar particles, e.g. layered lamellar silicates or
mixed oxides of metals with a targeted surface finish by conducting polymers or other
substances. This opens the way to nanotechnology for surface finishes using coatings
containing functional nanoparticles.
Conducting polymers laid on various substrates of nanoparticles in layers of several tens
of nanometres can improve many properties of functional and protective coatings.
Coatings based on carbon nanoparticles, carbon nanoparticles with conducting polymers,
and silicates with conducting polymers give surface excellent anticorrosion protection
and resistance to mechanical effects.
Similarly, the C-based materials mentioned above are used in coatings, such as
graphene, which improves a number of properties of the material alone, and also in the
form applied on the material surface as a coating.
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Suitable binders of such coatings are fluoropolymers and their derivates. However,
binders of such coatings can be also other thermally and chemically resistant
macromolecular substances (polysiloxanes) [72, 73, 74, 75, 76, 77, 78, 79, 80].
5.5.3.2

Binders for functional coatings

Protective coatings can be applied on metal surfaces based on their utilization in
nanotechnology. This section provides an overview of suitable binders.
Apart from the above-mentioned binders based on fluoropolymers, it is useful to mention
also other types used for protective coatings. Because the selection is very extensive,
only a selection of UV-resistant and/or environmentally friendly ones, i.e. polysiloxanes,
will be mentioned.
Organic–inorganic hybrid paints based on polysiloxanes with various organic
modifications give films with characteristics such as a low content of volatile organic
substances, low toxicity or high weather resistance. One of the reasons for the
resistance of polysiloxanes is the presence of repeating Si–O groups in the polymeric
chain. Another reason for the higher resistance of polysiloxanes is the presence of the
mentioned oxidized silicone. Oxidization and related degradation of C–C bonds in organic
polymers cannot happen due to this in the case of the Si–O polysiloxane chain. This is
the reason for the higher resistance of polysiloxanes to attack by atmospheric oxygen or
to the action of oxidizing agents.
Silicone resins can be used in the form of impregnating varnishes or glass laminates in
electrical engineering, where they allow the construction of motors which operate at high
temperatures. Also, they are used in places where paints with high thermal resistance
are needed, such as pipes in the chemical industry, and other metal components which
are exposed to elevated temperatures. Methylphenylsilicone resins can be used also in
mixtures with other types of organic resin (epoxies, polyurethanes, acrylics, polyesters
and alkyds) as binding phases for paints with high heat resistance.
Silicones provide desirable properties to the surface, such as high flexibility and low
surface energy, and they also retain their properties after burning to higher
temperatures. Their good physical properties include heat resistance, hydrophobic
nature, high UV resistance, and resistance to chemicals. Silicones have a very low
temperature of glass transformation, around −120 °C. A great advantage of silicones is
the possibility of bonding various types of substituent to the silicone atom. These
substituents can be both inert (methyl, phenyl, 3,3,3-trifluoropropyl) and reactive (vinyl,
hydrogen, epoxy or amine groups) [81, 82, 83].
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5.6

Assessment of support innovations with
interaction and S&C infrastructure models

the

track–vehicle

The track–vehicle model is described in detail in Chapter 3. The computational model of
the S&C constructed using the FEM in ANSYS is described in Chapter 4, including its
parameters and the calibration.
Structures with composite plastic sleepers and Neoballast in comparison with standard
ballasted track are discussed in this chapter. Rail fastening innovations are discussed in
Chapter 5.1.
The material properties of standard ballast bed and substructure layers were considered
as a medium stiff track bed which corresponds to the static rail deflection for the
standard ballast bed and concrete bearers of approximately 1.6 mm (see Figure 5-92,
stationing 10–15 m). The material properties of the substructure layers were considered
constant for all variants.
The contact forces between a vehicle and the track corresponding to static influence lines
of all structure variants were calculated for vehicle velocities of 160, 200 and 250 km.h−1
(see Chapter 3). The contact forces for a velocity of 200 km.h−1 were taken into account
in the dynamic analysis. This velocity is generally considered as the maximum
permissible velocity for fixed crossings, so the maximum dynamic effects were expected
for this velocity. That is why the velocities 160 and 250 km.h−1 were omitted in the
dynamic analysis.
5.6.1

Preparing the model for calculation and test calculations

In the static analysis, it is necessary to obtain an influence line of the vertical
displacement of the railhead, after which the vehicle is subsequently driven. Before that,
a calibration was performed for a pair of forces located in the area of the bearers in front
of the switch and for a pair of forces located in the concrete sleeper (B 91 S) area (see
Figure 5-79), in order to achieve the specified deflection of the rail heel of 1.8 mm on a
bearer. The calculation is always done for two load cases. In the first load case, the selfweight of the skeleton and the forces in the clamps are the load. In the second load
case, the forces are increased by wheel loads. The resulting effect, deflection only from
the acting forces, is obtained from the difference of the second load case and the first
load case. Figure 5-80 shows the calculation results for the plain track area for the
second load case. The deflection uz of the railhead is 1.98 mm. The displacement field uz
from the wheel load only is shown in Figure 5-81. The vertical displacement uz of the
railhead is equal to 1.768 mm. Figure 5-82 gives the results of the calculation for the
area of the switches for the second load case. Figure 5-86 shows the results of the
calculation for the area of the sleepers for the load only by the wheel loads. At a place
under the rail, the vertical displacement is 1.634 mm, under a pad it is 1.075 mm, under
a sleeper it is 1.071 mm, and under ballast it is 0.97 mm. The transfer of the pads is
shown in Figure 5-85.
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Figure 5-79 Location of forces on a plain track when calibrating the model

a) Model section

b) Model section without rail

c) Model section – track bed
and substructure layers

d) Model section – substructure layers

Figure 5-80 Displacement field uz in the second load case
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a) Model section

b) Model section without rail

c) Model section – track bed
and substructure layers

d) Model section – substructure layers

Figure 5-81 Displacement field uz only from wheel loads

Figure 5-82 Location of forces, switch part when calibrating the model
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Figure 5-83 Displacement field uz in the second load case – overall model

a) Model section

b) Model section without rail

c) Model section – track bed
and substructure layers

d) Model section – substructure layers

Figure 5-84 Displacement field uz in the second load case
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Figure 5-85 Displacement field uz of steel plates in load cases 1 and 2

a) Model section

b) Model section without rail

c) Model section – track bed
and substructure layers

d) Model section – substructure layers

Figure 5-86 Displacement field uz only from wheel load

Similarly, a calculation was made for the dynamic stiffness of the pads in the switch
section and the concrete sleeper (B 91S) area. Figure 5-87 shows the field of vertical
displacements uz for wheel load only. The vertical displacement of the railhead reaches
1.454 mm for the area with concrete sleepers. For the switch sleeper, the vertical
displacement of the railhead is 1.351 mm; see Figure 5-88. Figure 5-89 shows the
vertical displacement of the model for further wheel set positions. This is the load only
by the wheel load in the crossing section.
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In the next step, it was necessary to build 153 load cases. Great attention was paid to
the division of forces at the point where the switch rail is close to the stock rail. Axle load
(2 × 112.5 kN) was gradually moved along the model in the direction of the defined
vehicle’s travel. In this calculation, there are 152 incremental axle load calculations and
one no-axle calculation. Wheel loads were applied vertically to the top of the railhead (to
two nodes of the model), above the sleeper. When passing through the area of the
switch rail, the forces were proportionally applied to the switch rail and the stock rail,
depending on the theoretical position of the wheel relative to the track.
After calculating 152 load cases with changing the position of the wheel load, a state
including the effect of pre-stressing in the rail fastening was deduced from each state.
Calculations were made for both cases of pad stiffness. The numerical results of the
calculations were transferred to MS Excel. Graphics processing in graphs is shown in
Figures 5-92 and 5-93.

a) Model section

c) Model section – track bed and substructure layers

b) Model section without rail

d) Model section – substructure layers

Figure 5-87 Displacement field uz only from wheel load –dynamic stiffness
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a) Model section

c) Model section – track bed and substructure layers

b) Model section without rail

d) Model section – substructure layers

Figure 5-88 Displacement field uz only from wheel load –dynamic stiffness

a) Crossing point

b) Behind crossing

Figure 5-89 Displacement field uz only from wheel load –dynamic stiffness

5.6.2

Calculation of dynamic response

The computational model of the turnout, tested and calibrated for the static response,
was used to resolve the dynamic response, based on the tuned stiffness of the vertical
rail deflection under axle load (each wheel is represented by the vertical force of
112.5 kN). Four variants have been dealt with, differing in the design of the track in the
turnout. The variant V1, representing the standard design where the reinforced concrete
sleepers are supported on the ballast bed, is considered as the standard one. In the
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second variant, V2, the reinforced concrete sleepers are supported by Neoballast. The
Neoballast in the calculation was considered to have a Young’s elasticity modulus of E =
82 MPa. The plastic sleepers were considered in the third variation, V3. The plastic
sleepers have a rectangular cross section with a height of 0.18 m and a width of 0.25 m.
The length is the same as the bottom of the concrete sleepers. The plastic sleepers were
considered to have a Young’s elasticity modulus of E = 8.1 GPa, Poisson coefficient of
0.3 and a specific weight of 740 kg.m−3. Plastic sleepers in the model were considered in
the entire S&C area. In variant V4, plastic sleepers are supported by Neoballast.
For each variant, it was necessary to determine the dynamic stiffness along the model.
This is to obtain the influence lines of the deflection stiffness of the railhead for the 152
selected static states. By using these influence lines, the interaction between the fouraxle vehicle and the skeleton was determined by the simulation calculation. The thusobtained wheel load acting back on the railheads was further used as the excitation load
on the running vehicle. Simulations were made for a speed of 200 km.h−1. The waveform
forces were designed for a track with real irregularities. Passage is assumed to be in the
direction from the top to the heel of the S&C.
5.6.3

Analysis of results

The response analysis in ANSYS, the APDL (Parametric Design Language) subroutines,
has to be specially designed to control the process of activating forces during the
simulation of the four-axle vehicle. The dynamic response is solved by direct integration
of motion equations. Calculations are feasible on a powerful workstation with large
storage space.
Various cases of dynamic response were solved:
•

V1 Concrete sleeper – standard ballast bed

•

V2 Concrete sleeper – Neoballast

•

V3 Plastic sleeper – standard ballast bed

•

V4 Plastic sleeper – Neoballast

An overview of the results of the calculations was done for individual cases in the form of
graphs. The graphs in Figures 5-92 to 5-99 represent a vertical deflection under the
force representing the wheel load; the wheelsets with an intensity of 2 × 112.5 kN were
applied. The first graph is always the influence line of the stiffness of the railhead for
static pad stiffness, the second graph for dynamic pad stiffness. For each variant, two
calculations were performed, each consisting of 153 load steps.
These influence lines mentioned above represent input into the calculation, taking into
account the interaction of the four-axle vehicle and the track. In addition, real wear was
taken into account in the model. As a result of this step, the excitation forces
corresponded to a slightly worn track with a travel speed of 200 km.h−1. Variant V1 is
graphically displayed in Figures 5-100 to 5-103.
The legends are illustrated directly in the graphs. Forces are indicated in N, and
displacements in mm. ‘Direct’ means the outer (straight, left) uninterrupted stock rail,
and ‘Branch’ means crossing through a branch, switch rail and crossing. Significant
dynamic forces occur in the crossing area where the force impact effects correspond to
the position of the wheel when passing through the crossing.
Dynamic load components and response size increase with increasing speed. The images
show that the response significantly influences the passage through the switch rail and
the crossing. There are strong dynamic impacts in the area of the crossing, which are
accompanied by an increase of the deflection of the railhead.
These calculations are made with the assumption that the material properties of the
switch components correspond to the values given in [84]. It is further assumed that the
layers of rail substructure and superstructure are without self-weight. They have only
spatial stiffness with the possibility of setting appropriate boundary conditions. The final
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calibration of the stiffness parameters follows the measurements made. It was necessary
to take into account the magnitude of the deflection wave at the passage of the vehicle,
the shape of the influence line of the vertical deflection of the head of the rail, the
distribution of the wheel load on the sleepers, etc. Similarly, the effect of damping on
response was assessed. In the calculation by direct integration of motion equations,
damping is most often modelled as a linear combination of mass and stiffness matrix.
This is the so-called Rayleigh model of damping. This damping can be compared with the
coefficient of relative damping, respectively with the logarithmic degree of damping. To
specify direct damping of individual materials requires knowledge of the values for these
materials. From comparison of the measurement records with the results of the
calculation with different damping values, it was found that the dispersion of mechanical
energy corresponds in accordance with empiricism to a constant value of 10% relative
damping.
For each of the eight forces, the dependencies on a load position were calculated and
transferred to the dynamic simulation model. The time step of the calculation was
chosen to correspond to a 0.05-m change in position in the running direction a speed of
200 km.h−1, which is represented by 1,804 steps of the transient analysis. Various forces
were used for each V1–V4 variation.
The results were processed in MS Excel numerically and in graphs. The results are
graphically displayed in the form of graphs.
The results above show the variation in railhead deflection from the individual axles to
the position shown for variant V1 in Figures 5-104 and 5-105. Changes in railhead
deflection from the individual axle over time are shown for V1 in Figures 5-106 and 5107.
For a more detailed assessment of the structure of the turnout, the graphs of the vertical
rail deflection in selected locations were evaluated over time. Three sections were
selected; with selected points on the rail, the location of the sections is evident from
Figure 5-90. Stationing 9.71 m is a common point in front of the first trough sleeper, and
stationing 20.56 m is the place where the wheel passes from the stock to the switch rail
that lies on the sliding chairs. Stationing 49.9 m is a section near the nose of the
crossing, where it is expected to re-contact the wheel after overcoming the interruption
of the running edge. This contact represents the most significant dynamic load on the
track.

Figure 5-90 Monitored sections of passage of the vehicle

Figures 5-108 to 5-110 show the absolute displacements of the heads of the rails
according to the time for the sections shown in Figure 5-110. The relative displacement
values corresponding to more practical measurements are presented again using the
graphs in Figures 5-111 to 5-113. The reference point in the subsoil is shown in Figure
5-91.
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Figure 5-91 Selected points for relative deflection

5.6.3.1

Influence lines – static stiffness

Stationing [m]

Figure 5-92 V1 – influence lines of rail deflection – static stiffness
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Stationing [m]

Figure 5-93 V1 – influence lines of rail deflection – dynamic stiffness

Stationing [m]

Figure 5-94 V2 – influence lines of rail deflection – static stiffness
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Stationing [m]

Figure 5-95 V2 – influence lines of rail deflection – dynamic stiffness

Stationing [m]

Figure 5-96 V3 – influence lines of rail deflection – static stiffness
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Stationing [m]

Figure 5-97 V3 – influence lines of rail deflection – dynamic stiffness

Stationing [m]

Figure 5-98 V4 – influence lines of rail deflection – static stiffness
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Stationing [m]

Figure 5-99 V4 – influence lines of rail deflection – dynamic stiffness
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5.6.3.2

Vertical wheel excitation forces, V1

Stationing [m]

Figure 5-100 V1 – vertical wheel excitation forces depending on position – branch rails

Stationing [m]

Figure 5-101 V1 – vertical wheel excitation forces depending on position – straight rails
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Figure 5-102 V1 – vertical wheel excitation forces depending on time – branch rails

Figure 5-103 V1 – vertical wheel excitation forces depending on time – straight rails
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5.6.3.3

Dynamic response – vertical displacement, V1

Stationing [m]

Figure 5-104 V1 – dynamic response – vertical displacement of the railhead depending on the
position – branch rails

Stationing [m]

Figure 5-105 V1 – dynamic response – vertical displacement of the railhead depending on the
position – straight rails
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Figure 5-106 V1 – dynamic response – vertical displacement of the railhead depending on time –
branch rails

Figure 5-107 V1 – dynamic response – vertical displacement of the railhead depending on time –
straight rails
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5.6.3.4

Dynamic response – absolute vertical displacement in time, V1

Figure 5-108 V1 – dynamic response – absolute vertical displacement of the railhead at the current
point of the switch in time

Figure 5-109 V1 – dynamic response – absolute vertical displacement of the railhead at the point
of exchange, depending on time

Page 5-91 of 5-120

Figure 5-110 V1 – dynamic response – vertical displacement of the railhead in the place of the
crossing, depending on time

5.6.3.5

Dynamic response – relative vertical displacement in time, V1

Figure 5-111 V1 – dynamic response – relative vertical displacement of the railhead at a current
point of the switch, depending on time
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Figure 5-112 V1 – dynamic response – relative vertical displacement of the railhead at a point of
exchange, depending on time

Figure 5-113 V1 – dynamic response – relative vertical displacement of the railhead at the point of
the crossing, depending on time
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5.6.3.6

Vertical wheel excitation forces, V2

Stationing [m]

Figure 5-114 V2 – vertical wheel excitation forces depending on position – branch rails

Stationing [m]

Figure 5-115 V2 – vertical wheel excitation forces depending on position – straight rails
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Figure 5-116 V2 – vertical wheel excitation forces depending on time – branch rails

Figure 5-117 V2 – vertical wheel excitation forces depending on time – straight rails
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5.6.3.7

Dynamic response – vertical displacement V2

Stationing [m]

Figure 5-118 V2 – dynamic response – vertical displacement of the railhead depending on the
position – branch rails

Stationing [m]

Figure 5-119 V2 – dynamic response – vertical displacement of the railhead depending on the
position– straight rails
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Figure 5-120 V2 – dynamic response – vertical displacement of the railhead depending on time –
branch rails

Figure 5-121 V2 – dynamic response – vertical displacement of the railhead depending on time –
straight rails
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5.6.3.8

Dynamic response – absolute vertical displacement in time, V2

Figure 5-122 V2 – dynamic response – absolute vertical displacement of the railhead at the current
point of the switch, depending on time

Figure 5-123 V2 – dynamic response – absolute vertical displacement of the railhead at the point
of exchange, depending on time

Page 5-98 of 5-120

Figure 5-124 V2 – dynamic response – absolute vertical displacement of the railhead at the point
of the crossing, depending on time

5.6.3.9

Dynamic response – relative vertical displacement in time, V2

Figure 5-125 V2 – dynamic response – relative vertical displacement of the railhead at the current
point of the switch, depending on time
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Figure 5-126 V2 – dynamic response – relative vertical displacement of the railhead at the point of
exchange, depending on time

Figure 5-127 V2 – dynamic response – relative vertical displacement of the railhead at the point of
the crossing, depending on time
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5.6.3.10 Vertical wheel excitation forces, V3

Stationing [m]

Figure 5-128 V3 – vertical wheel excitation forces depending on position – branch rails

Stationing [m]

Figure 5-129 V3 – vertical wheel excitation forces depending on position – straight rails
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Figure 5-130 V3 – vertical wheel excitation forces depending on time – branch rails

Figure 5-131 V3 – vertical wheel excitation forces depending on time – straight rails
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5.6.3.11 Dynamic response – vertical displacement, V3

Stationing [m]

Figure 5-132 V3 – dynamic response – vertical displacement of the railhead depending on position
– branch rails

Stationing [m]

Figure 5-133 V3 – dynamic response – vertical displacement of the railhead depending on position
– straight rails
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Figure 5-134 V3 – dynamic response – vertical displacement of the railhead depending on time –
branch rails

Figure 5-135 V3 – dynamic response – vertical displacement of the railhead depending on time –
straight rails
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5.6.3.12 Dynamic response – absolute vertical displacement in time, V3

Figure 5-136 V3 – dynamic response – absolute vertical displacement of the railhead at the current
point of the switch, depending on time

Figure 5-137 V3 – dynamic response – absolute vertical displacement of the railhead at the point
of exchange, depending on time
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Figure 5-138 V3 – dynamic response – absolute vertical displacement of the railhead at the point
of the crossing, depending on time

5.6.3.13 Dynamic response – relative vertical displacement in time, V3

Figure 5-139 V3 – dynamic response – relative vertical displacement of the railhead at the current
point of the switch, depending on time
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Figure 5-140 V3 – dynamic response – relative vertical displacement of the railhead at the point of
exchange, depending on time

Figure 5-141 V3 – dynamic response – relative vertical displacement of the railhead at the point of
the crossing, depending on time
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5.6.3.14 Vertical wheel excitation forces, V4

Stationing [m]

Figure 5-142 V4 – vertical wheel excitation forces depending on position – branch rails

Stationing [m]

Figure 5-143 V4 – vertical wheel excitation forces depending on position – straight rails
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Figure 5-144 V4 – vertical wheel excitation forces depending on time – branch rails

Figure 5-145 V4 – vertical wheel excitation forces depending on time – straight rails
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5.6.3.15 Dynamic response – vertical displacement, V4

Stationing [m]

Figure 5-146 V4 – dynamic response – vertical displacement of the railhead depending on the
position – branch rails

