IN2TRACK
Project Title:

Research into enhanced tracks, switches and structures

Starting date:

2016-09-01

Duration in months:

30

Call (part) identifier:

H2020-S2RJU-2016-01/H2020-S2RJU-CFM-2016-01-01

Grant agreement no:

730841

REPORT
Deliverable Title:

Enhanced S&C Whole System Analysis, Design and Virtual Validation

Due date of deliverable:

2018-12-31 (Month 28)

Actual submission date:

2019-02-08

Responsible partner

Network Rail

Revision:

Document Version 3

Deliverable Nº

D2.2

Document Status:

Final Version: 8th February 2019

Dissemination Level:

PU

GA H2020 730841

D2.2

Page 1 of 400

IN2TRACK

Core S&C Issues

Project information
DISCLAIMER AND ACKNOWLEDGEMENT
This project has received funding from the European Union's Horizon 2020 Programme Research
and Innovation action under grant agreement No. 730841
This document reflects the views of the author(s) and does not necessarily reflect the views or policy
of the European Commission. Whilst efforts have been made to ensure the accuracy and completeness
of this document, the IN2TRACK consortium shall not be liable for any errors or omissions, however
caused.
IN2TRACK CONSORTIUM

 TRAFIKVERKET - TRV (TRV) as coordinator
 KOMPETENZZENTRUM - DAS VIRTUELLE FAHRZEUG, FORSCHUNGSGESELLSCHAFT MBH
(VIF)
 GETZNER WERKSTOFFE GMBH (GEWE),
 KIRCHDORFER FERTIGTEILHOLDING GMBH (KFTH)
 PLASSER & THEURER EXPORT VON BAHNBAUMASCHINEN GESELLSCHAFT MBH (P&T)
 VOESTALPINE SCHIENEN GMBH (VAS)
 VOESTALPINE VAE GMBH (VAE) GMBH, FN126714W,
 WIENER LINIEN GMBH &CO KG (WL)
 AC2T RESEARCH GMBH (AC2T)
 MATERIALS CENTER LEOBEN FORSCHUNG GMBH (MCL)
 ACCIONA INFRAESTRUCTURAS S.A. (ACC)
 CENTRO DE ESTUDIOS DE MATERIALES Y CONTROL DE OBRA SA (CEM)
 OBB-INFRASTRUKTUR AG (OBB)
 NETWORK RAIL INFRASTRUCTURE LIMITED (NR)
 FONDATION DE COOPERATION SCIENTIFIQUE RAILENIUM (RLM)
 SNCF RESEAU (SNCF-R)
 BRITISH STEEL FRANCE RAIL SA (BS)
 VOSSLOH COGIFER SA (VCSA)
 UNIVERSIDAD DEL PAIS VASCO/ EUSKAL HERRIKO UNIBERTSITATEA (UPV/EHU),
INFRAESTRUTURAS DE PORTUGAL SA (IP)
 SCHWEIZERISCHE BUNDESBAHNEN SBB AG (SBB)
‘beneficiary not receiving JU funding’
 TURKIYE CUMHURIYETI DEVLET DEMIR YOLLARI ISLETMESI GENEL
 MUDURLUGU (TCDD)
 LIIKENNEVIRASTO (FTA),
 SLOVENSKE ZELEZNICE DOO (SZ),
 BLS AG (BLS)
‘beneficiary not receiving JU funding’

GA H2020 730841

D2.2

Page 2 of 400

IN2TRACK

Core S&C Issues

Document information
DOCUMENT DRAFTING
NAME

ORGANIZATION

SECTION(S)

Deliverable
leader

Jamie WILKES

NETWORK RAIL (NR)

D2.2

Author(s)

Andreas TRAUSMUTH

AC2T Research GmbH (AC2T)

4.3.3

Frédéric FAU

British Steel (BS)

4.2.3, 4.4.1

Peter GEISER

BLS-Euroc (EUC)

4.2.3

Andreas AUGUSTIN

Getzner Werkstoffe (GEWE)

3.1.4

Sven ECK

Materials Center Leoben
Forschung GmbH (MCL)

3.4.1

Jamie WILKES

Network Rail (NR)

1, 2, 4, 4.1, 4.2, 4.3,
4.3.1, 5, 5.1, 5.3.2,
6

Andrew TURNER

Network Rail (NR)

3.1.3, 3.3.1, 4.2.1,
4.2.2, 4.3.1, 4.3.2,
5.3.2

Usani OFEM

Network Rail (NR) - TWI

4.3.1

Samir ASSAF

Railenium (RLM)

3.3.3, 3.4.2

Charles VOIVRET

Societe Nationale des Chemins 3.3.4, 5.2.4
de fer Français Réseau (SNCF)

Björn PÅLSSON

Trafikverket (TRV)

3.1, 3.1.2, 3.1.3,
3.2.2, 3.4.3, 3.4.4,
5.1.3, 5.2, 5.2.1

Anders EKBERG

Trafikverket (TRV)

5.3.3

Jens NIELSEN

Trafikverket (TRV)

3.1.3

GA H2020 730841

D2.2

Page 3 of 400

IN2TRACK

Core S&C Issues

Rostyslav SKRYPNYK

Trafikverket (TRV)

3.4.4, 5.2.1

David WALTERS

Vossloh Cogifer SA (VCSA)

4.1.2, 4.2.4, 4.2.5,
5.2.3, 5.3.4

Hannes GSODAM

voestalpine VAE GmbH (VAE)

4.1.3, 4.2.4, 5.1.2,
5.3.1

Erik STOCKER

voestalpine VAE GmbH (VAE)

4.4.2, 4.4.3, 5.3

Norbert FRANK

Voestalpine Schienen GmbH 4.1.1, 4.2.4, 4.4
(VAS)

Christof MARTE

Virtual Vehicle (ViF)

3, 3.1.1, 3.2, 3.2.1,
3.3, 3.3.2, 3.4,
3.4.1, 4.1.4, 5.2.2

Christof BERNSTEINER

Virtual Vehicle (ViF)

3.1.1, 3.2.1, 3.3.2,
3.4, 3.4.1

Yann BEZIN

Network Rail - University of 3.1.3, 3.3.1, 4.2.2
Huddersfield (UoH)

David FLETCHER

Network Rail - University of 4.3.2
Sheffield (UoSheff)

Louis LE PEN

Network Rail - University of 4.2.1
Southampton (UoS)

GA H2020 730841

D2.2

Page 4 of 400

IN2TRACK

Core S&C Issues

DOCUMENT APPROVAL
NAME

ORGANIZATION

DATE

Anders EKBERG

Trafikverket (TRV)

2018-12-13

Carlos HERMOSILLA CARRASCO

Acciona Infraestructuras 2018-12-18
S.A. (ACC)

Mitigation(s)
of review
comments

Jamie WILKES

Network Rail (NR)

2019-01-11

Melanie DENLEY

Network Rail (NR)

2019-02-05

Approval by
Deliverable
Leader

Jamie WILKES
(Deliverable Leader)

Network Rail (NR)

2019-02-08

Review(s)

GA H2020 730841

D2.2

Page 5 of 400

IN2TRACK

Core S&C Issues

Publication history
Date

Version Description

2018-11-23

Draft
v1.0

First issue of deliverable document for Jamie WILKES
review.

2018-01-11

Draft
v1.1

First submission following revision in line Jamie WILKES
with reviewers’ comments. Correction of
typographical errors.

2018-02-08

Draft
v1.2

For submission after review comments,
and to address formatting issues within
document template

Jamie WILKES

2019-02-13

V1.2

Approved

Sam BERGGREN

GA H2020 730841

Responsible

D2.2

Page 6 of 400

IN2TRACK

Core S&C Issues

TABLE OF CONTENTS
Project information

2

Document information

3

Publication history

6

Executive summary

10

Terms, acronyms and abbreviations

11

Background

13

Objective / Aim

14

S&C Whole system modelling

15

3.1

Evaluate existing state-of-the-art solution for S&C simulation

15

3.1.1

Vehicle-track interaction and damage models: Literature survey

15

3.1.2

Simulation of dynamic vehicle-S&C interaction

30

3.1.3

Simulation of settlements in S&C

39

3.1.4

Noise and Vibration

41

3.2

Specification for S&C whole system modelling approach

46

3.2.1

Development of S&C whole system modelling approach specification

46

3.2.2

Required capabilities of a whole system modelling approach

49

3.3

Identify improvements to existing state-of-the-art S&C simulation models

52

3.3.1

Improvements related to vehicle dynamics and wheel-rail interaction

52

3.3.2

S&C whole system modelling gap analysis

53

3.3.3

Comparison of resilient modulus of different models and materials

54

3.3.4

Crossing fatigue evaluation through numerical simulation

64

3.4

S&C Whole system modelling approach prototype and virtual demonstration

80

3.4.1

Assembly of the whole system model

80

3.4.2

S&C Subgrade Degradation

86

3.4.3

A parameterised track model for simulation of dynamic vehicle-S&C
interaction

97

3.4.4

Improvements in predictions of mechanical deterioration of S&C

Enhanced S&C design, manufacturing and materials

GA H2020 730841

D2.2

107

111

Page 7 of 400

IN2TRACK

4.1

Core S&C Issues

Evaluate and assess existing state-of-the-art solutions associated with S&C
design and manufacturing

111

4.1.1

Rail steel grades for S&C applications

111

4.1.2

Continuous support for railway turnouts

119

4.1.3

State-of-the-art solutions and novel design turnout assessment

121

4.1.4

S&C Whole system analysis of state-of-the-art solutions

128

4.2

Enhancements to existing S&C system, sub-systems and components and
associated repair and maintenance methods

132

4.2.1

S&C bearer optimisation

132

4.2.2

S&C geometry & rail profile optimisation

156

4.2.3

Influence of rail lubrication and rail grinding on S&C degradation

169

4.2.4

Proposals for enhanced rail grades in S&C

177

4.2.5

Continuous support for railway turnouts

186

4.3

Investigate emerging technologies in additive manufacturing for enhanced
S&C component performance

4.3.1

209

Large scale additive manufacturing for optimisation of cast crossing
performance

209

4.3.2

Laser cladding of switch and crossing rails

222

4.3.3

Self-lubricating slide plates

270

4.4

Specify optimum material characteristics, negating existing manufacturing
constraints, with focus on deterioration patterns and rates

272

4.4.1

Optimisation of rail steels for S&C applications

272

4.4.2

Optimisation of steel grades for the crossing panel

274

4.4.3

Practical considerations for new material in crossing panel

276

Enhanced S&C system specifications and test plans
5.1

Develop specifications for the enhanced S&C system design

277
277

5.1.1

Specification and design of enhanced turnout for installation in track

277

5.1.2

Specification for enhanced crossing panel properties

282

5.2

Specify simulation tools and methodologies for evaluating and pre-qualifying
enhanced S&C system design

5.2.1

Suitable investigations of enhanced S&C systems with respect to
mechanical deterioration

GA H2020 730841

D2.2

282
282

Page 8 of 400

IN2TRACK

Core S&C Issues

5.2.2

Specify simulation tools to pre-qualify enhanced S&C system design

283

5.2.3

Full evaluation of performance of continuously supported S&C

284

5.2.4

Virtual testing protocol and KPIs

284

Enhanced S&C system demonstrator plan

290

5.3

5.3.1

Project plan definition for enhanced S&C system demonstrator

290

5.3.2

Enhanced cast crossing system demonstrator plan

291

5.3.3

Manufacturing, installation and surveillance plan for continuously
supported S&C

308

Conclusions

309

References

313

Annexes

332

8.1

Annex 1 – Subgrade Degradation Models

332

8.2

Annex 2 – University of Huddersfield/ AFL Ltd. Switch study results

390

GA H2020 730841

D2.2

Page 9 of 400

IN2TRACK

Core S&C Issues

Executive summary
The aim of Task 2.2 is to continue work from Task 2.1, now focussing on enhancing existing S&C
systems using a whole system modelling approach, with the end goal of introducing a technology
demonstrator which can be integrated, tested and monitored under live railway conditions.
An initial literature review (Section 3) was conducted to collate the pre-existing knowledge of the
whole system and provide a foundation for the study. This was followed up by a specification for an
S&C whole system model, including identifying existing models, simulating Vehicle-Track interactions
and investigating how these could be improved. The whole system modelling approach is then
conceptualized in a prototype and demonstrated in Section 3.4.
Section 4 considers the enhanced S&C whole system approach further, through improvements in
design, manufacturing, and materials. A look at existing state-of-the-art S&C was first undertaken to
set a foundation, before looking closer at the potential for improvements. A look at bearer
optimisation, geometry, profiling and rail maintenance techniques were all explored as part of S&C
design. Manufacturing was then investigated, looking at the use of additive manufacturing and 3D
printing techniques, laser cladding, and self-lubricating slide plates as novel ways to innovate the
manufacturing process. Materials are then considered (rail steels and crossing panels), from a
perspective which explores both what would be best theoretically, but also what can be practically
achieved.
Section 5 looks to amalgamate the research done in previous sections to form an overarching
technology demonstrator which can reflect the research done and push the boundaries of what we
currently consider ‘state-of-the-art’. Included in this are the requirements to satisfy product
acceptance for a new product, to ensure any new product coming to the railway satisfies industry
requirements, including CSM and DFR. Within this section, there are two technology demonstrators.
Section 5.1.2 details the specification for an enhanced, tangential turnout using austenitic manganese
steel crossing (explosion depth hardened) with high strength R400HT standard and switch rails.
Optimised guard rails, baseplates, pads and resilient fastening systems (to reduce noise and vibration)
have also been considered. A project plan has been created to deliver this technology demonstrator,
with a plan to install the enhanced turnout, along with a reference turnout around mid-2019 in Austria,
on infrastructure owned by OBB. A plan to cover this demonstrator in terms of manufacturing,
installation and monitoring of this crossing is further included in Section 5.3.4. A second technology
demonstrator, reflecting the investigations into additive manufacture cast crossings is planned and
broadly specified in Section 5.3.2, carrying forward the cold metal transfer (CMT) additive
manufacturing process to develop a demonstrator likely to be tested on the UK infrastructure owned
by Network Rail. The finalised specification for this will be confirmed in IN2TRACK2, once the additive
manufacturing investigation has concluded.
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Terms, acronyms and abbreviations
Term
Infrastructure Manager

Definition
The organisation responsible for the management of railway lines
and related structures.

Abbreviation / Acronyms
ALD
AM
AMS
AREMA
AsBo
ATOC
BE
C4R
CAD
CMT
CSM
d.o.f.
DEM
DFR
DRACAS
DST
EDH
EMGTPA
ERA
ESC
FCL
FEA
FEM
FMEA
FMECA
FMS
GMAW
HAZ
HAZID
HAZOPs
HDPE
IM
IRJ
ISO
JU
KGO
KPI
LC
LCC
LMD
LVDT
MAG

Description
Actuation, Locking and Detection
Additive Manufacturing
Austenitic Manganese Steel
American Railway Engineering and Maintenance-of-Way Association
Assessment Body (CSM)
Association of Train Operating Companies
Boundary Element
Capacity 4 Rail
Computer Aided Design
Cold Metal Transfer (additive manufacturing)
Common Safety Method for Risk Evaluation and Assessment
Degrees of freedom
Discrete Element Method
Design for Reliability
Data Reporting and Corrective Action System
Decision Support Tool
Explosion Depth Hardening/ Hardened
Equivalent Million Gross Tonnes Per Annum
European Rail Agency
Elastic Sleeper Coupling
Fault Code Lookup
Finite Element Analysis
Finite Element Method
Failure Mode and Effects Analysis
Failure Mode, Effects and Criticality Analysis
Fixed Metal Shroud
Gas Metal Arc Welding
Heat Affected Zone
Hazard Identification
Hazard and Operability Studies
High Density Polyethylene
Infrastructure Manager
Insulated Rail Joint
International Organization for Standardization
Joint Undertaking
Kinematic Gauge Optimization
Key Performance Indicator
Laser Cladding
Life Cycle Cost
Laser Metal Deposition
Linear Variable Differential Transformers
Metal Active Gas
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MBD
MBS
MCS
MGT
MIG
MTBF
N&V
OLP
PA
PT
PTA
QI
OMM
PAW
RAMS
RCF
RCU
RIRL
RIVAS
RRL
RU
S&C
S2R
SRTF
SRP
TCP
TD
TIG
TRL
TS
TSI
UBM
UBP
UKAS
UGM
UHPC
USP
V&V
VLDT
VTI
WFS
WLC
WP
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Multi-Body Dynamics
Multi-Body System
Modular Continuous Support
Million Gross Tonnes
Metal Inert Gas
Mean Time Between Failure
Noise & Vibration
Offline Programming
Product Acceptance
Theoretical Point
Plasma Transfer Arc
Quantity of Interest
Operations Maintenance Manual
Plasma Arc Weld
Reliability, Availability, Maintainability and Safety
Rolling Contact Fatigue
Remote Control Unit
Rail Industry Readiness Level
Railway Induced Vibration Abatement Solutions
Reliability Readiness Level
Railway Undertaking
Switches and Crossings
Shift2Rail
Southampton Railway Testing Facility
System Review Panel
Theoretical Crossing Point
Temperature Differential
Tungsten Inert Gas
Technology Readiness Level
Travel Speeds (Additive Manufacturing)
Technical Specification for Interoperability
Under Ballast Mat
Under Bearer Pad
United Kingdom Accreditation Service
Unbound Granular Material
Ultra-High Performance Concrete
Under Sleeper Pad
Verification and Validation
Vertical Linear Displacement Transducer
Vehicle-Track Interaction
Wire Feed Speeds
Whole Life Cost
Work Package
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Background
IN2TRACK WP2 is positioned within the Shift2Rail Technology Demonstrator 3.1 (TD3.1), which
focusses on enhancing the existing S&C system, and hence forms part of the Integrated Technology
Demonstrator (ITD) for the Enhanced Track System. Figure 1 illustrates IN2TRACK WP2’s position
within the IP3 programme and its links to both IN2TRACK WP3 and the first Open Call project for Next
Generation S&C, S-Code.

WP2: Enhanced S&C

S-CODE
Open Call Project

Figure 1

IN2TRACK's position within IP3 of the Shift2Rail programme and Integrated
Technical Demonstrators (ITDs)

WP2 involves three key tasks, which are structured as demonstrated within Figure 2. Each task relates
to a final deliverable and has as a first action of translating the proposed description of work into a
detailed skeleton deliverable document. For all items in the task (and related sections in the
deliverable) responsible partners are identified. This provides transparency and allows for efficient WP
management.

Improved
knowledge
of key
areas

Current
status

Whole S&C
System
Modelling
Approach
Improved
Design &
Manufacturing

INPUT

Enhanced
S&C
Monitoring

Improved
Operation
OUTCOME

Enhanced Switches & Crossings
Figure 2

Whole system approach to WP2
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Objective / Aim
The overall objective of WP2 is to build upon the engineering side of IN2TRACK’s whole-system
evaluation of existing European S&C systems from previous and ongoing EU projects, such as
INNOTRACK, Capacity4Rail and In2Rail, to improve both RAMS performance and LCC enhancements
for maintenance approaches and to serve the parallel Shift2Rail project IN2SMART. The proposed
enhancements will be achieved through improved component design, using a whole-system modelling
approach (i.e. the use of multiple, state-of-the-art computational models, working together, to fully
understand the performance of the whole-system and the effects of implementing changes to it).
Investigation of advanced materials and the specification of an enhanced sensor network for remote
condition monitoring and predictive maintenance will also be considered. The process of switch
actuation, locking and detection is also an open loop process that is currently unable to react
automatically to states of system degradation. WP2 will work alongside In2Rail to assess the feasibility
of a closed loop control, self-maintaining S&C system. This will be achieved through development of
an enhanced virtual demonstrator (i.e. virtual simulation of an S&C system with closed loop control
and its fault tolerance), developing conceptual designs and producing a high-level specification for a
physical demonstrator that will be progressed within Shift2Rail.
Task 2.2 will use and develop existing state-of-the-art simulation tools and methodologies. In
particular, efforts will be made towards a seamless integration of models of different scope and
precision, to obtain a true whole system modelling approach. Task 2.2 will also take forward targeted
areas of improvement as identified within existing knowledge and also arising from the early stages of
Task 2.1. Prior to the whole system modelling approach becoming available, existing state-of-the-art
simulation tools and methodologies will be used. Consideration will specifically be made to new
materials, support conditions, mechanical behaviour and implementation of a fully integrated points
operating system whilst taking into account maintenance aspects, system resilience, a reduction in
noise and vibration, optimised S&C geometry and wheel-rail interaction. The final aspect of Task 2.2
will be to investigate advanced materials and manufacturing techniques that have the potential to
optimise existing S&C designs through reduced LCC and improved RAMS performance. In particular,
the use of additive manufacturing for enhancing the performance of existing S&C components will be
investigated. Focus will be given to enhancing the wheel/rail contact performance of existing railway
crossings by optimising the running surface metallurgy.
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S&C Whole system modelling
3.1 Evaluate existing state-of-the-art solution for S&C simulation
This section presents state-of-the-art simulation methods for dynamic vehicle-track interaction in S&C
and the result of settlements, plastic deformation and noise and vibration.

3.1.1 Vehicle-track interaction and damage models: Literature survey
General information about track settlement
A ballasted railway track consists of rails, sleepers, rail pads, fastenings, ballast, sub-ballast and
subgrade. The substructure is the combination of ballast, sub-ballast and the subgrade layer. See
Figure 3 .

Figure 3

Composition of a track (Dahlberg 2004)

Ballast should support the rails and sleepers against vertical, lateral and longitudinal forces which are
caused by trains. The track has to remain aligned and on the right vertical level. Therefore, the ballast
is tightly tamped around sleepers to ensure the right position of the track. Other important tasks of
the ballast are to distribute the load from sleepers, to absorb abrupt loads due to the train dynamics,
the drainage of water, to reduce frost problems and to prevent the growth of vegetation.
Crushed, hard stones or rather generally rocks (e.g. granite, limestone, slag) are used as ballast.
The sub-ballast layer is a transition zone between the ballast layer with large particles of good quality
and the fine graded subgrade. It should prevent the intermixing of the subgrade and ballast and should
also reduce the frost penetration. The bottom layer is the subgrade. In existing tracks, the subgrade is
not involved in maintenance action. However, the quality of this layer has a large influence on the track
quality.
Permanent deformation in the ballast and underlying soil caused by stresses and strains of trains leads
to settlement of the track. This settlement can be divided into two phases:
 The first phase happens after tamping. It happens very fast and is caused by the closing of the
gaps between the ballast particles

GA H2020 730841
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 The second phase is slower compared with the first one. This phase is caused by different
mechanisms, for example closing of gaps between particles, particle rearrangement, subgrade
penetration into ballast voids, particle breakdown, movement of ballast away from sleepers and
diminishing of particles due to wear.
These mechanisms will of course vary in magnitude at various track locations and can lead to track
irregularities as a result. (Dahlberg 2004)
Track settlement models
Alva-Hurtado and Selig (1981) calculates the permanent deformation (based on ballast thickness) due
to a series of identical load cycles with equation (1)
N with ε = ε1 ∙ (1 + C ∙ log(N))

(1)

The equation is based on the assumption that the ballast is uncompressed in the beginning and the
ballast densification happens due to rearrangement.
𝜀 = 𝜀1 ∙ (1 + 𝐶 ∙ log(𝑁))

(2)

The permanent strain after the first cycle is ε1 and C is a constant. Example values for the needed stress
ratio and the constant C can be found in Ford (1995).
With this equation, the permanent strain ε after N cycle loadings can only be calculated for identical
loads.
Of course, identical loads do not occur in practical rail operation. For this reason, Ford (1995)
investigated the consequences of series with different loadings. For a given ε1 the permanent strain ε
after N cycles can be calculated with the equation above. After this number of load cycles the load
changes. With this new load a new permanent strain after the first cycle ε1’ has to be determined. With
the permanent strain ε after N cycles and the new ε1’ the number of cycles Ne can be calculated with
the equation below which would be needed to get the same permanent strain ε with the new load.
𝑁𝑒 = 10

𝜀
𝜀1

( ′ −1)/𝐶

with 𝑁𝑒 ∈ ℝ+
0

(3)

If the new load is smaller than the original one, Ne is larger than N and vice versa. The permanent strain
ε after one cycle with the new load can now be calculated with the following equation. For every load
cycle, the procedure has to be repeated.
𝜀 = 𝜀1 ∙ (1 + 𝐶 ∙ log(𝑁𝑒 + 1))

(4)

Shenton (1985) describes that a newly tamped track settles very fast at the beginning. After a certain
number of cycles, the settlement is more or less linear with time or traffic. A given section of a track
maintains its quality over a very long period and over several maintenance actions. This means that a
poor quality section remains poor but a good section also remains good for several maintenance
actions. He also describes different causes for differential settlement of track sections. The causes are
dynamic loads due to irregularities in the running surface, defects in the longitudinal shape of the rail,
variable spacing between sleepers and different elastic support of the sleepers, random arrangement
of ballast stones and various quality of substructure.
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Investigations by Shenton (1985) showed that many models underestimate the settlement after 106
load cycles. To get rid of this problem, he formulated the following equation, where K1N0.2 prevail the
settlement up to 1 million load cycles and the factors K2N dominate above this value.
𝑆 = 𝐾1 ∙ 𝑁 0.2 + 𝐾2 ∙ 𝑁

(5)

Shenton (1985) noted that in laboratory tests the settlement was directly proportional to axle load.
Track measurements have not confirmed this approximation of a linear relationship between axle load
and settlement. This can be due to varying axle loads of trains. Other tests also showed that loads
below 50 % of the maximum axle load had no influence on the settlement, even when 90 % of the
loads were below this value. This means that in many cases (e.g. passenger trains) only locomotives
cause track settlement. Based on these results, Shenton (1985) formulated an “equivalent axle load”
Ae:
𝐴51 𝑁1 +𝐴52 𝑁2 +⋯ 0.2
)
𝑁1 +𝑁2 +⋯

𝐴𝑒 = (

(6)

The sleeper spacing can be taken into account by calculating the load carried by each sleeper. Shenton
(1985) shows in Figure 5 the influence of the sleeper spacing. The settlement only has to be multiplied
by the load factor.
Another factor which influences the settlement is the lifting of the track due to tamping. Shenton
(1985) states that larger lifts leads to larger settlements in subsequent load cycles (see Figure 4).