Stationing [m]

Figure 5-147 V4 – dynamic response – vertical displacement of the railhead depending on the
position – straight rails
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Figure 5-148 V4 – dynamic response – vertical displacement of the railhead depending on time –
branch rails

Figure 5-149 V4 – dynamic response – vertical displacement of the railhead depending on time –
straight rails
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5.6.3.16 Dynamic response – absolute vertical displacement in time, V4

Figure 5-150 V4 – dynamic response – absolute vertical displacement of the railhead at the current
point of the switch, depending on time

Figure 5-151 V4 – dynamic response – absolute vertical displacement of the railhead at the point
of exchange, depending on time
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Figure 5-152 V4 – dynamic response – absolute vertical displacement of the railhead at the point
of the crossing, depending on time

5.6.3.17 Dynamic response – relative vertical displacement in time, V4

Figure 5-153 V4 – dynamic response – relative vertical displacement of the railhead at the current
point of the switch, depending on time
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Figure 5-154 V4 – dynamic response – relative vertical displacement of the railhead at the point of
exchange, depending on time

Figure 5-155 V4 – dynamic response – relative vertical displacement of the railhead at the point of
the crossing, depending on time
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5.6.4

Conclusions from static and dynamic response analysis

For the analysis of static and dynamic behaviour, the J60-1:12-500 S&C structure,
commonly used, was chosen.
The correct computational model of the S&C structure was developed with the
application of the FEM in ANSYS software. The geometry of the model matches the
details of the drawing documentation. The turnout geometry was transferred from the
3D CAD format using the SAT format directly into the ANSYS system, which was
appropriately adopted for the discretization for FE analysis. A model has been obtained
that is very finely structured and, at the same time, is suitable for correct calculations.
The modelling respects the shape of the rails, the variety of sleepers and bearers, the
rail fastening, the clamping forces and other details. The S&C superstructure model is
completed by the substructure model (ballast bed, substructure layers on Winkler’s
model of subsoil).
The properties of structural materials were taken from laboratory and in-situ tests. We
can reasonably expect that the model correctly describes the basic dynamic properties of
the design. The functionality of the model has been verified on the test variant of the
calculation. The results are documented graphically in the report.
Four variants of the static response, V1 to V4, have been dealt with, varying with the
sleepers or bearers used and the material of the ballast bed. The influence lines of wheel
forces (two forces at 112.5 kN of one axle) were calculated over the entire length of the
track rails, and in the track in front of and behind the S&C structure. The simulation
calculation with the help of influence lines determined the interaction between the fouraxle vehicle and the track. The simulations were made taking into account the vehicle’s
running speed of 200 km.h−1 and real track irregularities.
The calculated interaction forces of the four-axle vehicle acting on the railhead were
applied in dynamic response calculations. The dynamic response of each variant of the
track layout was solved. The response corresponds to running of the railway vehicle in a
straight line on the straight branch in the direction from the top to the heel of the
structure.
The calculations were made by direct integration of motion equations. To specify
time and positional variable forces, the ANSYS program has been customized by
special macro-control process of the force applied to the model. For each variant,
fields of displacement, strain and stress were obtained. The results, of which
database is extensive, are presented graphically.

the
the
the
the

The results show that stiffness changes in the substructure heavily influence the dynamic
response. This effect is significant in the S&C panel. The stiffness changes of the rail
support along the track length can be corrected by changing the component stiffness or
by a design arrangement in exposed areas. In the case of the crossing model, there are
strong dynamic impacts when a wheel is passing the crossing. Increasing elasticity does
not help in this case; it is necessary to change the contact geometry between the
crossing and the wheel.
The calculations have demonstrated the functionality of the S&C structure model when
dealing with static and dynamic tasks.
Conclusions valid for all variants:
-

It is evident from the influence lines for static response that the plain track
structure for the same parameters of substructure is slightly softer; the rail
deflection under a single axle on plain track with concrete sleepers and standard
ballast is approximately 1.7 mm in comparison with the switch part in front of the
first trough sleeper, approximately 1.6 mm. The different static stiffness of rail
fastening on concrete sleepers in comparison with bearers is a reason for this.

Page 5-115 of 5-120

-

The stiffest areas were assessed in the crossing area and the area where the
switch rail is supported directly on slide chairs. The reason in the crossing area is
relatively high bending stiffness of the crossing alone. The contribution to the
bending stiffness of the check rails cannot be omitted either. The reason in the
area of the slide chair is the fact that no elastic pad is installed between the
bearer and the switch rail.

-

The stiffness changes initiate the additional dynamic effects, i.e. the excitation
forces vary highly there. The variation for rails through the crossing is
approximately 30%; at the uninterrupted rails, it is about 10%. The dynamic
amplification factors do not change significantly for particular axles.

-

The maximum rail deflection under the dynamic load represented by the whole
vehicle is higher; depending on the particular rail, it is approximately 2.2 or 2.4
mm.

Conclusions regarding particular technology variants:
-

Neoballast makes the static rail support only slightly softer and does not reduce
the static track stiffness changes significantly.

-

Plastic sleepers introduce additional elasticity to the rail support and make static
vertical stiffness along the track more homogenous.

-

The increased elasticity in the rail support, if Neoballast or plastic sleepers are
considered, leads to a slight amplification of geometrical irregularities of the
running surface in the crossing area, and consequently to a relative increase in
dynamic rail deflection.

-

The plastic sleepers or bearers generally help to homogenize the rail deflection
under the dynamic forces in the switch area.

The technologies investigated, Neoballast and composite plastic sleepers, increase the
track bed elasticity, i.e. reduce the vertical track stiffness. This phenomenon contributes
to a more homogenous stiffness along the track and reduces the dynamic effects,
leading to lower stresses and a more uniform stress distribution throughout the
substructure. Consequently, higher durability and a prolonged lifespan can be expected.
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Task description

6.1

Please note: the topic of ‘system optimization’ within WP4 and its subtasks has to be
interpreted as optimization of the interface for the implementation of new technology,
and the verification of if and how the construction is possible, whereas the ‘overall
system optimization’ in WP6 will be based on the different alternatives selected and
described in WP2 as well as the input and results from WPs 3, 4 and 5.
Part of a possible success for the implementation of new technologies is the effect on the
equipment, and to what extent existing technology is available. In other words, it is
worth looking at new technologies from this point of view to get the possible benefit also
for existing switch technology and not just for radical new solutions.
After the selection of the principle alternatives to be followed up (result of WP2 overall
system architecture and design), the S-CODE Project treats work packages WP3, WP4
and WP5 in parallel:
•

WP3: Next generation control: monitoring and sensing systems

•

WP4: Next generation design: materials and components

•

WP5: Next generation kinematic systems: actuators and mechatronics

This chapter refers mainly to Task 4.4 (part of WP4) – ‘System integration and whole
system optimization’ and Task 4.5 – ‘Installation and logistic considerations’.
Within the works in WP4 (see also Deliverable D4.1), ‘innovative materials’ were
explored and evaluated, and the following principle technologies were selected:
•

Plastic sleeper

•

Bacterial self-healing

•

Fastening system with spring

•

Bainitic contact layer

•

New ballast

The research topic ‘radical switch’ itself provides an opportunity for new ideas and
approaches, but it should also be added that the S-CODE Project is based on taking
experience from existing solutions as a foundation and applying the ‘back-casting’
principle at a later stage during WP6 when the overall solutions are evaluated.
All experience gained until now, concerning existing solutions for switches and crossings
(S&Cs) represents the basis for the knowledge and provides a good spin-off for further
thoughts/studies. These considerations proved to be crucial.
Furthermore, having different types of existing Vignol rail and grooved rail turnouts, a lot
of information can be gathered, and experience has been gained concerning track
behaviour in various environments and of the respective rail types.

Page 6-4 of 6-52

Background

6.2

For the next generation design and the system integration/whole system optimization,
various combinations deriving from different types of materials will be explored and
combined, to be finally evaluated under consideration of WP3 and WP5 as well.
When optimizing, the entire process should be taken into consideration. It is important
to keep a broad view when putting things into perspective. In this chapter, three
technologies will be discussed (innovative rail fastenings, composite plastic bearers and
Neoballast) as well as factors like curing, healing, maintenance and hardening of
concrete.
It needs to be noted that the effect and extent of each measure resulting from the
respective material and their combinations on different parts of the switch system will
vary greatly and have different impacts on the ‘radicality’ of the overall solution. This
report proposes an approach in order to gain an overall solution and to evaluate a moredimensional perspective.
Installation of the new solution with new material technology will be split into three
different types and sizes according to the extent of items to be changed (from small
single items to changing the whole switch system).
Initial quality is considered as one of the most important factors concerning switches – it
is the foundation on which the installation, life-long operations and continuous
maintenance are based. With initial quality, the aim is to manage:
•
•
•
•
•
•

Asset life-cycle maintenance
Life-cycle costs
Long-term substance preservation
Condition deterioration
Lifespan management
Safety of operations and infrastructure

6.2.1

Rail wear – wear zones on turnouts

6.2.1.1

Identifying and evaluating site parameters and conditions

The knowledge and experience gained from different types of rails (Vignol and grooved
rails) assisted in identifying the crucial parts of a turnout that have to withstand the
highest impact under operational conditions. Even though results based on a new wheel–
rail interface will reduce impact, the wear zones and challenges for the infrastructure will
be similar; that is why the focus on existing solutions is very valuable.
There are a number of factors influencing the life span and quality of turnouts. It is
important to act on each of these factors and launch closer investigations. One of the
main influences on the life span of a turnout is its initial quality. In Figure 6-1, the
influence of quality on the operational life of a turnout is represented. From the graph, it
is visible that the lower the initial quality of a turnout, the shorter the operational life
and the quicker tolerance levels are reached – irrespective of economical, safety or
threshold values.
Environmental influences
Regular and timely maintenance can prevent functional premature failures.
Railway infrastructure owners grant very limited possession periods and time slots for
maintenance, due to a dense traffic plan. These limited possession periods normally
require manual maintenance, which in turn could very easily lead to insufficient
measures (short-term solution) being taken to rectify faults within a very constrained
time slot (granted possession times).
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Furthermore, when maintenance tenders are set out, clients always insist on using the
latest technology; this may not have been sufficiently, or over a longer period of time,
tried and tested.
Finally, the cost factor comes into play once again – eliminating surface cracks in
covered sleepers can be time- and cost-intensive.
Labour influences
Because of the technical complexity of turnouts, staff performing installations and
maintenance, and their training and qualification standards, contribute towards
lengthening the operational life of turnouts.
Quality control measures are also of immense importance. By implementing strict quality
control during the installation and initial phase of the turnout, defects can be limited or
even, if early enough, prevented.
In cases, however, where the inspector’s know-how or the hands-on installation staff
indicate obvious shortcomings, one must insist on assistance from the manufacturer
concerning installation.
Occupation times
An additional strain on performing maintenance is that most maintenance occupations
are granted during unfavourable conditions, such as during night-time (when no
operations occur or track closures/total occupations can be granted, etc.). The
preconditions granted are considered very unfavourable for continuously delivering
excellent quality.
Wheel/rail interface
Every time a wheel crosses the running surface of rail components, wear occurs. This
wear needs to be minimized in order to ensure an extended life span of the running
surface infrastructure, as well as an extended life span of the wheels. The smoother the
running interaction between the wheel and the running rail surface, the less
resistance/fewer shocks take place, which in turn leads to minimizing of wear.
Rail joints are considered as ‘irregularities’ in the running surface rail infrastructure.
Material used for rail welds consists of ‘foreign material’, which contains different rail
wear properties than the rail itself. By minimizing rail joints, the overall degradation of
rails and wheels can be delayed.

Figure 6-1 Significance of initial quality [3]
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In Figure 6-1 above, the significance of initial quality is graphically displayed. It is
evident that the better the initial quality, the bigger the scope for regulating
maintenance. It shows the influence of the initial quality, before operation on the
material ‘wear buffer’ over a period of time, and the resulting consequences on tolerance
levels.
Materials
When viewing rail wear from the perspective of the wheels, usually made from perlite
with a strength of 820 to 940 MPa and a hardness of 240–270 HB, there are a number of
external and operational contributing factors, e.g. the number of vehicles, tonnage/load
transported, vehicle design, wheel profiles, bogie types, etc. Therefore, if the wheel is
considered to be ‘too soft’, the wear might increase above average.
The rail viewpoint – R350HT made from fine perlite, with a strength of 1175 MPa and a
hardness of 350–390 HB – on the other hand is influenced by the substructure
construction, foundation (slab track or ballast), geometry, sleeper types, positioning,
frog design and running geometry (longitudinal and transversal), etc.
Here also, the same requirements prevail – the rail should not be ‘too soft’ either.
Components
Detailed investigations showed that the frog is the point that sustains the most wear,
due to an amalgamation of reasons mentioned above, but also because this is the exact
point where the wheels cross over when diverging direction. This stress exceeds the
maximum stress and tensile strength that the material can sustain and leads to a
reaction and change in properties – e.g. material run-overs, cracks, flattening, grooves,
unevenness and finally chips or pieces breaking off. This damage creates larger problems
for the running surface, riding comfort, vehicle wheels crossing the frog, and the
environment, and ends up being costly.
There are predefined design parameters (for example in the VDV 600 Guidelines), but
also an incredibly high diversity of different wheel profiles in urban tramways (light rail
transit LRT). Today’s individual LRT operations bring an even greater diversity in the
possible wheel/rail combinations. As a result, the technical standards are lagging, which
in turn requires a greater need for specific adaptation in the individual LRT companies.
There is inevitably an in-house standardization – which is useful and valid only for a
single specific transport operation.
This is not limited to the infrastructure as such, but also concerns assessing the wheels
and vehicles as well.
Manufacturing, assembly
Experience has shown that it is better to prefabricate as many parts as possible
beforehand in the factory, because nowhere else would better (and constant and known
– e.g. humidity, temperature, surface levels, etc.) conditions ever prevail than in the
factories.
This also applies to the insulation of rails (e.g. filler blocks, rail feet and total rail
sheathing, insulation joints, pilot holes, discharge openings for the drainage boxes
(adapted to the area)), rail seat (e.g. Kölner Egg) finish, such as welding wear zones on
construction elements and rails, connection technology, etc.
Advantages:
Some advantages of preassembling components in a factory, as well as transporting preassembled units, are that installation errors that could occur during assembly on site
(parts that could be exchanged, forgotten or in some instances even installed in the
wrong places, etc.) are dramatically reduced.
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There is no need for a large amount of qualified staff to be on site for each of the
installation stages, because detailed descriptive documentation/manuals (establishing
the degree of detail) are available.
The lots/work interfaces are consequently reduced, due to progress taking place
according to a coordinate system.
There are clear specifications of values and tolerances.
Disadvantages:
It furthermore needs to be added that there are also some disadvantages to
prefabrication whilst elements are in the factory, e.g. there is no possibility of ‘lastminute’ adaptations of the element to best suit/fit the installation condition(s), the exact
dimensions (e.g. a 3D model or BIM) should be known well in advance, additional
transport is needed to transport larger units (some are also excessively wide), and under
certain circumstances the means of lifting larger objects and heavier weights are also
required when preassembling and moving larger units.
Logistical considerations
Although prefabrication enables better transport of a
logistical lots/batches (eliminating detailed arrangements
small quantities of single elements), prefabricated units
(e.g. hoists, cranes, machines and other equipment) in
weights.
6.2.1.2

smaller quantity of units or
for the transport of small and
require heavyweight logistics
order to move the increased

Current situation

General considerations concerning Vignol rail turnouts (‘V’) and
switches/turnouts (‘G’) will be demonstrated in the following section.

grooved

rail

Previous experience has shown that turnout components experiencing the most wear are
quite often also considered as the most expensive parts. This investigation focuses on
the effects of using wear-resistant material and in combination with easily replaceable
parts.
Switch rails
(mainly the curved rails)

Stock rails
(mainly the curved rails)

Frog

Check rail
(on the diverging track)

Figure 6-2 Various wear zones on a turnout [4]

Rolling stock travelling (facing the turnout direction) and crossing over to change/divert
direction creates the most wear at the switch rails (especially points blades), the area
where the intricate turnout is the weakest.
A consequence of this is that a zone occurs where increased rail wear can be observed.
The worn zone forms a burr between the stock and switch rails, which results in
sideward forces which are then distributed at single points instead of a steady
distribution over an area between the turnout parts.
Page 6-8 of 6-52

A lack or absence of maintenance leads quickly to cracks, and pieces of rail will chip off
or break. In addition, and when the maintenance finally has to be done, time is usually
very limited, and the conditions to improve the quality are very constrained.
Thus, the approach of a ‘reserve’ of the wear zone seems to be an appropriate
improvement. Here the principle of having an inserted tongue rail (embedded tongues)
provides this additional wear zone whereas the classical folded-under (conventional
receding) tongue does not have this necessary reserve (buffer) to extend the lifetime.
Influence of wear on turnout design: receding versus embedded tongue
The construction according to the WITEC principle is a receding tongue [8] (type
WITEC); the switch blade is made stronger and contains more material that will slow
down the wear period – more material on the stock is available to wear. The flat surface
on the stock rail, which the switch blades slides against, is also enlarged in order to
better accommodate the strengthened switch blade that recedes (slides underneath).

Figure 6-3 Display of receding tongue [8]

Figure 6-4 On-scale display of rail head
Page 6-9 of 6-52

Wear zone – crossing
Interruption of the running surface and running edge leads to increased jolting of the
wheels, bumpy running of the rail car, and the generation of noise. This is why most
wear on turnouts/points occurs in the overrunning area at the frog (frog nose). It is here
that ‘maximum wear’ and ‘new condition’ meet. There are physical limitations when
repairing frogs through welding – experience indicates that successful maintenance can
only be done by welding a maximum of three to five times.

Figure 6-5 Indication of where typical wear (at a turnout frog) occurs

Figure 6-5 above displays the typical wear situation of wheel/rail interaction at the frog
area.
1.
2.
3.
4.
5.
6.

‘False wheel flange’ as a consequence of 5
Wear of check rails
Wear of wheel back
Wear of wing rails
Hollowed wheel running surface
Crossing nose wear

Taking into account all these factors that contribute towards rail wear as well as the
tremendous damage (and in some instances, irreparable damage) that occurs,
innovative ways are developed to at least slow down this deterioration or even prevent
it.
6.2.1.3

Potential for innovative optimization

When wheels cross a turnout, the turnout can be viewed as an ‘obstruction’ or
‘irregularity’ in the track. This furthermore leads to a variety of physical occurrences in
the environment, the vehicle crossing and the track that is being crossed, e.g. jolting of
the train, noise, wear on the wheel passing the turnout, and wear on the turnout itself. It
can therefore be seen that when a wheel passes a turnout component, not only is the
driving comfort disturbed, but it also leads to a need for a huge amount of money to be
invested on a regular basis for turnout and component maintenance.
Detailed investigations indicated that improvement of rail/wheel interaction generally
contributes towards improving the overall system.
6.2.2

Optimization – quality

In order to optimize the actions that will minimize rail wear, the following should be
considered:
•
•
•
•

Material: chrome bainite (CrB) 1400
Welding additions: Supradur 2015
Analyse the load-bearing capacity
Adapt the run-over geometric profile – grooves or ramps

These will be discussed in some more detail below.
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6.2.2.1

Tests on switches with Vignol rails – material

Tests were performed in order to optimize material. The tests included simulating realtime operation of a rail, including the load-bearing capacity. During the test, the crosssectional as well as the longitudinal profile were varied, and a cost/life ratio of 1 : 30 was
used.
A 6-m rail was used, with 1 m of the rail under investigation/test. During the test,
vertical loading as well as point loading were exercised on the rail – with simulated
speeds of up to 160 km.h−1. The test set-up was constructed to display a 1 : 2 ratio, and
the trial frog strived towards achieving a precision of 1/100.
During the test, 5,000 roll-overs per hour were conducted, with a total of 1.3 million
tons.day−1. The duration of the test was 1 week, simulating 6 million tons.
A variety of cracks and chips occurred on the frog and the wing rail. The results can be
seen in Figure 6-6-below.

Figure 6-6 Comparison of damage: in-service and laboratory test [18]

It was recommended that for the wheels, a material with a stable profile is used that
also has a low wear rate, such as ER7, perlite with a tensile strength of 820–940 MPa
and a hardness of 240–270 HB. For the frog, a stable material with a low wear rate
should be used, such as CrB1400, bainite with a tensile strength of 1400–1475 MPa and
a hardness greater than 400 HB (refer to Figure 6-7 below).
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Figure 6-7 Result when optimizing material [19]

6.2.2.2

Wear-resistant materials or heat-treated steel (manganese, bainite
steel) [14]

Types of rail material according to EN 13674-1:2003.
Rails are made of carbon-manganese steel rolled in a multi-stage process. Alloys can be
added to obtain specific properties, e.g. to increase rails’ tensile strength. However,
there are limits to this, since such additions can impact negatively on other properties of
the steel. For instance, a higher carbon content would decrease the rails’ toughness, so
is unsuitable for use.
Likewise, the added strength provided by manganese is only of limited use, because its
inclusion at proportions above roughly 1.3% clearly lower the steel’s weldability.
The material used for making rails must be suitable for aluminothermic flash (or flash
butt) and arc welding. High-alloy steels used for rails require longer to cool down after
welding to avoid becoming brittle (embrittlement).
Selected rails or material used to make rails must guarantee minimal electrical
conductibility even when the rails are worn, since the traction current flows back through
the running rails. In the tables below, some properties of Vignol and grooved rails are
displayed.
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Table 6-1 Vignol rails (flat-bottom rails) [14]

Table 6-2 Grooved rails [14]

The material selection for rails and wheels has a significant effect on the respective wear
rate. One should bear in mind that there are various advantages and disadvantages to
material selection, because effects like stability, weldability, maintainability, safety and
costs all contribute towards building the decrease of wear.
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By selecting material for stock and switch rails as well as for frogs, the strength and
load-bearing capacity should also be taken into account.
Even the investigation of using special materials – ‘non-rail materials’ – was performed
and is evident in Figure 6-8 below.

Figure 6-8 Investigating the reaction of various materials under load [20]

High-carbon manganese steel (Mn)
High-carbon manganese steel casting with 12–14% manganese has a hardness of 260
HBW (880 N.mm−2) in its delivered state. It should be noted that manganese does not
achieve its final hardness (450–500 HBW > 1,400 N.mm−2) until after cold forming. It
must therefore be subjected to a load in order to achieve its high wear resistance.
Austenitic manganese steel is weldable; however, it differs from conventional carbon rail
steel in terms of its welding conduct.
Bainite steel (e.g. DILLIDUR® by Dillinger Hütte GTS)
DILLIDUR 400 V bainite steel is a wear-resistant steel with a medium hardness of 400
HBW (1,300 N.mm−2) in its delivered state. This is a volumetrically quenched and
tempered steel hardened by controlled cooling in water to 370–430 HBW.
DILLIDUR 400 V bainite steel is mainly used wherever high wear resistance is required
with simultaneous very good capacity for processing, in particular weldability. Bainite
steel is well suited for joint/depositing welding.
Special materials can be used for wear-resistant switch components.
Design changes due to poor weldability or negative influences on the initial quality lead
to the selection of wear-resistant materials. Wear can further be reduced by substituting
welded joints by screw or clamp connections, e.g. adapter tongues as visible in Figure 69 below.
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Figure 6-9 Wear-resistant material for turnout components

6.2.2.3

Welding of rails

Investigations showed that when performing rail maintenance due to wear, grinding is
recommended rather than welding. Some of the biggest advantages, apart from the
physical appearance of the rails, are that the process of grinding does not impact the rail
properties as much as welding and consequently does not change or disturb the rail
composition (changing to martensite, etc.). Grinding can be done frequently (more than
the maximum recommended three to seven times for welding – after this, replacement
is compulsory), of course until the maximum wear limit has been reached.
Due to safety reasons, welding is not always allowed on moveable parts (referring to the
German Rail Network) such as switch blades. Lateral welding (on the side of the rail) has
not proved to be very stable (e.g. running edge and checkrails). Welds on railway tracks
require specific temperature conditions, whereas welding is more suitable on tram
systems.
Three different frogs were identified as requiring maintenance. In Figure 6-10 below, the
frogs are classified into different damage categories, ranging from 1 (requiring the
most/urgent maintenance) to 3 (requiring the least maintenance).
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Figure 6-10 Worn frogs classified into damage categories [5]

From Figure 6-10, the categories are as follows [5]:
•
•
•

Damage category 1: rail wear area > 5 mm, immediate attention
Damage category 2: rail wear area = 3–4 mm, needs to be attended to within 3
months
Damage category 3: rail wear area < 3 mm, no maintenance needed yet and can
wait till the next inspection

In order to restore the frog’s quality, the frog can be measured with a 3-m ruler. The
wear is measured by laying the ruler on the wing rails and measuring the difference in
height between the wing rails and the frog nose – the difference should not exceed 4
mm (refer to figures below). Grinding can then proceed to achieve this 4-mm goal.

Figure 6-11 4-mm threshold between the wing rails and frog nose [6]
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Figure 6-12 Point L1 represents a frog nose that requires grinding [7]

When it is absolutely impossible to grind, welding can be done by using welding material
with the following composition: R260, R350HT and CrB1400. In addition, connective
electrodes and other types of electrode can be used; if CrB1400 is used, the cooling
period should be done slower than normally to ensure optimal quality.
6.2.2.4

Analyses using electronic measurement devices

The use of electronic devices to measure wear is gaining popularity; a few applications
are mentioned here.
ESAH can be used to measure the overall quality of the track in which there are turnouts
and can advise on maintenance requirements. Wear on switches is mainly influenced by
a number of factors – material, design, track layout, track substructure and vehicles.
The advantages of the ESAH proved that (preventative or corrective) maintenance,
quality assurance (e.g. the acceptance of frogs and the evaluation of maintenance
measures), maintenance planning and noise mitigation could be performed.
The ESAH can assist in measuring transition geometry which has a direct influence on
the service life of switches. It can furthermore also identify inadmissible wear at frogs
and detect changes in track guidance at switches.
Once the measurements are taken, these data are transferred for analysis, whereafter
the evaluation of the results can project wear retention actions like component
behaviours, track diagnosis. Besides, design and planning of switch maintenance can be
optimised to reduce costs.
There are three types of ESAH applications – Mobile, Stationary and Vehicle.
A mobile ESAH device can be used to measure the load on the frogs by means of sensors
that record short-wave impacts on the frog at three levels – the wheel transition at the
frog to improve transition geometry, the frog wear and load on the switch itself and the
ballast and thirdly, the sleeper subsidence (e.g. voids under sleepers) at the frog.
The mobile device has the advantage that the intervention thresholds can be changed to
allow for more accurate condition-based switch maintenance.
The stationary ESAH is a permanent installation at the nose to measure the sleeper
movement (voids under the sleepers) at the frog during continuous operation. It can
also be used on moveable frogs to prevent damage to switch components as a result of
increasing dynamic forces due to inadmissible voids under sleepers.
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The stationary measuring equipment can be used on high-speed lines and produce a
vertical measurement precision of up to 0.2mm.
In order to measure the permanent load on rails and all kinds of frogs, short wavelength
impacts on switches and rails in the track can be measured with an ESAH vehicle. The
monitoring of wheel transitions at the frog and the load bearing impact on the wear can
be measured in real-time. The benefits of this type of measurement are that continuous
line monitoring through regular traffic can be done so that no dedicated inspection
vehicle is required. Technology further also allows for visual assessment of the rail
surface and verification of rail defects via camera-based image recognition.
The 3D laser Scorpion device can measure, analyse and forecast the occurrence of wear
run-overs.

Figure 6-13 Electronic wear measurement techniques [21]

By using laser measurement devices, periodic measures of rail and turnout profiles can
be created. The equipment can measure the shape of the inspected object using an
automatic laser measurement head, whereafter the measured data are then transferred
for analysis, and a 3D model is created of the object.
The measured data can then be processed in such a manner that measured visuals are
merged so that reports can include information on the longitudinal profiles and the
consequential rail wear – specifically at the frog with real-time loads. The software
furthermore also enables the recognition of crossing elements and based on these
elements, calculations such as the mathematical point of the crossing can be calculated.
Using the 3D model, a transverse section of the switch profile can be created to
determine longitudinal wear as well as the vertical and horizontal crossing point wear.
Electronic measurement devices can be used to measure rail wear – real-time load
analysis, capturing the geometry, observing the wear impact area as a consequence of
wheel travel pressure, etc.
Detailed results from these measurements indicated that the following information can
be obtained: the track load, the cross-sectional area in which it is applied, the highest
load-bearing cross section, the tensile strengths, travelling speed and wheel profile
crossing the turnout. From these valuable results and electronically available history of
continuously measured data, maintenance actions can then be optimized, e.g. grinding,
welding or replacing.
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6.2.2.5

Rail geometry/profile

A possible solution to the electronic results is to make changes to the rail
geometry/profile. Two suggestions were made – one was to add/create a type of
protection ramp/rail for the wing rails. This aims to reduce the load-bearing capacity of
the wing rails. A further suggestion was to have ‘run-in’ grooves in the rail profile in
order to reduce the load impact on the rail when crossing the turnout.

Figure 6-14 Protection ramp for the wing rails

Figure 6-15 ‘Run-in’ grooves in the rail profile

When considering switches with grooved rails, the following can have an influence on
optimizing the reduction of rail wear:
•
•
•

The contour of the switch blade and the stock rails of switch and stock rails can
be adapted to fit the wheel profile. In addition, the rail head of the frog could be
rounded to display a simple frog design.
In instances where double frogs occur, the frog nose and bottom of the groove
can be contoured, and the rail head rounded.
Implement flat grooves.
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6.2.3

Optimization – time

6.2.3.1

Easily exchangeable switch components

Adapter tongue
Adapter tongues are interchangeable and can be removed and replaced quickly and
safely during operation; adapter tongues are available for Vignol and grooved rail
turnouts in different versions: wedged or bolted.

Figure 6-16 Tongue adapter with L&S-shaped screw connection (Vignol rails) [10]

Figure 6-17 Tongue adapter with L&S-shaped screw connector (grooved rails) [10]

BRACKET frogs
BRACKET frogs are manufactured from a continuously forged block of rail-quality
material (carbon steel) with a crown of high-carbon manganese steel casting or bainite
steel DILLIDUR with worked-in running and guide grooves in the overrunning area.
The crown is designed such that it is replaceable. Fixing is done by bracket elements
which gives the frog its name. The bracket ensures that the forces created during
overrunning are led directly into the body of the frog without negative effects on the
screw connection of the securing elements. The use of rail-quality material for the body
ensures that the connecting rails can be welded on without problems using all permitted
welding processes.
This frog construction ensures high resistance to wear in the overrunning area and is
used successfully in high-load areas.
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Figure 6-18 Crown made from high-carbon manganese steel or bainite steel [11]

WITEC tongue
To ensure that the thicker tip of the tongue fits, the stock rail is milled more; the stock
rail is weakened at this point. The WITEC tongue/stock rail combination initially tends
more to burr on the stock rail. Therefore, grinding should be done here in the first 4–6
weeks after commissioning.
These burrs enlarge fairly rapidly, so that within a timeframe of 1–3 months, a burr of
5–8 mm can develop. Burrs of this size can also develop on the turnout blade and create
difficulty of movement or a complete halt. To prevent this development of burrs, it is of
utmost importance that the turnout blades be properly smoothed by grinding. Figure 619 below depicts a WITEC cross section.

Figure 6-19 Cross section of a WITEC turnout blade [12]
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6.2.3.2

Logistics

Prefabrication and pre-assembly in the factory or on the construction site can certainly
reduce the overall installation time, as assembled elements can be directly installed
during the ever-shorter occupation shutdowns. However, as the level of prefabrication
increases, so does the level of machine support required (e.g. cranes, spreader bars and
personnel).
It has proved to be advantageous to complete each production step with a corresponding
technical quality inspection and acceptance. This applies to the technical acceptance of
turnouts in the factory, as well as for pre-assembly at the construction site (not in the
planned final installation position in the track), the welding sequence (laying out the
objects before welding), before casting the concrete and then before finally handing the
track back to operations after completion of the complete installation process.
The butt welds may cause further quality problems if the weld sequence is improperly
planned or not maintained. Errors in heat conduction also affect the quality, as these
often cause defects in the outer and inner geometry of the rails. The transverse
dimensions such as gauges, widths, grooves, etc., can change uncontrolled.
More details on this can be found in the book [9].
6.2.3.3

Elastic rail support

The effects of elastic rail support were also investigated. It was found that the elasticity
of the track can also contribute towards a reduction in rail wear when a more ‘open’
superstructure (Vignol rails) with elastic sleeper support/sleeper soles is constructed.
In cases where elasticity is achieved through a ‘closed’ superstructure (grooved rails),
and an elastic superstructure is formed, reduced wear can also be observed.
Problems of rail wear can, however, occur when elastic rail mounting is covered/filled
with a rigid material (e.g. plaster, asphalt, concrete).
6.2.3.4

Self-healing concrete

In order to reduce the effects of rail wear and minimize maintenance, by eliminating
cracks that could lead to derailments, etc., an investigation into crack rehabilitation was
launched using Sersa grouting.

Figure 6-20 Concrete sleeper with continual surface crack from shoulders throughout centre
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Figure 6-21 Long surface cracks across the entire centre/body (inside rail chairs)

During the study on sleeper conditions, cracks were classified into various sizes ranging
from 0.5 mm; the largest crack found was 5–7 mm (in the figures below).

Figure 6-22 Average size of cracks: 0–0.5 mm gap

Figure 6-23 Largest crack found: gap size of 5–7 mm
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Investigations into the causes for this large number of cracks indicated that, for almost
90% of the sleepers inspected, the pre-stressed steel inside the sleepers was too short
(refer to Figure 6-24 below).

Figure 6-24 Cause: the pre-stressed steel inside the sleepers

In order to find a solution, a first trial was launched on the slab track section in Germany
between Breddin and Glöwen (sleeper type Rheda B301) forming part of the Berlin–
Hamburg section.
The cracked B 301 slab track sleepers’ centres and shoulders has been grouted once a
year since 2010. By June 2016, approximately 5,000 sleepers had been treated. In
Figure 6-25 below, the grouting can be seen.

Figure 6-25 Grouting on the sleeper shoulders

Turnout sleepers were also treated as part of the trial at the Minden/West station
(turnout numbers 8 and 9). A total of 120 sleepers (including from the two turnouts)
with 150 cracks were grouted in November 2011 at Minden in Germany. This test proved
the technological feasibility of grouting sleepers to dramatically reduce maintenance and
replacing costly infrastructure.
Open-track sleepers of the following types have been successfully treated since 2010: B
12, B 55, B 58K, BS 66, B 70, B 70-N, B 70 2.4, B 90, B 93, SBS 220. In addition, the
following types of sleeper damage could also be countered: surface cracks (longitudinal)
along the sleeper centres, at the chair fastenings, shoulders, curves, derailment
damages and chips > 2 cm (refer to the figures below).
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Figure 6-26 Maintenance on open-track sleepers

The process and advantages of applying sleeper grouting are as follows:
•
•
•
•
•
•
•

•

Detailed marking of cracks to be filled prior to grouting
Site preparations
Temperature measurements
Clearing the area around the turnout crack before grouting
In cases where moisture/dampness is visible, first dry the crack with propane
equipment
Manual grouting of the cracks using Icosit KC 220/60 TX and quartz sand at air
temperatures above > 0 °C
Site clearance and end of occupation time
Authorized operational hand-over directly after completion/treatment

The current lifespan (without complications) showed that in November 2016 – 5 years
after being grouted – points 8 (authorized speed = 120 km.h−1; load = 94,000 gross
tons per day; 3 × tamped after grouting) and 9 (authorized speed = 80 km.h−1, load =
66,000 gross tons per day; 2 × tamped) at Minden station in Germany were still in
operation and in acceptable condition. The sleepers on the Breddin–Glöwin section in
Germany were still authorized – 7 years after being grouted (November 2017) – to carry
speeds of 230 km.h−1 and a load of 40,000 gross tons per day. These are depicted in the
figures below.
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Figure 6-27 Nov 2016, point 8 – 5 years after being grouted

Figure 6-28 Nov 2017, slab track 7 years after being grouted

6.2.3.5

Plastic/synthetic sleepers

The plastic sleepers that are suggested in this report are not artificial wood (also referred
to as Sekisui). The synthetic sleepers compare well to wooden sleepers (final approval).
Freely placed drilling of rail fastenings (extremely important for the industry norm
turnouts – therefore not standardized, ‘not-DB turnouts’) provides an additional benefit.
These are considered as a good alternative to concrete sleepers.
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6.2.3.6

XiTrack

Experience with similar products furthermore includes XiTrack which started gaining
momentum when the partnership between Dow Chemicals and Balfour Beatty Rail had
been established. A series of trials up to 2005 began, using new electrical pumps to
install XiTrack at the contractor’s ‘worst’ sites; these were bridges and S&Cs where
stabilization was needed the most. In 2005, XiTrack was officially certificated by Network
Rail (which took over from Railtrack in 2002), and the company was highly commended
in that year’s ‘Innovation of the Year’ category at the 2005 National Rail Awards.
The main arguments for XiTrack had been
•
•

first, it reduces the maintenance costs, and
second, it lowers the risks.

The technology has the capacity to virtually eliminate the need for ballast maintenance,
and Balfour Beatty Rail was promoting the concept of ‘tamperless switches and
crossings’.
XiTrack has been used in Italy and is also due to be trialled at 25 sites in Germany and
Hong Kong [17].
6.2.3.7

Neoballast

Having the same installation procedure as conventional ballast, Neoballast considerably
reduces the maintenance time and costs. This is due to the fact that, with Neoballast,
the load distribution from the sleeper to the subgrade is more homogeneous, and the
stresses and strains are lower. The attrition of ballast stones is significantly reduced,
leading to a reduced frequency of tamping and other maintenance operations and,
consequently, less track possession time. The maintenance operations, in turn, can be
done in the same way as with traditional ballast, there being no need for additional or
different equipment. Indeed, the lifespan of the infrastructure is expanded, leading to
less frequent track renewals.

Page 6-27 of 6-52

The entire process: from beginning to end

6.3

This part will specify installation and logistic considerations, to be seen also in context
with the results of system integration and whole system optimization.
Within the works and results in WP2, new technologies and solutions for switching
systems were selected. In WP4, these new technologies and materials as well as their
effect on installation and logistical considerations will be discussed.
The materials selected in D4.1 are:
•
•
•
•
•

Plastic sleeper
Bacterial self-healing
Fastening system with spring
Bainitic contact layer
New ballast systems

For the next generation design and system integration/whole system optimization,
various combinations deriving from various new materials will be explored and
combined, to finally be evaluated under consideration of WP3 and WP5. It needs to be
noted that the effect and extent of each measure that results from using various
materials and their combinations on different parts of the switching system will have
great variety and a different impact on the radicality of the overall solution.
The material technologies discussed in D4.2 do not have a big impact on the technology
of installation. Thus, this report entails impact considerations of the manufacturing
process and means of transport on the primary quality of turnouts.
Striving towards reaching an initial (or primary) quality for turnouts, there are a number
of factors to consider.
The spectrum stretches fairly wide, starting at the design and material selection for the
manufacturing, through to staff training, transport and logistics as well as installation
and starting operations.
Being able to predict the effects of these new materials is necessary to explore and
understand the experience gained from existing turnout solutions under operation.
By considering the different effects of using Vignol rails for conventional lines, and
grooved rails for light rail traffic, a broader picture of effects can be drawn.
In contrast to switches with Vignol rails, solutions that are developed for grooved rails
and applied in light rail systems are not (or at least to a very limited extent)
standardized. For grooved rail turnouts, common standards have been adapted to fit the
switch blades (tongue), whereas the frogs are usually considered as unique or one of a
kind. These unique adaptations are made to best fit the actual installation site.
The regulations relating to the construction and operation of trams requires fine
technical balance between vehicle characteristics and track dimensions. This balance
ensures safe and quiet operation whilst extending the life of components by reducing
wear. Our experience shows that measures aimed at improving the track guiding must
always be adapted to the prevailing operating conditions. After all, every railway network
is unique, and the individual analysis of the actual condition is of utmost importance.
6.3.1

Evaluation of impact of manufacturing process on primary quality

As described previously, primary quality (also referred to as initial quality) has a
significant impact on the overall life span and performance of the track in general, and
particularly the sensitive and moveable parts like the switches.
The competitiveness of railway lines depends substantially on providing a marketconfirmative network and profitable structure, whilst focusing on:
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•
•
•
•
•

life-cycle cost (LCC)
reliability
availability
maintainability
safety

Manufacturing is to invent or to make something on a large scale. This entails not only
the making/production, but also the pre-planning, design, prototyping, making, testing
and finally the hand-over, when it is either sold, transported or installed. The
manufacturing process depends on having an adequate design, then creating the product
and assessing what adequate material and manufacturing processes are to be used to
best fit the designed part and exact application.
6.3.1.1

Design

Below is a graphical representation by [9] displaying the relation between products
(Produkt) and processes (Prozess) as well as the influences these have on installation
and whilst in operation.
Switches are considered as being the products, and the installation of the switches as
the process.