Figure 4

The influence of the lift on the subsequent settlement (Shenton (1985))

Shenton (1985) notes that there is some evidence that the settlement of a timber sleeper is around
70% to 90% of that of the equivalent sized concrete sleeper. The settlement is also inversely
proportional to the support area of a sleeper which means that smaller sleepers will lead to more
settlement. Other settlement influencing factors are examples such as the quality of the ballast. Poor
quality limestone can lead to double the settlement compared to that of high quality granite ballast.
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Figure 5

The influence of sleeper spacing and rail section on the load and settlement of a
sleeper (Shenton (1985)). ‘BR Standard’ means British Standard.

All these factors are considered in Shenton’s (1985) formulation of settlement.
𝐴

𝑆 = 𝐾𝑆 ∙ 20𝑒 ((0.69 + 0.028 ∙ 𝐿 + 2.7 ∙ 10−6 ∙ 𝑁))

(7)

In this equation Ae is the average axle load and L is the tamping lift. It has to be mentioned that for a
standard British Railway the (empirical) factor Ks is around 1.1. N are the number of load cycles.
Selig and Waters (1994) (cf. Holtzendorff (2002)) calculate the permanent strain due to number of
pores in the ballast (n) at the beginning and deviator tension with the following equation:
𝜀 = 0.082 ∙ (100 ∙ 𝑛 − 38.2) ∙ (𝜎1 − 𝜎3 )2 ∙ (1 + 0.2 ∙ log(𝑁))

(8)

In this equation, σ1 and σ3 are the principal stresses.
Sato’s approach covers also the global development of deteriorations. The result (Smean) is the mean
growth of the irregularities (Holtzendorff (2002)). In this equation, T represents the loads, VA is the
average velocity, M is a factor for the structure, QR represents the condition of the rail and QU
represents the condition of the subgrade.
𝑆𝑚𝑒𝑎𝑛 = 2.09 ∙ 10−3 ∙ 𝑇 0.31 ∙ 𝑉𝐴0.98 ∙ 𝑀1.1 ∙ 𝑄𝑅0.21 ∙ 𝑄𝑢0.26

(10)

Fröhling (1997) (cf. Holtzendorff (2002)) develops a formulation of the local track settlement below
every sleeper (equation below). The track settlement below every sleeper is influenced by different
local properties, e.g. the variable k2mi of the track below every sleeper or the dynamic local wheel load
Pdyn . The stiffness k2mi is a function of the elastic deformation of the structure below the sleeper during
a roll-over with the reference wheel load Pref. K1, K2 and K3 are constants and w is a correction factor.
Again, N are the number of load cycles.
𝑃
𝑘2𝑚𝑖
)] ∙ 𝑑𝑦𝑛]𝑤
𝐾3
𝑃𝑟𝑒𝑓

𝜀𝑁𝑖 = [[𝐾1 + 𝐾2 ∙ (
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The following equation represents another approach for the calculation of the settlement below every
sleeper i. It was developed by Holtzendorff (2002). The approach is based on Fröhling’s (1997)
formulation of the problem.
𝜀𝑁𝑖 = 𝜀𝑖0 + [𝐼𝜎 ∙ 𝐼𝑑𝑦𝑛 ∙ 𝐼𝑒𝑛𝑡𝑙 ∙ 𝐼𝑑𝑒𝑔 ∙ 𝐼𝐸𝑠𝑢𝑏 ]𝑖 ∙ log(𝑁0 + 𝑁)

(12)

The parameters of the equation above are described in more detail below. However, Holtzendorff
(2002) wrote that the given parameters are not fully investigated. Therefore, the results of the
equation should only be seen qualitative and not quantitative.
Ientl considers the discharge of the ballast below a sleeper i. This happens if the sleeper takes off the
ballast which leads to an increased settlement during the next loading cycle. Ientl = 1 if the sleeper never
takes off and Ientl > 1 in all other cases.
Idyn takes the dynamic loading into account. It depends on the acceleration at of a sleeper. Holtzendorff
(2002) formulates for the calculation of Idynthe following equation:
𝐼𝑑𝑦𝑛 ~𝑎𝑡𝛼 , 𝛼 > 1

(13)

N0 are the loading cycles which the position i has experienced before the chosen starting time and N
are the loading cycles since the starting time.
The influence of the factor Iσ is not fully investigated and should be estimated by;
𝛼
𝐼𝜎 ~𝜎𝑏𝑒
,𝛼 > 1

(14)

and
0.2
5
5
5
𝜎𝑏1
∙𝑁1 +𝜎𝑏2
∙𝑁2 +𝜎𝑏3
∙𝑁3 …
)
𝑁1 +𝑁2 +𝑁3…

𝜎𝑏𝑒 = (

(15)

The effect of the pollution on the ballast settlement is also not fully investigated. Therefore,
Holtzendorff (2002) recommends Ideg = 1.
IEsub is a factor for the stiffness of the underground. Raymond and Bathurst (1987) found out, that there
is no linear relationship between the stiffness and the ballast settlement. IEsub = 1 for a very stiff
underground. Other values are not given in Holtzendorff (2002).
Holtzendorff (2002) wrote that the given parameters are not fully investigated.
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Sleeper models
Zakeri (2012) et al give a short overview about different concrete sleeper defects, summarized in Figure
6.
Bending cracks

Introduction: bending cracks in concrete sleepers happen in centre of sleeper
transversal and diagonal. Causes: shocks or strikes imposed on to take out sleeper from
the form, excessive concrete sleepers depot (store) over each other, sleeper carried by
lifter and crane, asymmetric transportation of panels in site, ballast pollution and
reduced track elasticity, no permitted load cross over and loading cycle increase,
deficiency in drainage system and track solidity increase, improper infrastructure and
insufficient compression
Asymmetric tamping, jet-mud phenomena, un-layering first ballast layer

Sleeper breakage
due to
derailments

Introduction: concrete sleepers break due to derailment considered as un-returnable
defects and damages of concrete sleepers due to which these sleepers are not able to
do their task in track any more. Causes: manpower fault, existing impermissible defects
in track or rolling stocks and/or for other reasons

Cutting cracks

Introduction: cutting cracks usually appear in rail seat area and in a distance between
plug holes transversally along rail longitudinal axis. Causes: concrete sleeper depot
excessive altogether, ballast pollution and reduced track elasticity, un-permitted load
passing and increased loading cycle as well as fatigue phenomena, deficiency in
drainage system and track solidity increase, improper infrastructure and insufficient
compression, asymmetric tamping, reduced ballast layer thickness

Figure 6

Different defect types of concrete sleepers according to Zakeri (2012)

Kaewunruen (2009) et al investigated experimentally the influence of high-magnitude impact loads on
pre-stressed concrete sleepers. Kaewunruen (2009) et al’s work can be used for development of a
simple concrete sleeper damage model.
High-magnitude impact loads FI are always caused by wheel-rail interactions. Flat wheels, dipped rails
or a bad weld are only some examples which can lead to such unusually high loads. The magnitude of
these loads can reach values up to 750 kN over very short duration times (below one second)
depending on the cause and travelling speed of the train.
High-magnitude impact loads are believed to cause cracks in concrete sleepers due to their flexure.
But the failure of concrete sleepers is more a cumulative damage process and rarely induced by one
event. Kaewunruen (2009) et al gives a relationship between damage and residual life of concrete
sleepers.
For the experiments, Kaewunruen (2009) et al used a weight impact machine, which was constructed
by the University of Wollongong. The test specimens were Australian standard AS1085.14 concrete
sleepers.
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Figure 7

Properties of the test sleepers (Kaewunruen (2009))

In Figure 8 different damage levels of concrete sleepers are shown. The damage index D is the ratio
between the crack length and sleeper depth. The load impulse I is the area below the load history
diagram. Thereby, the cumulative load impulse (Figure 9) is the summation of the impulses at each
stage during the experiments. The cumulative impulse ratio IR can be written as the following equation.
The summation of the total load impulse to failure IF and the sum of all load impulses In.
𝐼

𝐼𝑅 = ∑𝑛 𝐼𝑛

(16)

𝐹

Figure 8

The damage level of different damage index values (Kaewunruen (2009))

Figure 9 differs between soft and hard track conditions. Kaewunruen (2009) et al write in their paper
that soft track can be considered as ballast bed with a thickness of 100-150mm whereas hard track
represents a ballast bed with a thickness of around 250 mm.
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Damage index of concrete sleepers in different track environments (Kaewunruen
(2009))

In Figure 9, it can be seen that concrete sleepers on hard tracks tend to fail at lower cumulative load
impulse values. The crack length of sleeper at both, soft and hard tracks, at very high cumulative load
impulse values (80000 - 90000 kNs) seems to be effectively equal. At these values, the failure
mechanism changes also from cracking to concrete splitting. Another observation in Figure 9 is that
the damage index for the hard track increases faster at the beginning. This means that cracks in
concrete sleepers grow faster in hard track than in soft track condition.
Rail pad models
Remennikov (2006) et al investigates the deterioration of rail pads concerning their dynamic
behaviour. They sampled used rail pads (HDPE 5.5mm) from a railway network near Sydney, Australia
and conducted tests on them with a so called “pad-tester”. The “pad-tester” was developed by the
University of Wollongong. It consists of two steel blocks - the lower one is mounted on a concrete
foundation, the upper one is able to move vertically and its acceleration is measured by an
accelerometer. Between these steel blocks, the test specimen (rail pad) is placed and loaded by the
upper block. The tested pads were fixed with a static load of 20 kN which corresponds to the clamping
force of two rail clips.

Figure 10 The tested rail pad HDPE 5.5mm. (Remennikov (2006))
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Figure 11 shows the rail pad deflection of the three tested rail pads. It can be seen that the static
stiffness of the pads reduces with increased age (Remennikov (2006)).

Figure 11 Rail pad deflection of the pads. (Remennikov (2006))
With a pulse dynamic analyser, the frequency response function is obtained from the tests (Figure 12).

Figure 12 The frequency response function of the different used rail pads (20 kN preload)
With the help of these functions, it is possible to calculate the dynamic stiffness and damping
characteristics, shown in Figure 13.
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Figure 13 Damping and dynamic stiffness characteristics of rail pads (HDPE5.5mm) with
different ages. (Remennikov (2006))
Based on these measurements Remennikov (2006) assumes a deterioration rate of 2.2 MN/m per 1
MGT for the dynamic stiffness cp and 19.6 NS/m per 1 MGT for the damping dp for the tested rail pad
HDPE 5.5mm.
Another prediction of the lifetime of high speed train track rail pads was done by Woo (2006) et al.
They obtained the change of the hardness, thickness and static spring constant by heat aging tests.
This test “accelerates the aging” of the rail pads by heating them up. The obtained data from the tests
was converted into a lifetime prediction.

Figure 14 The different rail pad types tested in Woo (2014)
Woo (2014) used in his tests two different rail pad types (Figure 14). The results are shown in Table 1.
Table 1

The time in years for a change of 10 % in hardness and thickness and 50 % in static
spring constant for both tested rail pad types. (Woo (2014))
Change of e-clip rail pad

f-clip rail pad

Hardness

10 %

2.5 years

1.7 years

Thickness

10 %

2.6 years

2.6 years

Static spring constant 50 %

6.9 years

1 year
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Rail fastening models
There seems to be no specific rail fastening models describing its degradation.
Modelling of railway track and vehicle-track interaction at high frequencies
First attempts in track modelling dates back more than a century but the problems still remain as
demands resulting from traffic are still rising. The track modelling closely relates to vehicle-track
interaction and is therefore treated commonly.
Problems of vehicle-track interaction
Knothe (1993) structured the fundamental problems of vehicle-track interaction by assigning the
problems to the sub-systems, meaning vehicle, track and the interaction between vehicle and track.
He classifies noise and vibrations as the result of the vehicle-track interaction and assigns it therefore
neither to vehicle nor rail.
Table 2

1
2

3

4

5

6

Area of concern vs. frequency range

Area of concern

Frequency range in Hz

Vehicles
Bogie and unsprung mass
 Wheel bearings
 Fatigue of axles, brake gear etc.
Irregular running surfaces of wheel and rail
 Wheel flats
 Out-of-round wheels
 Wheel corrugation
 “Long wavelength” rail corrugation
 “Short wavelength” rail corrugation
 Dipped welds and joints
 Pitting, shelling
Track components
 Fatigue of rail in bending
 Rail pads
 Concrete sleepers
 Ballast and track geometry
Wheel-rail noise
 Rolling noise
 Impact noise
 Squeal
Structure-borne noise and vibration
 Ground-borne vibrations
 Viaducts

0-20
0-500
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Problems of vehicle dynamics
Vehicle suspensions ensure that rigid body modes occur below 10Hz; at these frequencies the track
behaves more or less like a stiff spring. At frequencies above about 20Hz the track's inertia becomes
important while the vehicle suspension isolates all but the unsprung mass from the remainder vehicle.
Curving, stability and passenger comfort issues relate to relatively low frequencies.
A practical definition of "high frequencies” can therefore be taken as above 20 Hz, which means that
track dynamics becomes important whereas vehicle dynamics less important.
Until the 1990s there was little development of models for the vehicle dynamics of about 10-50Hz.
Here the wheelset becomes dynamically well isolated from the bogie while the wheelset's own
deformation as an elastic body becomes significant.
Problems of running surfaces of wheel and rail
Corrugation on wheel treads show similar wavelength to typical "short wavelength" corrugation on
rails (30-100mm) and mitigation strategies such as friction management showed a reduction to the
severity of corrugation. Quite a lot of work has been done in this wavelength range on the rail side,
which resulted in satisfactory models for high frequency interaction of vehicle and track.
In the opposite of corrugation, rolling contact fatigue becomes prevalent due to higher (static) wheel
loads and traffic load. Advances in wheel and rail material development address this damage and
reduces its effect.
Mair (1976, 1977) demonstrated that resonance of the unsprung mass on the track stiffness, excited
by rail welds and joints resulted in corrugation at wavelengths above 200mm. This corresponds to
relatively low frequency dynamic load (20-50Hz) often known as "P2" force. Also found to be
responsible for corrugation at wavelengths of 300-500mm following bad welds on relatively light rail.
Deterioration of track components
Jenkins (1974) made the first comprehensive theoretical and experimental study of vehicle-track
interaction at high frequencies to understand why fatigue cracks, propagating from bolt holes at the
rail ends, had become more prevalent after the electric locomotives running at speeds over 160km/h.
Concrete and steel sleepers are essentially ill-damped beams with several resonant frequencies
excited by wheel and rail irregularities. This problem is usually ameliorated using resilient rail pads. On
the contrary, the deterioration of ballast is an enduring concern of every railway system. Especially as
this maintenance effort is increased at corrugation sites and around welds and joints.
Noise
Noise as an essentially dynamic phenomenon is usually classified into rolling noise, impact noise and
squeal noise.
Following the structure above, noise is a result of the vehicle-track interaction and the subsequent
result from track system modelling.
Models of track and vehicle-track interaction
In modelling the dynamic behaviour of track and of the interaction between the vehicle and track it is
convenient to consider the following sub-systems (Figure 15):
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Figure 15 Components of the vehicle-track system (Knothe (1993))
1.
2.
3.
4.
5.
6.

vehicle including car body, bogie and wheelset
wheel-rail contact and representation of excitation
rail
fastening system including rail fastener, rail pad
sleeper
sleeper support, including ballast and substrate

At frequencies more than a few Hz, the unsprung mass becomes the only component that significantly
affects the vertical dynamic loads between wheelset and track. The unsprung mass is sufficiently
represented as rigid body for the vertical excitation.
For lateral vibration a more complex model is required, including wheelset resonant behaviour.
Besides simple semi-analytical models (Grassie (1993), Remmington (1976)) the majority of work is
focused on FEM models.
Despite the century long research, the behaviour of the track, particularly at high frequencies, is less
well understood than that of the vehicle. The following focus on to the track side of the vehicle-track
interaction modelling.
Physical track components
Rail modelling
Before 1960 rails were modelled as Bernoulli-beam for static and stability analysis - this seems to be
adequate for frequencies up to 500Hz. At frequencies higher than 500Hz, shear deformation of the rail
becomes increasingly important and modelling uses Timoshenko-beams or interconnected plates to
accommodate this.
For the frequency range of interest, five different wave propagation modes occur: lateral bending,
vertical bending, two torsional modes and one longitudinal mode.
If only vertical and longitudinal vibration is of interest the rail can be modelled as Timoshenko-Rayleigh
beam up to 2.5 kHz for wavelength greater than 0.4m. For lateral and torsional modes the railhead
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and foot have to be modelled at least as independent Timoshenko beams, interconnected by
continuous rotational springs.
Models of the rail fastening system:
A rail fastening system on a concrete sleeper comprises a resilient spring fastener often in parallel with
a much stiffer rail pad. The load/deflection behaviour of the fastening system is non-linear. For vertical
vibration usually a pad modelled as spring and viscous dash-pot in parallel is used. For 3D-track models
the pad is represented as visco-elastic layer distributed across the rail foot. For 2D-track models the
pad represented as acting at a point on the rail foot. No predictive model is yet available to design a
rail pad of prescribed stiffness and damping.

Figure 16 Rail fastening system: (a) physical system, (b) spring-damper model, (c) foundation
model; (d) 2 parameter and 3 parameter-models (Knothe (1993))
Sleeper models
The most complete sleeper model is a Timoshenko beam of variable thickness, effective Young's
modulus found from correlation of the calculated and measured fundamental flexural resonant
frequency of a freely supported sleeper.
The dynamic response to forces at the railhead is well represented up to 1 kHz by modelling the sleeper
simply as a rigid body.
Sleeper support by ballast and substrate
Most analyses use a simple 2-parameter model for vertical direction which is justified if only the highfrequency dynamic behaviour is of interest when the axle is close to the sleeper. The ballast and
substrate can be considered together as an elastic or visco-elastic half-space while at least 5 sleepers
should be considered. It is beneficial to include additional ballast masses.
Measurements showed a first resonance frequency at about 130 Hz, which decreased under a vehicle
to 50-80 Hz depending on the unsprung mass; measurements valid only for frequencies above 50 Hz
while resonances between 25-40 Hz and around 100 Hz may exist. At 25-40Hz the movement of ballast
and track on elasticity of substrate occurs and at about 100Hz the movement of the rail and sleepers
on the ballast's own resilience occurs.
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Modelling of the track system
Track component models can be combined to form a track model where the principal difference is
between models with a completely continuous support of the rail (Table 3). Continuous support
models are valid only for calculation of the track's dynamic response at frequencies lower than about
500 Hz vertical and up to 400 Hz lateral excitation. Models with discrete support of the rail appear to
be more realistic.
Table 3

Hierarchy of track models

Continuous support

Discrete support

Continous
halfspace

Discrete
support
continuous
halfspace

1-layer

2-layer

2-layer
with
elastic sleepers
3-layer
with
sleeper
and
ballast masses

Track structures of finite length are more appropriate for time-domain solutions, particularly if
significant non-linearities exist; boundaries may introduce undesirable effects. Track structures of
infinite length are used for frequency domain solutions.
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Excitation Modelling

Figure 17 Excitation modelling
The model in Figure 17a is only feasible for stationary periodic or transient force excitation situations.
The moving-load excitation in Figure 17b is used in many theoretical investigations and the moving
irregularity model in Figure 17c is able to be used in studying the dynamic response of a wheelset on
discretely supported track (frequency-domain). The most realistic way is to model the wheel rolling
over irregularities (Figure 17d).
Solution techniques and historical survey
The response of the dynamic vehicle-track system can be found either in frequency or time domain.
The time-domain solutions benefit from the availability of sufficient computational power and have
been stimulated by the need to analyse problems of e.g. irregular track structure and non-linearity for
which frequency-domain solutions are inappropriate.

3.1.2 Simulation of dynamic vehicle-S&C interaction
There are many challenges to the simulation of dynamic vehicle-track interaction (VTI). Two of the
major ones are the mix of scales. From tiny contact patches to large vehicle body movements and the
large frequency range of train-track system dynamics; vehicle dynamics being at the lower end (<20Hz)
and the track dynamic response covering a higher frequency range. In the 100s of Hz for soil vibration
and 1000s Hz for rail vibration (see section 3.1.1). Multibody System (MBS) simulations are typically
used, and originally developed for, global vehicle-track interaction and resulting track forces in lower
frequency ranges (overall curving and track irregularity response). However, the simple co-running
track model representation most often used in MBS, typically with 7-9 degrees of freedom (d.o.f.), is
also capable of capturing higher frequency wheel-rail dynamic forces experienced for shorter track
irregularities such as those occurring in switches and crossing components, leading to transient loads
of high magnitude. This is why MBS have been used to simulate VTI at S&C. However, a more detailed
investigation in the track response itself, below the wheel-rail interface, often requires the
combination of MBS with other numerical computation techniques, e.g. the Finite Element Method
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(FEM) or Discrete Element Method (DEM). If the evaluation of non-linear and accumulated material
behaviour is of interest, for example plastic deformation in the contact patch, explicit finite element
analysis is another simulation option. These solution methods can be applied using commercial
simulation codes, but there are also specialised in-house codes available.
The sections below list the strengths and weaknesses for three of the presented simulation
methodologies for the assessment of dynamic vehicle-S&C interaction; MBS simulations with corunning or stationary structural track model and explicit finite element simulations.
Strengths and Weaknesses of MBS simulations with co-running track models
Strengths
 Computationally efficient compared to e.g. Finite Element simulations (lower d.o.f. count),
enabling stochastic and wide parametric analysis on a standard computer
 Can predict the coupled vehicle-track interaction and wheel-rail interaction forces well enough
in the low frequency range (up to 20Hz), (Evans and Berg 2009).
 Has been shown to provide accurate results up to 200Hz if the structural flexibility of wheelsets
and track are properly accounted for in this frequency range. For the wheelsets it is the lateral
flexibility that is important to account for in this frequency range, see e.g. (Chaar 2007).
 Libraries of detailed and validated vehicle models are available from research institutes, vehicle
manufacturers and other industry consultant.
 A number of validated commercially available software are commonly used (e.g. Simpack,
Vampire, Gensys, Vi-Rail, NUCARS, Universal-Mechanism)
 Current commercial MBS codes use computationally efficient but simplified theory combination
of (equivalent) Hertz for the normal wheel-rail contact and FASTSIM for the tangential contact.
 MBS techniques can be rapidly developed as an in-house tool for custom simulation purposes.
Weaknesses
 Track flexibility is typically represented by a series of co-running track models consisting of massspring-damper systems that runs along the track at the same speed as each wheelset. These
models are equivalent systems tuned to represent given dynamic track properties. This means
that there is no direct physical link to the response of these track models and the track structure.
E.g. it cannot directly be found out what the rail pad forces are without the utilization of a
complementary structural model of the track as described in section 3.1.1. The aspect of a
moving load that excites a stationary structure and the wave propagation phenomena that
result is also not captured.
 There is currently a lack of reference and validation for the above in S&C, and calibration of the
system response requires different tuning along the S&C for the different panels.
 Current commercial MBS codes use the computationally efficient but simplified theory
combination of (equivalent) Hertz for the normal wheel-rail contact and FASTSIM for the
tangential contact. This provides a good approximation of forces, but insufficient details of the
resulting wheel-rail damage in S&C components. Other third party models need to be used for
this.
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 There is often a lack of documentation and control of the variable rail profile data handling in
commercial software. This requires extensive and careful pre-processing and verification to
ensure valid results are obtained.
 Pre-calculated contact table interpolation along the track might lead to insufficient quality of
results in the area of load transfer (switch to stock rail and wing to nose).
 Simplified track model with only one level of resilience do not capture the complete dynamic
loads spectra in the area of load transfer (switch to stock rail and wing to nose).
Strengths and weaknesses of MBS simulations with structural track models
The strengths and weaknesses presented here are in relation to those of the MBS-simulations with corunning track models as it is typically only the track model representation that differs between these
simulation categories. Vehicle and wheel-rail contact modelling is typically the same for both track
model types.
Strengths
 Allows for direct simulation of coupled vehicle-track interaction based on physical input
parameters. No need to fit an equivalent co-running track model to represent the dynamic track
behaviour in MBS simulations (especially important if a track parameter is changed).
 Allows for the extraction of physical responses from the track structure such as sleeper
deformation and pad forces
 Typically allows for modelling of dynamic vehicle-track interaction in a wider frequency range
than do co-running track models
Weaknesses
 Computationally much more expensive than co-running track models
 More elaborate modelling procedure required
 The track model is typically less flexible in terms of the adjustment for different simulation cases.
Typically a specific model needs to be built for each turnout type and radius.