Figure 6-29 Linking product and project: extract from [9]

The more complicated and complex the production or the products, the quicker and
easier mistakes occur. Therefore, the complexity of the system is directly proportional to
the possibility of error. It is thus highly recommended to design and keep the product,
as well as the process, as simple as possible in order to prevent failures.
Because complexity is furthermore carried over to maintenance, again the more complex
the system and installation, the more difficult, expensive and time-consuming the
maintenance. In particular, when technology changes constantly, it can at some point
become unmanageable, staff might be overwhelmed, and the administrative burden
increases exorbitantly.
In addition to track infrastructure, vehicles have also undergone many changes, e.g.
low-floor technology with a top-heavy characteristic, smaller wheel diameters, heavier
vehicles and the appearance of wear spots due to changed vehicle technology and
vehicle dynamics. The increase in demand for passenger and freight transport as well as
favouring rail-bound urban traffic further contributes to an increase in tonnage –
consequently adding more strain to the track infrastructure and providing less (and
shorter periods of) on-track time for maintenance, thereby reducing the operational life
of the infrastructure.
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This report as well as Report 4.4 investigations were launched into innovative designs for
switches – especially with the main aim to dramatically reduce wear, optimize
installation/replacement/maintenance time, lengthen the lifetime of the switch and to
still keep a fairly high degree of simplicity.
Some designs investigated were:
Exchangeable turnout parts
One option is to design the turnout in such a way that specific areas of the turnout
consist of exchangeable sections, especially areas experiencing major/frequent wear.
These parts can simply be swapped when the wear exceeds the maximum allowed
tolerances. The exchange can be done with great ease, safety and time-saving, without
requiring any rail cutting or timely welding (not to mention time-consuming preparations
beforehand or grinding works afterwards). The exchangeable parts are designed in two
ways, either wedged or screwed.
The exchangeable parts focus on having an exchangeable switch blade (or tongue) and
frog. The designs focus on absorbing the impact of the load crossing the turnout. The
impact is absorbed by the detailed design of the exchangeable part and not by the
screws attaching the part to the rest of the turnout.

Figure 6-30 Exchangeable frog crown [13]

WITEC
Another design is the WITEC switch blade (tongue) where the switch blade is slightly
bent to enlarge the contact area between the switch blade and the stock rail and
contains additional material to lengthen the operational life of the turnout in case of
wear [14].

Page 6-30 of 6-52

Figure 6-31 WITEC switch blade design [15]

The designs were based on cases where the initial quality appeared to not have been so
good or not easily achievable and had welding difficulties.
6.3.1.2

Material

This almost non-descript factor is having a significant leverage on slowing down wear
and maintenance in principle: the engineering design or the choice of the right material
for the respective components may not seem to be that important – but the economic
consequences are massive.
The variety of materials developed over the past 20 years and used for rails, fasteners,
superstructures, closures, welding, etc., has increased the level of technical complexity
enormously. It is often impossible to tell what track infrastructure material is to be found
in the next track section and whether there is any difference at all. Due to the diversity
in technical developments, the wear phenomena in rail infrastructure materials have
become almost impossible to measure and, in most cases, can no longer be evaluated at
all.
This report (and Report 4.4 containing much more detail) describes investigations
launched into examining distinctive wear-resistant materials used for various turnout
parts and tested to observe what material best sustained the envisaged conditions to
which it might be exposed in the field.
In contrast to the current EN-approved C-Mn steel used for both Vignol and grooved rail
turnouts, some ‘non-rail’ materials were also put to the test. Manganese-hardened steel
(Mn content 12–14%) is one such an example.
Ultimately, it was recommended that in order to have a stable material suitable for the
wheels, a material with a low wear rate, such as ER7, perlite with a tensile strength of
820–940 MPa and a hardness of 240–270 HB, is favoured.
For the frog, CrB1400 is suggested because of the stability of the material, its low wear
rate and because bainite sustains a tensile strength of 1400–1475 MPa and a hardness
greater than 400 HB.
Finally, another influence on the primary quality of the turnouts is the enforcement of
dedicated material specifications for turnouts and components.
6.3.1.3

Setting standards

Standards are considered as a measure, norm or model in comparative evaluations, and
can furthermore be regarded as a level of quality.
But it also should be mentioned that clients – besides the standards and
should be encouraged to be very attentive to the developed standards
beyond. Guidelines and tolerances alone do not guarantee the best possible
diligence and experience of workmanship adds an important portion to
These factors have to find their place in the requirements as well.

tolerances –
context and
quality – the
the lifetime.
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During manufacturing
These standards serve in particular as an ‘approval’, that the product (turnout) complies
with the manufacturing specifications in terms of geometric dimensions (design), the
right (quality) material, correct temperature conditions and work methods. These
methods should not change the properties of the material, nor the strength or hardness
properties of component parts.
Standards are created by a group of representatives of various institutions, e.g. local
transport companies (infrastructure owners), track installation construction companies,
research institutions and national/international governing bodies, etc.
The standards are an amalgamation of coordinated structural features, experience and
innovation, and should strive towards expanding the product life time, lowering the
operational cost, easing logistics (transport and handling) and at all times ensuring
100% safety.
The supply chain
Failures in the supply chain, like manufacturing of the product, logistics, installation,
operation and maintenance, might lead to unstable (frequently changing) train plans,
shortened time between repairs and a sooner overhaul or, in severe cases, a total loss of
function – replacement. This is mostly due to pressure on staff to fulfil their work during
very limited (short) track closure times (possession times). Skilled manual work in
faultless quality cannot be seen as given, and its absence leads to failures and a lack of
quality.
Again and again, technology rules are violated during the construction and installation,
or deviations from building plans occur. The consequence of this is that it often leads to
damaging the most sensitive items, such as S&Cs. In an effort to remove the damage,
costs increase tremendously due to operational disturbances.
Staff
Staff qualifications and experience have a major impact on the quality of
installation/execution. Expertise is required in, e.g. special education for S&C locksmiths
or mechanics and for S&C controllers/inspectors.
Craft-oriented quality assurance inspections should also be done after manufacturing and
during execution in order to enable early detection of failure sources and ensure
clearance.
6.3.2

Evaluation of the impact of the transport process on primary quality

6.3.2.1

The transport supply chain process

The transport supply chain process is built up by the following cornerstones:
First, the initial handling and loading of the product in, at and from the factory, followed
by selecting the most appropriate and suitable means of transport (which also includes
factors such as care, cost, time, safety and ease), then the off-loading/handling and final
set-up before operations commence, unless the product needs to be temporarily stored.
General logistics
Logistics guidelines, especially concerning JIT (just in time) deliveries, should be known
and adhered to by all parties involved – optimizing the time, place of the delivery/site,
quantity, installation rate/tempo and contingency plans.
By having proper guidelines, quality inspections can be performed systematically during
all steps of the process, the various role-players performing the inspections can be
better coordinated, and inspections are more comprehensive (also including inspection of
dedicated rail areas such as the rail feet and the surface under the rail/ turnout).
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Guidelines also include applying the correct handling method for the turnout/part to be
transported.
The aim is to avoid intermediate storage of materials/products, as this will lead to their
exposure to uncontrolled conditions and has a direct impact on the quality and life span
of the product – or even in some instances makes necessary an immediate
maintenance/repair need, even before the product has been put into operation.
The correct transport of products (turnouts), already at and from the manufacturer, is
very well described in the book [9].
It is highly recommended to have logistics guidelines in order to reduce the possibility of
risks associated with handling sensitive rail products. These guidelines should include the
following:
•
•
•
•
•
•

Clear labelling of turnout parts
Details such as dimensions and weight should be readily available and at hand
Lifting and hoisting equipment suitable for the task/shape of product
Clearly marked and sufficient attachment points
Order in which the delivery should take place
Detailed assembly of single units

Figure 6-32 Extract from [16] (loading plan for the delivery of turnouts) logistics manual
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Transport and delivery to construction/installation site
The responsibility to ensure the safe, correct and timely loading and transport of
products (turnouts) to site normally lies with the manufacturer and the forwarding
company. In addition to the loading requirements set out in the guidelines, the use of
protective pads/mats and wooden scantlings is unavoidable to protect against bumps,
sliding material or any damage to the products. Under no circumstances should
components of different material come into contact with each other, e.g. steel parts with
concrete parts.
Care should be taken when stacking and loading the parts. Stacking spacers should be
used to ensure additional stability. The parts/products should not be loaded too high,
because of tunnel/overhead safety clearances and also due to travelling gradients and
the risk of movement of sliding during transport.
Figure 6-33 below shows an example of a tilt wagon. This specially designed wagon is
used to transport pre-assembled turnout units. This optimization strategy not only
decreases installation time on site, but also has the advantage of having a
manufacturing quality assembly standard. The pre-assembly normally takes place at the
manufacturer, under stable conditions and in an ‘almost perfect’ environment – which
are all beneficial for ensuring high initial quality.
The size of the pre-assembled tilt wagon has been optimized in such a way that the preassembled turnout unit can easily fit into all set tunnel, curve, bridge and cutting
tolerances. By slightly tilting the unit, a larger assembled unit can fit the tolerances,
compared to transporting a unit lying 100% horizontal.
The wagons are all fitted with hydraulic systems that can quickly be activated to move or
even change the tilting gradient of the turnout unit’s position. These tilt wagons are
available for rail and for road.

Figure 6-33 Example of optimization by using a tilt wagon
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Loading and off-loading
Visibility, ease, safety and zero damage are key success factors for loading and offloading of rail infrastructure. This can be achieved through the use of simple yet practical
signage.
Below is shown an example of the symbol used to indicate where the part/material can
be hoisted. Due to the chosen colour scheme, the sign is easily spotted and should
appear at an equally visible point – not to be ignored. The most visible point to the eye
to place this sign for attaching/anchoring/lifting is on the rail flange.

Figure 6-34 Example of a hoist point/crane sling

In the diagram below, the turnout layout is clearly marked, according to scale, with the
anchoring points indicated. Details such as the means of transport (in this case, a truckmounted crane), delivery date, route to be travelled, destination, type of load (semitrailer) should also be available.
Although straight track seems to be slightly less complicated than a turnout, there are
still a few factors to be considered, such as the length of the rails as well as specific
sleeper distances and specific, well-calculated anchoring markers.

Figure 6-35 Lifting and transport details for turnouts and straight track including crane sling
position [16]

In order to avoid damage to the carefully designed and manufactured products, only the
manufacturer’s marked lifting/attachment points should be used. Nylon straps were
found to be most effective when lifting heavy rails. The new VDV 600 draft for pre-bent
rails states that only nylon straps may be used – no clamps or any rope traps.
Under no circumstances should pre-assembled track units be moved by means of track
bars. The traverse should be used for rails with a pre-insulated foot profile (the foot
profile should at least be protected with a plywood base). Under no circumstances should
chains be used for lifting, hoisting or moving rails.
Stacking and longer-term storage will be discussed in more detail in the next paragraph.
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Figure 6-36 Under NO circumstances should chains be used [16]

Figure 6-37 Example of using nylon straps [16]

Stacking (and retrieval) and storage
The art of stable stacking is to stack products such as delicate turnout parts on elastic
base plates and to use wooden blocks with a support surface of at least 300 mm × rail
width. Again, it needs to be reiterated that protective pads/mats and wooden scantlings
should be used, and that components of different materials should not come in contact
with each other (e.g. steel parts with concrete parts).
The use of stacking spacers to ensure stability is unavoidable. In addition, products
should not be loaded/stacked too high, because this may make retrieval difficult.
Storage is in no way ideal and should only be considered when no JIT delivery is possible
or if safety is compromised.
Storage facilities should be large enough to accommodate the products to be stored and
to protect the equipment from unnecessary harsh conditions that can lead to pre-ageing.
The floor surface should be level and sufficiently stable to avoid tipping/tilting. If several
switch parts are stacked onto one another, it is important to ensure a uniform
arrangement of the scantling and beams. When stacking the spare turnout parts on
elastic base plates, the wooden intermediate layers should have a surface of at least 200
mm × rail width; the support surface is centred below the elastic base plate.
Below are shown examples of poor stacking and damage that occur as a result thereof.
In such critical cases, the material cannot be re-installed elsewhere and will immediately
be classified as scrap.
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Figure 6-38 Example of poor stacking [16]

Figure 6-39 Example of damage to the rubber jacket due to incorrect storage [16]

6.3.3

Evaluation of installation method of turnouts

The different types of installation class were described in D2.5 and D4.1 and will not be
repeated within this chapter.
Furthermore, it shall be noted once again that the evaluation (as well as the outlook for
optimization) within WP4 refers to new materials in combination with conventional S&C
technology, whereas the overall system optimization will take place within WP6, taking
all previous work packages and the different radical alternatives into account.
It must be noted that the materials investigated replace certain components in the
existing system; from an installation point of view, this is a significant simplification as
there is no overlap of works. For the purpose of the document, installations are classified
into three basic categories according to size and effort:
•
•
•

Small: installation of new components on existing structure, replacement of
fastenings, steel parts, etc.
Medium: replacement of parts of the turnout
Large: replacement of entire switching system including substructure

The approach and evaluation of the use of different material have been already
described in the D4.1 report. A brief summary follows:
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1. Weighting factors and importance:
Table 6-3 Installation weighting percentages
Weighting percentage installation

From the table above, it is visible that costs for renewal and installation have the biggest
impact on the material of the turnouts (carrying a 20% weight). Other factors (carrying
a 10% weight) are the size and weight, period of network closure (possession time), and
safety level and measures required.
In the table below, the total score indicates that a fastening system with a spring is the
preferred choice (total weighting percentage of 6.86%) when installing turnout fastening
systems.
2. Total score (ToSco)
(standard = 5)

by

considering

deviations

from

standard

procedure

Table 6-4 Total scores
Weighting percentage
installation
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3. Calculation of ‘technology factor’ (TF)
Based on the formula: TF = [1 + 2 × (ToSco – 5)/100]3
Table 6-5 Technology factor

According to the table above, the fastening system with a spring appears to be the
preferred choice for the TF, too. This will result in a factor to be applied at a later stage
for the overall comparison and system evaluation and optimization.
Still, it has to be mentioned that the technologies considered in D4.2 all have a minor
impact regarding installation, which could be seen as a good sign to implement the
technologies easily.
So, in this deliverable, the possibilities to improve the whole supply chain and the quality
and lifetime will be considered.
6.3.3.1

Set-up and assembly of turnout before installation

The best possible conditions and surface should be selected for assembly and set-up of
the turnout before installation. The ultimate goal should be to mirror the manufacturer’s
conditions, in spite of being outside and exposed to all kinds of conditions. It is best to
place/assemble the turnout on concrete plates or asphalt (superstructure) surfaces. For
accurate distance- and height-related layouts, insulated shear connectors at narrow and
sharp curves should be used every 1.0–3.0 m. In the event where elevated turnouts are
used, they should be placed on concrete blocks (drains); the layout and positioning of
parts should be done before starting to pour the concrete. For turnouts on concrete
sleepers, the height adjustment (if possible) should be done by means of winches and
adjusting spindles, where applicable for fine/detailed adjustment and fixation. Spindle
feet and base plates should be fixed with blind holes (to prevent loosening).
The three figures below show the sleeper grid before concrete is poured, and the use of
embedded jacking screws on a steel plate for stability and to ensure accuracy.

Figure 6-40 Elevated track
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Figure 6-41 Sunken chamfered screw on steel plate with grid for sleepers

Figure 6-42 Turnouts on concrete sleepers with height adjustment

6.3.3.2

Installation of grooved rail turnouts [9]

The maintenance/replacement of turnouts can be classified into two types, namely the
quick installation (swap) of a complete pre-assembled turnout using large machines, and
the replacement of smaller single turnout parts under operational conditions (normal).
The substructure on which the turnout is installed should naturally be prepared for the
load and impact it is about to carry. Thorough preparation and improvement of the
substructure will help contribute towards improving the initial quality of the turnout. In
order to do this, an entire logistical supply chain has to join in the successful execution
and completion of the works. This will also require integrating results from WP3 and
WP5.
The quality of grooved rail turnouts is the result of the interaction between parts of the
rail and street systems with their unique components, parts and products that came into
existence through a variety of processes resulting from construction planning,
implementation, construction and execution.
In Figure 6-43 below is an extract from [9] on the quality installation of turnouts. In
order to achieve a quality installation of a turnout, a number of factors should be taken
into account in the entire process – and especially for grooved rail turnouts, the
interaction of street and rail systems makes a significant difference.
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Figure 6-43 Extract on quality according to [9]

Translation of the legend in Figure 6-43 above:
Table 6-6 Translation of Figure 6-43
German

English

Qualität

Quality

Genehmigung

Approval

Planung

Planning

Konstruktion

Construction

Fertigung

Completion

Bauausführung

Execution

Instandhaltung

Maintenance

Teilsystem Weiche

Partial systems – turnouts

Teilsystem Straße

Partial systems – streets

Qualität

Quality

Auf
betriebliche
Belange
abgestimmte Konstruktion

Construction
start
with
operational issues cleared

Personal

Staff/human resources

Werkzeuge

Tools/working equipment

Kernprozesse

Core processes

Management Prozesse

Management processes
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Is a perfect turnout replacement really achievable?

6.3.3.3

This answer to this question remains a mystery, but by taking into account the following
considerations and focusing on the factors that can be optimized in order to save time,
effort, cost, etc., this may not be too far out of reach.
A technical engineering review of the complete project, the necessity of violating the
norm, has to be acknowledged – various scenarios should be investigated, and the
necessary precautions (preventions) should be derived.
A clear distinction should be made between the necessity of additional work in order to
ensure quality and expected requirements such as the presence/assistance of the
supplier during the installation process.
The following should be readily available and at hand:

6.3.3.4

•

Clear specifications

•

Detailed descriptive installation documentation/manual (establish the degree
of detail)

•

Reduce the lots/interfaces (work according to a coordinate system)

•

Create proper logistic concepts for complex situations/areas

•

Use qualified staff (especially concerning staff involved in the various
installation stages)

•

Use proper tools, machinery and other resources

•

Dedicated and consequent preparations for the installation (no ‘on the fly’
hand-over between parties of management and the calculating department)

•

Clear specifications of values and tolerances

•

Regular, consistent
documentation)

and

proper

quality

control

(hand-overs

and

Rail joints – technical problems

Joints in the running area are normally 1-cm thick. According to the ZTV FugStB 01, the
ratio between the joint thickness and joint depth should be 1.5–2.5 at the running area.
These are only considered as guidelines, but taking into consideration the thickness of
the running wheel area, the joints are normally thicker – up to 6 cm thickness. By
having such a broad/thick joint, it also prevents the wheel, in the case of rail wear, from
directly travelling on the asphalt and being damaged.
The wheels start touching the surface outside the asphalt area when wear occurs at thick
joints.
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Figure 6-44 Cross-sectional view of track profile – rail and additional material [9]

6.3.3.5

Welding

When optimizing processes that could have a direct influence on the quality of the
product, the process should be simplified. One such way to simplify the turnout
installation process is to eliminate welding. Due to the temperature sensitivity, labour
intensity and specialized training required for welding, it is best to try to eliminate this
step in the installation/replacement process as far as possible.
Should it be unavoidable to eliminate the welding process, a welding process plan for
complicated situations/areas should be created. It is advisable to wait before prestressing the welded rail, especially if another weld must also be done. This should be
done in cases with thick flanged rails and cast rails.
Under no circumstances should the pre-approval and validation of welding materials
used be underestimated – this is done in order to establish the impact on the rails (e.g.
head hardening, weld compensation).
Remove the elastic layer and after completion of weld, replace again.
It is noteworthy that welding should only be performed at set temperatures and
according to a detailed welding plan, properly pre-heating the rails to prevent
unmanaged cooling.
Check and approve super elevation of the joint before welding commences (the deviation
of a 1-m ruler on the joint should be an approximate maximum of 2 mm (and at SKV_L,
4 mm)).
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6.3.3.6

Hand-over (intermediate and final) before operations commence

When referring to quality control for the intermediate/final hand-over, there are a few
concepts to take into consideration – acceptance, contractual acceptance and
commissioning approval.
The approval/inspection according to §12(1) Satz 1 VOL/B of the service rendered is to
examine the performance according to fulfilment of the contractually agreed technical
and operational (organizational) requirements of the client or a designated
representative (in accordance with the contract) – the classical ‘acceptance’ of the work.
Operational acceptance is required before any release of operations, regardless of the
overall completion. The turnouts are measured and inspected by means of visual
inspection, and functional tests are carried out in order to test precision and safety. An
inspection of the construction area and test drive is also carried out, and all detailed
results should be documented.
In order to conclude the contractual acceptance according to VOL/B §12, the
contractually agreed terms of execution must have been inspected and observed –
therefore, the contractor (executing company) has successfully completed the
construction contract. It can also act as an intermediate or partial acceptance if, at the
time of the contractual acceptance, components are no longer visible or testable.
For new or modified operating systems, the superstructure works used to be approved
by only the owner/client/operator; this has been revised, and works should be classified
as fit for operations according to the revised VDV-Schrift 600 (Draft): Commissioning
permission by the technical supervisory authority (TSA) required and should be done on
delivery of the turnout to site by the manufacturer/supplier.
The revised VDV-Schrift 600 (Draft) further states that after the switch has been laid out
and to avoid problems concerning guarantees and acceptance, formal approval should be
granted by representatives from all stake-owners of the process – the
owner/client/operator, the manufacturer/supplier and the installation contractor.
It is advisable to involve a representative from the manufacturing company and have
them present during the turnout installation, although that is not yet included in the VDV
600 draft.
The new VDV-Script 600 versus the VDV-Script 600 (Draft)
The draft contains additional requirements concerning substructure, soil structure and
respective layers including formation, frost and carry/strain layers (originally from the
tramways). In addition, it also takes into account acceptance values/tolerances that
should be specified – road construction regulations/VDV regulations.
Concerning the turnout commissioning and operational check, it is here highly advisable
that, before the turnout is commissioned and first time operation, a thorough check is
done by the manufacturer/supplier to ensure the highest possible initial quality,
especially during the phase in which it is installed, due to all the challenges/irregularities
that are faced on site during installation.
Below is an example of a checklist for final hand-over of a turnout, so that all details are
stipulated on one sheet and readily available for future reference.
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Checklist
Final hand-over and
operational check
Turnout
Nr.