Strengths and weaknesses of explicit FE simulation for wheel crossing interaction
Strengths
 Allows for direct assessment of non-linear and evolving material responses in the simulation of
dynamic wheel-rail interaction, for example plastic deformation.
 Allows for direct access to true stress and strains information within both wheel and rail
materials (surface and sub-surface).
 It is easy to account for the structural flexibility of the bodies in contact given that geometry is
known.
 Generic FE-approach allows for arbitrary descriptions of wheel and rail surfaces provided that
the discretisation is fine enough
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Weaknesses
 Computationally very expensive
 Requires a very fine surface mesh of wheel and rail in the area of contact for realistic contact
detection and handling of the frictional forces
 The computational cost and modelling complexity means that the methodology is most often
limited to the simulation of individual wheels and rail pieces. So while the local contact
conditions can be resolved in terms of material non-linearity, it is extremely difficult to capture
the global vehicle-track dynamics in a realistic manner, i.e. including full axle behaviour,
suspensions and full track response.
 Dynamics simulation remain a lot more complicated and time consuming than quasi-static
analysis, and previous work often shows limited consideration for the track system model
(below the crossing and its direct support) and its dynamics influence.
Examples of state of the art MBS simulations for dynamic vehicle-S&C interaction
There are two major features of S&C that makes MBS simulations of dynamic vehicle-track interaction
challenging on these assets compared to simulations on plain line: the complex and varying rail profile
geometry and the particular track design of S&C that causes the track properties to vary along their
length. These aspects need to be accounted for if accurate simulation results are to be obtained.
Furthermore the rail discontinuities, particularly at a fixed crossing, causes high-frequency wheel-rail
interaction that calls for a track model that is valid in a wide frequency range. Therefore, examples in
this study have mainly been chosen to highlight the state-of-the-art methods and the main missing
pieces of knowledge within these areas. A general overview of the challenges in multi body simulations
can be found in (Evans and Berg 2009).
Rail geometry description
All MBS codes investigated for the purpose of this section (Simpack, Gensys, Vampire, Vi-Rail) read rail
geometry input as 2D rail profile cross-sections in a discrete x-y format with corresponding longitudinal
positions along the track. There is thus a built-in simplification in the codes in this step as the user
cannot directly define a 3D rail surface and is reliant on the modelling tool’s interpretation of the
geometry between defined sections.
There are two main groups. In Simpack and Vi-Rail the actual profile shape needed at any position
along the track is interpolated based on available adjacent cross-sections. The software normally
operates a spline interpolation of each cross section to have matching discretisation along the length
of the profile such that efficient longitudinal interpolation at the specific distance can be performed.
If a sufficient number of profiles is given, the longitudinal profile interpolation is typically performed
using higher order splines. In certain cases different consecutive interpolation sections can be defined
along the track, so that at a given point there is an interpolation stop and start with two different
profiles given at that location. This allows for the representation of abrupt changes in rail geometry,
for example in areas like the back of the vee or head cut where profiles considered are much reduced
in width all of a sudden.
In the second category such as with Gensys and Vampire, the wheel-rail contact problem is solved
statically in a pre-processing step for a range of lateral wheelset displacements and then tabulated
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prior to time domain simulations. There is therefore no accounting for dynamics load variation, relative
roll between rail and wheelset due to body deformations or wheelset angle of attack when the contact
problem is solved. Wheelset yaw can still be accounted for using approximate methods in the time
domain simulations however. This means that the software performs interpolation of the wheel-rail
contact conditions between adjacent cross-sections instead of performing any interpolation of the
geometry between defined cross-sections. In principle, this can be less accurate and subject to more
errors in areas where there are contact jumps and load transfer. However, in both cases careful
attention needs to be paid to the quality and quantity of the input data to ensure realistic results.
Therefore, in implementing the rail geometry the user needs to decide upon a longitudinal profile
discretisation. The discretisation naturally depends upon the variation in the geometry that is to be
represented and how the simulation tool interprets the geometry. If one has access to sufficient rail
geometry data one can perform a convergence study to investigate the extent to which the results
depend on the profile spacing. A convergence study in the software Gensys was performed in (Pålsson
2013) for the switch panel indicating that a longitudinal profile spacing of 125-250 mm was required
to get sufficient accuracy in areas with contact point jumps between switch rail and stock rail. This
applied to a UIC 760m radius turnout and will differ for different switch length and radii, i.e. shorter
will require a narrower spacing and vice versa. In the work carried out for IN2TRACK and reported in
section 4.2.2 the following average discretisation were used in the switch-stock area: 100, 175, 240
and 400mm respectively for 245, 646, 1200 and 3000m radii turnouts. The Simpack manual
recommends a spacing of 10 mm between sections in the transition area of a crossing rail (Simpack
2018).
Before the model can be built however, one needs to find a good definition of the geometry that is to
be simulated. Nominal switch rail and crossing geometries are most often defined via a number of
(widely spaced) cross-sections along the length of the rail while the geometry interpolation between
those sections is left partly undefined or is implicitly defined via a given milling path of a profiling tool
(Pålsson 2015, Pålsson 2013), see also work reported in section 4.2.2 for further definition. Some
assumptions can therefore be required in the interpolation between cross-sections as to what points
on two adjacent cross-sections are corresponding points. For this purpose, one can for example use
the heuristic that points at the same profile slope (first derivative) in the cross-section planes are
corresponding points. Sometimes rail geometries can be available in CAD format, but they are then
most often a CAD model built from a 2D drawing definition and can therefore include assumptions
about the interpolation between cross-sections unless it was designed directly in 3D. Work reported
in section 4.2.2 details an approach developed to generate a wide range of 3D switch-stock rail designs
from manufacturing principles and then semi-automate from this the generation of corresponding 2Dcross sections required for MBS simulations. Another possibility and necessary step in terms of
understanding worn geometry, is to obtain measured rail profiles of new or worn rails (Kassa and
Nielsen 2008). However, this brings its own issues in terms of necessary volume of profiles to be
measured in the field, possible errors of measurement (human and environmental conditions),
roughness of measurement to be post-treated and the challenge of aligning all the data within a global
reference frame.
Sometimes there is also a need to parameterise geometries for the purposes of parametric studies or
optimization. This can for example be achieved with a spline definition of the rail cross-sections in
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combinations with a parameterization of the profiles’ vertical position (Pålsson 2015, Wan and
Markine 2015). Another option is to explicitly mimic the steps of the manufacturing process in the
generation of e.g. a switch rail (Pålsson 2013). This approach can for example allow for the generation
of switch rails with different combinations of base profile, milling tool profile and rail inclinations
(Capacity4Rail 2016).
Apart from the overall methodology described here, the most important aspect of the rail profile
description in S&C is that the resulting rail surface description is sufficiently smooth and well defined.
Given the stiffness of a typical wheel-rail contact and penetration depths in the order of 1/10 of a
millimetre, the slightest discontinuity in the rail surface description can give rise to dynamic loads of
significant magnitude. It is therefore of essence that the rail profile cross-sections that are used as a
basis for the geometry description have a fine and smooth profile discretisation and that care is taken
to make sure that the resulting interpolations between profiles in the simulation tool are realistic and
smooth. For example, it is easy to end up with warped rail surfaces if the corresponding points on
adjacent profiles are not chosen carefully. MBS software generally apply their own smoothing to a
given input profile. The user sometimes has the option to influence the parameters used for the spline
to control the ‘strength’ of the smoothing.
In terms of gap analysis and future work the capability to define 3D surfaces in MBS tools would be a
desirable addition for the future.
Track modelling
The first step in the process of building a track model is to have a definition of the modelling task. What
frequency range should it be valid for and what outputs are of interest etc. Some S&C components can
be modelled with good or very good accuracy as their properties are typically known and relatively
easy to model, for example rails, pads and bearers. These components have well defined masses and
stiffnesses and can be modelled using linear elastic or visco-elastic models. The model complexity and
the simulation times can still be large however due to the complex structural build-up in a turnout. The
uncertainty in physical properties starts with the ballast and soil conditions that can vary greatly
between different locations and whose dynamic properties are more difficult to determine and model
than those in the superstructure.
There is little information to be found in the literature on measured dynamic track properties for S&C
such as track stiffness as a function of excitation frequency. This makes it more difficult to validate
track models for S&C compared to those for plain line. On the other hand, the structural difference
between S&C and plain line is in the superstructure where the component properties are well defined
as noted above. The specific properties (per volume or area unit) of ballast and soil should be the same
as those in plain line which means that values for those obtained using measurements for plain line
could potentially be used also for S&C. Specific properties can be difficult to obtain however and for
example ballast properties derived from a full track excitation will be a homogenized value derived for
a given track and sleeper width and might not scale perfectly to a turnout and longer sleepers due to
boundary effects etc. The long bearers in a turnout can also demonstrate more complex settlement
behaviour over time due to bearer roll induced by traffic in the different routes.
There are however some measurements of track properties for S&C available in the literature. Track
stiffness measurements from a 60E1-R760-1:15 turnout performed with a so called rolling stiffness
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measurement wagon at 10 Hz and for different rail pad stiffnesses are presented in (Pålsson and
Nielsen 2015). In these measurements it was observed that the vertical track stiffness was greater in
the switch and crossing panels compared to the closure panel due to the build-up construction of the
turnout. Track receptance measurements obtained using impact excitations are presented in (Kassa
and Nielsen 2008). There are also papers available that describe measurements of accelerations in
S&C, e.g. (Bruni et al. 2009) and velocity-displacement e.g. (Le Pen et al. 2018). One can also look to
measured wheel rail-contact forces obtained using instrumented wheelsets for validation data which
typically cover a greater frequency range. For the Innotrack measurements performed in Eslöv and
reported in (Pålsson and Nielsen 2015) the data from the instrumented wheelset was sampled at 1200
Hz and low-pass filtered to 250 Hz. See also (Kassa and Nielsen 2008) and (Menssen and Kik 1994) for
additional measurements.
Even though it might not always be necessary to account for the varying track properties along the
length of a turnout, it should be considered state-of-the-art to do so. Especially at the crossing
transition the predicted impact loading will be significantly affected by whether the proper mass and
stiffness properties are accounted for in the track model. For example, the weight of a crossing based
on 60E1 rail profiles can be expected to be in the range of 150-180kg/m (Ossberger 2018). Note
however that the problem can be simplified by focusing the simulation only on the switch or on the
crossing panel and calibrating the track model to produce the correct dynamic loading in the locality
of the load transfer.
Different authors have chosen different techniques to account for the varying track properties in multi
body simulations. In (Li et al. 2014) a full FE model of a turnout was used for this purpose. This FE
model included linear elastic beam elements to represent rails and sleepers and their varying mass
and bending stiffness properties and Kelvin elements (spring and dashpot in parallel) were used to
model rail pads and the sleeper to ground connection. Base plates and check rails were included in the
model. The derived stiffness properties were then used to tune an equivalent co-running track model
with space dependent properties for the MBS model where the time integration simulations were
performed. The same approach was described in (Sustrail 2014) to show how a simplified 2 d.o.f. track
model was tuned against a more detailed FE crossing model with variable properties, using peak
counting method to match the two dominant modal response. In (Pålsson and Nielsen 2015)
continuous measured track stiffness and phase delay along a turnout at 10Hz excitation was used to
directly calculate the vertical properties for a track model with one massless vertical d.o.f. and
associated Kelvin element for each rail. In (Pålsson and Nielsen 2015) a track model originally tuned to
track receptance data for plain line was adapted for simulations in S&C with a focus on capturing the
dynamic impact loading at the crossing. The track properties were tuned for the crossing transition but
constant in space.
If instead a stationary structural turnout model is used in MBS simulations, there is no need for
approximations of the variable properties, but it comes at the cost of increased modelling and
computational effort. In (Bruni et al. 2009) an FE representation of the track was used with beam
elements to represent rails and sleepers, lumped masses for ballast and an equivalent beam element
to represent the foundation. The bodies were connected with viscoelastic elements. The crossing panel
structure is also modelled in (Grossoni et al 2018). The base model is a straight track model for plain
line where the rails are modelled using beam elements while base plates and standard sized sleepers
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are modelled as rigid. Then the varying track properties are accounted for using additional equivalent
masses and stiffnesses as well as space dependent properties along the length of the turnout. The
implementation of a full FE track model in MBS simulations can also be found in (Kassa and Nielsen
2009).
Apart from the stiffness variation along the turnout, the frequency range that the track model needs
to account for must be considered. If we begin with the switch panel it is difficult to make generally
valid statements with certainty as there is a great variety in switch configurations and traffic situations
that can be encountered in railway networks.
On the one hand, the transition can be expected to be smooth without much high frequency dynamics
as the longitudinal inclination of the switch rail is shallow and the change in wheel travelling direction
during the transition, and therefore the corresponding force impulse, can be expected to be small.
Also, some relative movement is allowed between stock rail and switch rail in the vertical direction
which will soften the transition. The longitudinal distance travelled with one contact point on the stock
rail and one on the switch rail during the transition from stock rail to switch rail was investigated in
(Wang et al 2018). For a switch with 1100 m radius where the stock rail was supported with a pad
stiffness of 300kN/mm, the switch rail was fixed in the vertical direction and a wheel load of 100kN,
the length of the transition zone was calculated to be about 0.5 metres which indicates a rather smooth
transition in terms of vertical dynamics. Further very little high frequency content was found in the
measured wheel-rail contact forces presented in (Pålsson and Nielsen 2015) for a newly installed
switch. It should be pointed out though that this was a large radius switch (760 m) and the traffic speed
was restricted to 70km/h in all routes. A rather simple track model valid up to about 20Hz was sufficient
to capture the dominating dynamic interaction for simulations of these measurements.
On the other hand the stock rail to switch rail transition still constitutes a discontinuity in the rail, even
though relatively benevolent. So for a short radius switch with a very stiff relative connection between
stock rail and switch rail and high line speed, high frequency impact dynamics could potentially occur.
There is however limited information on the topic to be found in the literature. There are few
measurements available and simulations of dynamic vehicle-switch interaction typically doesn’t
account for the relative flexibility and movement between stock rail and switch rail which
overestimates the stiffness in the stock rail to switch rail transition.
In the crossing panel, the discontinuity between wing rail and crossing nose typically cause wheels to
experience a dip or a kink in its vertical movement as it passes over the crossing which induces
significant impact loading. As the impact situation is very similar to that of a dipped joint, the analytical
modelling in (Jenkins et al 1974) is often used as reference also for vertical wheel-rail interaction at
crossings. Based on the analytical modelling and tests performed in (Jenkins et al 1974) it is to be
expected that the impact is followed by a high frequency force peak (at say 500-1000Hz) associated
with a resonance on the contact stiffness where the wheel and the rail are oscillating out of phase.
This force is called the P1 force. There will also be a force peak, called P2, associated with a lower
resonance at around 50-100Hz which is associated with a resonance where the wheel and track
oscillate in-phase. From this simplified modelling one can draw the conclusion that a track model for
dynamic wheel-crossing interaction must include at least a representation of the track superstructure
to be able to capture this dynamic content. In (Sustrail 2015) and (Bezin et al. 2015) it is shown how
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these different frequencies might be captured in current MBS track models and also simplified into a
3 d.o.f system for purely vertical dynamics at crossings. The P2 force and resonance is clearly indicated
in measured wheel-rail contact forces during crossing transitions (Pålsson and Nielsen 2015), but due
to the cut-off frequency at 250 Hz in these measurements it is not possible to know the presence and
magnitude of the P1 force contribution from these measurements.
In this literature review no example was found where the stock rail and the switch rail were modelled
as separate bodies in general multi body simulations. One modelling effort accounting for relative
movement between switch rail and stock rail can however be found in (Wang et al. 2018) where it is
assumed that there can only be one contact point each on wing rail and stock rail, which is not
necessarily the case, even with new design as demonstrated by simulation work reported in section
4.2.2.
From a gap analysis perspective measured dynamic track properties in S&C is a lacking component for
model validation. This is especially so in the crossing panel where high-frequency interaction between
wheel and crossing occur. Further, with the capabilities of today’s MBS tools it should be possible to
account for the individual flexibility of switch rail and stock rail to a greater extent.
Requirements on vehicle modelling
If the purpose of a simulation study is to determine the dynamic wheel-rail interaction and response
in an S&C and the vehicle response isn’t of much interest, the vehicle modelling detail can be adjusted
to the purpose of the study. If it is low frequency interaction that is of interest the vehicle modelling
becomes very important, especially for predicting the loads stemming from the curving behaviour in
the diverging route and then particularly in the switch. If it is only the vertical impact loading at the
crossing that is of interest where the relevant dynamics can be expected to be above 50 Hz, the
unsprung mass is the dominating component and the modelling of the rest of the vehicle becomes less
important.
Examples of state-of-the art studies using explicit finite element software
In the literature, explicit finite element software is most often used to simulate wheel-crossing
interaction with the purpose of evaluating non-linear material responses on the crossing nose for
single or repeated overrollings. In these models the crossing rail and the wheel are typically resolved
in great detail while the vehicle and surrounding track are modelled in a simplified manner, see e.g.
(Pletz et al. 2012), (Wiest et al 2008) and (Xiao et al 2011). A reduced model including only the crossing
nose to allow for parameter studies is presented in (Wiedorn et al. 2017).
Examples of state-of the art studies using kinematic or simplified dynamic models
As the dynamic wheel-rail interaction in S&C is very much determined by the special rail profile designs
in the switch and crossing panels, valuable information can be obtained studying the wheel-rail
interaction in these panels using kinematic models or dynamic models with just a few degrees of
freedom. As these models are computationally cheap, they also make optimization and parameter
studies and studies that account for a wide range of wheel profiles much more affordable in terms of
computational effort.
The kinematic wheel-crossing interaction for a range of wheel profile shapes is for example studied
kinematically in (Pålsson 2015) and (Pålsson 2018) and using a simplified dynamic approach in (Bezin
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et al 2016). These studies underlie the importance of accounting for the range of wheel profile shapes
and lateral wheel positions that switches and crossings will experience in track. It should therefore be
considered state-of-the-art to account for a proper range of wheel profile shapes and lateral
displacements in the design, optimization and maintenance of rail geometries for switches and
crossings.
The kinematic implications of switch rails and the rolling radius difference induced by the curved stock
rail are investigated in for example (Pålsson 2013), (Lagos et al 2012), (Bugarin and Diaz-de-Villegas
2002) and (Kassa et al 2009). The papers also include results from dynamic simulations.

3.1.3 Simulation of settlements in S&C
The variations and discontinuities in rail profiles along the S&C result in increased dynamic wheel–rail
contact forces. One possible consequence is track settlement. Due to the spatial variations in the
loading and conditions of the track support, track settlement is not uniform and the resulting
differential settlement may generate an irregularity in track geometry. Poor track quality induces
higher dynamic wheel–rail contact forces and increases the degradation rates resulting in further
damage of the rails and track settlement.
In [Pålsson and Nielsen 2015], measurements of the vertical wheel–rail contact force when using two
different rail pads are reported. For traffic in the through route, it was found that softer rail pads
resulted in lower wheel–rail contact forces for all the investigated speeds. To reduce the wheel–rail
contact force, rail seat force and sleeper–ballast contact pressure at the crossing, the influence of rail
pad stiffness and Under Sleeper Pad (USP) stiffness was investigated in [Wan et al, Grossoni et al]. The
results from these studies showed that the combination of USP and soft rail pads had the most positive
effect on reducing the maximum wheel–rail contact force and sleeper–ballast contact pressure.
A method for the simulation of high-frequency dynamic vehicle–track interaction and assessment of
mitigation measures to improve the design of a railway crossing is presented in [Li et al]. The vertical
interaction between a wheelset and the track in the through route of the crossing is simulated in the
time domain using a finite element model of the track in combination with an implementation of
Kalker's variational method to solve the non-Hertzian, and potentially multiple, wheel–rail contact.
Both wheels of the wheelset in simultaneous contact with the crossing rail and the outer rail are
considered. For a given reference S&C design, the static track stiffness at rail level evaluated along the
crossing panel is illustrated in Figure 18. In the crossing panel, baseplates are mounted on sleepers 69
– 89, which are highlighted in Figure 18. It is observed that the static track stiffness at the crossing rail
increases when the two rails merge into one (at around sleeper 74) and decreases when the crossing
nose separates into two rails (at around sleeper 83). To obtain a smoother crossing transition, the
stiffness gradients between the crossing panel and the adjacent panels can be reduced. The calculated
time history of the distribution of sleeper–ballast contact pressure for sleeper 78 is shown in Figure
19(a). The time histories of the contact pressure for the positions below the crossing and outer rail
seats are compared in Figure 19(b). It is observed that the contact pressure has higher values at the
outer rail than at the crossing rail, except when the crossing is subjected to a substantial wheel–rail
impact load. For a vehicle passing the crossing panel in the facing move of the through route, the
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crossing panel is subjected to an outwards tilting motion due to the lower track stiffness of the outer
rail compared to the crossing rail.
In [Li et al], a parameter study was performed to investigate the influence of crossing design on the
contact pressure generated at the sleeper–ballast interface. It was concluded that a design with a
combination of increased sleeper width, softer rail pads and use of USP will reduce the stiffness
gradients in the crossing panel and mitigate the risk of differential track settlement by lowering the
sleeper–ballast contact pressure. Compared to the reference crossing panel design, the reduction in
sleeper–ballast contact pressure was considerable. This work will be completed in IN2TRACK2.

Figure 18 Calculated static track stiffness at rail level along through route of turnout. Results
are shown for the crossing rail (solid line) and the outer rail (dashed line). From [Li et
al]
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Figure 19 Time history of sleeper–ballast contact pressure (a) distribution for sleeper 78, (b)
below crossing rail (solid line) and outer rail (dashed line) of sleeper 78. Sleeper
coordinate y, with centre line of through route at y = 0 m, crossing rail seats at y = 0.75 m, outer rail seats at y = 0.75 m. Time axis has been converted to distance from
the Theoretical Crossing Point (TCP)

3.1.4 Noise and Vibration
Noise and vibration are inherent effects of every railway superstructure due to mechanical wheel-rail
interaction. Vibrations introduced to the rail subsequently lead to degradation of the sub- and
superstructure. In consequence track quality decreases.
Elastic products made out of polyurethane help to reduce these effects significantly.
Under sleeper pads, ballast mats, base plate pads and others should be implemented in simulation
tools without losing their unique nonlinear elastic and/or elasto-plastic characteristics. This said, the
elastomer should not be modelled as a linear spring due to a usually nonlinear relation between
stiffness and load applied.
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Figure 20 Static and dynamic characteristic curves of polyurethane ballast mat DN1019
(Getzner 2018)
To calculate insertion loss many different models are available. One possible approach is the model of
Wettschureck and Kurze (1985). The model is based on the one mass oscillator principle and shows for
homogeneous superstructures fairly good results (Müller, Handbook of Engineering Acoustics, 2004).
Whereas for insertion loss the dynamic behaviour of the material is of main interest, most state-ofthe-art models used to optimize sections of special track work (e.g. turnouts or transition zones) are
based on a quasi-static approach. The goal is to reduce (or best case eliminate) high gradient stiffness
sections by using tailored elastic products. This provides a smooth transition for sections with changing
superstructure.

Figure 21 Quasi-static simulation for transition zones (Quirchmair, Loy 2016)
To create a model to predict sub-structure degradation, additional properties of materials need to be
taken into account. The dynamic properties of the material reduce impact force in critical areas like
the frog (crossing) section of a turnout. In addition, elasto-plastic behaviour is able to increase the
contact area between sleeper and ballast significantly without gaining a critical level of rail deflection.
Laboratory and in-situ measurements have shown that under sleeper pads made out of elasto-plastic
polyurethane show the highest increase in terms of lateral rail resistance (Freudenstein, Iliev, Stahl
2013). As a result, high quality track alignment lasts longer compared to unpadded tracks.
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Figure 22 Lateral rail resistance measurements in laboratory (Freudenstein, Iliev, Stahl 2013)

Figure 23 Contact area of under sleeper pads (Loy, Augustin 2015)
Above discussed polyurethane material properties should be implemented in future simulation models
to predict noise, vibration and sub-structure degradation the most accurate way possible. The
simulation model also has transition zone calculation capabilities.
The cyclic wheel–rail impact loads generated on the crossings (on the crossing nose or on one of the
wing rails depending on direction of traffic) are causing damage to the rails. Other consequences are
the radiation of impact noise and the generation of ground-borne vibration.
Field measurements of rail acceleration and noise generated by trains through a fixed crossing were
performed in In2Rail [In2Rail D3.2, Torstensson et al 2018]. The impacts could be easily observed in
the rail acceleration data. However, although clearly audible, these impacts were found to be less
evident in the sound pressure signal. For passenger traffic in the trailing move at speeds in the region
of 82 – 87 km/h, the rail acceleration data showed a broad peak centred at 63 – 80 Hz, corresponding
to a resonance of the coupled wheel–track system. The measured sound level spectra included the
summed contributions of rolling noise and impact noise, and it was not possible to separate them
completely. It was observed that the spectra had two significant peaks at 400 and 630 Hz due to rolling
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noise induced by high roughness on the rails in the crossing panel. The impact noise was observed to
influence the low frequency content of the noise spectrum in the region of the wheel-track resonance
63-80 Hz. However, it could only be inferred that the contribution of the impact noise to the sound
pressure spectra, calculated over a time window corresponding to the length of each passenger coach,
was small.
A numerical method for the prediction of impact noise using a so-called hybrid approach has been
presented by Wu and Thompson, see [Wu and Thompson 2002]. According to the method, the
simulations are performed in two steps: (1) calculation of wheel–rail impact load by a time-domain
simulation of non-linear high-frequency vertical dynamic vehicle‒track interaction, and (2) prediction
of noise using the software TWINS [Thompson et al 1996] in the frequency domain based on excitation
by an equivalent roughness spectrum. In In2Rail, the calculation of impact loads was performed using
the software RAVEN [Andersson et al 2015].
The wheel profile state of wear has been found to have a significant influence on the impact noise
generated at crossings [Torstensson et al NNFM 2018]. Based on simulation, it was shown that for a
case with a hollow worn wheel, leading to loss of wheel–rail contact during the transition from wing
rail to the crossing nose, the predicted noise level was 11 dB(A) higher than that of a nominal S1002
wheel profile. It was also concluded that the influence of the axle load on the generated impact noise
level is low as long as there is maintained wheel–rail contact over the crossing. For a given distribution
of (worn) wheel profiles, it is concluded that the impact loads and noise can be mitigated by reducing
the effective dip angle at the crossing, which is determined by the vertical trajectory of the wheel when
making the transition between wing rail and crossing nose.
Figure 24 shows the trend of predicted overall A-weighted impact noise level versus speed and
compares rolling noise with impact noise at different dip angles. In general, the overall noise level
increases with increasing vehicle speed and dip angle. The noise levels in the trailing move are slightly
higher than those in the facing move for the cases where there is no loss of contact. However, the
difference is on average less than 1 dB. For the dip angles and speed combinations that result in loss
of contact the difference is more substantial. The facing move shows the type of results attributed in
[Vér 1976] to a step-down impact at a rail joint. In these cases, for speeds where loss of contact occurs,
the peak sound pressure was found not to increase with increasing speed. The results for the trailing
move instead appear more similar to a step-up type of impact, with the peak sound pressure increasing
with increasing speed, regardless the fact that loss of contact occurs. As a consequence, the overall
levels in the trailing move were found to be up to 3 dB higher for the highest speed and dip angle than
for the facing move. For the cases without loss of contact, the speed dependence of the impact noise
is approximately 30 log 𝑉, which is higher than the 20 log 𝑉 found in previous research on impact at
rail joints [Vér 1976, Wu and Thompson 2002].
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Figure 24 Dip angle 6 mrad ( ), 12 mrad (
), 18 mrad (
), 24 mrad ( ) and (
)
rolling noise. Rolling noise is calculated for a time window corresponding to 20 m,
while the impact noise cases are calculated for a time window corresponding to 0.125
s. Cases with loss of contact are filled in red. (left) facing move, (right) trailing move.
From [Torstensson et al 2018]
Thus, the vehicle speed and the wheel–rail contact geometry, which is determined by the design of
the crossing geometry and the status of the wheel and rail profiles, are important parameters with
respect to the generation of impact loads and noise. In particular, the magnitude of the impact load is
influenced by the crossing dip angle. For example, an increase in crossing dip angle from 6 mrad to
24 mrad was found to correspond to an increase in radiated impact noise of about 11 dB(A) for the
cases without loss of contact.
It is concluded that the impact loads and noise can be mitigated by designing and maintaining a
crossing dip angle that is as small as possible. However, since the crossing will be subjected to wheels
with different status of wear, a certain dip angle is required for the crossing geometry to be compatible
with a range of wheel profile shapes. In particular, for the hollow worn profiles that typically
demonstrate poor compatibility with crossing geometries and induce significant wheel–rail impact
loads and rail damage [Torstensson et al NNFM 2018].
In [Torstensson et al 2018], it was argued that the total sound pressure level does not sufficiently well
reflect the annoyance experienced by people exposed to impact noise from crossings. Thus, there is a
need for a new assessment criterion that accounts for the specific characteristics of impact noise and
relates these to other noise sources, such as rolling noise and aerodynamic noise.
Ground-borne vibration generated at S&C was studied in the EU FP7 project ’Railway Induced Vibration
Abatement Solutions (RIVAS)’ [RIVAS D3.12, Müller et al 2015]. As for the impact noise, the vibration
is induced by the wheel–rail impact loads generated on the crossing. Also, the variation in stiffness
along the S&C leads to a magnification of the dynamic wheel-rail interaction forces inducing vibrations.
Measures to mitigate the vibrations include the use of (soft or stiff) Under Sleeper Pads (USP) for a
more uniform distribution of track stiffness and lower degradation rates of track geometry over time.
The use of USP may also reduce the magnitude of vibrations transferred from the crossing to the
ground. In [Müller et al 2015], the results from field tests at two sites in Switzerland using stiff USP in
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four S&C were compared with results from four S&C without USP. However, it was not possible to
draw any conclusions from the tests as it seemed that the results were significantly influenced by the
individual S&C and soil conditions. Further measurements of vibration were performed at S&C with
different curve radii. On average, it was observed that the highest increase of vibration appeared in
the frequency range 16 – 40 Hz. From around 12 Hz up to 60 Hz, it was observed that the smaller the
curve radius the higher the amplification.
Other mitigation measures include improving the design of the crossing panel (selection of rail grade
and geometry of crossing nose and wing rails), rail pads with lower stiffness, movable crossings,
improved S&C layout geometry, Under Ballast Mats (UBM), soil stiffening, and rail profile maintenance
[RIVAS Deliverable D3.6].
To summarise, the best strategy to reduce the impact noise and vibrations in S&C is a system approach
where the different parameters (such as rail profiles, rail material, resilient layers) are designed to
interact in a robust way. Modelling is required to optimize the wheel transition over the crossing panel
[Pålsson 2015]. If an improvement of the dynamic wheel–rail interaction (wheel transition) can be
accomplished that reduces the impact loads on the crossing panel, noise and vibration levels and the
need for crossing panel maintenance can be reduced.

3.2 Specification for S&C whole system modelling approach
3.2.1 Development of S&C whole system modelling approach specification
Specification of the requirements for the whole system model considering findings and results from
task 2.1.
Task 2.1 in the IN2TRACK project revealed the major failure function as “Unable to support and guide
trains with the published axle load, line speed and EMGTPA”. This failure is related to several
components, the root causes are often different. The main root causes are wear, (plastic) deformation
and crack initiation/growth due to rolling contact fatigue.
The high prioritised areas for improvement of the S&C to consider are: Crossing unit, switch rail and
joints. The following aspects are additionally of interest: track elasticity, transition zones (including
under sleeper pads) and elastic fastening of rails. Figure 25 shows that the relevant components of the
switch are spread across all switch panels.
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Figure 25 Schematic S&C panel layout
From the above, the specification of the S&C whole system model can already be derived:
Include the mechanisms leading to the root causes of the failure functions for all related components.
The model must care about the interacting nature of the deterioration mechanisms (e.g. wear, rolling
contact fatigue and plastic deformation) and the interacting dynamic track system. Therefore, several
length scales are necessary to be covered, from microns for cracks to several hundred metres for the
included switch panels. It is also necessary to account for a wide frequency range of vehicle-track
system dynamics and the evolution of vehicle-track interaction over time.
To realise this demanding modelling task a feasible approach is to build the model by combining submodels in a modular way. This approach results in a non-monolithic model enabling the investigation
of the whole switch with the interacting vehicle while focusing on the desired failure function by only
activating the necessary modules. In Figure 26 this modular layout of the whole system model is
shown.
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Figure 26 Layout of the specified whole system model with modular set-up
The major building blocks are vehicle and track properties, vehicle track interaction and track structure.
In the vehicle track interaction module, the dynamic behaviour of the track and the vehicle is calculated
based on their properties. The resulting dynamic forces and movements are processed in the track
structure module for the desired components to calculate the damage per component. Feeding these
results back to the track properties module, the status of the components can be updated. With the
updated track properties, the vehicle track interaction is calculated again and new dynamic forces and
movements are the result. This closed loop is executed until the aimed number of cycles or lifetime is
achieved.
The non-monolithic structure of the specified whole system model requires well defined interfaces
between the modules on the one hand but provides excellent flexibility of its usage on the other hand
and guarantees the possible extension in the future. Therefore, the model can be set up with only a
few modules and still enfold its power of a whole system approach. As the whole system model will
need to account for vehicle-track interaction in a wide range of length and frequency scales, it is
proposed that the whole system model is built around a minimum number of models for vehicle-track
interaction that can provide the necessary track responses and inputs for the assessment module(s) of
interest. In the following section, the first building blocks are specified further.
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3.2.2 Required capabilities of a whole system modelling approach
This section provides an example for how a Whole System Model simulation scheme can be built
around a model for dynamic vehicle-track interaction in the time domain to assess a subset of damage
criteria of relevance for S&C. The system model consists of a vehicle model and structural
representation of the full S&C including components from rails down to the sleeper-ballast interface.
The details of this model is given in section 3.4.3. The objective is that the model should be valid in a
frequency range of 0-1000 Hz which would cover the relevant dynamic range for most damage modes
as described in section 3.1.1. It would not however be suitable for the assessment of squeal noise for
example, which would require other models to be added to the whole system scheme. The model is
focused only on the mechanical aspects of an S&C and details of switch and locking mechanisms and
their operation are not included.
The simulation scheme is presented in Figure 27 The scheme naturally bears a strong resemblance to
that of Figure 26 but with a chosen method for vehicle-track interaction. The scheme takes an S&C
model and a traffic definition as input. These are parameterised such that the S&C and vehicle
definitions could be generated via a computer script for maximum flexibility. As output the model
provides wheel-rail interaction quantities such as contact forces, creepages and contact point locations
as well as the structural responses in the S&C structure such as rail and sleeper displacements and
deformations. These outputs can then be fed into modules for the simulation of damage of individual
components such as the calculation of wear, plastic deformation and RCF on the running surface of a
rail. The calculated changes in S&C properties can then be used to update the S&C definition. Such
updates would allow for the calculation of the accumulation of damage over time via repeated
simulations. It would for example also be possible for an optimization routine to use the model for the
assessment of its objective function.
An overview of the modelling accuracy required for the assessment of different damage phenomena
in the wheel-rail contact is presented in (Ekberg and Pålsson 2018). This article is focused on the
challenges encountered in holistic or whole system modelling.

Figure 27 Flow chart for whole system modelling approach
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Example requirements for a sub-structure stiffness and degradation model
D2.1 (Identifying and Understanding Core S&C Issues) S&C Sub-structure degradation reviewed the
complex substructure interaction taking place at S&C and went on to describe a method for carrying
out tests of different types of long bearers on substructure interaction. These tests are further defined
and described within this report, in section 4.2.1 S&C bearer optimisation. A particular focus of the
testing will be the influence of the variable bending stiffness of long jointed bearers at S&C.
The prior reviews of S&C bearer performance and the earlier discussions within D2.2 on the settlement
of substructure have illustrated that plain line vehicle-track interaction models of track/substructure
interaction would not usually be incorporating the influence of long bearers on S&C performance, or
indeed other variability in the structural support so long as a co-running track model is used. However,
field measurements indicate that long bearer behaviour is a key factor influencing S&C performance.
Therefore, important capabilities for modelling the substructure stiffness and degradation at S&C can
be identified beyond what would be required for plain line.
Plain line models should include:





Load and/or strain dependent accumulation of plastic settlement
Cycle dependent (taking account of loading history) cyclic plastic settlement increments
Load dependent resilient (recoverable) response
Cycle dependent (taking account of loading history) cyclic resilient response

Additional requirements for modelling S&C include:
 Representation of long bearers across S&C of variable bending stiffness and ballast/bearer
contact areas, as well as inclusion of the effect of adjacent lines.
 Differentiated settlement modelling at discrete locations along the bearer lengths at least
corresponding to the locations of rail seats above.
The requirements for S&C bearer modelling are illustrated in Figure 28.
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Wheel/rail loading. Rails and fastenings of known properties and locations

Joint of known
properties
Mainline rails

Crossing rails

Mainline rails

Response of Substructure (ballast and subgrade) modelled at
least below railseats:


Load and/or strain dependent accumulation of plastic
settlement



Cycle dependent (taking account of loading history)
cyclic plastic settlement increments



Load dependent resilient (recoverable) response



Cycle dependent (taking account of loading history)
cyclic resilient response

Long bearer of
known properties
modelled to
determine load
transfer as
function of
location along
bearer

Figure 28 Long S&C bearer/substructure interaction modelling specification
The tests reported in section 4.2.1, together with the prior literature reviewed, will provide a basis for
incorporating S&C bearers in a whole system model. Simplified numerical modelling applied to
individual bearers are also reported in section 4.2.1; these models could be used to extract simplified
resilient response characteristics that could be load and location-along-bearer dependent.
Traditional MBS vehicle-track models (see section 3.1.2) can be used both to inform on transient loads
expected above the different location at long bearers of interest, provided the support characteristics
are carefully tuned to match the expected response at that location. In this case expected loading cycle
can be used in either laboratory testing or on specific track section or individual long bearer settlement
model to investigate long term behaviour.
Alternatively, MBS with structural flexible track model (see section 3.1.2), taking into account some of
the requirements defined above, will be directly incorporated into one modelling tool where dynamic
load interaction drives the settlement calculation along the bearers of interest. Such complete model
might be more complicated and take longer to run because both short-term transient and long terms
slow degradation needs incorporating in a loop simulation, although expectedly more accurate. This
added advantage is that the effect of superstructure design (for example presence or not of baseplate
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fixing) can be directly included on the loading cycles. There is an additional requirement to consider
the type of traffic in such simulations (density, type and speed on either adjacent track).

3.3 Identify improvements
simulation models

to

existing

state-of-the-art S&C

3.3.1 Improvements related to vehicle dynamics and wheel-rail interaction
In relation to vehicle dynamics and wheel-rail interaction, the key developments are concerning the
careful consideration for rail variability in the switch and crossing panels, to accurately represent the
transient dynamic loads as well as the transient variation in contact condition (multiple contact points,
jumps in contact, rapid change of shape etc…). From the vehicle point of view, MBS tools and models
are well matured and validated non-linear vehicle models can be satisfactorily used in particular in the
diverging routes in switch panels or curved crossings to accurately represent the motion (lateral and
angle of attack) of the different axles (leading/trailing) on the varying rail geometries. As long as careful
consideration is taken while generating and assembling varying rail geometries (see discussion in
section 3.1.2), sensible results should be obtained with regards to contact output for further damage
modelling. Examples are also given in section 4.2.2 on this process.
The areas requiring improvement in terms of in-track and laboratory testing to support the validation
of wheel-rail interaction studies and models, in particular the dynamics contact forces are:
 Measurement on track of dynamics response on crossing nose/wing due to wheel load
transfer, considering speed of traffic, type of vehicle (unsprung mass), locations of passing
axles (lateral offset and angle of attack), shape of crossing running surface (to derive
equivalent dip angles), measurement of representative wheels, location of load transfer along
the crossing. Forces need to be measure in a wide frequency range so as to capture P1 and P2
loads. Support conditions need to be observed and measured so as to establish quality of
support, i.e. presence of voids and variation of stiffness at discrete locations and along the
bearers.
 Measurement on track of dynamics response of in switch panels in the locality of load transfer
between switch and stock rail, considering speed of traffic, type of vehicle (unsprung mass),
locations of passing axles (lateral offset and angle of attack), shape of switch-stock assembly
running surface, measurement of representative wheels, location of load transfer along the
switch panel. Forces need to be measured in a wide frequency range in both vertical and
lateral directions, along with track elements response (deflection, acceleration).
To support measurement of both switches and crossings, it is envisaged that a combination of sensors
are deployed such as geophones on bearers, accelerometers on rails, and other supporting optical or
transducer measurement techniques. Additionally, measuring wheelset and vehicle based
measurement (axle box acceleration) should run in parallel to match the data on identical sites.
In terms of wheel-rail interface, site observation such as running band observation after train passage
(see Bezin, 2017), offer a unique possibility to judge the accuracy of the contact prediction made by
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simulation, and therefore on the subsequent possibility to do long term damage prediction (wear and
rolling contact fatigue). A method of measuring wheel-rail contact in-situ or in the lab remains to be
developed. Wear and rolling contact fatigue prediction for S&C material, in particular cast manganese
in crossings need to progress to enable MBS tools to be used for such studies with increased confidence
(see twin-disc testing activities by the University of Huddersfield on material in WP3). Hertzian based
contact models remain limited to predict plastic deformation under high dynamic loads and in area of
small radii, and this needs to be coupled with more detailed FE models. Further material testing is
required in this area, under impact loads as well as with a range of material including cast manganese
steels.

3.3.2 S&C whole system modelling gap analysis
The purpose of this section is to identify any gaps in the modelling that need to be closed to guarantee
the desired functionality of the implementation of the whole system approach. This gap analysis is not
by far exhaustive but tries to highlight fields for improvement. However, the focus will be laid on the
applicability of the whole system model approach as described in section 3.2.
The whole system approach is defined as a non-monolithic and modular framework of modules and
models which work together to enable the simulation of the S&C in a more holistic way than currently
possible. From this specification in section 3.2 and its related requirements it is already evident that
the implemented whole model approach will work even if not totally complete in the sense of having
all S&C components modelled. Incidentally, this might not be the intention of a specific simulation
anyway.
From the previous sections it is clear, that depending on the purpose improvements to several models
could be desirable, however, this often depends on the purpose of application. In the following, only
the major fields for improvements are listed as they arise from the previous sections and here
especially those which are relevant for the successful implementation of the whole system model:
From the literature, there is little evidence of models being available to reflect the degradation of rail
fastening systems. Usually they are modelled as applied forces in combination with spring and damper
systems but lacking the modelling of aging of the fastening systems. If this is required in some future
simulation task such a model needs to be developed. It is particularly interesting to understand the
effect of aging on the dynamic properties of the pad and on the whole system behaviour.
To calculate the forces in the wheel-rail interface MBS tools are often used. Most of these MBS tools
were developed for vehicle development where behaviour in the S&C was of no or little interest.
Therefore, the capability to use complex 3D surfaces is limited by complicated 3D interpolation of 2D
sections, exercise which is particularly complex in the crossing. Thus, improvements in the direct use
of 3D representations would be desirable for the future. Furthermore, it is not currently easily possible
to have separated switch and stock rail modelled without work around. They are commonly modelled
as one piece with a complex longitudinal changing geometry. Since switch and stock rail have different
support mechanism on slide plates and different bending properties, a separation to account for the
individual flexibility of switch and stock rail would be desirable as well. However, the widely use MBS
tools are often commercial software packages and therefore this improvement should be achieved
with the software developers’ engagement.
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Furthermore, there is lack of measured dynamic track properties within S&C as data which is available
for plain track cannot be used directly for S&C modelling. The availability of measured dynamic track
properties of S&C is important to validate models. This is especially true in the crossing panel where
wheel-rail forces include high-frequencies. As these measurements are specialised measurements,
early consideration and wide engagement of S2R partners in any demonstration activity is necessary
to increase the chance to have these measurements realised and them being used in the widest
possible sense.

3.3.3 Comparison of resilient modulus of different models and materials
In this section, a first attempt was done to compare the resilient modulus of different materials under
a certain stress level. Indeed, the resilient behaviour of the subgrade’s material is an important
parameter that influences the stresses, strains, and deflection in the railway tracks, as well as its
performance. The updated compiled information given here is essential to estimate geomechanical
characteristics of subgrade soils and to material modelling allowing the evaluation of global
performance of the railway structures. This work summarises the resilient models for materials
commonly used in numerical simulations, mostly in the pavement structures, but also applicable for
rail track foundations. A practical application is presented which is an important tool for soils ranking
according to the resilient modulus.
The first part of the work is based on the experimental results presented by Garg and Thompson
(1997) where six granular materials were studied (base and sub-base materials used in flexible
pavement test sections for the Minnesota Road Research project) and rapid shear tests and repeatedload tests were conducted in order to determine the shear strength parameters – friction angle and
cohesion -, resilient modulus, rutting potential and moisture susceptibility.
In this analysis, four models were considered for coarse-grained soils, as shown in Table 4 :
Table 4

Models considered in the analysis of the coarse-grained soils
Authors
Seed et al. (1967)
Brown and Pell (1967)
Hicks and Monismith
(1971)
Uzan (1985)
Gomes Correia et al.
(2001)
MEPDG
(ARA Inc. ERES Division,
2004)

Models
𝑀𝑟 = 𝑘1 (𝜃)𝑘2
𝜃 𝑘2 𝑞 𝑘3
𝑀𝑟 = 𝑘1 𝑝0 ( ) ( )
𝑝0
𝑝0
𝐸𝑣 = 𝐶𝜎′𝑣

𝑚

𝑘3
𝜃 𝑘2 𝜏𝑜𝑐𝑡
𝑀𝑟 = 𝑘1 𝑝0 ( ) (
+ 1)
𝑝0
𝑝0

Where :


Mr is the resilient modulus defined by the ratio of the deviator stress to the recoverable
(resilient) strain in the direction of axial stress σ1 (major principal stress);
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θ is the bulk stress, po is the reference stress, τoct is the octahedral shear stress and k1, k2
and k3 are the regression parameters;

Ev is the vertical elastic Young’s modulus;
 C is a parameter that depends, in case of granular materials, on the mineralogy of the
particles, shape of the grains and particle size curve. In case of the cohesive materials, it also
depends on the percentage of fines and Atterberg limits.

The model developed by Uzan (1985) has been widely used by recent works as Zapata et al. (2017).
Table 5
No.

1

2

Properties of the materials (coarse-grained soils)

UIC and ASTM
Materials
Classification

Properties

Observations

QS3; GW

Well-graded gravel

Cu=27
Cc=2
(PImin=NP; PImax=6)
WL;máx=25
W=6.3%
WOMC=6.8%

Sand

Cu=20
Cc=0.8-1.1
(PImin=NP; PImax=6)
WL;máx=25
W=7.7%
WOMC =7.7%

Granular material used
as base and sub-base in
the flexible pavement
sections. The subsets are
defined by the
granulometry: wellgraded or poor-graded.
The target moisture
content and densities
were selected on the
basis of AASHTO T99 test
results and fieldmeasured values (Garg
and Thompson, 1997).
(Garg and Thompson,
1997).

QS2/QS3
SW/SM-ML

Throughout this study, a different stress path from the original work developed by Garg and Thompson
(1997) was used in the final analysis in order to compare the results. The chosen stress path is
described in the work developed by Chen et al. (2014).
The model developed by Gomes Correia et al. (2001) is simpler since only depends on the vertical
stress. In this case, the author concluded that the vertical elastic Young’s modulus was rather
independent of the horizontal stress. Considering the obtained results from the repeated-load tests
presented in Garg and Thompson (1997), namely the stress path, the number of cycles and the
measured resilient modulus, the empirical constants C and m were determined considering the
following formulation:
log 𝑀𝑟 = log(𝐶) + 𝑚 log(𝜎𝑣′ )

(16)

From a linear regression, the empirical constants C and m were defined and its values are specified in
Figure 29 as the interception in the y-axis and the slope of trending line, respectively. The regression
analysis has an R2 very close to the unity. This case is referred to the well-graded gravel (material 1).
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y = 0,646x + 3,8305
R² = 0,991
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Figure 29 Regression analysis to determine the empirical constants C and m (well-graded
gravel)
Table 6 summarizes the obtained results considering the four models presented in Table 4 and the
materials described in Table 5. It is important to highlight that for the materials number 2, it isn’t
presented the results of the model developed by Gomes Correia et al. (2001) and MEPDG model. This
fact is due to the lack of data (measured resilient modulus) to carry out a regression analysis.
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Table 6

Summary of the values of the regression analysis based on experimental results
presented by Garg and Thompson (1997)
Material/
Classification
Well-graded gravel
QS3-GW
Sand
QS2/QS3
SW/SM-ML

Models

𝑀𝑟 = 𝑘1 (𝜃)𝑘2

𝜃 𝑘2 𝑞 𝑘3
𝑀𝑟 = 𝑘1 𝑝0 ( ) ( ) 
𝑝0
𝑝0

𝑘2

𝜃
𝑀𝑟 = 𝑘1 𝑝0 ( )
𝑝0

(

𝜏𝑜𝑐𝑡
𝑝0

Parameters

Regression analysis –
R2

k1=5176
k2=0.64

0.997

k1=36942
k2=0.32

0.933

Well-graded gravel
QS3-GW

k1=5306
k2=0.59
k3=0.05

0.998

Sand
QS2/QS3
SW/SM-ML

k1=34336
k2=0.45
k3=-0.15

0.942

Well-graded gravel
QS3-GW

k1=1.02
k2=0.62
k3=--0.01

0.997

-

-

-

Well-graded gravel
QS3-GW

C=6768
m=0.65

0.988

-

-

-

𝑘3

+ 1)

𝐸𝑣 = 𝐶𝜎′𝑣

𝑚

Considering the obtained results presented in Table 6, in general, the models are identical, according
to the regression coefficients.
Supposing the stress path developed by Chen et al. (2014) with a confining stress equal to 60 kPa and
deviator stress equal to 24 kPa as well as the constant parameters presented in Table 6, the resilient
modulus were determined and are presented in Table 7.
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Table 7

Determination of the resilient modulus considering the stress path presented in Chen
et al. (2014) (coarse-grained soils)

Models

𝑀𝑟 = 𝑘1 (𝜃)𝑘2

𝑘2

𝜃
𝑀𝑟 = 𝑘1 𝑝0 ( )
𝑝0

𝑘3

𝑞
( )
𝑝0

𝜃 𝑘2 𝜏𝑜𝑐𝑡
𝑀𝑟 = 𝑘1 𝑝0 ( ) (
𝑝0
𝑝0

Materials/Classification
Well-graded gravel
QS3-GW
Sand
QS2/QS3
SW/SM-ML
Well-graded gravel
QS3-GW
Sand
QS2/QS3
SW/SM-ML

Resilient Modulus
Mr= 156 MPa
Mr= 109 MPa
Mr= 143 MPa
Mr=131 MPa

Well-graded gravel
QS3-GW

Mr= 159 MPa

-

-

Well-graded gravel
QS3-GW

Mr=118 MPa

-

-

𝑘3

+ 1)

𝐸𝑣 = 𝐶𝜎′𝑣

𝑚

The models present similar results, where is evident the close values between the Uzan’s, k-θ and
MEPDG model for the material classified as QS3-GW. The simpler model developed by Gomes Correia
et al. (2001) has as much reliability as the remaining models more complex.
Regarding the materials 2, its value of the resilient modulus is inferior when compared to the wellgraded gravel (material 1), as expected.
About the fine-grained soils, four models and two materials were tested and presented in Table 8 and
Table 9, respectively. The triaxial tests followed the AASHTO T307-99 (AASHTO, 2003) procedure and
were conducted in both cohesive soils compacted at optimum water content and 2% above the
optimum. The measured resilient modulus are based on the results presented in the work developed
by Liang et al. (2008).
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Models considered in the analysis of the fine-grained soils

Authors
MEPDG
ARA Inc. ERES Division (2004)
Yang et al. (2005)

Models
𝑘3
𝜃 𝑘2 𝜏𝑜𝑐𝑡
𝑀𝑟 = 𝑘1 𝑝0 ( ) (
+ 1)
𝑝0
𝑝0
𝑀𝑟 = 𝑘1 (𝜎𝑑 + 𝜒𝜓𝑚 )𝑘2
𝑘3
𝜃 + 𝜒𝜓𝑚 𝑘2 𝜏𝑜𝑐𝑡
𝑀𝑟 = 𝑘1 𝑝𝑎 (
) (
+ 1)
𝑝𝑎
𝑝𝑎

Liang et al. (2008)
Dawson
(1993)

and

Gomes

Correia

𝐸𝑟 = 𝐴 + 𝐵𝑝′0 + +𝐶𝑞𝑟

Where:
 is the Bishop's effective stress parameters and it is function of the degree of saturation of
the soil;
 𝜓𝑚 s the matric suction;
 𝑝′0 s the initial mean normal effective stress;
 𝑞𝑟 s the repeated deviator stress;

 A, B and C are empirical constants.
Table 9
No.
1

Properties of the materials (fine-grained soils)

UIC and ASTM
Materials
Classification
QS1
Low plasticity
Lean Clay
CL
QS1

2

Low plasticity
CL-ML

Silt-lean clay

Properties





WL=30.8%;
WP=18.4%;
IP=12.3%;
WL=27.8%;



WP=19.8%;



IP=8%;

Observations




The effect of the
matric suction will be
included
in
the
effective stress;
The
triaxial
tests
following the AASHTO
T307-99
procedure
were conducted on
both materials

As in the case of the coarse-grained soils, throughout this study, a different stress path from the
original work developed by Liang et al. (2008) was used in the final analysis in order to compare the
obtained results. As referred previously, the chosen stress path is described in the work developed by
Chen et al. (2014). The original work developed by Liang et al. (2008) was a helpful tool to determine
the constant parameters and regression coefficients.
Analysing Table 8, the MEPDG model is defined in terms of total stresses, which means that the
regression analysis will be performed for each material on both moisture contents: optimum and
optimum+2%. The remaining models are dependent on the effective stresses. Therefore, the analysis
of the resilient modulus and regression parameters will be performed considering the whole set of
moisture content: optimum and optimum+2%. The MEPDG and Liang et al. (2008) models include
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directly the influence of the moisture content. Otherwise, the model developed by Dawson and Gomes
Correia (1993) is simpler and takes into account the suction matrix in the initial mean normal effective
stress (p’0). From a multiple linear regression, the empirical constants were defined and its values are
specified in Table 10. Some examples of the regression analysis are shown in Figure 30 and Figure 31.