TurnoutType

Site

Supplier

Drawing Nr

Line

Frog type

Date

Type

Figure 6-45 Checklist for final hand-over

During the turnout installation, the sinking (horizontal plane) should be measured in
order to track further (spring) movement of the turnout and to establish if the turnout
has the required elasticity as initially planned.
It should be noted that when turnouts are constantly exposed to inertia moments, it will
be a tremendous advantage to measure the initial sinking of the turnout, in order to
have a future reference – especially if construction damage occurs in the future.
The pictures below depict the inertia moments. Measurements are done on the rail
infrastructure without any load. In order to measure the sinking distance, a load is
carefully applied and measured. The horizontal plane of the turnout is also measured
whilst being laid out/assembled.

Figure 6-46 Measurement without load after passage of the train and rebound of the system

Figure 6-47 Measurement under load
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The measurement of deflection in turnouts is problematic due to the constantly changing
moments of inertia along the switch.

Figure 6-48 Turnout layout

6.3.4

Process for turnout removal

Concerning the process for turnout removal, different options including equipment and
manpower with regards to the technologies have been discussed in detail within D4.2,
and the effect on installation has already been described in D4.1:
Report S-Code D4.1
•

Chapter 4.1.1 Composite plastic sleepers

•

Chapter 4.1.2 Neoballast

•

Chapter 4.1.4 Fastening with spring
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Determination of interface

6.4

It is important to take into account the background concerning S&Cs, as discussed
earlier in this chapter, and to understand the critical success factors influencing the
turnout system.
The initial quality has a significant influence on the switch and will have a direct impact
on its operational life. The experience gained thus far should be regarded as a
cornerstone and foundation on which further innovative developments can be built.
In the following paragraphs, the focus will be on:
•
•
•
•
6.4.1

Innovative rail fastenings,
Composite plastic,
Neoballast, and
Self-healing concrete.
Innovative rail fastenings

The chance to implement new rail fastenings with energy harvesting, sensors and other
devices, as described previously, raises the question of the simplicity and adequacy of
replacing existing fastening items. In the ideal case (from the point of view of
construction), the geometrical form and dimensions regarding
•
•

the space under the rail and
possible use of existing holes and dowels

should be the same as the existing ones, and the system should have to withstand the
same loads as the existing solution.
Any additional items have to be located without affecting the existing physical
dimensions or the clearance profile adjacent to the rails.
The right position of the dowels is a must for concrete sleepers; refurbishment of
wooden or plastic sleepers would be possible, as new holes can be drilled more flexibly in
a more or less easy way. But additional measures for filling the holes or strengthening
the direct environment of the hole might still be necessary.
It also has to be kept in mind that a different size of the rail foot has to be considered,
especially when it comes to regional or urban railways. This could be solved by an
adaptor which has to be designed at a later stage.
Therefore, and even though it is in the actual status of the project difficult to achieve,
striving for such a solution of a simple interface is recommended.
The transfer and evaluation of data due to changes in electric tension after the passage
of wheels/trains are not part of this consideration.
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6.4.2

Composite plastic bearers

At the moment, the decision of whether composite plastic bearers shall be equipped with
innovative rail fastenings is still open (see also previous Chapter 4), but this technology
will be treated independently as well to cope consequently with the applied method of
evaluation in WP4.
The given form of the composite plastic bearers makes it quite simple to use existing
track equipment, even though the ability to withstand quite tough tools such as grippers
and tamping picks has to be assured.
Besides the weight, it is interesting from the logistic and installation point of view to see
how the composite sleepers can be handled and how sensitively they have to be treated.
This is not only limited by transport but also by storage – in what form, piles and
required protection will the composite sleepers improve the situation in comparison to
traditional wooden or concrete sleepers.
6.4.3

Neoballast

Neoballast, being ballast stones simply covered by rubber powder, does not differ much
in terms of logistics with respect to traditional ballast, i.e. practically the same labour
and equipment can be used for its transport, placement, resurfacing and removal. In
addition, the abrasion resistance of Neoballast is higher than that of conventional ballast,
as proved in lab tests, so it could be manipulated by current equipment without
significant adaptations.
6.4.4

Self-healing concrete

Regarding the possible use of self-healing concrete [2], it is important to distinguish
where and how the special concrete may be applied.
It is the basic assumption that existing concrete equipment can be used in the same
way; the more important question is where the limits of the material will be, as there is
a huge difference between superficial cracks due to shrinkage which will be closed and
structural cracks on pre-stressed sleepers which should be cured under traffic loads.
In the first case, of cracks in the range of 0.5 mm and smaller with slab track, it was
shown that the cement in the concrete is still active for a long time, leading to ongoing
hydration with the effect of closing the cracks and gaps.
It is also interesting to have a look at the experience with slab track on a high-speed line
after 3 years of use, and the cracks detected.
The article treats the track experience on the high-speed Cologne–Rhine/Main line in
Germany after 3 years of operation. The operational speed is 300 km.h−1.
On much more than 200 km of track, just 40 km had been relevant based on failures in
the block construction, so the necessity of having self-healing concrete was limited.
In the second case, healing and hardening of structural concrete with cracks depended
heavily on the load and the penetration of the fresh concrete. Unfortunately, this topic
has not been explored in more detail during the last few decades, but the observations
and tests of Justus Bonzel and Michael Schmidt [1] in the 1980s showed that the final
hardness of the concrete is only affected by up to 10%.
The question is if and how self-healing concrete is able to cope with loads and vibrations
the same way as conventional concrete.
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Optimization for implementation/installation

6.5

The failures and effects during the installation process, as described in the background
earlier in this chapter, play a significant role in the investigations of innovative solutions.
Suspended baseplates are an interesting innovation for slab track systems and for
concrete sleepers, when compared to ballasted tracks (having a frame of rails, sleepers
– wooden or plastic – and ballast), which provide in principle enough elasticity to absorb
the dynamic loads resulting from rail traffic.
6.5.1

Innovative rail fastening

In the case of covered switches, such suspended baseplates would be helpful, though
their possible use might be limited due to the inflexible adjacent traffic areas: the
suspended elements would rub against the fixed edges, representing a range which
elastic sealing joints are not able to follow.
In addition, the replacement of defective suspension elements should be still possible.
Further on, areas of S&Cs provide very limited space and require special fastening
elements as the plates are not accessible. For these cases, special service equipment as
well as training of the working personnel will be required.
6.5.2

Composite plastic bearers

It seems evident that such sleepers may have to be treated with the same tools and
equipment as traditional wooden sleepers – otherwise a lack of acceptance would be the
consequence.
This is the case for all different kinds of work and activity such as cutting, drilling,
transporting and storing.
Regarding the technical capability of the system, a list of properties has to be defined
and verified to avoid later problems:
•
•
•
•
•
•
•

•
•

Possible effect on duration of the rails (as the rail is bent more than in the actual
combination of sleeper/baseplate)
How can other parts/items be fixed on the system (e.g. ETCS balises)?
The new baseplate must also take over the vertical movements and has to be
considered in the design
The design also has to consider the effects of softer total fastening systems with
regards to gauge widening and torsion/deflection of the rail head
Design of the fastening to ensure the required creep resistance
The combination with the sensor technique has to check the functionality of the
system (and inform the operator when to be replaced)
The criteria for length of dilatation/change in a longitudinal direction of the
sleepers might be difficult to fulfil; for a short time in Germany, this was a topic
under detailed observation by DB Netz (German Railways, Network Authority)
and EBA (Eisenbahnbundesamt, Federal Bureau for Railway Safety)
Further on, the material used should not be noxious – which would lead to
restrictions for cutting and drilling
Weather: another point is the slip resistance in all weather conditions – at least, it
must not be worse than for wooden sleepers

The efficiency of the installation depends on the handling. As already mentioned,
compatibility with the existing, highly efficient construction equipment seems to be given
but has to be verified when the material to be tested is available.
There is also the chance to optimize the geometrical form for automated distribution of
the bearers (e.g. pockets for gripper) and a rough surface to raise the lateral resistance.
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6.6

Summary

From the studies performed, it is evident that a number of innovative actions have been
investigated to reduce or slow down rail wear. The investigations included considering
the entire process concerning turnouts, from the manufacturing materials selected
through to the hand-over after successful completion of installing the turnout and even
the maintenance procedures that could be envisaged for the future.
Within WP4, different/new materials have been investigated regarding suitability for S&C
units. Whereas the parts regarding installation technology had already been discussed in
D4.1, these chapters in the present report concentrate on sources of failures and effects
of the whole installation process.
This starts by looking at the effects on the rail–wheel interface as well as effects due to
the whole manufacturing and installation process, also considering the assurance of
quality during the whole process by pointing out the important factors and how they will
be treated.
The experience is based on existing S&C technology and can be well applied for the
materials – composite plastic sleepers and Neoballast – and the new type of fastening
with spring, as – from the installation point of view – they all can be treated in a very
similar way to the existing standard components.
The four technologies identified for optimization are: rail fastenings, plastic sleepers,
Neoballast and self-healing concrete.
Finally, it should be noted that the quality and installation processes involving S&Cs
should always take high importance and be taken under careful consideration.
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Introduction

7.1

The objective of the system integration strategy is, using appropriate methods, to
interconnect all technologies and partial elements of switches developed in all of the
three concurrently running work packages WP3, WP4 and WP5. This means that the
technologies of the following fields will be interconnected:
•
•
•

monitoring and sensors (WP3);
components and materials (WP4);
kinematic system and next switching generation (WP5).

The outputs of individual work packages are provided in the respective deliverables, i.e.
D4.1 (July 2018), D3.1 (January 2019), D4.2 (January 2019) and D5.1 (January 2019).
Each of the deliverables handed over at the end of solutions of these work packages
(January 2019) provides this system integration which spreads over all work packages
and brings the technologies together. This chapter is no different, and it is identical for
all three deliverables since it contains brief information on technologies that are solved
concurrently in work packages WP3, WP4 and WP5. In this chapter, it is thus possible to
obtain information on which technologies are dependent on which technologies of all
work packages, and so on which technologies it is necessary to concentrate in
developing one specific technology and with which of them to cooperate.
Another part of the objective is to prepare a plan for the future demonstration of
concepts in the following work package, WP6. WP6 will draw, smoothly and analogically,
from the activities in work packages WP3, WP4 and WP5. The following partial tasks will
be solved:
•
•
•

validation of next generation control, monitoring and sensor system concepts;
validation of next generation design, material and component concepts;
validation of next generation kinematic systems.

Demonstration is expected to be achieved up to the development stage TRL4, which
means validation of the technology in a laboratory. So, it is assumed that suitable
technologies will be chosen from work packages WP3, WP4 and WP5. These will be
integrated into smaller units and validated in a laboratory, or those partial technologies
from which future use is expected and which are currently at a larger stage of
completion will be directly validated in a laboratory. An overall evaluation with the
outlook to the future will be then presented as part of work package WP7, Evaluation,
impact and future development. The respective chapter states which concepts were
chosen for demonstration and how the demonstration in work package WP6 is expected.
When solving this task, the BIM (building information modelling) method is intended to
be used for the system integration of principles; it has been a standard in recent years in
design and construction, as well as maintenance of ground structures, and this method is
currently becoming a standard also for lineal constructions, i.e. most commonly railways
and roads. According to the existing BIM principles, a switch is only an element which
enters a complex model of a larger unit, such as a railway station. Therefore, for
switches as building structures and at a low development stage, if we speak about the
next generation of switches based on the S-CODE project, the BIM principles are not
quite fully usable, and they require a certain adaptation. This chapter also contains the
issue of BIM and using the method for the integration strategy in the S-CODE project,
including an example of a conventional switch.
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7.2

BIM in conditions of S-CODE

7.2.1

Introduction

The acronym BIM stands for ‘building information model’ or ‘modelling’, where the term
‘model’ refers to a digital representation of an asset that describes its physical and
functional characteristics. The verb ‘modelling’ implies a process of creation and
management of BIMs. Whilst BIM can be described as digitalization for the construction
sector, BIM is relevant for any component of the built environment, new or already
existing.
The model and modelling process are arguably less important than the information
contained in the model. Nevertheless, the quality of the model constrains the impact that
using BIM can have on a project. BIM can be defined as a means of managing
information throughout the life-cycle of a project [1]. A definition succinctly covering
these aspects of BIM is given by the UK BIM Task Group [2] as: “BIM is essentially
value-creating collaboration through the entire life-cycle of an asset, underpinned by the
creation, collation and exchange of shared three dimensional (3D) models and
intelligent, structured data attached to them.”
Therefore, the initiation of BIMs and a BIM process is relevant and useful in S-CODE,
despite its work being in the earliest of project phases, i.e. research and design.
Consideration of BIM at this stage sets a precedent for the effective management and
transfer of information. Employing BIM’s information management aspects eases
collaboration and information sharing between work packages and partners.
7.2.2

BIM dimensions and maturity levels

BIM uses a series of tools (not just a single software application) within a structured
process for information storage and communication. Established terminology describes
the content and capability of BIM. The ‘dimension’ of BIM describes the richness of the
data contained in the model; dimensions beyond the standard geometric three
dimensions (3D) characterize additional information according to its intended use.
Different to the BIM dimensions is a framework for the level of maturity, which mainly
describes the ability to digitally exchange data, i.e. collaborate. The term ‘level of detail’
(LOD) describes the data content of a BIM project throughout its stages of development.
7.2.3

Dimensions

At the core of BIM is a 3D model built using the CAD technology. A 3D BIM model
enables visualization. In addition to geometric points, a BIM model can encode the
relationship between objects and contain additional information about objects, e.g.
material properties, type of object, and rules for connected objects – such as that a rail
must sit on a sleeper or slab track. This allows orientation of objects within their
environment. Additional information added to objects makes the model richer.
Descriptions of 4D to 6D BIM, and even further dimensions, are found in the literature.
Typically, the fourth dimension refers to time-linked information, to be used in
scheduling of a project, and 5D means that cost information of objects is included – used
in cost estimations. The dimensions above 5 are variously described as containing data
used for sustainability modelling, operation and maintenance, and facilities management.
7.2.3.1

Maturity

In the UK, the government has defined a framework for assessing the maturity level of
BIM in projects. Moving to the higher levels of the framework relies in particular on
efficient collaboration and sharing of information held in BIM models. In a project,
information is commonly contained in different models. Therefore, relationships between
the data must be specified in a standard way to fully exploit BIM. Eventually, open
standard formats must be used to translate data from one proprietary format to another.
All information should be stored in a common data environment (CDE). Details of the
maturity levels are shown in Table 7-1 [3, 4, 5].
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Table 7-1 BIM maturity levels

Level

Description

0

Effectively no collaboration and a pre-BIM stage. 2D CAD drafting only,
for production information. Output and distribution is via paper or
electronic prints, or a mixture of both

1

This typically comprises a mixture of 3D and 2D CAD. Limited sharing of
information between project members and project stages. Processes
should be in place to:

‘lonely
BIM’

•
•
•
•
2

standardize methods and procedures, e.g. responsibilities assigned,
naming conventions, CDE in place
develop a policy for managing information over the project life-cycle
standardize data exchange: what and when data should be
exchanged, format, monitoring of data, record receipt of data
design management: management responsibilities, plan of work

Distinguished by collaborative working
Core requirements:
•
•

3
‘integrated
BIM’

a co-ordinated information exchange process specifically designed for
the project
any CAD software that each party uses must be capable of exporting
to a common file format

Not yet fully defined. UK Government’s Level 3 Strategic Plan’s ‘key
measures’ [6]:
•
•
•
•

to include ‘open data’ standards for easy sharing of data across the
entire market
a new contractual framework for projects which have been procured
with BIM
a cultural environment which is co-operative, seeks to learn and share
training public sector clients in the use of BIM techniques
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Figure 7-1 BIM maturity metric [7]

7.2.3.2

Level of detail

LOD [8] describes the minimum content and reliability of BIMs at various stages in the
design and construction process. Different designations for project stages exist, and it is
up to the individual project to define the stages that are appropriate. As an example, the
RIBA Plan of Work [9] adopts eight stages:
1. Strategic definition
2. Preparation and brief
3. Concept design
4. Developed design
5. Technical design
6. Construction
7. Handover and close out
8. In use
Different model elements develop at different rates. The LOD framework allows each
project participant to understand the progression of their element, and the combination
of elements where appropriate, from first conceptual ideas to final design. Model authors
can, using this structure, define how their models can be relied on at different life-cycle
stages and informs downstream users to clearly understand the usability and the
limitations of models that they inherit.

Page 7-6 of 7-27

7.2.3.3

BIM life-cycle

Doumbouya et al [10] stated that the life-cycle building stages encompass inception,
brief, design, production, maintenance and deconstruction. Figure 7-2 shows that BIM is
at the heart of the asset life-cycle. It can be seen that many stakeholders are distributed
over the BIM life-cycle. The work of BIM is to pull the information from stakeholders
together and share it to improve the asset outcome for the customer and others.

Figure 7-2 Building information modelling life-cycle [11]

7.2.4

Recommendations for application of BIM in S-CODE

•

Appoint an overall BIM information
responsibility to be with project director

manager

(and

advisor)

–

ultimate

•

Employ a CDE

•

Define the S-CODE project stages

•

Examine BIM maturity levels 1 and 2 and select the elements appropriate for use
in the project, given the project stages it contains

•

Attach levels of detail required in the model for each stage and project
component

•

Define the times and content of data drops (milestones and deliverables)

•

Examine the capability to export project models to a common data format

•

Specify what downstream users of the models can expect from the models and in
what ways the models can be relied upon
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7.3

Example: digital twin of railway switches and crossings

Railway turnouts or switches and crossings (S&Cs) are complex systems by nature of
design and construction. Railway turnouts are used to change direction of trains from
one to another. They require high-quality construction and maintenance, in order to
minimize rapid degradation and component failures that could result in train derailments.
This research establishes and analyses the world-first 6D BIM for life-cycle management
of a railway turnout system. The use of BIM for railway turnout systems has the
potential to improve the overall information flow and promote collaboration of the
turnout planning and design, manufacturing pre-assembly and logistics, construction and
installation, operation and management, and demolition, thereby achieving better
project performance and quality.
7.3.1

Introduction

A railway turnout (or S&C) is a special track system used to divert a train from a
particular direction or a particular track onto other directions or other tracks. It is one of
the most complex and nonlinear systems in railway infrastructure network. As a critical
infrastructure, it is a structural grillage system that consists of steel rails, points
(switches), crossings (frogs), steel plates, rubber pads, insulators, fasteners, screw
spikes, beam bearers (either timber, polymer, composite, steel or concrete), ballast and
formation [12]. Traditional turnout structures are generally constructed using timber
bearers. The timber bearers allow the steelwork to be mounted directly on steel plates
that are spiked or screwed into the bearers. In the present day, concrete bearers are the
most popular choice, and fibre-based composite bearers (i.e. FFU) have recently been
adopted [13] Modern turnouts have adopted tangential geometry to smooth the ride
quality and have installed concrete bearers to stabilize the track structure. The turnout
structure generally imparts high impact forces onto its structural members because of its
acute geometry and mechanical connections between closure rails and switch rails (i.e.
heel-block joints). Since the railway turnout is complex, a small deviation from the
original design can easily be incurred from human errors, poor workmanship, machinery
errors, accidents, measurement inaccuracy, and so on. This small deviation, however,
can cause significant problems to railway systems, such as causing high-intensity impact
loading, excessive lateral force, hunting behaviour, poor ride comfort (from jerking
behaviour) and, potentially, train derailments over a complex geometry [14, 15].
Accordingly, the construction and maintenance activities for railway turnouts should be
very careful to minimize any potential error.
The technology of BIM is in great demand in the world nowadays. Many countries have
introduced regulations to their new infrastructure projects for the application of BIM. BIM
is considered an information system (IS) where tacit knowledge can be stored and
retrieved from a digital database, making it easy to take prompt decisions as information
is ready to be analysed. BIM at the model element level entails working with 3D
elements and embedded data, therefore adding a layer of complexity to the
management of information along the different stages of the project [16].
7.3.2

BIM for railway turnout systems

7.3.2.1

Railway turnout system assembly

Railway turnouts are usually determined by rail operations and requirements to transfer
a train from a particular rail track onto another track. They are complex assemblies of
sections and components within a railway corridor as they constitute an exceptional
discontinuity within the railway layout [14]. It was found that railway turnout is a
structural grillage system that consists of steel rail, crossings, closures, points, rubber
pads, steel plates, screw spikes, fastening systems, sleepers, ballast and foundation.
Generally, a railway turnout system consists of complicated connections, which are
designed with special geometries (sizes and dimensions), curvatures (angles and grades)
and elements and with different profiles, as shown in Figure 7-3. All of the properties of
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railway turnouts make them difficult to design, manufacture, construct and manage
across the whole life-cycle.
7.3.2.2

Digital twin

In the Revit Platform API, it is possible to complete a 3D sketch by using the following
classes: Extrusion, Revolution, Blend and Sweep. Based on the 2D drawing of the layout,
profile and exponents of a turnout, it is feasible to create 3D simulation modelling
accurately and visibly in Revit-2018, as shown in Figure 7-3.