OMC e OMC+2%- Liang Model (CL)
60,0

N=30
R2=0,62

50,0
40,0
30,0
20,0
10,0
0,0
0,0

10,0

20,0

30,0

40,0

50,0

60,0

OMC+OMC+2% - Dawson and Gomes
Correia model (CL)
60,0

N=30
R2=0,91

50,0
40,0
30,0
20,0
10,0
0,0
0,0

10,0

20,0

30,0

40,0

50,0

60,0

Figure 30 Comparison between predicted and measured resilient modulus for the CL material
(ASTM classification) and the Liang et al. (2008) and Dawson and Gomes Correia
(1993) models
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OMC e OMC+2% - Liang Model (CL-ML)
100,00

N=30
R2=0,61

80,00
60,00
40,00
20,00
0,00
0,0

20,0

40,0

60,0

80,0

100,0

OMC e OMC+2% - Correia Model (CLML)
100,00

N=30
R2=0,69

80,00
60,00
40,00
20,00
0,00
0,0

20,0

40,0

60,0

80,0

100,0

Figure 31 Comparison between predicted and measured resilient modulus for the CL-ML
material (ASTM classification) and the Liang et al. (2008) and Dawson and Gomes
Correia (1993) models
Table 10 summarizes the obtained results for the regression analysis considering the four models
presented in Table 8 and the materials described in Table 9.
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Table 10

Summary of the values of the regression analysis based

Models

𝜃 𝑘2 𝜏𝑜𝑐𝑡
𝑀𝑟 = 𝑘1 𝑝0 ( ) (
𝑝0
𝑝0
𝑘3

+ 1)

𝑀𝑟 = 𝑘1 (𝜎𝑑 + 𝜒𝜓𝑚 )𝑘2

𝑀𝑟

𝜃 + 𝜒𝜓𝑚 𝑘2 𝜏𝑜𝑐𝑡
= 𝑘1 𝑝𝑎 (
) (
𝑝𝑎
𝑝𝑎
𝑘3

+ 1)

𝐸𝑟 = 𝐴 + 𝐵𝑝′0 − 𝐶𝑞𝑟

Material/
Classification
QS1
Low plasticity
CL
OPM
QS1
Low plasticity
CL
OPM+2%
QS1
Low plasticity
CL-ML
OPM
QS1
Low plasticity
CL-ML
OPM+2%
QS1
Low plasticity
CL
QS1
Low plasticity
CL-ML
QS1
Low plasticity
CL
QS1
Low plasticity
CL-ML
QS1
Low plasticity
CL
QS1
Low plasticity
CL-ML

Parameters

Regression analysis –
R2

K1=0.55
K2=0.15
K3=-1.82

0.98

K1=0.35
K2=0.14
K3=-1.61

0.90

K1=0.97
K2=-0.17
K3=-1.97

0.96

K1=0.68
K2=-0.10
K3=-1.13

0.87

K1=5.45
K2=0.36

0.09

K1=72.11
K2=-0.04

0.002

K1=0.24
K2=0.85
K3=-2.29
K1=0.78
K2=0.13
K3=-2.01
A=3499.51
B=261.25
C=-190.78
A=60443.76
B=-167.96
C=-474.39

0.62

0.61

0.91

0.69

Considering the stress path used by Chen et al. (2014) with a confining stress equal to 60 kPa and
deviator stress equal to 24 kPa as well as the constant parameters presented in Table 10, the resilient
modulus of both materials were determined. The results are presented in Table 11 and include the
sensitivity to the moisture content.
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Table 11

Determination of the resilient modulus considering the stress path presented in Chen
et al. (2014) (fine-grained soils)

Models
𝜃 𝑘2 𝜏𝑜𝑐𝑡
𝑀𝑟 = 𝑘1 𝑝0 ( ) (
𝑝0
𝑝0
𝑘3

+ 1)

𝑀𝑟 = 𝑘1 (𝜎𝑑 + 𝜒𝜓𝑚 )𝑘2

𝑀𝑟

𝑘2

𝜃 + 𝜒𝜓𝑚
= 𝑘1 𝑝𝑎 (
)
𝑝𝑎
𝑘3

𝜏𝑜𝑐𝑡
(
𝑝𝑎

+ 1)

𝐸𝑟 = 𝐴 + 𝐵𝑝′0 − 𝐶𝑞𝑟

Materials/Classification
QS1
Low plasticity
CL
QS1
Low plasticity
CL-ML
QS1
Low plasticity
CL
QS1
Low plasticity
CL-ML
QS1
Low plasticity
CL
QS1
Low plasticity
CL-ML
QS1
Low plasticity
CL
QS1
Low plasticity
CL-ML

Resilient Modulus
Mr= 50 MPa (OPT)
Mr= 33 MPa (OPT+2%)
Mr= 70 MPa (OPT)
Mr= 56 MPa (OPT+2%)
The regression coefficient is
extremely low
The regression coefficient is
extremely low
Mr= 53 MPa (OPT)
Mr= 47 MPa (OPT+2%)
Mr= 73 MPa (OPT)
Mr= 72 MPa (OPT+2%)
Mr= 83 MPa (OPT)
Mr= 76 MPa (OPT+2%)
Mr= 80 MPa (OPT)
Mr= 71 MPa (OPT+2%)

The results presented in Figure 32 are an example of the type of application that can be performed
applying the information compiled in this work, considering the fine-grained soils and coarse-grained
soils.
The MEPDG model (ARA Inc. ERES Division, 2004) that is based on the work developed by Uzan (1985)
was adopted, despite being more complex than others as referred previously. The reason is that it can
be considered universal, in the sense that it is a model applicable for the resilient modulus prediction
of fine and coarse-grained soils.
As in the case of the permanent deformation presented in section 3.4.2, this graph shows a possible
way to rank materials according to the resilient modulus. In the case of the material classified as
QS2/QS3 SW/SM-ML, it was used the value determined by the Uzan’s Model because of the lack of
information about the measured Resilient Modulus, which means that was not possible to carry out a
regression analysis. However, it is expected that the predicted results of MEPDG be similar to the Uzan
(1985) model, as explained above. It is important to note that all the materials were at optimum water
content, except the material classified as QS2/QS3 SW/SM-ML in which the moisture content was close
to the optimum conditions (AASHTO T99).
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Figure 32 Resilient Modulus predicted by MEPDG for different soil types

3.3.4 Crossing fatigue evaluation through numerical simulation
Motivation for the work
Context
The number of replacements of cracked common crossings raised in the last years on the French
network. Figure 33 shows an example of the usual location of a crack in the foot flange (under the
yellow mark).
Figure 34 shows the number of replacements over the last 7 years. We see that the number of cracks
have been multiplied nearly by 7.

Crack in the
foot flange

Figure 33 Common crossing with a crack in the foot flange
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Figure 34 Replacement of common crossings with a crack in the foot flange
A part of this rise is due to a change of the criteria of replacements. However, the figures suggest that
a better design of the crossings could have a significant financial impact by reducing the costs of
replacements and maintenance activity.
Objectives
The objective of this study is to identify the weak mechanical parts of the crossing, in order to improve
the design and the life expectancy of the part. In this purpose, we seek to evaluate the fatigue
behaviour of the crossing. This work is based on Finite Elements Method (FEM) and a fatigue criterion
that will be described in this document.
However, the design of the common crossing is property of the manufacturer Vossloh-Cogifer and will
not be released in this document. Only non-confidential view of the design will be shown for the sake
of illustration.
Finite Element Analysis
Methodology
The FEM analysis requires to quantify precisely several input parameters, such as the load forces of
the wheel when the train is passing, or the behaviour of the ballast under the crossing. To do this, a
methodology was developed, based on 6 steps (Figure 35).







Construction of the exact CAD of the crossing
Calculation of the wheel trajectory on the crossing
Calculation of the load forces resulting of this trajectory
Construction of the finite elements model (meshing and boundaries conditions)
Calculation of stress and displacement at each node
Validation of the calculated values with field measures
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Figure 35 Construction of the numerical model
The main purpose of this methodology is to calculate accurate stress in the foot flange area of the
crossings. They will be used in the second part of this study to identify the weak areas of the crossings
through a fatigue calculation.
Geometry of the crossing
The exact CAD of the part is the first input parameter, and needs to be very accurate in the studied
location (around the foot flange). In particular, it includes the feeders required for the manufacturing
of the crossing and located under the part.

Figure 36 Exact CAD model of the crossing
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Calculation of the wheel trajectory
The discontinuity of the track is responsible for the dynamic forces on the crossing. In order to calculate
theses forces, it is necessary to define the trajectory of the wheel between the wing rail and the
crossing nose. This trajectory is dependent on the wheel wear (unused or used) and its transversal
position on the running table.
A geometric calculation allows us to determine the trajectory according to the wear of the wheel and
its position. The trajectory is composed of 180 positions when the first contact between the wheel and
the running table is searched.
We use the collision detection of the CAD software to detect the first contact between the wheel and
the crossing, and the operation is repeated 180 times. The results can be displayed (Figure 37).

Figure 37 Visualisation of wheel trajectory (left: unused ; right: used)
This geometrical analysis provides the trajectory of the wheel (Y coordinate) according to its
longitudinal position on the running table (X coordinate). Then, the Z component of the trajectory can
be calculated.
Figure 38 shows the trajectory from the crossing nose to the wing rail. The graph is centred on the
Theoretical Point (PT) of the crossing. We can see that the wheel goes down on the crossing nose and
then, at 323 mm from PT (for the unused wheel), it passes on the wing rail.
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Figure 38 Wheel trajectory (unused / used)
Observations made on the field show marks of impact approximately at the same location than the
simulation do (320 mm from PT).

Figure 39 Wheel transfer area
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Calculation of the dynamic forces
The previous study of the trajectory of the wheel allows estimating the dynamic loadings, through the
software VOCO. It comprises a train model based of masses and springs and the possibility to take into
account a defect in the track to calculate the dynamic forces due to this defect.
We took a train model validated at SNCF and used as reference. Figure 40 shows two force profiles for
used and unused wheels. The train speed can be between 0-200 km/h. We show here an example at
150 km/h for two wheel profiles.

Figure 40 Dynamic forces on the crossing (N)
The dynamic forces graph shows a first peak, which matches the impact when the wheel changes from
the crossing nose to the wing rail. A second peak (around X = -100 mm) matches the rebound due to
the suspending masses.
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Meshing and boundaries conditions
The meshing of the CAD needs to be refined around the foot flange. About 400,000 linear elements
are used to mesh the crossing. The whole model length is 6 metres (10 sleepers).

Figure 41 Meshing of the crossing
The wheel trajectory is discretised into 35 forces applied consecutively on the running table. It means
that the wheel is not represented directly, but the passage of the wheel is modelled by 35 static
calculations.

Figure 42 Dynamic loadings (35 forces)
An important input parameter is the stiffness of the ground (ballast + sleepers + pads). Furthermore,
it is necessary to be able to take into account a local defect of the ground (lack of support of one or
several sleepers) to be representative of the reality.
The behaviour of the pads follows the stress-strain relation shown in Figure 44.
To take into account hanging sleepers, two behaviours are possible for the ballast:
 Elastic linear for non-hanging sleeper (K = 400 kN/mm)
 Bi-linear for hanging sleeper (K1 = 10 KN/mm and K2 = 400 kN/mm)
The concrete sleepers are supposed infinitely rigid.
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Figure 43 Ballast and pads modelling

Figure 44 Pads stiffness (Force vs deformation)
Experimental measures
The validation of the numerical model requires measurement on the track in the same conditions. Two
common crossings were instrumented in several ways: displacement sensors, and strain gauges to
evaluate the stress in the crossing but also to know precisely which kind of trains (speed and weight)
move along the crossing.
The location of the strain gauges is inspired by the cracks seen in the previous crossing Figure 33. The
displacement sensors measured the bending of the part and give information about the movements
of the sleepers/ballast, and the crossing/ballast.

Position A

Position B

Figure 45 Instrumented crossing
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4 sets of strain gauges in the 3 directions (0°, +45°, -45°):

Figure 46 Strain gauges
These measures give major information about the level of constraints, but also about the state of the
support (movement of the sleepers under the crossing) to validate the numerical calculations. The
signal was measured for different kind of trains (high speed or cargo trains).
The values of strains and displacements are necessarily filtered, here with Butterworth filter order 8.
The number of peaks matches the number of wheels passing on the crossing.

Figure 47 Example of strain measure from high speed train
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The stresses (normal and shear) can be calculated from the strain measures, and for one wheel (Figure
48). An average can be made for the trains of the same category (weight and speed).

Figure 48 Example of stresses calculated from strain measures
The shape of the signal shows two peaks of stress (longitudinal traction in red) through time. This signal
is measured by the gauges in Position A (Figure 45). The first peak is consistent with the first force peak
calculated Figure 40. The second peak matches the second force peak.
The first stress peak is lower than the second, while it was to the contrary in the force graph. This is
because we look at the strain gauges in Position A, which is after the first impact but before the second
impact. So it is normal that the second impact causes higher stress at this position.
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Validation with field measure
The numerical model is calibrated in order to get the same maximum vertical displacement of the
crossing as the measures on the field. Field observation has suggested including 3 hanging sleepers
under the crossing nose.

Figure 49 Vertical displacement of the crossing
The stresses are calculated on each measurement point for comparison. The results show a good
correlation between the calculated constraints and the measures. Both the shape and the intensity of
the signal are qualitatively consistent. Figure 50 shows the correlation for the strain gauges position A.

Figure 50 Comparison between field measures / simulation (ANSYS) results
The results from the numerical model indicate that the behaviour of the crossing is well perceived, in
terms of flexion of the whole crossing. We assume that the correlation is good enough for the 7 other
gauges. We validate the numerical model which can be used for a fatigue calculation.
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Fatigue calculation
Dang Van’s criterion
The complexity of the geometry studied suggests using a multiaxial fatigue criterion. Among many
criteria, SNCF chose Dang Van’s criterion. It is widely employed for industrial applications in France.
Dang Van’s criterion is based on critical plane approach. The calculation procedure follows 4 steps:





Definition of the fatigue cycle: here the passage of one wheel discretised in 35 positions
Calculation of stresses at each position and each node of the mesh
Calculation of the indicator of damages at each position and each node
Reiteration of the calculation for each plane of the space to find the critical one

Figure 51 Fatigue calculation procedure
The first step is to define what the fatigue cycle is. In this case this will be the passage of one wheel
over the crossing.
From the FEM model, the stresses can be calculated at each node of the mesh, to determine the Dang
Van indicator of damages, which requires two material parameters : α and θ. They are intrinsic
parameters of the material, determined by fatigue tests.
At the end, the calculation is made for several planes of the space, to find the most critical one (where
the indicator of damages is the biggest). Consequently, the result of the fatigue calculation procedure
is one value per node of the mesh which “summarizes” the criticality of this node and allows one to
identify the weak mechanical parts of the studied crossing.
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Validity of the fatigue calculation
The final purpose of the Dang Van’s criterion is to be able to predict the number of cycles before the
apparition of a crack. This requires very accurate data about the material used for the manufacturing
of the crossing.
As mentioned previously, two parameters are needed: α and θ, from fatigue tests with cast manganese
test tubes. For this work, this data was not available. The parameters from rail steel were used for the
calculation. Thus, the calculation will not give absolute results, and will not allow getting a life
expectancy.
But it will be useful to identify the weak parts of the crossings and to compare several designs, in order
to improve the life expectancy of the crossing (even if it is difficult to quantify the gain).
The fatigue tests with cast manganese will be the subject of IN2TRACK2. They will supply S-N curves
(Stress – Number of cycles) for absolute calculations.
Results of the fatigue calculation
The Dang Van’s criterion is not calculated at every point of the crossing. To minimize the time of
calculation, only the foot flange is studied. A visualization of the criterion emphasizes the weak parts
of the foot, where the risk of crack is high (Figure 52).

Figure 52 Fatigue calculation results
Dang Van’s criterion gives two important results: the identification of the weak parts of the crossing,
here in the foot flange under the transfer area, but also the possibility to rank them by order of
importance.
In this case, 3 sensitive zones in the crossing were identified, in the foot flange and under the crossing
near the reinforcements. For confidentiality reasons, these will not be released.
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The location of several previous cracks in the foot flange area is consistent with the fatigue calculation
(Figure 53). The results show also a good correlation in the area under the crossing, near the
reinforcements (no pictures for confidentiality reasons).

Figure 53 Fatigue calculation results vs cracked crossing
Optimization of design
Based on the fatigue results and the 3 weak parts of the crossing emphasized, several modifications of
the design of the part were tested with the model. It includes modifications of the foot flange, the
reinforcements and the radii under the crossing.
Figure 54 shows an example of a new design. The fatigue calculation indicates a better life expectancy
in the foot flange area and under the crossing.

Figure 54 Actual design vs new design
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The calculation ensures that a modification in one part of the crossing will not lead to a constraints
concentration in another location. It is possible to judge the relevance of a modification regarding the
complexity of the modification and its cost.
Parametric study
The geometry of the crossing, including the details such as the radii under the crossing, was the main
parameter studied to improve the life expectancy of the crossing.
The parametric model offers other possibilities, to study:





the influence of the train speed in the fatigue criterion
the influence of bad support (moving sleepers)
the influence of the weight of the train
the influence of the wear of the wheels (or the wear of the running table)

in order to have a better knowledge of the most critical parameters.
In particular, the design of the running table in the transfer area is one of the parameters which can
be studied to achieve a longer life expectancy, by reducing the loading forces on the crossing. The
slopes of the crossing nose and the wing rail have an impact on the wheel trajectory and then on the
calculated forces. The influence of changes can be quantified through fatigue criterion.

Figure 55 Running table
However, the small defects on the running rail, such as squats, cannot be taken into account. Another
limit is the surface state of the crossing, impossible to consider in a FEM calculation.
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Numerical performance
The model uses about 400,000 linear elements to mesh the studied crossing. The time for the 35 static
calculations is about 12 hours, plus 2 hours for the fatigue calculation. This time stays moderate and
allows parametric studies easily. It has been optimized by reducing the refined mesh and the fatigue
calculation in the foot flange area, and by the method used to apply the dynamic loadings: the wheel
is not represented, the resulting forces are applied directly.
Conclusion
Optimization of the crossing design
A methodology based on Finite Element Method and a fatigue calculation was set up to simulate the
passage of a wheel on a common crossing. The parametric model is able to take into account the
crossing environment (state of the support sleepers, speed train, wheel wear, etc.) to calculate the
constraints and the fatigue criterion. It has been validated by measures on the track.
According to the simulation results and the identification of the sensitive parts of the crossing in the
foot flange area, several modifications of the design of the crossing were proposed to achieve a longer
life expectancy.
These modifications are easy to implement and do not bring material problems during the
manufacturing process.
Perspectives
The new crossing including the modifications will be set up in the track to be tested, in order to quantify
the gain in the life expectancy.
On the other hand, trials will be made to get accurate fatigue data for the material used in the
manufacturing of the crossing (“Stress – Number of cycles” curves). It is an important step to improve
the numerical model and lead to life expectancy prediction. This will be done in the framework of
IN2TRACK2.
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3.4 S&C Whole system modelling approach prototype and virtual
demonstration
3.4.1 Assembly of the whole system model
Switches and crossings (S&C) are elements in a railway infrastructure exposed to harsh loading
conditions derived from a wheel-rail interaction. Exposure to high forces, impacts, and creepages lead
to premature failure and higher maintenance costs. Failures that are manifested as wear, plastic
deformation and rolling contact fatigue can be investigated using the “Whole System Approach”
introduced in section 3.2.1.
This section highlights the connection between the vehicle track interaction module based on
multibody dynamics (MBD) simulations and failure mechanisms calculated with damage and wear
models essentially covered by the so-called wedge model (Figure 59).

Figure 56 Layout of the specified whole system approach with the highlighted connection
between the vehicle track interaction module and damage / wear models as parts of
the track structure module
The process starts by developing an MBD simulation model (vehicle track interaction) with the initial
track properties. Outputs of an MBD simulation are passed to the wedge model for damage and wear
calculations. Once the wedge model has performed its calculation, outputs can be used to update a
rail profile and pass it to an MBD simulation for the next iteration.
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Vehicle track interaction
MBD calculations are the convenient way to analyse the interaction between a vehicle and a track.
Results of such calculations retrieve crucial information about loading conditions, the geometry of a
contact patch, etc., that play a vital role in the damage assessment of wheel-rail interaction.
When dealing with S&C, an output sampling rate should be high enough to capture the complex
dynamic behaviour. Further, the special attention should be paid to define an accurate track model.
That requires multiple rail profiles defined in the longitudinal direction to keep the deviation of a track
as small as possible. The documentation of the MBD software SIMPACK proposes defining rail profiles
every centimetre along a crossing panel. Such densely distributed profiles together with the Bézier
curves that SIMPACK is using to interpolate track in the longitudinal direction, ensure the smooth
transition of the wheel over the S&C.

Figure 57 Top view of the crossing panel.
The geometry of the crossing panel causes complex dynamic response and can even lead to unreal
behaviour if the rigid track is used. Figure 58 shows the response of the normal force when the leading
axle of the leading bogie is passing over the crossing panel. The blue line shows the normal force when
the rigid track is used, while the orange curve shows the response of the normal force when some
initial stiffness and damping are introduced in the track model. The flexible track has a strong influence
in the reduction of the peak force amplitude, as well as the “smoothening” effect.
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Figure 58 Normal force when leading axle of the leading bogie is passing over the crossing panel
in case of rigid and flexible track
The results of the MBD calculation such as creepages, contact forces, the geometry of the contact
patches, etc. are passed to the wedge model for further rolling contact fatigue and wear assessment.
More details about the required input data for the wedge model are given in Table 18. The wear results
can be further used to update rail profiles and pass them back to MBD simulation by closing the loop.
The introduced whole system approach shows good symbiosis between MBD calculations and the
wedge. Another good characteristic of the such approach is computational time. The calculations used
in this methodology are relatively fast, and therefore suitable to perform many simulations. This is
particularly handy, for example, in a parametric analysis where the influence of different wheel-rail
profiles, as well as vehicle design parameters, can be investigated with respect to the damage patterns.
Wedge model
In the following a short description of the applied wedge model is given. Extensive information about
the wedge model and further models for assessing rail surface deterioration can be found in IN2TRACK
deliverable D3.2 Enhanced track design solutions through predictive analyses.
High stresses in a contact between wheel and rail cause severe plastic deformation and grain
elongation in the near-surface layers (Figure 59) that lead to preferred crack paths and the anisotropic
behaviour of a material regarding the fatigue crack growth resistance.
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Figure 59 Grain elongation in the near-surface layers
This phenomenon is simulated with the wedge model that predicts rolling contact fatigue cracks
initiation and wear based on the distribution of the plastic shear strain in a thin layer near the surface
to distinguish between loading situations which favour crack initiation accompanied by wear and
situations which favour only wear.
The plastic deformation in the wedge model is quantified by the plastic angular shear strain α
calculated with respect to the contact loading parameters passed from MBD simulation. The calculated
distribution of plastic angular shear strain α(z) is compared to a reference shear strain distribution
αR(z), which is determined by experiments and defines preferred crack path for a certain material. By
comparing those two distributions it is possible to assess whether the calculated distribution of plastic
shear strain follows preferred crack path and it is done by means of a similarity parameter Aα that is
used in the fatigue model.
𝑧

𝑐
|𝛼(𝑧) − 𝛼𝑅 (𝑧)|𝑑𝑧
𝛼𝐷 =  ∫𝑧=0

A𝛼 = 1 − 2 ∙

(15)

𝛼𝐷
(𝛼2 −𝛼1 )∙𝑧𝑐

(16)

where α1 and α2 are the limiting values of the angular plastic shear strain range, while zc is the
thickness of the crack initiation layer, measured from the surface (z=0).