Figure 7-3 Complete 6D digital twin of turnout system

As each component is a sole family in Revit-2018, the result of the 3D model can
indicate the logical relations between each component. People can have an integrated
view of this model from different perspectives. The 6D model enables checking and
validating both geometry and information inside of the model to make sure each detailed
part is clear and accurate.
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7.4

Remarks

This research aims to develop a world-first 6D BIM of a railway turnout system. This
turnout IS is being established over an integrated life-cycle from the planning and design
stage to the end of the demolition stage, and it provides six dimensions of information in
the project. Besides that, this project simulated a life-cycle assessment (LCA) on the
basis of shared information. BIM of a railway turnout system, as a big data-sharing
platform that enables the planning work to be sequenced logically, efficiently and
sustainably, enhances collaboration, allows for feedback before ground work and avoids
waste. BIM makes the railway turnout system more optimized and more intelligent.
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7.5

Definition of technologies to be integrated

Individual technologies are based on innovation development maps, which have been
created for each work package WP3, WP4 and WP5. These maps contain technologies,
which are further developed in different ways, and their respective development stages
of TRL. Specific technologies are usually solved from a higher stage of TRL, which allows
better availability in terms of manufacture and materials, as well as in terms of the
demonstration of outputs, up to a long-range solution with a very low TRL (conceptual
design).
The technologies were examined by work package. First, the suitability of individual
technologies for the selected switch concepts was identified. This includes a total of five
revolutionary concepts (back-to-back bistable switch, single slender switch, pivoting
switch, sinking switch and vehicle-based switch) and also the conceptual standard
switch, which is commonly used all over the world.
Furthermore, the technologies were examined in relation to the rate of dependence on
the other technologies being solved. This information is important for those who develop
that technology, to know which technology could be dependent on their solution. It is
natural that within a switch, consequently, almost all is dependent on all, if we go into
detail. However, the objective was to evaluate particularly very strong dependences
which are formed at the very early stages of development. From this point of view, the
technologies were evaluated within the work packages themselves, and also in relation
to the other parallel work packages. The technologies were arranged in a clear table.
7.5.1

S&C concepts developed in WP2

7.5.1.1

Back-to-back bistable switch

This concept of a switch is based on the concept developed before, titled REPOINT©,
which was developed at Loughborough University. Within the S-CODE project, the
solution was conceptually extended to also include the frog part of the switch. The switch
has its tongues in the butt configuration, with the oblique rail joint design solved
similarly to that of expansion joints. For this switch, switching will take place using the
method of lifting the rails with the sleepers (or parts of the sleepers). Due to its
continuous running surface, the switch does not require the use of check rails in the frog
part.

Figure 7-4 Back-to-back bistable switch
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7.5.1.2

Single slender switch

The single slender switch is characterized by the use of only one movable flexible
tongue, which runs along the whole length of the switch. The shape of the tongue, on
which vehicles will run on both sides, will have to be solved geometrically. The use of
one tongue means that there is only one most stressed and critical part of the switch,
and if there is a failure, only one component has to be replaced. Nevertheless, this
element will be a much-stressed element in the structure of the whole switch and will
have to be of sufficient flexibility. Switching this component from one position to another
along a long path will require the design of a completely new method of switching.

Figure 7-5 Single slender switch

7.5.1.3

Pivoting switch

This concept of a switch is characterized by the pin arrangement of all movable parts in
the switch. An advantage could therefore be the use of materials for the running
surfaces that cannot be bent. However, this arrangement creates many unsuitable
broken areas of the running surface. There are always five rail joints in each direction,
and these will reduce dynamic stress during the passage of vehicles. The pin pivoting
arrangement of switchable parts will be relatively simple as regards the development of
switching systems compared with other concepts.
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Figure 7-6 Pivoting switch

7.5.1.4

Sinking switch

For the concept of the sinking switch, vertical movement of the elements when switching
the switch is designed. The movement of the tongue in the vertical direction will create
an area for the passage of a wheel flange both in the frog part and the switch blade part.
The running edge of the switch is not basically broken. The main problem will be
developing a suitable switching device and creating room for the recessed tongue in the
sleepers. A real design of a sinking switch is the Dutch turnout WINTERPROOF©.

Figure 7-7 Sinking switch

7.5.1.5

Vehicle-based switch

This concept solves an absolutely new principle of the vehicle–track system. A version of
the inverse use of the profiles of wheels and rails was considered. The current profile of
a wheel would be applied to a rail, which would create a rail with a ‘wheel flange’, and
the current rail profile would be applied to a wheel, which would create a wheel without a
wheel flange. This arrangement would make it possible to keep the present principles of
wheel/rail interaction to a certain extent. Switches in this system could be solved as
fixed, without any movable areas, and without breaking the running surface. Therefore,
it would not be necessary to have any actuation and locking or detection systems in the
switch; also, maintenance would be reduced to a minimum. A vehicle would be directed
in the correct direction using mechanisms installed directly on its undercarriage. A great
disadvantage of this concept is that it can only be used for absolutely new railway
systems.
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Figure 7-8 Vehicle-based switch

7.5.1.6

Standard switch

The standard switch was also taken into consideration with regard to the system
integration of individual technologies of work packages WP3, WP4 and WP5. It turned
out to be useful and desirable to also include in the integration this switch commonly
used today, since a number of technologies may also be applicable for improvement and
innovation of an existing system used. So, the following typical standard switch was
considered for the integration. The switch is of the standard geometry, with a circular
curve in the diverging branch, radius of 500 m, and turn-off angle of 1 : 12. Concrete
switch sleepers are used, and the fastening uses sole plates; flat bottom rails with a
mass of 60 kg.m−1 are used, and the rail material considered is rail steel R260. The
switch has the standard switching method in the switch panel, using two tongues formed
out of switch rails and the respective stock rail. The frog is made up of a common fixed
frog (assembled or cast compact one).
7.5.2

Concepts developed in WP4

7.5.2.1

FFU composite bearers

The project will review and verify the suitability of the material for European S&C
bearers. The technology has already been trialled on S&Cs outside of Europe.
The characteristics of the material offer improved damping characteristics which will
contribute to improved reliability of the system and improved life-cycle costs through a
reduction in maintenance. Rather than develop this technology, the project will explore
the benefits of incorporating this technology into the concepts.
7.5.2.2

Neoballast

Neoballast consists of a ballast aggregate covered by an advanced coating that
comprises a bespoke binder component and recycled rubber coming from end-of-life
vehicle (ELV) tyres. Neoballast allows the use of poor-quality aggregates (e.g. limestone
ballast), even recycled ballast, which can compensate the lack of high-quality aggregates
in certain regions.
With its rubber coating, Neoballast increases energy dissipation and load distribution,
leading to increased elasticity. This allows a reduction in ballast layer thickness of up to
20%, which is significant for tunnels and bridges with reduced gauge. It is also very
convenient for high stiffness zones of the track, such as S&Cs. In addition, Neoballast
provides a larger contact area with the sleepers, which leads to less track deterioration
and fewer maintenance needs for the track in general and S&C in particular. Neoballast
can also be combined with plastic bearers or any other technologies to be developed for
track support.
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Neoballast is an innovative solution for the track substructure compatible with the new
concepts of S&Cs, targeting the following objectives: higher attrition resistance than
standard ballast, doubling service life; larger contact area between sleepers and ballast,
leading to less track deterioration (up to 100%); reduction in track stiffness, which is
very suitable to reduce the increased stiffness in S&C zones; possibility to reduce ballast
layer thickness, which may be very positive for some new S&C designs; fewer tamping
operations needed, which is especially appropriate for S&C support zones, which are
difficult to tamp; reduction of life-cycle costs by 40% due to the increase of durability.
Further savings can be obtained from the use of recycled or poor-quality aggregates;
increase of noise and vibration performance, avoiding in some cases the need for
isolation devices; reduction of the need of natural aggregates in railway construction;
reduction of ELV tyres sent to landfill and incineration plants; reduction of the CO2
emissions; and a reduction of energy consumption.
7.5.2.3

High-damping concrete bearers and slabs

This project is seeking to optimize the mix of concretes to improve the damping
properties whilst retaining the other material performance properties required by the
concrete sleeper standard EN13230. The use of waste tyre particles has improved the
dynamic performance of concrete whilst also helping to manage environmental waste.
The improved dynamic performance will suppress railway noise and vibration at source
and will significantly reduce environmental impacts on S&Cs.
This technology has been developed to improve the damping characteristics of concrete
bearers, which will help to reduce the common failure mechanisms in the bearers
themselves whilst also improving the system response to dynamic loads, further
improving load transfer to the ballast and thus slowing the process of ballast degradation
around S&Cs. The dynamic damping will enhance the reduction of railway noise and
vibration at source. Environmental impact reduction at source is reported to be the most
effective method for railway noise and vibration mitigation. The use of crumb rubber can
also enhance environmental management by using recycled material. The rubber
contains internal hazardous waste when sent to landfill. This research will thus enhance
the life quality of the public too. Several works have been carried out and published by
the principal investigator responsible for the tasks.
7.5.2.4

Tunable stiffness fasteners

In fastening systems where the rubber or EPDM pads are replaced by a system of
springs, stiffness can be set easily; eventually, stiffness could be set dynamically
according to the weight of passing trains. This can ensure the best deflection along the
whole turnout. Differences in stiffness along the turnout can be taken into account.
Three concepts for fastening systems are explored: #1 – controlling stiffness by contact
surface, (passive); #2 – introducing an active method for influencing stiffness or
damping in a rail-to-bearer fastening system through a cartridge that takes over partially
or fully the function of the rail foot pad or, in case that the rail is fastened to the slab
track, other flexible rail pads; #3 – using leaf springs as an alternative to a flexible pad.
This activity also includes the potential to look at adjustable-height fasteners.
The alternative fastening arrangements are being explored to offer better control of the
system stiffness, offering improved asset reliability, whilst also offering the potential to
incorporate energy harvesting to support monitoring/control systems.
7.5.2.5

Flash butt welding of the contact layer

The project will explore the possibilities for flash butt welding of a heterogeneous contact
layer onto the surface of the bulk rail material. With the welded joint in the horizontal
plane, real material parameters of the contact surface are influenced by the depth of the
fusion zone in the rail head. Knowledge of the material response of selected highstrength steels on welding parameters is the way to modify the primary microstructure
in the required way. The proposed concept presents a way of meeting the contradictory
requirements for contact layers of S&Cs (high wear resistance and fatigue resistance
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together with high impact toughness) and of changing primary welding problems into
benefits. Systematic experimental analysis, together with evaluation of the mechanical
and structural parameters will be performed through the following steps: #1 –
preparation of new steel, #2 – evaluation of hardening capacity, #3 – mechanical
testing, #4 – structural phase + analysis, #5 – experimental welding, #6 – evaluation.
This initiative will assist in reducing the rail defect failure modes associated with
wheel/rail contact through the crossing. The more resilient contact layer will also reduce
unplanned maintenance and therefore potentially reduce life-cycle cost. Interlayers at
the bainite/pearlite welding interface can present a softened zone (based on a
decarburization process), and thanks to that, they can restrict the perpendicular
propagation of surface-initiated cracks.
7.5.2.6

Self-monitoring bearers

An innovative material solution is to enhance the mix of concretes to improve their selfmonitoring capability whilst maintaining the other material performance properties
required by the concrete sleeper standard EN13230. The use of carbon nanotubes has
improved the self-monitoring capability of concrete. The new ability will enrich the ability
of bearers to self-monitor the condition and damage of the bearers in track systems.
This technology has been developed to improve the ability of concrete bearers, which will
help to monitor the crack propagation and failure mechanisms in the bearers
themselves, thus improving the predictive and preventative maintenance around S&Cs.
Several reports have been carried out and published by the principal investigator
responsible for the tasks [1].
7.5.2.7

Functionally graded steel crossing

Functionally graded materials have the potential to create unique microstructures in
many applications. Their use is a promising way to meet the requirements for localized
strength and plasticity parameters, in direct connection with the results of numerical
simulations. This approach to material optimization in structural design fully corresponds
with current trends in material engineering. The creation of sheets of materials with
anisotropic composition and graded properties is considered within the framework of the
project. Development in this direction is a response to the currently relatively precisely
defined parameters of the limit state of the material in the wheel–rail contact. Initial
experimental work will be carried out to verify the possibility of gradient steel production
aimed to increase the operational resistance and safety of critical parts of S&Cs. The
creation of a lamellar-layered structure oriented parallel to the contact surface is
contemplated. The combination of materials will be chosen to suppress the degradation
process of cumulative exhaustion of plasticity (ratcheting) in the wheel–rail contact. In
small-scale referential samples, presenting the ‘layer by layer’ production, the
continuous change of microstructure and composition of the prepared functional
gradients will be studied. This study will demonstrate the strategy for using gradient
structures to increase the fatigue resistance of materials in the most stressed parts of
S&Cs. An initial laboratory evaluation will be performed for possible follow-up studies of
the strength and ductility of functional graded crossings.
The use of functional gradient material for the most dynamically loaded parts of S&Cs
has the potential to meet conflicting demands on impact resistance and wear resistance.
In the case of the successful creation of a specific gradient material for this application
(material combining high-alloy steel and steel with controlled plasticity), it is possible to
reduce substantially the maintenance costs as well as the negative environmental
influences associated with conventional reparation of worn parts. The main purpose is to
increase operational safety. Functionally graded material forms a natural barrier against
the critical development of surface-initiated cracks in wheel–rail contact.
7.5.2.8

3D-printed composite sleeper

Multi-layer composite sleepers and bearers with various degrees of stiffness using
various types of thermoplastic resins can be printed using a commercial 3D printer.
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Current 3D printing technology can easily enable the components to be printed in the
field. The technology enables the printing of combined fibres and thermoplastic resins,
which are critical for the strength and durability of turnout bearers. Layers with different
stiffness properties are designed to ensure that the top layer is sufficient to provide pullout resistance to fastening and bolt systems for baseplates, whilst the lower layers can
be designed with respect to the maximum grain size of the ballast, to ensure an
optimum interface. The new 3D-printed composite sleepers will not only improve
construction productivity; they are designed to reduce impact loading, reduce wheel/rail
loading, mitigate railway noise and vibration, and importantly to enhance automated
track maintainability.
This development would provide the opportunity to vary the sleeper support stiffness
throughout the layout to optimize the overall system stiffness and stiffness transitions.
This would provide the opportunity to create a more desirable interface between the
sleepers and ballast (or fixed support structure) without the need to insert a separate
resilient pad. The overall improved control of system stiffness would reduce the rate of
ballast deterioration and provide better system response of dynamic load, thus reducing
further rail and component damage. The cushioning will reduce ballast breakage. At the
same time, the tuned stiffness will mitigate wheel/rail and impact loading on crossings,
reducing railway noise and vibration impacts.
7.5.2.9

Self-healing composite

Expanding on the work of 3D printing for bearers, the aim is to introduce self-healing
properties to the composite materials without sacrificing their mechanical properties.
This development will research different technologies to improve self-healing composites
for S&C bearer applications. The principal focus of this study is to evaluate the selfhealing properties of composites using different self-healing methods with the inclusion
of 3D printing technology.
The self-healing composite will improve the durability and life-cycle performance of track
support structure.
7.5.2.10 Self-healing concrete
Expanding on the work to optimize dynamic performance for bearers, the aim is to
introduce self-healing properties to the concrete without sacrificing strength. This
development will research different technologies to improve self-healing concrete for
S&C bearer applications. The principal focus of this study is to evaluate the self-healing
properties of concrete using different self-healing methods with the inclusion of crumbed
rubber (to enhance the high degree of damping in concrete). The three approaches to
self-healing explored are bacteria-based, chemical-based and improved (natural process
intrinsic to the material properties).
These preventative repair solutions aim to extend the service life of structures and
infrastructures whilst keeping their level of performance pristine. Incorporating selfhealing capability into concrete appears to be a promising sustainable alternative for
extending the service life of track components, lowering maintenance costs and avoiding
complicated repairs, by filling cracks at the earliest stage of damage and allowing the
recovery of properties, whether physical or mechanical. Self-healing concrete enables a
clear path to reduce unplanned track maintenance costs. The capability will improve the
life-cycle of bearers and slabs by increasing the durability of concrete.
7.5.2.11 Cold spray additive manufacturing
This development is exploring the possibility of using the cold spray additive
manufacturing technique for the manufacture and/or repair of S&C components. The
principle of this technology is the application of powdered metal at high velocity and at
low temperatures. Powder is added to a heated compressed gas; then, this mixture is
accelerated in a De Laval’s nozzle to a velocity of up to 1200 m.s−1 and ‘sprayed’ onto
the required surface, during which powder particles become plastically deformed.
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This technology could be a suitable alternative to the welding of frogs and the
manufacture of ‘sandwich’ parts resistant to abrasion. An advantage compared with
welding is that this technology does not cause any influence of heat on the component
onto which the powder is being applied. There is significant saving in cost and material
wastage over conventional welding techniques.
7.6

Technology integration

7.6.1

Technology suitability for next generation S&C concepts

This chapter considers the suitability of individual technologies developed in the work
packages WP3, WP4 and WP5 for next generation S&C concepts. The following table
shows which technologies are appropriate, inappropriate and are generally applicable
without reference to the next generation of new S&C concepts.
In the tables, abbreviations are used as follows:
•

S – suitable (appropriate, inevitable in the future);

•

N – neutral (generally applicable, technology is not necessary, there are other
alternatives, often more appropriate);

•

I – inappropriate (technically and functionally inappropriate for the concept).
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Back-to-back Bistable Switch