Figure 60 Calculation of αD for a given angular shear strain distribution α(z) and a reference
angular shear strain distribution
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Moreover, the fatigue life to crack initiation is calculated according to Basquin’s equation:
1

𝑁𝐴 =

𝜎 𝑏
(𝜎𝐴 )
𝑓

(18)

Where 𝜎𝑓 is fatigue strength, 𝑏 fatigue strength exponent and 𝜎𝐴 effective stress calculated according
to following equation:
𝜎𝐴 = max(𝜎 ∗ (𝑡)) ∙ (1 + 𝑘𝐴 ∙ 𝐴𝛼 ) ∙ 𝑓𝑡

(19)

𝑡

Where 𝜎 ∗ is maximal principal stress, 𝑘𝐴 constant determined with wheel-rail test rig experiments
and𝑓𝑡 parameter that takes direction of the tangential traction into account (quantifying the influence
of traction and braking).
3D Model of a crossing installed in track
Background
Far aim is the prediction of the wear state of a crossing nose (e.g. for fixed point crossings) and its
implementation in the whole system model.
The local geometries of crossing nose, wing rail and passing wheels define the local contact forces and
hence the highest load that the crossing has to endure. Together with the geometries, different wheels
and axle loads define the characteristic load spectrum for a crossing. The load spectrum for the
crossing, in turn, influences the wear propagation and hence the lifetime of the crossing nose.
Aim
Generation of a switch/crossing model based on real geometry which is able to predict the influence
of wheel and the crossing overrunning geometry on the apparent contact forces.
The following tasks have been achieved:
 Definition of a common crossing (fixed point) that is already installed in track
 Laser based measurement of the real geometry of the switch/crossing in the track via 2D
sections
 Generation of a 3D model from the 2D sections (3D surface model)
 Generation of a 3D finite Element model of the crossing
 Calculation of contact forces at the crossing nose and comparison with a standard wheel and a
heavy worn wheel crossing the switch/crossing
Dissemination of the model and its results: A movie of a wheel passing the crossing has been
generated. The movie is described in the following figure, position and sizes of the individual
components may change in the final version.
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Figure 61

Screenshot of the dissemination movie

Top Left

Full Finite element of a train wheel passing the common crossing of a turnout (fixed point
common crossing installed in Austria)
Model parameters (train speed 80 km/h < v< 160 km/h, wheel geometry (new/worn) , static
axle load)
MCL, Shift2Rail, IN2TRACK, voestalpine
zoom into the contact patch region
Movie displaying the contact patch: the corresponding contact patch of the wheel on the
corresponding part of the crossing is visible as bright region
Graph displaying the contact pressure induced by the wheel on the corresponding part of the
turnout. Blue line: contact force on the wing rail, red line: contact force on common crossing of
the turnout

Insert.
Top Right logos:
Top Centre
Centre
Bottom

Open Tasks
 Measurement of the strains at the crossing nose inflicted by a train passing the crossing (in the
defined geometry/wear state) (VAE/NR)
 Validation via a direct comparison of measured and calculated strain maxima at the crossing
nose (provided a strain measurement is available) (MCL+VAE/NR)
 Open Task will be defined and examined in IN2TRACK2
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3.4.2 S&C Subgrade Degradation
The aim of this section is mainly to contribute to predict the degradation underlying track foundation.
In particular, it includes:
 State of the art and guide on modelling the behaviour of geomaterials under long term cyclic
loads and dynamic actions.
 Develop a catalogue of soil and subgrade properties and models for numerical simulation to
predict and classify track degradation.
Permanent deformation models for soils
The long-term performance of railway tracks is influenced by the subgrade, one of the common
components of the substructures of the ballasted and ballastless tracks. Therefore, the prediction and
also the control of the permanent deformation (plastic or residual component of the total
deformation) in the subgrade are essential for assessing its level of quality and useful for cost-effective
track design and maintenance optimization. Indeed, permanent deformation generates differential
settlement along a length of the track, which is the main source of the degradation process of the
railway track.
Besides the importance of subgrade stiffness, we give priority to the review of the permanent
deformation models of the geomaterials, where the information is scarce compared with the stiffness
of subgrade soils. Furthermore, permanent deformation is central in the long term performance of the
railway structures and consequently in its degradation process, which influences the maintenance
work and costs. Indeed, the cumulative settlements in the substructure layers induced by the cyclic
loading generated by the passage of the trains can be responsible for the accelerated track degradation
and the increase of the induced dynamic effects.
The following subsections summarise, for the main family of soils, the permanent deformation models
developed based in laboratory tests, mainly cyclic triaxial tests, in a very comprehensive description,
easily to be implemented in FEM codes.
Models of permanent deformation
The state of art of permanent deformation models developed based in laboratory tests is presented in
Table 41 (for clays), Table 42(for silts), Table 43 (for sands) and Table 44(for gravels and sandy gravels),
(see Section 8 Annexes for details).
These tables are described in a very comprehensive way, including: type of soil (according UIC and
ASTM classifications), source (authors), the models and respective variables and empirical constants,
as well as, the conditions in which they were developed. They include the most updated models, and
particularly those that are described in function of stress variables necessary to be easily implemented
in FEM codes.
Preliminary comparison of permanent deformation of different soils using Chen’s model
With the results presented in the previous Section, a first attempt was done to compare the permanent
deformation of different type of soils under a defined number of cycles and stress level. For this
preliminary exercise we apply the Chen’s model in the conditions it was developed using the original
experimental data, as well as data from other authors calibrated for the Chen’s model conditions (see
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Table 12). This calibration was done to find the best fitting to the experimental data using Chen’s model
in order to define the parameters p0, a and B. The adjustment was carried out through the command
lscurvefit in Matlab.
Table 12

UIC and ASTM classification of the selected soils and their test conditions

Author

Chen et
(2014)

Soils

ASTM
Classification

UIC
classification

Observations

Sand

SP

QS2

Compacted at field conditions
and saturated

Silt

CL

QS1

Compacted at field conditions
and saturated

QS1

Compacted
compaction
Proctor

at
–

optimum
standard

QS1

Compacted
compaction
Proctor

at
-

optimum
standard

QS2

Compacted
compaction
Proctor

at
-

optimum
standard

QS3

Compacted
compaction
Proctor

at
-

optimum
standard

al.

Silty
Sand
SM
(42.2% fines)
Erlingsson
al. (2017)

et
Silty
Sand
SM
(27.4% fines)
Well-graded
Sand

SP

Huurman
(1997)
Poor-graded
Sand

SW

The results of Figure 62 are an example of the type of application we can do applying the information
compiled in this work. It shows a possible way to rank materials according its resistance to permanent
deformation.
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Figure 62 Permanent deformation predicted by Chen’s model for different soils at 30,000
cycles under a stress ratio σ1/ σ 1;f around 0.4.
Resilient models for soils
The geomaterials used in the subgrade are subjected to repeated loading due to the passage of the
trains and are characterized by the reversible and irreversible behaviour. The reversible (recoverable)
models will be described and presented in this section. Most of the models presented in this study
were developed in the design and performance’s analysis of the pavement structures. In these cases,
unbound granular materials, including aggregates, were also used in the base and sub-base layers,
which can have application in sub-ballast layers.
This analysis will be divided considering the fine-grained and coarse-grained materials (including
aggregates) and it also includes a soil classification that can be helpful in the prediction of the
behaviour of the geomaterials.
Thus, this study summarizes, the resilient models developed based on laboratory tests, mainly triaxial
tests, in a very wide-ranging description. Some of the first generation models only take into account
the effect of the stresses through the bulk, deviator and mean stresses. However, recently, the effect
of the environmental factors are also taken into account through the suction matrix and degree of
saturation (Maadani and El Halim, 2017). These models will be, posteriorly, implemented in numerical
analysis.
Models used to characterize the resilient behaviour
The main property used to characterize the quasi-elastic stiffness of soil and aggregate materials is the
resilient modulus and is determined through triaxial load tests normally considering a constant
confining stress (σ3) and a certain cyclic deviator stress (σd). The term resilient modulus is defined by
the following expression and illustrated in Figure 62:
𝑀𝑟 =
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Figure 63 Definition of the resilient modulus
Where, σd is the deviator stress and r is the recoverable (resilient) strain in the direction of axial stress
σ1 (major principal stress).
Some years ago, the studies about this subject were only focused on the fatigue cracking of the asphalt
concrete surface caused by repeated resilient deformation. However, since 1986 when AASHTO
published a design guide for pavement structures using the resilient moduli to characterize material
properties, these studies were also extended to base and sub-base layers, mostly in flexible
pavements. The first models were only dependent on the confining stress since it was the main
parameter influencing the resilient modulus in case of unbound granular materials. Posteriorly, the
models start to include the influence of the deviator stress and more recently some studies are being
developed in order to consider the influence of environmental factors. Meanwhile, some complex
models were also developed incorporating the anisotropy and moisture-dependency (Luo et al., 2017).
The resilient modulus and the respective model can be divided into two groups: fine-grained and
coarse-grained materials.
In the case of the fine-grained soils (especially with clay content), the resilient modulus depends on
three important factors:
 Loading conditions or stress state (includes the magnitude of deviator stress and confining
pressure, number of repetitive loadings, their sequence and frequency);
 Soil structure and soil type (depends on the compaction method);
 Soil physical state (depends on the moisture content and dry density).
The resilient modulus of the fine-grained soils is more sensitive to the deviator stress than the confining
pressure. In fact, the resilient modulus decreases with increasing deviator stress. Thus, most of the
models establish a relationship between the resilient modulus and deviator stress.
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The unbound granular materials (also called UGM’s) show dependency between the resilient modulus
and confining pressure since MR increases with increasing σ3. The reversible behaviour of the granular
materials is modelled through non-linear elastic models and is affected by several factors such as the
stress state (Lekarp et al., 2000a). There are two distinct approaches: models based on the reversible
modulus and constant Poisson’s ratio and the division of the reversible deformation into the
volumetric and shear components. Furthermore, there is a link between the type of test and model
since some models are developed based on an empirical basis to fit experimental data, which means
that its application in situations with different stress paths from those used for their establishment is
questionable (Gomes Correia et al., 1999). Gomes Correia et al. (1999) showed that it is possible to use
simple test procedure to model the nonlinear resilient behaviour of UGM, even for models that contain
complex subjects as anisotropy.
Thus, this study summarizes the state of art of the resilient models developed based on laboratory
tests, mainly cyclic triaxial tests that are presented (see Annex 1) in Table 45 (for clays), Table 46 (for
silts), Table 47 (for sands) and Table 48 (for gravels, including aggregates, and sandy gravels). Table 48
also includes the first generation models developed by Hicks and Monismith (1971), Uzan (1985) and
as well as a more recent approach developed by (ARA Inc. ERES Division, 2004). It is important to note
that there is in bibliography several methods to improve its analysis as back-calculation to predict the
resilient modulus for MEPDG (Ng et al., 2018).
These referred tables describe in a very comprehensive way, the type of soil (according to UIC and
ASTM classifications), source (authors), the models and respective variables and empirical constants,
as well as the conditions in which they were developed. This will allow their use in conditions similar
to those which they were developed and applicable to in trial track analysis and modelling.
Geomechanical classification of subgrade soils
This study summarizes the empirical models chosen in the above section and also the materials tested
as well as the results in terms of permanent deformation and resilient modulus (under reference
conditions), which are the main geomechanical properties influencing subgrade performance in
railway structures.
As a main contribution to this study, an approach for a geomechanical classification for soils is
proposed. This is an important step in ranking subgrade soils of rail track foundations, as well as to
predict performance of rail track with different type of soil subgrades. Finally, based on recent
collaborative works of the author, emphasis is pointed to the importance of controlling the degree of
saturation in soil compaction linked with its influence in geomechanical properties.
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Models used to characterize the resilient behaviour and the permanent deformations
Considering the work developed in the previous section (Correia, 2017, Correia, 2018), two models
were chosen to describe the resilient behaviour and the permanent deformation of the geomaterials.
In the case of the permanent deformation, the model developed by Chen et al. (2014) (equation (18))
based on the work developed by Gidel et al. (2001) and updated by Chen et al. (2014) gathers several
important factors that depend on the initial stress state, considers the influence of the amplitude of
the dynamic stresses and quantifies the proximity of the peak stress point (pmax,qmax) with respect to a
yielding criterion defined by the equation q=s+mp. The model is described by the following expression:
𝑎

𝑝
𝜀1 (𝑁)

=

𝑝0
𝜀1 [1 −

√𝑝𝑎𝑚 2 + 𝑞𝑎𝑚 2
𝑒 −𝐵𝑁 ] (
) ∙
𝑝𝑎

1
(𝑞 + 𝑞 )
𝑝𝑖𝑛𝑖
𝑠
𝑚 (1 + 𝑝 ) + 𝑝 − 𝑖𝑛𝑖𝑝 𝑎𝑚
𝑎𝑚
𝑎𝑚
𝑎𝑚

(18)

𝑝0
𝑝
where 𝜀1 , B, a, s and m are material parameters; 𝜀1 (𝑁) is the strain settlement; pa=100 kPa; pini and
qini are the mean and deviator stress in the initial state of the layer; pam and qam are the amplitude of
mean stress and deviator stress for train loadings, respectively; the parameters s and m depend on the
properties of the material in terms of cohesion and friction angle. In fact, m represents the slope of
the yielding criterion and s is the intersection of the static failure line in the q-axis in the p-q space.

Regarding the resilient modulus, the Universal Model (MEPDG) was chosen (ARA Inc. ERES Division,
2004). This model is based on the one developed by Uzan (1985). The choice can be supported by the
universal character of the model since it can be applied to obtain the resilient modulus prediction of
fine and also coarse-grained soils. The model is described by the following expression:
𝑘3
𝜃 𝑘2 𝜏𝑜𝑐𝑡
𝑀𝑟 = 𝑘1 𝑝0 ( ) (
+ 1)
𝑝0
𝑝0

(19)

where θ is the bulk stress, po is the reference stress, τoct is the octahedral shear stress and k1, k2 and k3
are the regression parameters. This model was recently updated in order to consider the influence of
the matric suction: Parreira and Goncalves (2000), Yang et al. (2005), Liang et al. (2008), Sawangsuriya
et al. (2009) and Cary and Zapata (2011), Ng et al. (2013).
In the following, the materials studied in this work are presented. The majority of the materials were
tested close to the optimum moisture conditions.
Numerical simulation of permanent deformation and resilient modulus
In this section, an attempt was made to estimate both the resilient modulus and the permanent
deformation under a certain reference stress level. In this case, as in the previous work, the stress path
defined by Chen et al. (2014) was used. This stress path is characterized by a cyclic deviator stress (σd)
equal to 24 kPa and a constant confining stress (σ3) equal to 60 kPa. The main materials studied are
summarized in Table 50 and Table 51 in the Annex. These tables also include the information about
the compaction conditions.
For these particular materials and whenever possible, the values of the permanent deformation and
resilient modulus are estimated. Besides, the materials described in the work developed by Puppala et
al. (2009), were also included since contains significant information about the resilient and permanent
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deformations, mainly under different water content conditions. Table 50 of the Annex presents the
main properties of the materials selected in this study.
Considering the stress path used by Chen et al. (2014), the values of resilient modulus and the
permanent deformations were estimated. The permanent deformations were determined considering
N=30000 loading cycles of the cyclic deviator stress. The results are presented in Table 51 of the Annex.
The values of the resilient modulus and permanent deformation presented in Table 51 (Annex)
considering the materials presented in Table 50 (Annex) were determined according to the Universal
Model (MEPDG) and the Chen et al. (2014) model, respectively. The materials with both values of Mr
and p will allow the “validation” of the mechanical classification.
The models presented in section 3.4.2 (related to the permanent deformation) and the models also
presented in the section 3.4.2 (related to the resilient deformation) allow establishing guiding/limit
values associated to the UIC classification: QS1, QS2, and QS3 (UIC, 2008), as shown in Figure 64. Some
of the models were not used because of their simplicity and lack of information about the parameters
for some specific materials. In other cases, some models imply back-analysis to find important
parameters as the cohesion and friction angle (used to define the failure criteria), the suction and
others more complex model coefficients. In other cases, the models were also not used in this analysis
since they were applied to the materials classified as QS0. In practice, these materials require
mechanical improvement, generally using binders and are not considered in this study. The models
that were not considered in this part of the work are: Li and Selig (1996), Wei et al. (2017), Hyde (1974),
Sweere (1990), Lekarp and Dawson (1998), Ling et al. (2017), Ng et al. (2013), Sawangsuriya et al.
(2009), Rahim and George (2005), Yang et al. (2005), Shackel (1973) and Cary and Zapata (2011).
Thus, this work is an attempt to define a helpful guide (considering the database defined in section
3.4.2) to be improved with more database and that will be a support for modelling and design of the
substructure of the railways. In fact, in the report Description of methodology for simulation of soil
degradation (Calçada, 2018), this methodology was applied, which means that considering the stress
path induced in the subgrade by the passage of trains, the permanent deformations were determined
applying the model developed by Chen et al. (2014). Since the materials were modelled as linear (it is
an imposition of the 2.5D models), it was not possible to apply the model developed by Ara and Division
(2004) to study the resilient behavior of the geomaterials. Furthermore, this report also includes the
determination of the permanent deformation considering some irregularities on the track (with
different wavenumbers and amplitude) in order to evaluate the influence of these parameters in the
long-term performance of the substructure.
Geomechanical classification
Using the resilient and the permanent deformation models for soils presented in previous sections, an
attempt was done in this work to prepare a novel geomechanical classification to rank soils in a very
similar way developed by the author for non-standard unbound granular materials for pavements
presented by Coronado et al., 2011, that was inspired in EN13286-7 (2004).
The novel geomechanical classification presented in Figure 64 allows understanding of the acceptable
values of permanent deformation and resilient modulus according to the type of material and its
classification. In this particular case, the classification of soils is based on the UIC (2008). As expected,
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the range of geomechanical values obtained for each classification is significant wide. This is expected
due to the mineralogical nature and the physical properties of each material, which has an influence
on several parameters included in the determination of the permanent deformation and resilient
modulus. In the case of the materials classified as QS1 (fine soils), the type of the material (CL, CH, ML
or MH) associated with its characteristics of plasticity and consistency index, as well as the percentage
of fines, have a significant influence in the permanent deformation and resilient behaviour (e.g, Figure
65). In the case of the granular materials, classified as QS2 and QS3, the type of material (sand or
gravel) and its granulometry (well-graded or poor-graded), as well as the percentage of fines in the
well-graded soils can influence the response of the materials in terms of permanent deformations and
resilient modulus. Thus, this work is an attempt to obtain a geomechanical classification. Each class of
soil presents a wide range regarding their geomechanical parameters. Through this work, and with a
significant cumulative information it is possible to define sub-sets associated to the properties of soils
that influence their geomechanical properties. A silty soil (QS1 – ML), for example, present superior
resilient modulus when compared to the clayed soils (QS1 – CL), as shows the Figure 65. Furthermore,
the difference in terms of permanent deformation can be explained by the plasticity properties of the
fines. In the case of the granular materials, the subsets can be defined by the granulometry: wellgraded and poor-graded. In these materials, the percentage of fines also can influence the results.
Besides the parameters mentioned previously related to the granulometry, percentage of fines,
plasticity, etc, it is essential to remember the importance of the moisture content, mostly in the fine
soils. For example, the work developed by Puppala et al. (2009) shows the influence of the moisture
content in soils. For illustration purpose, the model used by the authors was adapted to use the stress
path considered in this work (σ3=60 and σd=24 kPa). In this way the influence of the moisture content
was analyzed and is shown in Figure 66. As expected, the moisture content influences both the
permanent deformation and the resilient modulus (Figure 67), affecting drastically the track
performance. This influence was also demonstrated for non-standard unbound granular materials for
pavements by Coronado et al. (2011).
Recent work of Tatsuoka (2017) and Tatsuoka and Gomes Correia (2018) introduced the concept of
using the optimum degree of saturation (Sr)opt, defined as Sr for maximum dry density ((ρd)max) as
obtained for given compaction energy level and soil type. It is expected that a couple of the
geomechanical properties of compacted soils are related to “Sr - (Sr)opt”. This trend seems very
interesting in practical application since when used with the degree of compaction it is not affected by
limited variations of soil type and compaction energy level. It can also be of practical value in
compaction control to achieve the more stable geomechanical and hydraulic properties during the
service life of the rail track structure.
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Figure 64 Mechanical classification based on the resilient modulus and permanent
deformation
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Figure 66 Influence of the moisture content in the permanent deformation (clay)
400
350
300

Mr (MPa)

250
Clay
200

Dry
Opt

150

Wet
100
50
0
0

0,005

0,01

0,015

0,02
p (%)

0,025

0,03

0,035

0,04

Figure 67 Influence of the moisture content in the clay in the resilient modulus and permanent
deformation
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Conclusion
This study describes, first, in detail the current empirical models for soils including details that facilitate
their use in numerical simulations. An example has been presented showing a practical application for
soil ranking according the permanent deformation behaviour, that can help to identify those more
susceptible to contribute for subgrade degradation. Then, it describes the resilient behaviour of
different subgrade materials. The characteristics of the materials (fine-grained and coarse-grained
materials classified by UIC and ASTM) and the tests conditions, as well as the coefficients of the models
were detailed, when possible, in order to be of practical use in structural modelling. Finally, it
establishes a novel geomechanical classification of subgrade soils using their most important
properties (resilient modulus and the permanent deformation) for design and performance evaluation
of structures under cyclic and dynamic loading such rail track.
To further improve on the characterization of subgrade soils, the permanent deformation component
must be accounted for and included with the resilient modulus to fully evaluate the engineering
behaviour of the subgrade soils to ensure proper functionality of the rail track under traffic loading.
Observed distresses in the track (rutting and deflections) are a direct result of the dynamic traffic
loading, thus characterizing material behaviour with cyclic loading will help as a predictor for field
performance as it was demonstrated in a separate report by Calçada (2018). The proposed
geomechanical classification identifying a couple of values of resilient modulus and permanent
deformations for a reference stress path and optimum compaction conditions is an aid in ranking
performance of subgrade soils and to adopt rational values in parametric studies for performance
evaluation of rail track structures or for an analysis at pre-design phase.
It is also demonstrated that these values can change significantly with the variation of water content.
Ongoing work in this topic recommend the introduction of the optimum degree of saturation (Sr)opt,
defined as Sr when maximum dry density ((ρd)max) is obtained for given compaction energy level and
soil type. It is expected that the geomechanical properties of compacted soils are related to “Sr (Sr)opt”. This trend seems very interesting in practical application since it is not affected by limited
variations of soil type and compaction energy level.
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3.4.3 A parameterised track model for simulation of dynamic vehicle-S&C
interaction
This section presents a parameterised turnout model for integration with the Whole System Model as
presented in section 3.2.2. The model consists of a Matlab script that generates a structural track
model in Simpack format from an S&C definition. Simpack is a commercially available multi-body
simulation code with dedicated functionality for the modelling of dynamic vehicle-track interaction
(Simpack 2018).
A variety of turnout designs can be generated with this script as described in the following, but it is
limited to turnouts for ballasted track with a through route and a branching route with a constant
radius. The model is also limited to fixed crossings even though rail geometry for swing nose crossings
could be implemented. The track model can be coupled with any vehicle model or track loading in
simulation. The purpose of the model is to allow for the evaluation of dynamic vehicle-track interaction
in a frequency range from 0 to 1500Hz and thus provide input to the assessment of a large number of
damage criteria.
The model and its parameterisation
The following parameters can be specified in the turnout definition.
 Turnout radius
 Weight and bending properties for rails, crossing rail, check rails and sleepers
 Stiffness and damping properties for rail pads, sleeper-ballast contact stiffness and check rail
fastenings.
 Rail profile geometry. The parameterised rail profile geometry comes from (Pålsson 2013) and
(Pålsson 2015).
 Check rail geometry and properties
 Discretisation in terms of typical element lengths and degrees of freedom
The model currently assumes a direct fixing of the crossing rail to the sleeper with just one resilient
layer in between. The model can however be extended to model an indirect fixing with base plates and
two resilient layers. The model also assumes constant sleeper properties along their length and
piecewise constant properties for the rails. One set of properties can be specified for the standard rails
and for the crossing rail, respectively. At the time of writing, the model does not account for the varying
rail profile cross-section in the switch rails. The model demonstration in this report will therefore focus
on load cases in the crossing panel where all intended functionality has been incorporated into the
model.
In the creation of the turnout model, rails and sleepers are first generated as individual line bodies to
create the layout plan for the turnout, see the upper image in Figure 68. These bodies are then meshed
and assigned properties before they are written to file as Abaqus FE-models. Thereafter dynamic
substructuring is performed using the Craig-Bampton method in Abaqus. The substructure bodies are
then imported into Simpack as flexible bodies. The track model is assembled using Simpack’s flextrack
functionality using the flexible bodies for rails and sleepers that are coupled together using Kelvin
spring and damper elements. The turnout model in Simpack is presented in the bottom of Figure 68.
As the ambition of the model is to model dynamic-wheel-rail interaction up to 1500 Hz, heuristics say
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that dynamic properties up to at least twice that frequency should be kept for individual components
(Simpack 2018). Dynamic modes up to 3000Hz are therefore kept for all bodies in the model. It is
expected that these higher frequency modes are only of interest for rails and wheelset in practice, but
for the sake of consistency the same cut-off frequency has also been applied to the sleepers.
Further works needs to be performed to investigate how well visco-elastic Kelvin elements can
represent rail pads and ballast properties in the frequency ranges of interest. For example (Knothe and
Wu 1998) argues that a half-space model for ballast and subgrade is required to accurately represent
track behaviour below 400 Hz. Also, the current model only considers lateral and vertical deformation
for rails and vertical deformations for sleepers. The ambition for future work is therefore to also
include the roll flexibility of rails.

Figure 68 (Top) Layout of parameterised S&C model in Matlab. (Bottom) The turnout design
imported into Simpack. The turnout radius here is 760 metres.
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Track model properties
The nominal properties for the track model can be found in Table 13.
Table 13

Default track properties

Parameter

Value

Comment

Rail pad stiffness
Rail pad damping
Ballast stiffness

120 [MN/m]
25 [kNs/m]
30 [MN/m^2]

Ballast damping

25 [kNs/m^2]

From (Nielsen 2008)
From (Nielsen 2008)
Stiffness per metre sleeper.
Corresponds to a bed modulus of
100 MN/m^3 and a sleeper base
width of 0.3 m.
Damping coefficient per metre
length. The value is chosen to get a
stiffness/damping ratio similar to
those in (Nielsen 2008) and
(Grossoni et al. 2018)

Standard rail weight (60E1)
60 [kg/m]
Standard rail area moment of 30.3e-6 [m^4]
inertia (60E1)
Crossing rail weight per metre 180 [kg/m]
Crossing rail area moment of
inertia (for bending in the
vertical plane)
Sleeper weight per metre
Sleeper area moment of inertia
(for bending in the vertical
plane)
Sleeper spacing
Discretisation

91e-6 [m^4]

131 [kg/m]
Iy=224E-6 [m^4]

0.6 [m]
The rails are discretised with four
nodes per sleeper span in the
substructure elements. The average
node spacing is ~0.25 metres in the
sleeper substructures
The rail substructures have a
vertical and a lateral d.o.f at each
node. The sleeper substructures
have a vertical d.o.f at each node.
The rotational degrees of freedom
associated with these d.o.f.s were
left free in the substructure
generation to avoid an artificial
stiffening of the elements.

D.o.f.s
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Track model verification
The purpose of this section is to present the dynamic properties of the track model and to demonstrate
that the flextrack representation in Simpack has the same or similar properties as the model has in
Abaqus before substructuring is applied.
The demonstration is performed as follows. A track model has been created for the crossing panel of
a turnout with 760 metre radius using the model script presented earlier in 3.4.3. The model is 33
sleepers or 19.2 metres long with the crossing transition in the middle. First an unreduced FE track
model is assembled in Abaqus and the track receptance at the crossing transition for a stationary unit
load is calculated for the frequency range 0 to 1500Hz. Then the same calculation is performed for the
flextrack version of the track model in Simpack. As can be observed in Figure 69 and Figure 70 there is
good agreement between the models which means that the track model behaviour in Simpack
correspond to that in Abaqus.

Figure 69 Track receptance for a model of a crossing panel for a turnout with 760 metre radius
in Abaqus and Simpack. 0-500 Hz. Note linear scale for receptance amplitude.
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Figure 70 Track receptance for a model of a crossing panel for a turnout with 760 metre radius
in Abaqus and Simpack. 0-1500 Hz. Note log scale for amplitude
Traffic modelling
For the purpose of model demonstration, traffic is represented by a “vehicle” model consisting of a
single wheelset, a primary suspension and a bogie mass representing ¼ of the vehicle weight. As the
focus is on the dynamic vehicle-track interaction at the crossing transition where the unsprung mass
has the greatest influence, this is considered valid simplification.
The wheelset is of the type 57H and is designed for 22.5 Tonnes axle load. In the model the wheelset
can be modelled as rigid or as flexible accounting for modes up to 3000 Hz. A proportional damping of
0.1% is used for all modes in the flexible configuration. The primary suspension properties are taken
from the passenger vehicle model of the Manchester Benchmarks passenger vehicle (Iwnicki 1998).
The bogie mass has one vertical d.o.f. and is constrained to be running together with the wheelset at
a prescribed speed. The bogie mass is here adjusted to give an axle load of 20 tonnes.
Example Results
The model is here demonstrated for the calculation of dynamic impact loading at the crossing
transition and for the calculation of the sleeper deformation. For this purpose the crossing panel
included in this section are utilized. The speed of the wheelset is 160km/h.
Example results for vertical wheel-rail contact force during a crossing transition and the vertical
displacement of the crossing rail and the sleeper underneath the crossing rail are presented in Figure
71. The vertical displacement for the sleeper underneath the crossing transition is presented in Figure
72 as a function of the position for the passing wheelset.
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Figure 71 Top: The vertical wheel-rail contact force for a rigid wheelset passing over the
crossing transition of a 60E1-R760-1:15 turnout. Results with 250 Hz low pass filtering
and without. Middle: Vertical rail displacement at the point of crossing transition as
a function of the position of the passing wheel. Bottom: Vertical sleeper
displacement underneath the crossing transition as a function of the position of the
passing wheel

Figure 72 Vertical sleeper displacement under the crossing transition as a function of the
position of the passing wheelset. Red lines indicate the path of the passing
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Sensitivity of modelling parameters
This section studies the influence of the parameter and modelling variations listed in Table 14 on the
dynamic wheel-rail interaction during the crossing transition. The influence of these parameter
changes are studied using the set-up presented in section 3.4.3.
Table 14

Investigated parameter and modelling changes

No

Parameter

Nominal value

Perturbed value

1

210e9 [N/m^2]

140e9 [N/m^2]

2
3
4
5
6
7

Young’s
modulus
for
contact stiffness
Pad stiffness
Pad damping
Ballast stiffness per metre
Ballast damping per metre
Crossing mass per metre
Crossing bending stiffness

8
9

Crossing geometry
Wheelset

120 [MN/m]
25 [kN/ms]
30 [MN/m^2]
25 [kNs/m^2]
180 [kg/m]
Three times that of
a 60E1 profile
Crossing geometry
Rigid

80 [MN/m]
5 [kN/ms]
20 [MN/m^2]
5 [kNs/m^2]
120 [kg/m]
Two times that of a 60E1
profile
60E1 profile with rail dip
Flexible with modes up to
3000Hz

Results for the parameter variations 1-5 of Table 14 together with the nominal configuration are
presented below. Figure 73 presents a zoom-in of the vertical wheel-rail contact force during the
crossing transition and Figure 74 the vertical displacement of a rail node in the crossing transition as a
function of the position of the passing wheelset. It can be observed that the parameter that is most
influential for the initial (P1) force peak in Figure 73 is the wheel-rail contact stiffness. This is consistent
with the analytical modelling in (Jenkins et al. 1974) and the discussion in 3.1.2. The structural track
parameters on the other hand are more influential for the structural vibrations and interaction at lower
frequency that follow the initial impact. This is even clearer in Figure 74 which presents the vertical
crossing movement at the crossing transition for the different parameter configurations. Here the
contact stiffness has negligible influence while especially the structural stiffness changes influences
the magnitude and frequency of the track oscillations that follow on the impact.
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Figure 73 Vertical contact force Q during crossing transition for six different parameter
configurations. See Table 4 for a detailed description of the parameter modifications

Figure 74 Vertical crossing node displacement during crossing transition for six different
parameter configurations. See Table 4 for a detailed description of the parameter
modifications
The results for the remaining parameter changes in Table 14 are presented Figure 73 and Figure 74. As
observed in Figure 75 the initial force peak (at 47.2 m) is mostly influenced by the structural properties
close to the wheel-rail contact. The crossing mass and bending stiffness influences the magnitude of
the initial force peak while the sleeper properties do not. The crossing and sleeper properties both
influence the force-time history that follow the initial impact however. In Figure 76 it can be observed
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that it is mostly the crossing bending stiffness that affect the magnitude of the vertical rail
displacement.
It might seem surprising that the implementation of a flexible instead of a rigid wheelset increases the
peak force magnitude as seen in Figure 73. This effect is however caused by changed wheelset-track
interaction and a change in the transition point for this wheelset which changes the wheel-rail
interaction kinematics and therefore the impact loading. Figure 77 presents the vertical wheel-rail
interaction force for simulation cases where the crossing geometry has been replaced by a standard
rail geometry and vertical rail irregularity in the shape of a triangular dip which causes an impact load
to that caused by a crossing geometry. Here when the kinematics for both wheel passages are the
same, we can see that the flexible wheelset generates a slightly lower peak force compared to the rigid
wheelset.

Figure 75 Vertical contact force Q during crossing transition for six different parameter
configurations. See Table 4 for a detailed description of the parameter modifications
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Figure 76 Vertical rail displacement during crossing transition for six different parameter
configurations. See Table 4 for a detailed description of the parameter modifications

Figure 77 Wheel-rail contact force during the passage over a rail dip for a rigid and a flexible
wheelset
Conclusions and future work
A script-based stationary track model of a turnout has been developed. The main feature of this model
is the parameterisation that allows for a simplified assessment of different turnout configurations. The
model demonstrates realistic dynamic behaviour in dynamic simulations, but further work is required
for model validation, especially in terms of ballast modelling.
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3.4.4 Improvements in predictions of mechanical deterioration of S&C
Rail discontinuities in the switch and crossing panels induce increased magnitudes of wheel–rail
contact forces compared to standard track, while the cross-sections of the rails that carry these loads
are often weaker than those of standard rails. A higher risk of severe damage and faster degradation
rates can therefore be expected for the rails in S&C.
Common damage mechanisms observed in S&C are wear, plastic deformation, (rolling contact) fatigue
and fracture. Plastic (permanent) deformation develops as the result of wheel–rail contact stresses
exceeding the yield limit of the material. Plasticity in metals can lead to undesirable residual stresses
and is often a precursor to crack propagation. In the context of wheel–rail contact, two situations that
induce wear can be identified: sliding and rolling. Sliding is more detrimental in terms of wear rate and
it is common for wear models to relate the amount of wear to the sliding distance.
For a given traffic situation, several approaches can be undertaken to mitigate the material
degradation and hence reduce life cycle cost, e.g. optimization of rail profiles and track stiffness. To
obtain a guideline for rail material selection, the in-track performance of different materials during the
life of the S&C component needs to be predicted. This can be investigated by the methodology
developed by (Johansson et al 2011) and further extended by (Skrypnyk et al 2018a, 2018b), which is
able to account for the dynamic vehicle–track interaction, resolve the elasto-plastic wheel–rail contact,
and account for the main damage mechanisms related to the rail running surface.
The multidisciplinary simulation methodology for the prediction of accumulated rail damage includes
the following four steps that are repeated in an iterative process, see Figure 78:


For a given traffic situation, simulation of wheel–rail contact forces, contact positions and
creepages using a multibody simulation (MBS) model;
 For each contact position, calculation of contact stresses and contact patch size using a 3D finite
element (FE) model with non-linear material properties;
 Calculation of accumulated plastic deformation using a non-linear 2D FE model, and wear based
on Archard’s model for sliding wear;
 Smoothing of the summed accumulated profile change, which is used as input in the next
iteration, etc.
A validation of the methodology has been performed by comparing predicted rail profiles with those
measured in a switch panel at Härad (Sweden) (Johansson et al. 2011) and in a crossing at Haste
(Germany) (Nicklisch et al. 2009).
The methodology is computationally expensive. In (Skrypnyk et al. 2018a, 2018b), the aim has been to
improve the methodology in terms of robustness and computational efficiency.
In step 1, to capture the various contact load conditions that the studied rail is subjected to in the field,
the methodology operates on statistical input distributions of simulation parameters (wheel profile,
vehicle speed, friction coefficient, etc). This approach was implemented in (Skrypnyk et al. 2018b): For
each simulation, a unique combination of vehicle speed, wheel–rail friction coefficient and wheel
profile was generated using Latin hypercube sampling. This was achieved using a sample of 276
measured wheel profiles from Bombardier Regina passenger trains to represent the variation in wheel

GA H2020 730841

D2.2

Page 107 of 400

IN2TRACK

Core S&C Issues

profile geometry, while the vehicle speed and wheel–rail friction coefficients were assumed to be
normally distributed with means 160 km/h and 0.35, and standard deviations 5 km/h and 0.07,
respectively.
In step 2 of the original methodology described in (Johansson et al. 2011), the wheel–rail normal
contact was solved using the finite element method (FEM) under the assumption of constant local
curvature for the two bodies in contact but considering non-linear properties of the rail material.
However, as FEM would be computationally very expensive in the suggested iterative methodology, in
(Skrypnyk et al. 2018a, 2018b) the FEM calculation was replaced with a metamodel. The metamodel is
inspired by the Hertzian theory of contact and therefore provides a solution for elliptic contact but it
is augmented to account for the elasto-plastic material response.

Figure 78 Sketch of iterative methodology for numerical prediction of accumulated rail damage
(revised figure based on Johansson et al. 2011)
The solution of each wheel–rail contact becomes the input for step 3, which deals with the predictions
of accumulated plastic deformation and wear. To reduce the computational effort in the methodology,
the plastic deformation is computed only for a set of selected rail cross-sections. Since the input is
given for a 3D case, special care needs to be taken for the conversion to a 2D problem, which is done
here by adjusting the applied load to match the same maximum von Mises stress level as provided by
the metamodel.
In the example presented in Figure 79, plastic deformation has been simulated for a load collective of
150 load sequences, i.e. the loads from 276 unique wheel passages are repeated 150 times, which here
is equivalent to 0.8 MGT of traffic. No iterations have been performed in this demonstration example.
Therefore, the same contact loads - as calculated for nominal rail profiles - have been applied for all
sequences. Full slip is assumed in the contact patch with the same friction coefficient as defined by the
load cases in the load sequence. Therefore, the tangential traction has the same spatial distribution as
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the normal pressure. The accumulated plastic deformation for two crossing materials after 0.8 MGT
are compared in Figure 79: R350HT and rolled Mn13. It is observed that the cross-section of the rolled
Mn13 crossing is subjected to a larger shape change.

(a)

(b)

Figure 79 Unscaled plastic deformation (solid lines) for two rail steel grades: (a) R350HT and
(b) rolled Mn13. 150 load sequences corresponding to an accumulated load of 0.8
MGT. Damage generated by one contact point on the leading wheel of the leading
bogie. (Skrypnyk et al. 2018b)
The Archard’s model (Archard, 1953) is used to simulate wear due to sliding. The model suggests that
the volume of material being worn is proportional to the normal force N and the sliding distance s, and
inversely proportional to the hardness of the softer material H:
𝑘

𝑉 = 𝐻 𝑁𝑠,

(19)

where k is a non-dimensional wear coefficient. The wear rate depends on the wear regime that can be
specified by k using a wear map, see (Lim & Ashby, 1987). Unfortunately, wear map data available in
the literature are scarce, in particular for the studied crossing materials. In the present work, the
average wear rate of 140 mm3/MGT measured for an explosively depth hardened Mn13 crossing at
Niklasdorf in Austria (Ossberger 2018) is used. This wear rate has been used to calibrate the ratio k/H
in Equation (18). One load sequence was considered in the simulation. The calibrated value of k/H for
explosively depth hardened Mn13 is 8.7×〖10〗^(-14) m2/N. Unfortunately, a corresponding tuning
of the ratio k/H for R350HT has not yet been possible as no such turnouts were included in the field
test campaign in Austria.
Based on the calibrated wear model for explosively depth hardened Mn13, the calculated wear depth
distribution after 150 load sequences is illustrated in Figure 80. The maximum wear depth is 157 μm
and positioned at 0.53 m from the TCP, which is in the region where most transitions from the wing
rail to the crossing nose take place. Due to the large spread in worn wheel profiles, the accumulated
wear is distributed over a band that is increasing in width along the crossing nose. At 0.75 m from the
TCP, the maximum accumulated wear depth is 39 μm. This corresponds to around 2% of the maximum
plastic deformation.
Related work on the prediction of mechanical deterioration of S&C are presented in (Wiedorn et al.
2017, Xin 2017, Wei 2018).
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The work presented in (Skrypnyk et al 2018a, 2018b) has been performed in IN2TRACK.

Figure 80 Distribution of accumulated wear for Mn13 after 150 load sequences. From
(Skrypnyk et al. 2018b) Enhanced S&C design, manufacturing and materials
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Enhanced S&C design, manufacturing and materials
4.1 Evaluate and assess existing state-of-the-art solutions
associated with S&C design and manufacturing
4.1.1 Rail steel grades for S&C applications
Due to the high contact stresses along the switch blade and in the curved rails performing the
deviations, they are damaged by wear and rolling contact fatigue causing different types of breakouts
(Figure 81). The most critical part is the tip of the blade that can be deformed so much along the stock
rail that long parts break off (Figure 82).

Figure 81 Gauge corner wear and chipping on a switch rail in the deviation

Figure 82 Deformation and break-off of a tip of the switch rail
Similarly in tight curves, high-strength rail steels are the better option for both improving service life
and to reduce maintenance costs during the life cycle of a turnout. All rails used in S&C are from
pearlitic rail steels as specified in the EN13674-series.
For Vignole and tongue rail profiles used in S&C at European railways and metros, R350HT has become
the standard steel grade because it can at least double the service life as compared to the R260 steel
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grade. For heavy haul applications, even harder rail steels are used because of the larger contact
stresses, reaching a hardness range above 400 BHN.
For high speeds and high axle loads, crossings with moveable points allow reducing the dynamic loads
at the crossing point because the gap at the point is avoided by spring-loaded rails, similarly to a switch
set. The use is mandatory in Europe for speeds higher than 250 km/h.
There are three main designs:
 The spring-loaded tip is made from a forged R350HT block with Vignole wing rails
 The spring-loaded tip is made from R350HT or R260 Vignole rails and the wing rails are formed
by a cast manganese block. For SNCF, spring loaded tips in high speed lines are manufactured in
bainitic B360 grade due its excellent resistance to rolling contact fatigue.
 The spring-loaded tip is made from a R350HT rails and the wing rails are tongue rail profiles in
R350HT as well.
The check rails provide lateral guidance for the axle when passing the gap at the frog (crossing) tip.
They are damaged by wear due to the shearing of the back side of the wheel. The rail steels are similar
to the Vignole rail steels but have less demand on certain properties. They are specified in EN13674-3.
While the standard rail steel grade used for check rails is R260, the R320Cr steel grade shows better
performance due to its higher hardness. In heavy haul applications, USA’s class I railroads prefer to use
even harder grades specified to min. 350 BHN, which is achieved by additional alloying elements.
Crossings
There are three main material concepts present for crossings in turnouts: Cast Manganese Crossings,
Pearlitic Crossings and Bainitic Crossings. Depending on the material concept different performance
characteristics are given and different failure mechanisms are dominating.
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Comparison of cast manganese, bainitic and pearlitic crossings

Cast Manganese Crossings

Austenitic microstructure and
rather soft in initial state
(approx. 200BHN). Rapid work
hardening up to 500BHN due
to train traffic
Chemical composition, main
elements according EN14589:
Carbon 0,95-1,3%
Silicon 0,65% max
Manganese 11,5 to 14,0%

Bainitic Crossings
Quenched and tempered steel
crossings
Bainitic microstructure,
respectively tempered
martensitic structure

Pearlitic Crossings

Different bainitic alloy
concepts.

Chemical composition
according EN 13674, main
elements:
Carbon 0,72-0,80%
Silicon 0,15-0,58%
Manganese 0,70-1,2%

Quenched and tempered steel
for instance 51CrV4 acc.
EN10083-3:
Carbon 0,50%
Silicon 0,25% max
Manganese 0,90% max
Chromium 1,1%
Vanadium 0,12%

Pearlitic structure, equivalent
to rail grade R350HT with a
hardness of 350-390BHN

The main failure mechanisms are considered in Table 16.
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Failure mechanisms of crossings

Failure mechanism

Picture

Description

Wear

Material gets lost due to
abrasive/adhesive
mechanism.

Plastic deformation

Crossing point shows positive
and negative plastic
deformation, meaning on
one hand the crossing gets
lower, while on the other
hand material is pressed out
on the side walls of the
crossing.

Rolling contact fatigue

Due to the load and slip
conditions, cracks appear on
the running surface in the
transition zone. Cracks grow
together and break out at a
certain stage. Possible
influence of elasticity of sub
structure discussed.
[1]

Explosion depth hardening
Cast Manganese steel has an initial hardness of about 200BHN, but very distinctive work hardening
characteristics. Due to the continuous impacts and overrunning forces, the surface hardness can reach
a level of 500BHN, but only at superficial areas. During the ‘run-in’ phase, a plastic deformation can be
seen, which leads to the necessity for maintenance grinding during the run-in phase.
Surface treatment by explosion depth hardening creates a hardened layer, which reaches a depth of
several millimetres. Figure 83 and Figure 84 below show the comparison of a surface hardened
Manganese crossing in comparison to a non-explosion depth hardened manganese crossing.
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Figure 83 Depth hardness profile of a non-EDH sample

Figure 84 Depth hardness profile of an EDH’d sample
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During the INNOTRACK project comparison tests on an overrunning test rig have been performed at
DB laboratory. These test results showed a clear difference on wear behaviour between an EDH’d and
a non-EDH’d railway crossing. EDH’d crossings had reduced wear by 40% compared to a non-EDH’d
crossing.
Figure 85 shows the result of the wear tests.
Herzstückverschleiß
12 Mio.
Lasttonnen
Crossing wear afternach
12 Mio.
Loading
Tons
Mittelwert aus jeweils drei Prüflingen

mean value of 3 tests

450%
400%

362%

361%

Verschleißfläche [mm²]

350%
300%
162%
250%

201%

200%
150%
100%
100%
50%
0%

Mn 13
X120Mn12
Gegossen
as cast

Mn
13 cast
X120Mn12
Gegossen
+,EDH + EV

Mn
13
X120Mn12
Gewalzt
as rolled

MnX120Mn12
13 rolled
Gewalzt
+,EDH + EV

R350HT
(Referenz)

Figure 85 Wear behaviour comparison between EDH’d and non-EDH’d Manganese steel
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Wear behaviour of crossings

Figure 86 Crossing geometry
Measurements at installed crossings show that a similar shape of the crossing point is visible after
loading in track. For instance, non-EDH’d Manganese crossings show behaviour of positive and
negative geometry change, which means that some of the “lost” material is bulged out in other places
and can be seen as negative geometry change. On the other hand, high strength steels show a
dominating positive geometry change with almost no plastification, but show being sensitive to initial
crossing geometry.
Grade 400 at crossings
Rails of grade 400 (R400HT) have been used in track for a few years, but rarely in crossings. Test
installations took place with R400HT as wing rail on fabricated crossings in combination with high
strength crossing point.
These crossings were installed in 2012 with a total tonnage of 60MGT since then. Intermediate
measurements show that the wing rails of grade R400HT show only minimal wear and no fatigue
damage.
The picture below shows the wear status after 31.6MGT.
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Figure 87 Wear status of a crossing with wing rails R400HT, Niklasdorf Austria ÖBB

Figure 88 Wing rails R400HT after 4 years in service
It can be concluded that R400HT is a steel grade with high potential for applications with high loads.
So far R400HT is used in narrow curves, but also for test installations at wing rails. Future applications
will include the use of switch blades of R400HT.
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4.1.2 Continuous support for railway turnouts
Presently there are no commercially available solutions for continuously supported switches and
crossings (turnouts).
In fact, there are very few truly continuously supported solutions for plain line tracks for conventional
rail applications. Capacity4Rail looked extensively at track forms which were available at the time of
writing and identified the systems listed below which were almost all applicable to urban/tramway
track systems.

Figure 89 Continuously supported rail systems
Of the above systems none of them could be considered to be modular but they all have a continuous
pad of pre-determined resilience under the running rail. In most cases this pad is a particular resilience
to offer some desired factor around noise (e.g. reduced noise and vibration or assistance with
installation). As shown in the examples below this pad may form part of a complete encapsulation
around the rail surface or be a special separate pad. Either way it is normally embedded in concrete
for in street running applications in Urban metro or Tramways
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BBEST System

Edilon ERS System

Figure 90 Examples of continuous pad systems
Additional to the systems listed above there are several systems which utilise asphalt supporting layers
on which concrete sleepers directly rest (example GETRAC® track system). The sleepers are elastically
connected to the asphalt layer by special concrete anchor blocks, which transfer the horizontal forces
from the track panel to the asphalt.
Another Continuous track system is the TUBULAR Track. This is a ballast-less trackform consisting of
twin reinforced concrete beams laid on a specially-designed formation and held in place with
galvanised steel gauge bars spaced to suit lateral forces. The design is optimised to meet specified axle
loads, annual tonnages, speeds and the prevailing geotechnical conditions.
Rails are continuously supported and fixed using proprietary fastenings to shoulders which are welded
to the gauge bars as well as to intermediate elements positioned between the gauge bars. These
components encircle the beams, and are not cast into them, which results in all forces applied to the
beams being in compression. The fact that components encircle the beams also means that they can
be readily replaced should they be damaged. Another advantage is that they are not liable to work
loose under the influence of dynamic forces, as would be the case if they were cast into the beams.

Figure 91 Continuous Track System
The Capacity4Rail Project developed new slab track concepts which built on the ideas of the
aforementioned ones but designed for higher axle loads and train speeds as well as improved
accessibility and maintenance of components. Through the C4R project these concepts were
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developed to full scale prototypes which were tested in the CEDEX testing facilities. The two concepts
which were taken forward for testing were:

Figure 92 Moulded Multi Block system (left) and L-Track System (right)
The Modular Continuous Support (MCS) track developed by Vossloh Cogifer for use on S&C
applications is a direct development of the L-Track system and employs a ballast-less beam track
offering an efficient lower cost rail technology for all track configurations based on two main principles:
 Pre-fabricated modules for tracks and turnouts (a small gap appears between the modules, but
with limited influence on the performance).
 Rail is continuously supported.

4.1.3 State-of-the-art solutions and novel design turnout assessment
Modern standard turnouts in Europe are designed with tangential geometries and curves (constant
radii, clothoid or combination of mathematical defined curves – sinoid, cosinoid curves etc.) in most
cases until the end of the turnout (curved crossings). The quasi static constraints for the design of
turnout geometries like maximum lateral acceleration for passengers or entry jerk values at turnout
beginning are specified in standards or by railway authorities. Fan shaped bearer layouts are standard
nowadays except in AREMA standard. Features like asymmetrical switch blade profiles, elastic inner
stock rail fastening systems, switch roller systems, resilient fastening of turnout components, under
sleeper pads (USP), welded rail joints, fabricated and welded in insulated rail joints, are components
of standard turnout designs as well.

Figure 93 Asymmetrical switch blade profile, elastic inner stock rail fastening systems i-fast and
switch roller systems PIROLL
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Common crossings are fabricated or cast (e.g. compact crossings or austenitic manganese steel (AMS)
cast crossings with or without explosive depth hardening (EDH)). For special applications such as heavy
haul or high-speed operations crossings with movable parts (moveable point crossings or swing nose
crossings) of different designs are used.

Figure 94 AMS-Crossing (left) and moveable point crossing on high speed line (right)
For a modern standard turnout, concrete bearers on ballast or slab track are a standard support
structure.
Turnout operating systems have the task of operating the turnout correctly and safely in all
environmental conditions including the signalling equipment, to guarantee safe operation of the
turnouts.

..
Figure 95 Modern state-of-the-art turnout for mixed traffic and low friction switch rail slide
chair
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Modern enhanced turnout design
The basics of modern turnout designs are comprehensive information of the operating railway system
(vehicles, maintenance strategies, operation conditions etc.). Additive design programs and
experienced engineers are the premise for comprehensive design studies like overrunning
investigations, flange way investigations; wheel-rail force investigations using multi body simulations
(MBS), finite element analysis (FEA) for structural investigations. The focus is on correct performance
and less maintenance efforts.
Multi body simulations (MBS) including the train and wagon characteristic models of the operator, the
track perturbations and geometry as well as the special overrunning models of the turnout should be
standard nowadays when investigating and introducing new turnout designs for a customer. The aim
is to find the optimised turnout geometry and overrunning conditions for the operating conditions of
a specific railway.
Multi body simulations (MBS) are used for optimisation of geometries with advanced overrunning
features like novel kinematic gauge optimisation (KGO) (Fakop), optimisation of switch-stock rail and
crossing overrunning conditions and reduction of wheel-rail contact forces and wear.