Single Slender Switch

Pivoting Switch

Sinking Switch

Vehicle-based Switch

Conventional Switch

Table 7-2 Technologies of WP4

FFU Composite Bearers

N

N

N

N

N

N

Neoballast

N

N

N

N

N

N

High-damping Concrete Bearers and Slabs

S

S

S

S

S

S

Tunable Stiffness Fasteners

S

S

S

S

S

S

Flash butt welding of contact layer

S

S

S

S

S

S

Self-monitoring Bearers

S

S

S

S

S

S

Functional graded steel crossing

S

S

S

S

S

S

3D Printed Composite Sleeper

N

N

N

N

N

N

Self-healing Composite

N

N

N

N

N

N

Self-healing Concrete

S

S

S

S

S

S

Cold Spray additive manaufacturing

S

S

S

S

S

S

Technology\

Switch concepts

WP4
Next generation design, material and components

New materials and components are being introduced in all industrial branches at the
present time. Essentially, the present rail switch changes in relation to materials and
components are very slow, and there are no revolutionary new technologies in the field
of solving this work package in the standard switch design. This is the reason for
verifying whether, after a certain modification, the innovative new technologies used in
other industrial branches would not also be suitable for use in both standard switches
and the switches of the next generation. It is in relation to the switches of the next
generation with a new kinematic system that the need for a quite new material or
component may arise.
The group of technologies regarding the material of rail supports (sleepers, bearers) and
also the Neoballast technology are marked in the table as neutral in relation to their
suitability for the next generation of switch concepts. This classification was based on the
idea that in the future, quite different support methods (e.g. slab track, also commonly
used today) may also be used where, for example, the use of a ballasted bed or
composite sleepers does not come into consideration. Slab tracks are very often used
and preferred mainly in high-speed rails; therefore, this technology, though it seems
revolutionary, may be used less often for these reasons in the future. On the other hand,
many rural routes do not have sufficient traffic to justify slab track. Use of novel
materials such as Neoballast could improve the performance sufficiently that the
interaction of train track and environment results in zero damaging interaction saving
these routes from possible closure.
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In relation to the material of supports, new types of concrete appear to be usable more
universally. They can be applied in both ballasted bed and slab track. It is in the slab
track in a high-speed rail, where it is necessary to reduce the intervention by
maintenance teams, that the self-healing material out of which the slab track is made is
very suitable.
The technology of the next generation fastening system is suitable for all concepts, since
it will always be necessary to fasten the rail to the bearer according to the existing
assumption. The innovative fastening system allows tuning of the stiffness according to
the actual need (depending on the actual mass of the coming train); a height position
correction can also be considered in the future to achieve smaller modifications in the
geometry of the height rail position caused by wear of the rails and/or uneven sinking of
the entire switch structure.
The new abrasion-resistant steel resistant to fretting fatigue could also be suitable for all
concepts, particularly those in which an occurrence of dynamic loads can be anticipated,
for example, from interruption of the running edge. In this case, the use of this more
resistant steel can only be considered in these areas. If we also take the existing
standard switch into consideration, very suitable use of such steel can be found in the
fixed frog, in which the highest dynamic load of the entire switch occurs.
The additive cold spray technology seems to be a very suitable alternative for the future
to the present welding-on of worn running surfaces, which can also be used
advantageously in all concepts of the next switch generation. The mechanical vehicle–
switch contact is still considered in all concepts, which means that a certain wear of
running surfaces will always occur even when using better materials for rails or running
surfaces.
Consideration of 3D printing as the production technology is quite certainly justified for
future applications. Although other production technologies are more advantageous
economically than 3D printing, that may be reversed in the future. Owing to 3D printing,
it is also possible to consider a large diversity of forms; unlike the series production of
plastic components, for example by moulding, it is possible for each component to be
different, i.e. with an optimized shape depending on the actual need.
7.6.2

Dependence of technologies (in the frame of each work package)

This section describes which technologies in the work packages are considered
dependent on one another and which are not. The tables below are decisive also for
further development, since they show the designers of a specific technology on which
other technologies in their field they should focus and with which they should cooperate.
When filling in the table, we successively asked ourselves the following questions:
•

When using a particular technology in the column, will it be necessary to
cooperate with the technology in the row? (answer yes, D – Dependent, no – go
to the next question)

•

Will a problem arise subsequently, at more detailed processing, if the
technologies are not developed together? (answer yes, D – Dependent, no – go to
the next question)

•

Would it be possible to consider cooperation with this technology (we can and do
not have to); is there a perspective of interconnection in the future? (answer yes,
N – Neutral, if not, go to the next question)

•

Can the development run quite independently, i.e. in parallel, so that the
technologies will then also be mutually applicable in this case? (answer yes, I –
Independent).
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Self-healing Concrete (b)

Self-healing Composite (a)

3D-printed Composite Sleeper (a)

Functional graded steel crossing (d)

Self-monitoring Bearers (b)

Flashbutt welding of contact layer
(d)

Tunable Stiffness Fasteners (c)

High-damping Concrete Bearers and
Slabs (b)

Neoballast (a)

FFU Composite Bearers (a)

WP4 technology
WP4 technology\

WP4
Next generation design, material
and components

Table 7-3 Dependence of WP4 on WP4 technologies

WP4
Next generation design, material and components
Neoballast (a)

N

High-damping Concrete Bearers and Slabs (b)

I

N

Tunable Stiffness Fasteners (c)

I

I

I

Flashbutt welding of contact layer (d)

I

I

I

I

D

N

D

N

I

Self-monitoring Bearers (b)

I

I

I

I

D

I

3D-printed Composite Sleeper (a)

D

N

N

N

I

N

I

Self-healing Composite (a)

D

I

I

I

I

N

I

D

Self-healing Concrete (b)

I

I

D

I

I

D

I

I

I

Cold Spray additive manaufacturing (d)

I

I

I

I

D

I

D

I

I

Functional graded steel crossing (d)

I

This section describes dependences of WP4 technologies on WP4 technologies; they are
technologies regarding materials and components in switches. There are technologies
here dealing with the field of composite bearers (a), self-healing concrete (b), fastening
systems (c) and the contact layer (d). Individual technologies are dependent on one
another particularly when they deal with the same field of solution and in cases when
they are expressly associated with one another. In other cases, technologies are quite
independent of one another, and can be developed separately. Some technologies are
only dependent on one another to a smaller extent, for example, the use of Neoballast in
combination with plastic sleepers or with self-healing composite, when the possible
compatibility will have to be assessed.
The first technology assessed is Neoballast technology. It is an innovative solution for
the railway bed in substitution of the conventional ballast bed. This means that this
technology will only be insignificantly dependent on the other components and materials
of the railway superstructure. Also, the application will only be limited to the cases of use
in the conventional rail structure. If we consider slab track construction (ballastless
track), then the rail bed does not come into consideration at all. This technology will be
dependent very slightly on the materials of sleepers, since it is necessary to check the
correct co-action. Therefore, dependence will only be on the materials of sleepers
(composite bearers, high-damping concrete, self-healing composite) or for the case of
adjustment of self-monitoring bearers.
High-damping concrete can be applied mainly in slab track constructions and as the
material for the manufacture of sleepers. With regard to the possible co-action in relation
to dynamic behaviour and contact, it will be necessary to carry out an assessment in
combination with Neoballast. Also, in the case of possible use in combination with selfmonitoring bearers, it will be necessary to carry out an assessment, as well as for
combination with possible materials of the next generation for sleepers such as selfhealing composite and self-healing concrete. The other technologies do not show
significant dependence, or it is assumed that it will be possible to apply the technology
without greater problems for the other technologies.
The next generation of fastening system is a technology which will probably be able to
be developed with regard to the other technologies of this work package almost
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independently. In the case of self-monitoring sleepers, certain dependence can be found
if we also use sensors from the fastening system for self-monitoring; in the case of using
3D printing technology, certain new form possibilities can be considered, and the sleeper
could possibly be combined with the fastening system.
All of the technologies that are related to the new, more resistant contact layer of the
running surface of rails and frogs are only dependent on themselves during
development. No other significant dependences have been found.
Self-monitoring sleepers will be designed particularly for energy harvesting and the
condition monitoring of switches from the global point of view (faults in geometry, faults
in support, etc.). This monitoring can be analysed from transferred vibrations. Energy
harvesting will also be built in to the sleeper for energy produced from vibration
propagation. It means that this technology will be dependent, to a certain extent, on the
material for sleepers; it will have to be verified whether they are compatible with this
technology and whether they allow the device for energy harvesting to be built in. A
certain dependence can also be observed on the subgrade (Neoballast) which will affect
the character of vibration propagation in the entire switch structure.
The 3D-printed composite sleeper technology is dependent on the other technologies of
composite materials for sleepers, because it is expected that a suitable composite
material, which can be printed in sufficient quality using a 3D printer, will be found. So,
we can say that the development of composite materials should take into consideration,
from the beginning, the future possibility of using 3D printing technology for the
production of sleepers. As the possibility of 3D printing of concrete can also be
considered in the future, we can also say that the technology for production of new
concretes (high-damping concrete, self-healing concrete) should think of the possible,
maybe only partial, application of 3D printing technology.
Self-healing composite will depend particularly on the preceding technologies of
composite sleepers (FFU). Here it will be examined whether it is possible to apply a
system of self-healing in the case of a fault on a sleeper. It is also possible to
concentrate on the possibility of using the self-monitoring technology to start healing a
composite sleeper.
The self-healing concrete technology is dependent on technologies dealing with
innovative concrete, so there is a possible combination with the high-damping concrete
technology. A certain connection to the self-monitoring bearer technology can be
considered. This technology could be used for the possible indication of cracks.
7.6.3

Dependence of technologies (on the technologies of other work
packages)

It is also important to consider the dependence of the technologies of one work package
on the technologies of the other work packages. This is important particularly in such
cases when one technology will contain another technology. A typical example of this
case is the innovative fastening system developed in relation to materials and
construction as part of WP4 but supplemented with sensors of WP3. In this case, it is
necessary to take into consideration even at the initial development stage the
characteristics of the integrated technology and to adapt the fastening system
accordingly.
Generally, it can be said that the highest number of dependent technologies across work
packages WP3, WP4 and WP5 is between work packages WP3 and WP5. This is based on
the fact that most sensors are in the current systems of switching, and those systems
often cannot do without sensors of various types to achieve the required level of safety.
In contrast, materials and components do not generally need sensors for their correct
and safe function, though they can be a great advantage in terms of early maintenance,
regulation and correction.
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7.6.3.1

Dependence of WP3 on WP4 technologies

Neoballast (a)

High-damping Concrete Bearers and
Slabs (b)

Tunable Stiffness Fasteners (c)

Flashbutt welding of contact layer
(d)

Self-monitoring Bearers (b)

Functional graded steel crossing (d)

3D-printed Composite Sleeper (a)

Self-healing Composite (a)

Self-healing Concrete (b)

Cold Spray additive manaufacturing
(d)

Condition monitoring of points movement

I

I

I

N

I

I

I

I

I

I

I

Acoustic monitoring of points movement

I

I

I

I

I

I

I

I

I

I

I

Condition monitoring of switch and crossing

I

I

I

N

N

N

N

I

I

I

I

2D laser scans with inertial positioning compensation

I

I

I

I

I

I

I

I

I

I

I

Feedback controller with fault-tolerant scheme (a)

I

I

I

D

I

I

I

I

I

I

I

Acoustic monitoring for inspection and predictive maintenance

I

I

I

N

N

I

N

I

I

I

I

Condition monitoring of switch and crossing with embedded
accelerometers

I

I

I

D

N

N

N

N

N

N

I

Drone-mounted laser measurements

I

I

I

I

I

I

I

I

I

I

I

Auto-recalibration of self-adjustment after maintenance

I

I

I

D

I

I

I

I

I

I

I

Condition monitoring of switch and crossing with embed
accelerometers and other embed sensors

I

I

I

D

I

N

I

N

N

N

I

Autonomous control of drones and robots for inspection of S&C

I

I

I

I

I

I

I

I

I

I

D

WP4 technology
WP3 technology\

WP4
Next generation design, material
and components

FFU Composite Bearers (a)

Table 7-4 Dependence of WP3 on WP4 technologies

WP3
Next generation control, monitoring and sensor
system

This section deals with dependences of the technologies of work package WP3
(monitoring and sensing systems) and work package WP4 (materials and components).
As said in the introduction, the dependences described here are not fundamental. If the
technologies of WP4 deal with the development of materials alone, there is no significant
dependence on sensors here. Dependence may occur if we needed to build sensors into
these materials. Then, slight dependence can be considered. However, as regards
acoustic measurements, again no significant dependence has been found here, since
acoustic sensors will be installed outside the switch structure alone or on a specific
element. But building sensors into switch elements (sleepers) certainly cannot be
expected from the view of principle.
The technologies dealing with the bearer material, i.e. FFU composite sleeper and highdamping concrete and sleeper subgrade material (Neoballast), are almost independent of
the technologies of WP3. The technologies can be developed quite separately, and only
at the point of their possible application will it be necessary to consider various
behaviours during the passage of a train (e.g. in relation to dynamics, acoustics), so that
the system of WP3 can perform an adequately correct evaluation.
Also, the technologies dealing with sensing of actuator systems are generally
independent of the technologies of WP4, in particular the acoustic monitoring of points
movement technology. Furthermore, the technologies dealing with scanning the shape of
running surfaces and evaluations are independent too. The only possible dependence
that comes into consideration here is the autonomous control of drones and robots for
inspection of S&C technology in cold spray technology. It can be considered that robots
or drones will be developed in the future that will allow the installation of cold spray
technology for repairs of running surfaces (or frogs). However, the issue of drones in rail
transport currently appears to be problematic from the view of legislation.
The technology of WP4 most dependent on the technologies of WP3 is tunable stiffness
fasteners, a next generation of fastening system. One of the concepts anticipates the
installation of sensors into a removable cartridge. In this way it will be possible to
measure force and other quantities which can further be analysed. The feedback
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controller with fault-tolerant scheme technology will be dependent on the next
generation of fastening systems, because the signal from the fastening system can
contribute to the feedback system. If we speak about condition monitoring with
embedded accelerometers, interconnection with the concept of the fastening system with
the cartridge can also be found. The auto-recalibration of self-adjustment after
maintenance technology can also be suitably combined with the fastening system with
adjustable stiffness or height.
The technologies dealing with measuring the condition of the switch with accelerometers
could be partially dependent on using various rail bearers and the material of running
surfaces. These technologies may affect the vibration propagation, so this should be
taken into consideration when designing the evaluation system.
As well as that, the acoustic monitoring for inspection and predictive maintenance could
affect the material of running surfaces and the material characteristics of sleepers
(composite sleeper, plastic sleeper, high-damping concrete, etc.).
7.6.3.2

Dependence of WP4 on WP5 technologies

Neoballast (a)

High-damping Concrete Bearers and
Slabs (b)

Tunable Stiffness Fasteners (c)

Flashbutt welding of contact layer
(d)

Self-monitoring Bearers (b)

Functional graded steel crossing (d)

3D-printed Composite Sleeper (a)

Self-healing Composite (a)

Self-healing Concrete (b)

Cold Spray additive manaufacturing
(d)

Novel actuation mechanisms

I

I

I

N

I

I

I

I

I

I

I

Novel locking mechanisms

I

I

I

I

I

I

I
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Table 7-5 Dependence of WP5 on WP4 technologies

WP5
Next generation kinematic system

If we monitor the dependences of WP4 (materials and components) technologies on WP5
(a kinematic system, actuation and locking), we find out that only a few of them will be
strongly dependent in these early phases of the development of individual technologies,
which is very similar to the situation when assessing WP3 and WP4. This is given by the
fact that WP4 solves especially the track part, focusing on material and components, and
this is usually connected more with switching systems and less with closing systems
because the switching box is usually a device that is inserted into a switch that has
already been finished and designed, or the switch to be used is usually slightly adapted
to the switching boxes and locking devices (the locations of the holes for fastening
various switching box elements, locks, and the like). This dependence shows all the
more in this period of solving, when the final form of the kinematic system is not known
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yet and there are more possible solutions, and only further development will show for
most technologies which combinations are the most suitable.
Basically, all WP4 technologies are now independent of the WP5 technologies. The first
possible dependence can be found in the case of the adjustable fastening system (the
next generation of the fastening system) because it is possible to upgrade this fastening
system to such a state that it jointly influences locking and switching, and it is also
possible to take account of the necessity to modify it appropriately if a totally different
kinematic system than the existing switch is used. It is also expected that the fastening
system will contain a rigidity and height control piezo stack and thus certain connection
and possible connections appear in the case of piezoelectric actuator technology. In fact,
a combination with the switching principle using electro-active polymers would also be
worth checking to ensure movement in the fastening system.
Similar dependences can be found in the case of the self-monitoring bearer technology.
If it is assumed that a problem indication device and an energy harvesting device (such
as new generations of piezo stacks) are in a sleeper (similarly to the fastening system
concept), it is possible to consider possible connection with the self-inspection and selfadjustment technologies as very suitable.
It is natural that if we talk about common dependences such as a modification to the
shape of a sleeper or a rail for the installation of locking and switching systems, we can
say that moderate dependencies can also be found here. However, we assume that due
to the low level of development, it will be necessary to identify these dependences much
later.
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Plan for demonstration in WP6

7.7

Work on technologies being developed in work packages WP3, WP4 and WP5 will
smoothly follow WP6, where these technologies will be further developed, and
demonstrators will be prepared for selected technologies. The demonstrators in
preparation will be at various phases of development. Some demonstrators in
preparation will be real samples on which manufacture will be tested and which it will be
possible to test in a laboratory. Other demonstrators will only be models at reduced
scale that will be used to give a more realistic idea for further development, for the
testing of basic principles, and for presentation purposes if need be. A great number of
demonstrators have been designed, and the list of them is in the following subchapters.
Most demonstrators are only a representative of the partial technology itself; however,
several demonstrators have been successfully invented in such a way that they even
combine more technologies from various work packages.
7.7.1

Demonstrators originating from WP4

The possible demonstrators in WP4 are given in the following table. These demonstrators
are based on technologies defined and developed before.
Table 7-6 List of WP4 demonstrators
No

Demonstrator
10 Contact layer
11 Neoballast
12 Self-healing, high-damping concrete bearers
13 FFU composite bearers
14 3D-printed Bearer

Work package
WP4
WP4
WP4
WP4
WP4

Leader
UPA
COMSA
UoB
UoB
UoB

Participants
UPA, DT
COMSA, UoB
UoB, DT
UoB, DT
UoB

Solving the contact layer has reached the phase when it would be necessary to check
manufacture. Samples of material resistant to contact fatigue are in preparation; then,
the possibility of manufacturing using technologies that are common in DT today, or
other technologies if need be, will be checked. The result will therefore be the
verification of the machinability of the contact layer, which will enable the possibility of
applying this technology to the area of fixed frogs, for example, to be developed further.
Solving the Neoballast technology is also in the phase when samples for the purposes of
laboratory testing can be manufactured. It is assumed that the material features of
Neoballast would be checked by a laboratory using smaller samples. Laboratory tests can
be done in different conditions, such as at various temperatures (low/high), and with
various moisture levels, so that the way in which the material features change can be
monitored.
Also, the manufacture of test samples of sleepers at a smaller scale for checking in a
laboratory is assumed. The first possible variant is a sleeper at a smaller scale made of
the self-healing and high-damping concrete material on which material characteristics
can be tested, because this is necessary information for the correct dimensioning of
sleepers or slab track if need be. Of course, it can also be examined whether the selfhealing process takes place correctly, and what conditions have influence on the selfhealing function.
The FFU composite sleeper can also be made as a test sample for the purpose of
checking manufacture, testing material characteristics or checking applicability in
combination with other technologies. A composite sleeper could also be a part of
integrated demonstrator No. 25.
From the viewpoint of rail supports, it is also assumed that the possibility of
manufacturing sleepers using additive technologies, i.e. 3D printing, will be checked.
The last possible demonstrator connecting all packages is the BIM. This demonstrator
will use the methodology based on BIM to integrate and develop technologies that have
been developed and tested within the S-CODE project.
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Summary

8

The vehicle–turnout interaction model has been developed within the WP4 activities. The
results of the research activities presented in Chapter 3 introduce the new approach to
the computation of the dynamic behaviour of a railway vehicle passing over the turnout.
This research has been done following long-term investigation in the field of vehicle–
track and vehicle–turnout interaction. The new approach takes into account the
transition of the wheel–rail contact point from the wing rail to the crossing nose. Within
the consideration of railhead profile variability, the dynamic effects of the vehicle are
significantly different from the simplified wheel–rail contact model with constant rail
profile used so far. The new approach to the computation of wheel–rail contact enables
us to get more exact plots of the appropriate turnout component loading. The radically
improved model of interaction between wheel and rail leads to these new opportunities:
•
•
•
•

Analysis of the dynamical effects of a vehicle running on the precisely determined
trajectory of the turnout rails (theoretically defined as well as measured).
Consideration of the rail support parameter variability along the full length of the
turnout.
Optimization of the running surface design of the appropriate turnout component.
Analysis of the wheel and turnout rail profile wear to increase their service life
and operational safety in high-speed conditions.

The complex switch and crossing (S&C) model is another output of the WP4 activities.
This model comprises complete design of the railway superstructure and substructure
consisting of rails, rail fastenings, sleepers or bearers, ballast bed, substructure layers
and earthwork body. The model allows the assessment and evaluation of static and
dynamic responses to running vehicles. Validation and calibration of the model are based
on long-term experience with FEM analyses and the results of in-situ measurements of
rail deflection, acceleration, stress and other dynamic values and effects. The model
parameters were also specified from the conclusion of previous projects. The model and
its characteristics, properties and behaviour are described in Chapter 4.
The innovative support technologies, investigated within WP4, were focused primarily on
the control of track stiffness. The variation of vertical and lateral stiffnesses is an issue in
S&C structures which excite additional dynamic effects. The innovations introduced
would lead to a reduction of these adverse effects. Innovative types of rail fastening,
including stiffness control and additional damping, were investigated with this goal. The
high-level design was approved by finite element analysis to provide evidence of
feasibility and to provide the data for further evaluation in WP6 and WP7 (Chapter 5.1).
For further application of built-in devices, it was necessary to design sleepers from a
material other than concrete. Use of composite plastic sleepers or bearers, besides
others, permits accommodation of control and monitoring systems into the track. Other
possibilities of plastic sleepers are better resilience in comparison with widely used
concrete sleepers and bearers, a similarly long lifespan and reduced maintenance.
Greater elasticity of plastic sleepers also reduces stress in the track bed. Specifically,
fibre-reinforced foamed urethane, generally known as FFU, synthetic sleepers were
chosen. The properties and behaviour of FFU sleepers and bearers, as representatives of
composite plastic sleepers, were tested in the laboratory and analysed by the finite
element method (Chapter 5.2). It can be said that this material is more than adequate
for the proposed solution.
This project has reviewed previous research on self-healing and rubberized concrete. It
has developed a new improvement in concrete design that enables high-damping and
self-healing properties. Self-healing and high-damping concrete were investigated in
laboratories for the possibility to enhance the parameters and behaviour of the dominant
material of sleepers and bearers (Chapter 5.3). Experimental studies into the improved
self-healing concrete, which contains 5% rubber particles and different proportions of
fibres, were carried out to demonstrate self-healing abilities as a main radical
improvement concept in innovative material design for railway S&Cs. The concrete
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developed has demonstrated self-healing ability, with up to 90% of crack healing found
within 28 days (after cracks). This type of concrete can be used in the railway
construction industry to reduce maintenance costs and improve the durability of concrete
bearers and track slabs.
Bonded ballast could lead to the introduction of additional elasticity into the track bed
together with increased durability and lifespan of the ballast bed. Neoballast as a
representative of this modification of the ballast bed was investigated in the laboratory
(Chapter 5.4). A review of nanomaterial application in S&C technologies was carried out
(Chapter 5.5). Functional protection of metal material surfaces using coatings based on
organic and inorganic binders containing functional nanoparticles are discussed, as well
as the possibilities of applying nanomaterials and nanotechnologies in protective coatings
on the slide parts of switching boxes.
Both the models developed, track–vehicle and substructure, were used for assessment
and evaluation of the static and dynamic response of the chosen substructure
technologies – Neoballast and composite plastic sleepers (Chapter 5.6).
From the studies performed, it is evident that many innovative actions were investigated
to reduce or slow down rail wear. The investigations included considering the entire
process concerning turnouts – from the manufacturing materials selected through to the
hand-over after successful completion of installing the turnout, and even the
maintenance procedures that could be envisaged for the future.
Within WP4, the suitability of different/new materials for S&C units has been
investigated. Whereas the parts regarding installation technology had already been
discussed in D4.1, this D4.2 report concentrates on sources of failure, and effects of the
whole installation process. This process starts by looking at impacts on the rail–wheel
interface as well as effects due to the entire manufacturing and installation process, also
considering the assurance of quality during the whole process by pointing out the
essential factors and how they should be treated (Chapter 6).
The experience is based on existing S&C technology and can be well applied for the
composite plastic sleeper and Neoballast materials, and the innovative type of rail
fastenings, as – from the installation point of view – they all can be treated very
similarly to the existing standard components.
The four technologies identified for further integration and optimization in D4.2 are rail
fastenings, plastic sleepers, Neoballast and self-healing concrete. The technologies
identified in the D4.1 report were: steel contact layer and 3D-printed bearers. Work on
the technologies being developed in WP4 will smoothly follow WP6, where these
technologies will be further developed, and demonstrators will be prepared for selected
technologies.
The new solutions for rail fastening as well as the implementation of new technologies
will be further validated within WP7 where the impact of the individual radical concepts
will be quantified, to select integrated candidate concepts that can realize the ambition
for TD3.2 – next generation S&C.
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A

Composite railway sleepers

A.1

Types of plastic sleeper

Several composite sleeper technologies have been developed in different parts of the
world. These technologies have emerged as potential alternatives to timber sleepers.
Different from sleepers made of steel and concrete, composite sleepers can be designed
to mimic timber behaviour (an essential requirement for timber track maintenance), are
almost maintenance free and are more sustainable from an environmental perspective.
This section discusses the different classifications based on the amount, length and
orientation of fibres in composite railway sleepers that are currently available, including
technologies that are still at the research and development stage [1].
A.1.1

Sleepers with short or no fibre reinforcements (Type-1)

Sleepers that consist of recycled plastic (plastic bags, scrapped vehicle tyres, plastic
coffee cups, milk jugs, laundry detergent bottles, etc.) or bitumen with fillers (sand,
gravel, recycled glass or short glass fibres < 20 mm) fall under the category of Type-1
sleepers. The structural behaviour of these sleepers is mainly polymer-driven. While
some of these technologies have introduced short glass fibres to increase the stiffness
and/or resist cracking, they do not have a major reinforcing effect to improve the
structural performance required for heavy duty railway sleeper application. From a
material perspective, Type-1 sleepers offer a range of benefits including ease of drilling
and cutting, good durability, consumption of waste materials, reasonable price and
toughness. However, they suffer from poor strength and stiffness, limited design
flexibility, temperature and creep sensitivity, and poor resistance to fire. The notable
sleepers in this category are TieTek, Axion, IntegriCo, I-Plas, Tufflex, natural rubber,
Kunststof Lankhorst Product (KLP), mixed plastic waste (MPW) and wood-core [1].

Figure A-1 Type-1 sleeper technologies available [1]
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A.1.2

Sleepers with long fibre reinforcement in the longitudinal direction
(Type-2)

Type-2 sleepers are reinforced with long continuous glass fibres in the longitudinal
direction and no or very short random fibres in the transverse direction. The strength
and stiffness in the longitudinal direction is primarily governed by long glass fibres, while
it is dominated by polymer in the transverse direction. These sleepers are primarily
suitable for ballasted rail track where the stresses in sleepers are governed by flexural
loading, but less than ideal in bridge applications (e.g. transoms) where the sleepers are
subjected to a high level of combined flexural and shear forces. Easy drilling and cutting,
good durability, and superior flexural strength and modulus of elasticity are the
advantages of the sleepers in this category. However, low shear strength and shear
modulus, limited design flexibility, marginal fire resistance and high price are some of
the challenging issues associated with this sleeper type. The FFU (fibre-reinforced
foamed urethane) synthetic sleeper is classified in this sleeper category. The key
features of this material include its light weight, good resistance to water absorption,
heat and corrosion, ease of drilling, and more than 50 years of design life. FFU material
has been used in the railway industry in plain-track sleepers, bridge transoms and
turnout bearers with a wide range of sleeper height from 100 to 450 mm. An
investigation of the acoustic and dynamic characteristics of FFU turnout bearers showed
that their performance is equivalent to that of hardwood bearers [1].
A.1.3

Sleepers with fibre reinforcement in longitudinal and transverse
directions (Type-3)

Type-3 sleepers have long reinforcement fibres in both longitudinal and transverse
directions and, consequently, both the flexural and shear behaviour is dominated by
fibres. The structural performance of this type of sleeper can be engineered through
adjustment of the fibre reinforcements in each direction according to the specified
performance requirements. In some cases, the disadvantage of non-ductile behaviour of
a glass fibre-reinforced polymer sleeper can be overcome by including some steel
reinforcement bars. Ductility is particularly important when the sleepers are installed in
bridges, where sufficient warning before failure is expected. The excellent design
flexibility, good flexural and shear strength, easy drilling and good fire performance are
the key benefits of this sleeper type. However, the production process of composite
sleeper technologies under this category is quite slow, which may increase the
manufacturing cost [1].

Figure A-2 Type-3 sleepers [1]

Page A-3 of A-11

A.2

Behaviour and properties of plastic sleepers

A.2.1

Inferior strength and stiffness properties compared to timber sleepers

Type-1 sleepers show poor structural performance when compared with Type-2 and
Type-3 sleepers. This is due to mainly only short or sometimes no fibres in Type-1
sleepers. In contrast, Type-2 and Type-3 sleepers have long fibres, which provide a
significant reinforcing effect to increase strength and stiffness. A recent investigation of
the modulus of elasticity (MOE) of a fibre composite sleeper has shown that the optimal
MOE can be as low as 4 GPa for a turnout application to maintain both the sleeper–
ballast contact pressure and the maximum vertical static deflection within the limit.
Moreover, the modulus of rupture (MOR) of new Australian hardwood timber sleepers
was experimentally determined under various conditions; they provided a wide range of
strengths from 47 to 110 MPa whereas most existing composite sleepers exhibit poor
strength and stiffness, particularly Type-1 sleepers. It has been reported that it is
difficult to maintain track safety when replacing a timber with a recycled plastic
composite sleeper (Type-1), as indicated by the failure modes, as fracture failures can
occur both during installation and under operational conditions, particularly under heavy
dynamic loading. Moreover, railroad users have reported some failures of plastic
composite sleepers occurring after several years in tracks, and a high percentage of
TieTek sleepers have been rejected in the field due to their quality control issues [1].
A.2.2

Poor anchorage capability

A screw spike is primarily used to hold down the baseplates that attach rails to sleepers
and prevent vertical and lateral movements between them. A hardwood timber sleeper
has a screw-spike resistance of 40 kN whilst at least 60 kN is required for the modern
design of pre-stressed concrete sleepers supporting heavier and faster trains. The poor
anchorage capacity of the holding screw is another problem for Type-1 composite
sleepers. This is due to the nature of plastic materials that cannot grip the screw firmly
like concrete, especially under dynamic loading conditions. When using composite
sleepers, the loosening of a fastener over time makes a track unstable due to stress
relaxation which has been considered the most likely reason for the derailment failures
of track systems constructed with composite sleepers. However, the anchorage capacity
has been improved in Type-2 and Type-3 sleepers due to the usage of better-quality and
better-performing materials [1].
A.2.3

Formation of material voids

During the manufacturing process for a plastic composite sleeper (Type-1), the raw
materials are mixed, melted and compounded to create a homogeneous mixture which is
later extruded into moulds. Once the moulds are filled, the cooling process starts, and
during this period, there is a strong possibility of voids being formed inside the
materials. It has been reported that composite sleepers in the rail-seat region have sunk
into their bodies when in service. Moreover, voids can break and transfer stresses from
one part to another, which creates a stress concentration and later leads to local failure
of a sleeper before the end of its design life. This problem can be obtained during the
production of any material depending on its manufacturing techniques [1].
A.2.4

Creep deformation

The long-term performance of plastic sleepers (Type-1) is becoming a critical issue as
their continuous service over time has a significant effect on their mechanical properties.
It has been reported that, under sustained loads, a composite sleeper may be subjected
to permanent deformation due to creep, the rate of which depends on the magnitude
and duration of the stress and the temperature at which the load is applied. Because of
the effect of creep and the subsequent stress relaxation, the fastening system tends to
become loose, particularly in a curved track, which has an adverse effect on gauge
holding. However, sufficient information has not been found on creep deformation for
Type-2 and Type-3 sleepers, and more research needs to be conducted to investigate
their behaviour under permanent rail track loads [1].
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A.2.5

Fatigue loading

The purpose of fatigue testing is to establish how sleepers would behave when subjected
to repeated loads. Although the traditional timber, concrete and steel sleepers rarely fail
as a result of fatigue, this is more complicated in the case of composites because of their
non-homogeneous and anisotropic nature, and they can fail by fibre cracking, debonding, de-lamination and matrix cracking.
Some fatigue tests of composite sleepers for between 2 and 3 million cycles have been
conducted. Those of an FFU synthetic sleeper were carried out between the lower and
upper load limits of 10 and 140 kN, respectively, with a load application frequency of 3
Hz. Deflection of the rail relative to the sleeper was shown to be within the admissible
range after 2.5 million load cycles at ambient temperature. On the other hand, an
IntegriCo sleeper was subjected to 21,000 lb (93.41 kN) loads in the field and gauge
sides one after another to make one cycle. A total of 2 million load cycles, equivalent to
9,000 passes of a 110-car train, was applied at a rate of approximately 220 cycles per
minute (3.67 Hz), with the sleeper showing normal wear and abrasion in the sleeper
plate area but no cracks or abnormalities. The Axion EcoTrax sleeper followed the same
test procedure described for the IntegriCo sleeper but with a higher load cycle of 3
million, which also did not find any cracking in the rail-seat area [1].

Figure A-3 Performance comparison of different types of composite sleeper [1]

Figure A-4 Properties of composite sleepers [2]
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A.3

Mechanical testing in the laboratory

A.3.1

Research conducted by The Centre of Excellence in Engineered Fibre
Composites (CEEFC) [3]

First, the researchers had to determine which physical and mechanical properties were
required to achieve the desired in-service performance, and then they attempted to
meet those requirements by incorporating fibre reinforcement into high-density
polyethylene (HDPE) to create a composite material. The use of commercially available
glass fibres as a reinforcement is a difficult approach because the high viscosity of
molten HDPE results in poor wetting of the glass by the matrix polymer. The resulting
fibre-impregnated material is ineffective due to inefficient stress transfer between the
matrix and the reinforcement fibres; un-wetted pockets of glass fibres act as gross
material defects rather than reinforcements. These problems were overcome by either of
two innovative techniques: the use of (1) chopped glass fibres recovered from scrap
fibre-reinforced polymer composites, and (2) recycled waste polystyrene. Using these
reinforcements, elastic moduli exceeding 1,725 MPa were achieved, compared to an
average of 620 MPa for unreinforced recycled HDPE [3].
A.3.1.1

Preparing the mixture and samples

The material of the proposed sleeper is mainly composed of recycled plastics, iron slag
and catalysed materials; here the main elements of plastic wastes are polyethylene,
polyester and styrene. To resist bending stresses; glass fibres are added to the sleeper
material.

Figure A-5 Composition of the proposed mixture and structure of components [3]

Figure A-6 Chemical composition of E-glass fibre [3]

A.3.1.2

Compression test

(ASTM D6108-97)
Samples of dimensions 100 × 100 × 150 mm have been tested under compression load
in the laboratory. The maximum compression loads at initial cracking are: P1 = 453.406
kN and P2 = 409.031 kN. It is noted that the third sample was loaded parallel to the
reinforcement, so it has not been considered when the straining actions were calculated.
Where the area exposed to load condition = 100 × 150 mm, the maximum compression
stresses (MCS) are calculated as follows: MCS1 = 453.406/(100 × 150 mm) = 29.28
MPa; MCS2 = 409.031/(100 × 150 mm) = 26.42 MPa.
For first sample, Ec (MOE compression) = 16.5/1.25% = 1,320 MPa, and for the second
sample, Ec = 9/0.75% = 1,200 MPa, which is larger than the value required by AREMA
(1,170 MPa).
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A.3.1.3

Bending test

(ASTM D790 – three-point loading test)
The bending test for three-point loading uses a sample of dimensions 150 × 100 × 500
mm with two layers of E-glass fibre; hence, the MOR and MOE are obtained. The
ultimate loads are 179 and 108 kN, respectively.
It was observed that the sample behaved elastically in the load range from 10 to 45 kN
without any observed cracks; then it started to crack when the load increased to 50 kN.
!" = 3 × 50 × 450/(2 × 150 × 100- ) = 21.45 123
4" = 0,17 × 4507 × 20707.7/(150 × 1007 ) = 2138.58 123
(ASTM D6109-97 – four-point loading test)
The four-point loading test indicated that the maximum flexural stress and MOE
(flexural, Ef) for sample 2 are 51.2 and 12,439.55 MPa, respectively, whereas the
maximum flexural stress and MOE (flexural, Ef) for sample 3 are 30.89 and 4,300.91
MPa, respectively.
A.3.1.4

Screw pull-out test

(ASTM D6117-97)
The test was carried out on two samples. The spikes were pulled using a 600-kN loading
frame at a rate of 2.5 mm.min−1. The screw remained in the sample throughout the test
with the withdrawal resistance at around 52 and 50 kN for the two samples. This result
showed that the proposed composite sleeper material has sufficient strength to hold the
rail fasteners. The results illustrate that the screw-spike withdrawal resistance of the
proposed composite sleeper is higher than minimum recommended values of the AREMA
standards which is 25 kN.

Figure A-7 Comparison of proposed sleeper strengths with commercially available composite
sleepers [3]
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A.3.2

Research conducted by the Munich University of Technology for
sleepers with a height of 16 cm [5]

FFU synthetic sleepers with the dimensions of classical natural wooden ones (26 × 16 ×
260 cm/width × height × length) were tested. Vossloh KS rail fasteners were attached.
The sleeper screws were fastened with a torque of 220 Nm. The following sections
present the results of each of the individual tests and examinations.
A.3.2.1

Fatigue test

(DIN EN 13481-3)
The dynamic stiffness of the rail pad corresponded to a spring coefficient of greater than
200 kN.mm−1. The top load in the test was 140 kN, the bottom load was 10 kN, and the
load-application frequency was 3 Hz. The test load thus matched that in the
experimental fatigue load applied to a sleeper laid in a track subjected to wheel-set loads
of 225 kN.

Figure A-8 Fatigue testing of FFU synthetic wood – rail-head deflections

A.3.2.2

Screw extraction test

For the extraction test, a central tensile force was applied to the sleeper screws. The
load was increased continuously until the screw was pulled out. The extraction force
needed for this was found to be 61 kN.
A.3.2.3

Static test in the middle of the sleeper

(DIN EN 13230-2)
In order to examine the behaviour of an FFU synthetic sleeper under conditions of
bending stress, a static test was applied to the middle of the sleeper basically along the
lines of DIN EN 13230-2. The test force applied initially was 20 kN, and this was then
increased in increments of 5 kN, during which the amount of deflection in the synthetic–
wood sleeper was recorded on four dial gauges. Up as far as a load of 240 kN (which
corresponds to a bending tensile stress of 74 N.mm−2 on the underside of the sleeper),
no crack was detected in the bent zone. On the basis of the measured deflection, the
MOE of the synthetic–wood sleeper was calculated to be around 7,000 N.mm−2.
A.3.2.4

Fatigue test in the middle of the sleeper

The load was applied through an articulated support with a width of 100 mm and was
increased from its original value up to 100 kN. After that, the fatigue test was performed
with the following load parameters: top load = 86 kN, bottom load = 21.5 kN, and
frequency = 2 Hz. The maximum bending moment produced was 30 kNm, which
corresponds to the test value laid down for sleepers in DBS 918 143. No damage was
detected on the synthetic sleeper in the course of the whole fatigue test of 2.5 million
load cycles. The elastic deflection after this time was only 0.4 mm more than it had been
at the start of the test. Finally, the synthetic–wood sleeper was subjected to a load of
175 kN, corresponding to a bending tensile stress of 56 N.mm−2, but no cracks occurred.
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A.3.2.5

Fatigue test under the rail pads

(DIN EN 13230-2)
The load was applied through the fastenings for the ribbed baseplates with the complete
rail fastening in place. A force of 150 kN acting through the rail pad was chosen for the
fatigue test. No damage to the synthetic sleepers was observed during the fatigue test
with 2 million load cycles. The elastic deflection at the end of this period was only 0.2
mm greater than beforehand.
A.3.2.6

Static compressive test

No plastic deformation was detected up to a load of 150 kN, while the maximum plastic
deformation of 0.8 mm was measured for a load of 300 kN.
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A.4

Monitoring in-service performance [6][7][8]

A complex turnout junction with aged timber bearers at Hornsby, NSW, Australia was
renewed in 2010 using FFU material. In the field installation, FFU bearers with a cross
section of 250 × 180 mm were utilized throughout.

Figure A-9 Basic properties of FFU material in comparison with timber bearers [6]
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B

Outputs from KONTAKT solver

B.1

Section A

dr: difference of rolling radii of wheels: rR - rL
Section A (21 slices): x = < -1.850 m; -0.850 m>

15

10

5

0

-5

-10

-15
-10

-8

-6

-4

-2

0
y_pos [mm]

2

4

6

8

10

Page A-B-2 of A-10

Section B

B.2

dr: difference of rolling radii of wheels: rR - rL
Section B (18 slices): x = < -0.850 m; 0.000 m>

15

10

5

0

-5

-10

-15
-10

-8

-6

-4

-2

0
y_pos [mm]

2

4

6

8

10

Page A-B-3 of A-10

Section C

B.3

dr: difference of rolling radii of wheels: rR - rL
Section C (8 slices): x = < 0.000 m; 0.350 m>
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Section D

B.4

dr: difference of rolling radii of wheels: rR - rL
Section D (6 slices): x = < 0.350 m; 0.600 m>
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Section E

B.5

dr: difference of rolling radii of wheels: rR - rL
Section E (30 slices): x = < 0.600 m; 2.050 m>
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Section F

B.6

dr: difference of rolling radii of wheels: rR - rL
Section F (3 slices): x = < 2.050 m; 2.150 m>
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Section G

B.7

dr: difference of rolling radii of wheels: rR - rL
Section G (30 slices): x = < 2.150 m; 3.600 m>
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B.8

deltaR-function

B.8.1

TG function
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B.9

Y-position of contact point on the wheel

B.10

Z-position of contact point on the wheel
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