Figure 96 MBS optimisation results, lateral wheel-rail force on different turnout geometries
with same lead length and KGO (Fakop) switch design
Compensation of abrupt stiffness changes by introduction of transition zones where stiffness changes
occur (e.g. track entering into the turnout). Optimisation of stiffness variations within the turnout to
compensate the different stiffness levels of turnout components (switch assembly, closure rails,
crossing area) are also features to be considered.
The performance of the switch assembly can be improved by different overrunning design features
like optimised carrying capacity switch assembly (augmented switch), kinematic gauge optimization
switch assembly (KGO) (Fakop). Modern roller systems are used to improve the performance of
operating the switch blades and minimize the maintenance efforts for the operation.
Modern actuation, locking and detection (ALD) systems including sensors for control and monitoring
the turnout have also a positive effect of minimizing the maintenance efforts. The operation system
plays an ever increasingly important role in operation, controlling and maintaining turnouts and switch
assemblies.
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Figure 97 ALD (Actuation, Locking & Detection) system with integrated monitoring
Of course, used rail material is also one very important factor to improve performance of the turnout.
New R400HT rail material is already in test phase on track and should be introduced in the turnout
demonstrator.
The fastening system also has a very important role and influences the function of the whole turnout
system and their performance. Resilient rail pads, appropriate fastening clips, under turnout bearer
pads, USP (under sleeper pads) influence the wheel-rail impacts (wheel/rail load) as well as the ballast
conditions.

Figure 98 Modern turnout with integrated ALD system
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S&C system stiffness
Focussing on system stiffness and geometry, turnouts are an irregularity in the track, which can result
in various degrees of vertical rail deflection within different areas, even if other boundary conditions
remain unchanged.
Variations in stiffness along the switch panel and crossing panel areas result in discontinuity of the
superstructure system. The constantly changing load-bearing surface area of the bearers in the ballast
superstructure also has a strong influence. The difference in load distribution within the turnout is a
three-dimensional problem which can be analysed using numerical calculation methods.
By installing additional elastic elements with defined stiffness, it is possible to improve the load
distributing effect of the supported rails. At the same time, the load-bearing characteristics of the track
frame can be optimised. One cost-effective way to approach this goal is to use Under Sleeper Pads
(USP) in track and Under Bearer Pads (UBP) in turnouts with varying degrees of stiffness.

Figure 99 Turnout installation in the track with polyurethane Under Sleeper Pads (USP) and
Under Bearer Pads (UBP) made out of Sylomer can give different degrees of stiffness
(Getzner, 2007)
USP and UBP are a cost-effective method to subsequently increase the elasticity of the superstructure
and reduce degradation of the ballast. They are installed between bearer and ballast and are available
in a continuous range of modulus levels from approximately 0.02 N/mm³ to stiffer than 0.30 N/mm³
(determination of bedding modulus as per DBS 918 145 on a prescribed load plate with ballast profile).
The track frame consisting of rails and concrete sleepers, which are rigidly connected to a load-bearing
structure via rail fasteners, can remain unchanged in its traditional role. This is also valid for upgrading
of tracks, as costs involved for such work are also comparatively low.
With ballasted track, elastic USP and UBP not only allow for a longer rail bending line, which reduces
loads on the ballast, they also help to prevent contact abrasion as the top layer of the ballast can
become embedded within the pads. Hard contact points between the bottom of the sleeper and the
ballast are alleviated and the rail track behaviour is more homogenous. The pads also help to prevent
sudden settling of sleepers or bearers due to cavitation (Müller-Boruttau, Kleinert, 2001).
Due to stabilization of the top ballast layer, migration of ballast stones caused by dynamic forces is
shifted to lower layers, which can have a positive effect on the long-term quality of the superstructure.
Even under the assumption of declining effectiveness over the lifetime of the track, USP and UBP still
cannot result in any detrimental impact on the track superstructure. In this regard, they can be seen
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as fail-safe elements. Such a track superstructure will always exhibit more favourable characteristics
than structures without USP and UBP.
There are numerous ways to ensure adequate adhesion of the pads to the sleepers. One possibility is
to glue the pad to the cured concrete, but the general trend is to install the pads directly into the wet
concrete (cast in to the sleepers) as a part of the manufacturing process. A strong connection can be
achieved by using a plastic mesh, half of which is integrated into the under-sleeper pad and the other
half can be vibrated into the wet concrete of the sleeper.
Tests in Germany have shown that the use of under sleeper pads allows for significantly improved track
behaviour and dynamic vibration behaviour compared to traditional ballasted track (Leykauf, Stahl
2004). In Austria, turnouts with UBP have been installed since 2002 and measurements have shown a
reduction of vibrations in the 40 Hz - 50 Hz frequency range. Moreover, substantially less settlement
was found in turnouts with fixed common crossings, even compared to constructions with crossings
with moveable parts (Schilder 2004). The positive experiences with UBP in turnouts have led to the
development of a standardized design for the Austrian Federal Railways.
By optimizing the configuration of UBP with varying degrees of stiffness, support differences can be
compensated. Figure 100 shows a comparison with an improved configuration of stiffness using
various types of UBP.

Figure 100 Stiffness optimisation. Comparison of rail deflection patterns with optimised
solutions using different UBP types along the turnout (Getzner 2007)
The first curve shows as an example of the deflection curve without any additional UBP (no UBP). The
rail deflection of 0.8 mm in the regular track results exclusively from the set bedding modulus of ballast
and subgrade of 0.2 N/mm³. If the vertical deformation is increased by the uniform installation of
additional UBPs, the resulting bedding modulus of roughly 0.10 N/mm³ leads to an increase in
deflection to 1.3 mm before and after the turnout (one UBP type), but with this approach the main
irregularities along the turnout are still present. In the optimised solution the differences in vertical
rail deflection can be smoothed out by the installation of various UBP (different UBP types). This allows
for a more homogenous pattern of deflection to be achieved.
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Figure 101 shows the reduction of rail seat forces compared to a turnout without UBP. Even with
relatively stiff pads (> 0.2 N/mm³) the forces transmitted into the superstructure can be reduced by
10% to 30% within the turnout.

Figure 101 Reduction of rail seat forces along a turnout with optimised UBP configuration
(Getzner 2007)
However, the use of defined elastic elements such as USP and UBP improves the elasticity of the track
and turnout superstructure with low investment costs. At the same time the ballast, which is a latent
source of track instability, is stabilized, as individual ballast stones are embedded in the surface layer
of the USP and UBP. Loads on the superstructure are reduced by a more homogenous bedding of the
sleepers and track stability is improved.

Figure 102 Polyurethane Under Sleeper Pads consist of different layers (Getzner 2018)
Moreover, in turnouts, the geometrically determined differences in stiffness can be smoothed out. To
achieve this target, UBP with various degrees of stiffness can be used, placed in a way that the entire
construction features improved load-bearing conditions. Track irregularities caused by turnouts can
thus be mitigated and vibrations can be reduced.
Using a turnout model based on numerical calculation methods, it is possible to analyse the loadbearing behaviour of the construction. As data can be varied for different parameters, it is possible to
analyse a very wide range of geometric boundary conditions and stiffness conditions. The challenge
involved is to take the non-linear bedding properties into consideration.
Using a FEM turnout model, the optimised configuration of Sylomer® or Sylodyn® UBP can be designed
for any situation.
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S&C Bearers
Optimisation of turnout bedding quality by optimised turnout bearers
In the past, with regards to stiffness optimisation in turnouts, the turnout bearer stiffness was more
or less assumed as constant. Different Under Sleeper Pads were used to compensate various stiffness
in the system and thus the different deformations / twists while the train is crossing.
A new approach is to try to achieve a significant improvement by adapting the design of the bearers in
the turnout (variable bearer stiffness) as well as by installing new optimised bearer joints.
Variable bearer stiffness
As an approach to further turnout optimisation various stiffness of the bearers, dependent on the
position in the turnout, are recommended. By reducing the stiffness on the one hand by lower bearer
widths and on the other hand by lower bearer heights or by using new materials like UHPC and textile
reinforcement, a harmonization can be achieved.
Optimised bearer joint
As a further approach to turnout optimisation, new optimised joints of the short bearers are generally
proposed to compensate one of the biggest irregularities in the turnout system.

4.1.4 S&C Whole system analysis of state-of-the-art solutions
The whole system approach is the modular method that uses the vehicle track interaction module to
calculate dynamic behaviour and feed those results to the different submodules for a more specific
calculation. Example of such submodule is essentially the wedge model used to assess rolling contact
fatigue and wear. Section 3.2.2 explains the whole system approach, while 3.4.1 highlights the
symbiosis between vehicle track interaction based on MBD simulation and the wedge model.
This section is complementary to section 3.4.1 and gives more details about setting up the MBD model
and highlight results received from the damage calculation.
Vehicle and track model
To perform an MBD calculation, the multibody simulation software SIMPACK 9.10 is used with the
output sampling rate of 1000Hz, which turns out to be sufficient to catch complex dynamic behaviour
of driving over an S&C.

Figure 103 The MBD model of the freight vehicle and the track
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The focus of this work is to show methodology used in failure assessments, rather than providing the
validated simulation results of a certain model. For that reason, the MBD model is rather simple.
Track, even 250 m long considers only the crossing panel and stock rails of the left-hand turnout. The
crossing panel itself is approximately 4.4m long defined by 17 profiles.
Track irregularities are not considered for this simplified calculation, but track flexibility is taken into
account to assure more realistic scope of the forces in wheel-rail interaction. The track stiffness and
damping used in the MBD model are shown in Table 17.
Table 17

Stiffness and damping values of the track used in the MBD simulation

Stiffness / Damping
Stiffness in lateral direction (cy)
Stiffness in vertical direction (cz)
Stiffness about longitudinal axis (cφ)
Damping in lateral direction (dy)
Damping in vertical direction (dz)
Damping about longitudinal axis (dφ)

Value
4∙107
15∙107
8.4375∙107
9.8∙104
18.8∙104
10.575∙104

Unit
N/m
N/m
Nm/rad
Ns/m
Ns/m
Nms/rad

Like the track model, the vehicle model is defined in a simplified manner as well. The generic model of
the rail vehicle is used to represent a freight wagon with the Y25 type of bogies and the nominal wheel
profile. The vehicle is loaded with 20t per axle and driven in the straight line over the crossing panel in
the facing move with the velocity of 50km/h and 0.4 friction coefficient between wheel and rail.
The MBD model is fully parametrized to give flexibility in the case of parametric study which can be
performed in e.g. stochastic manner to cover a variety of operating conditions. As the focus of this
work is to present the methodology behind damage and wear assessment in the wheel-rail interaction,
the only one simulation case is performed, and outputs (Table 18) are passed to the wedge model.
Table 18

Inputs parameters for the damage and wear calculation (output of MBD simulation)
Label
cx
cy
cz
N
a
b
yr
µ
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Damage and wear results
The wedge model produces different results such as damage based on the effective stress, change in
the height of the profile (wear), the plastic share distribution in the near-surface layers with respect to
the reference plastic shear distribution, normal to plastic deformation, etc. The single wedge
calculation can combine different vehicles under different operating conditions for a single axial
position at the track, although, the multiple wedge calculations can be easily merged to give a result
over certain track segment. This approach is used to visualize damage and wear of the 38-wedge
calculations over the track segment between 136.552 and 140.394m.
Figure 104 shows the cumulative normalised rolling contact fatigue damage distribution
(log(D/max(D))) after 100k wheel passes (100k loading cycles). On the left side is the crossing panel
(crossing nose and wing rails), while on the right side is the stock rail from the opposite side of the
track.

Figure 104 Cumulated normalised rolling contact fatigue damage distribution at the crossing
panel (left) and stock rail at the opposite side of the track (right)
According to results, the wedge model predicts increased rolling contact fatigue initiation on the wing
rail and crossing nose; places well known for their exposure to high creepages and normal forces
(Figure 105).
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Figure 105 Cumulated normalised RCF (rolling contact fatigue) damage distribution at the
crossing panel with the views of the wheel position derived from the SIMPACK
simulation
Figure 106 shows cumulative normalised wear depth (Δz/max(Δz)) after 100k wheel passes for both
crossing panel and stock rail where the transition of the wheel-rail contact can be clearly seen.

Figure 106 Cumulated normalised wear depth at the crossing panel (left) and stock rail at the
opposite side of the track (right)
Figure 104 and Figure 106 indicate the same critical positions regarding rolling contact fatigue damage
and wear. But to make a correct conclusion, further investigations could be performed to account for

GA H2020 730841

D2.2

Page 131 of 400

IN2TRACK

Core S&C Issues

stochastic nature of the friction coefficient between wheel and rail, variations in operating conditions,
variation in wheel profile with respect to wear, track irregularities etc.

4.2 Enhancements to existing S&C system, sub-systems and
components and associated repair and maintenance methods
4.2.1 S&C bearer optimisation
Overview
IN2TRACK Deliverable 2.1 (Sub-structure degradation) describes various mechanisms that may
contribute to differential settlement and non-uniform resilient movements of long bearers both along
their length and along the track length at S&C. These mechanisms of behaviour lead to substructure
degradation contributing to S&C failures and enhanced maintenance requirements. One aspect of S&C
design identified as potentially contributing to enhanced rates of substructure degradation compared
with plain line is the provision of joints on long S&C bearers to aid in modular installation methods.
Modular installation (where sections of S&C are prefabricated and brought to site in modular sections
on tilting wagons) offers significant advantages, such as reduced possession times. Within D2.1
proposals were made for testing of individual S&C bearer elements. In this section tests are described
which were implemented to investigate the relative performance of different S&C bearers with
different types of joints.
The tests were funded jointly by IN2TRACK and the Engineering and Physical Sciences Research Council
project “Track to the Future” (EP/M025276/1). The four comparative tests reported here are intended
to become part of a wider testing programme which will consider further bearer and joint types and
evaluate their behaviour under a wider range of conditions.
Further tests are planned and it is recognised that this initial test run is limited in scope and the insights
gained require further consideration in the context of fully integrated S&C arrangements. A final
section also compares the results with results using a numerical tool.
Aim and objectives
The aim of the testing in general may be described as ‘to evaluate the relative performance of different
S&C bearer types with and without joints and for different types of joints’.
The tests in this study investigate a sub objective of this wider research aim and the scope is limited to
bearers of the same length with joints at the same location and may be described as:
 to investigate the comparative performance of a continuous bearer compared with jointed
bearers of the same overall length subject to cyclic loading.
Methods
The Southampton Railway Testing Facility (SRTF) represents a single bearer bay of track in plain strain.
It comprises two “rigid” vertical sides 0.65 m high, constructed from heavy steel sections and panels.
These are located on a strong floor and held at a fixed distance of 0.65 m apart, which is representative
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of sleeper spacing. A resilient layer placed at the bottom of the rig mimics the effect of a compressible
subgrade. The testing rig is shown in Figure 107.

Figure 107 Photograph of the full-size testing rig
Some adaptations were applied to the testing rig (which is more commonly used to test plain line
sleepers) to enable it to test longer S & C bearers. Figure 108 shows the general arrangement for the
tests reported. Load was applied centrally over rails on one side of the bearer representing the through
or primary route, the additional rails for the alternate route were not represented. At the unloaded
end of the bearer the testing rig was closed in to represent continuous ballast in the middle of a
number of lines. On the loaded left side, a ballast shoulder was constructed of 375 mm lateral extent
from the sleeper end with an approximately 1:1 slope. This represented the track closest to the side
of an embankment. The ballast height was 300 mm below the bearer base. Crib ballast was present on
either side of the bearer. The dimension of the shoulder and the relatively steep slope are typical of
installations in the UK. However, other rail regions within Europe and elsewhere in the world apply
standards that require shallower shoulder slopes and/or more extensive shoulders. It is therefore
possible that the arrangement is more severe than that normally implemented in other parts of
Europe.
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Figure 108 Generic test set-up (jointed bearer shown)
The applied load was sinusoidal, with maximum compressive force of 98.1 kN, representative of a 20tonne axle load assuming 50% peak transfer per sleeper. Tests were carried out to 1 million cycles at
4 Hz frequency. In each test, the ballast was placed manually in the rig and compacted using an electric
compactor. The loading applied is considered to be effectively pseudo static in the sense that over the
movement amplitudes present accelerations remain insignificant compared with gravity and prior
experience with these types of tests has shown that ballast breakage for the type of material used is
minimal. Nevertheless an approximately 100 mm layer of ballast placed directly beneath the bearer
was disposed of after each of the tests to ensure that those ballast grains most severely loaded and
therefore most likely to have experienced some wear could not unduly influence the comparison of
results. The whole of the remaining ballast was reused. After each test, the testing rig was entirely
emptied. Then the ballast was repacked to recreate the same initial bulk density.
The test was set up to be representative of an onerous condition – poor ballast containment on the
loaded track and a lightly, if ever, used diverging route.
Materials
This section presents the materials used for testing, i.e. the ballast, the resilient layer placed beneath
it, and the different bearer designs.
The ballast used was a crushed, uniformly graded, angular granite sourced from Mountsorrel quarry
(Leicestershire, UK) and representative of the material typically used in the UK and in Western Europe.
Its grain size distribution fell within standard requirement (Figure 109). Its key properties are: specific
gravity (Gs) of 2.69, average grain size (D50) of 41 mm, coefficient of uniformity (Cu=D60/D10) of 1.3 and
coefficient of gradation (Cg=D302/(D30D60)) of 1.0.
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Figure 109 Ballast grain size distribution
The testing rig is based on the strong floor of the structures laboratory of the University of
Southampton, the strong floor is a thick reinforced concrete slab supported on concrete rectangular
modules. This high strength structure experiences negligible deformation under the loading applied
making the base an effectively rigid support for the testing rig. Therefore, a resilient layer was placed
underneath the ballast to represent a resilient compressible subgrade. This consists of two 3 mm thick
layers of relatively stiff neoprene (rubber), underlain by a much softer 18 mm thick under ballast mat
(UBM 1519 supplied by Getzner Werkstoffe GmbH). The top neoprene layer was replaced in each test,
as it was subjected to much higher localised stresses which visibly indented its top surface.
Three different designs of S&C bearers were tested: continuous concrete bearers, a modular bearer
jointed with a fixed metal shroud (FMS) and a modular bearer jointed with an Elastic Sleeper Coupling
(ESC).
The continuous and FMS bearers are used in UK turnouts and were provided by the same manufacturer
through Network Rail. The ESC bearer came from a different manufacturer (voestalpine BWG GmbH)
and is commonly used in parts of Europe but not in the UK. These two jointed bearers do not directly
correspond with each other owing to their different positions within their respective overall modular
assemblies but have been selected for comparison based on a relatively similar joint location and
overall length. In terms of their application within their respective full modular arrangements the ESC
bearer is closer to the crossing nose and the central of the three principal load bearing rail locations is
part of the crossing nose where a vertical cut through the rail section would reveal two rails partly
overlapping/merging at the foot. However, all designs tested represent bearers intalled close to the
crossing nose of railway turnouts, as shown in Figure 110 for the FMS bearer (and for the continuous
one) and in Figure 111 for the ESC bearer.
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Joint position

Bearer tested

Figure 110 Position along a turnout of the modular bearer jointed with fixed metal shroud
(provided by Network Rail)

Bearer tested

Joint position

Figure 111 Position along a turnout of the modular bearer jointed with elastic sleeper coupling
(provided by Voestalpine BWG GmbH)
Figure 112 shows the relative dimensions of the jointed bearers tested. The continuous and FMS
bearers are both 3.8 m long, with a distance between outer rail and bearer end of about 600 mm, and
a 268 mm wide base. These bearers have exactly the same geometry. The dimensions of the ESC bearer
are similar. Its total length is also 3.8 m but the distance between its outer rail and bearer end is 450
mm slightly less than the FMS jointed bearer. As a result, the position of the ESC bearer within the
testing rig was slighlty shifted compared to the other two. The ESC bearer also had a slightly wider 300
mm base. The height of all the bearers was approximately 210 mm.
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(a)

(b)

Figure 112 Geometry of the modular bearers jointed using (a) the Fixed Metal Shroud (FMS) and
(b) the Elastic Sleeper Coupling (ESC) (dimensions in cm)
The FMS consists of a heavy steel section with a 5 mm thick rubber layer attached to its inner surface
in contact with the concrete bearer; the section is connected to each bearer part through 4 screws
(Figure 113a). The screw sockets are coated with plastic (Figure 113b). The ends of the bearer parts on
the joint side are covered with 5 mm rubber pads and carefully put in contact before the installation
of the metal shroud (Figure 113c). Each screw was tightened, in accordance with the prescribed
method, to a torque of 340 Nm. Although the FMS is intended to provide a bending stiff connection,
the rubber and plastic components of the assembly may be susceptible to creep deformation and wear
under cyclic loading.

Figure 113 Photos of the joint using the fixed metal shroud; (a) assembled joint; (b) plastic
coated sockets for the joint screws; (c) joint pads at the bearer joint
The ESC consists of an elastomer and steel sandwich connected to each bearer part through a single
(substantial) bolt, which leaves a 2 cm gap between the connected elements (Figure 114). This type of
joint is designed to provide an elastic connection between the two bearer parts. The connection
through only one bolt per bearer part allows a degree of relative translation and rotation and may be
idealised as a type of pin-pin connection. The bolts for the ESC were torqued to the prescribed value
of 300 Nm.
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Figure 114 Photos of the elastic sleeper coupling used in test S3 (a) before and (b) after
assembling
Instrumentation
Instrumentation was installed to assess the behaviour of bearer, ballast and their interaction. The
outputs presented are based on the following instrumentation:
 The bearer vertical movements. Measured by means of LVDTs, installed to measure the
movement of the top surface of the bearers at key locations.
 The sleeper/ballast contact area. Pressure sensitive paper, 200 mm by 250 mm was installed at
the interface between the bearer base and the ballast at selected locations to evaluate the
number and area of sleeper/ballast contacts. Pressure paper consists of a colour-forming layer
and a colour-developing layer. When pressure is applied, microcapsules on the colour-forming
layer are broken and red patches, whose colour density depends on the pressure level, appear
on the colour developing material.
LVDTs and pressure paper were installed as shown in Figure 115.
(a)

(b)

Figure 115 Locations of LVDTs and pressure papers for the tests on (a) continuous bearers – tests
S1, S1R; (b) modular bearers – tests S2, S3
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Test plan
The test plan is summarised in Table 19. At 3.8 m long these S&C bearers are “intermediate” in length
and facilitate a crossing path to a diverging/merging route. These bearers principally support three
load bearing rail locations. Tests S1 and S1r used a continuous 3.8 m long concrete S&C bearer. These
tests are identical and intended to check the repeatability of the tests. Tests S2 and S3 are on jointed
bearers, also of 3.8 m length but for different types of joint. Test S2 has the “standard” UK joint
described as a fixed metal shroud (FMS). Test S3 provides a comparison with an alternative joint design,
i.e. Elastic Sleeper Coupling (ESC).
Table 19

List of tests

Label

Joint type

Description

S1

None

Long continuous bearer (baseline)

S1R

None

Long continuous bearer (repeated baseline)

S2

Fixed Metal Shroud (FMS)

Traditional UK modular design with joint between the loaded rails

S3

Elastic Sleeper Coupling (ESC)

Alternate EU modular design with joint between the loaded rails

Test results
Bearer Settlement
Figure 116 shows the vertical settlement as an average for both rails for all four tests. This shows that
taken as an average the settlement is broadly similar and follows a trend commonly observed for
ballast settlement that the settlement is approximately linear with the logarithm of the loading cycles.
However, despite this superficially similar outcome the different sleeper types showed some different
trends in the overall distribution of the settlement along the bearer lengths.

GA H2020 730841

D2.2

Page 139 of 400

IN2TRACK

Core S&C Issues

Figure 116 Average vertical settlement at the rails
Figure 117 to Figure 120 show the distribution of the settlement along the bearer length at key
numbers of cycles. The position along the bearer length is expressed by the coordinate 𝑥. The midpoint
between the two loaded rails corresponds to 𝑥 = 0, with 𝑥 increasing to the right (the unloaded
sleeper side) and decreasing toward the left (the loaded sleeper side).

Coordinate along bearer length (m)
Figure 117 Test S1, continuous bearer, distribution of settlement along bearer length
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Figure 118 Test S1R, continuous bearer, distribution of settlement along bearer length

Figure 119 Test S2, FMS jointed bearer, distribution of settlement along bearer length (data
missing between 6,000 and 200,000 cycles due to a technical issue)
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Figure 120 Test S3, ESC jointed bearer, distribution of permanent deflections along bearer
length
In general, Figure 117 to Figure 120 show that the settlement tended to increase toward the left loaded
end (decreasing 𝑥 ) where the ballast shoulder was also less confined and hence more prone to
permanent deformation. Figure 117 and Figure 118 show the good repeatability obtained for the same
test conditions and provide confidence for comparing relative performance between tests.
The distribution of the settlement along the bearer length was also affected by the bearer design. The
continuous bearers (tests S1 and S1R) retained an almost linear shape (Figure 117 and Figure 118). The
modular bearer jointed with the FMS (test S2) showed a similar but slightly different evolution of the
settlement with the loading cycles, suggesting a certain deformability of the bearer joint (Figure 119).
The settlement distribution for the ESC jointed bearer (test S3) was similar to that exhibited in the long
term by the FMS bearer (test S2, Figure 120). However, the ESC joint led to a greater decoupling of the
two bearer parts. This is likely to be explained by a lower rotational rigidity of the ESC and the effects
of this may have been enhanced by the smaller distance between the left rail and left bearer end,
which reduced the base bearing area of the left bearer end, hence increased its settlement.
To allow an easier comparison between the different bearer designs, Figure 121 and Figure 122 show
the bearer permanent deformed shape at 100 cycles and at 1M loading cycles respectively.
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Figure 121 Distribution of permanent deflections along bearer length at 100 load cycles

Figure 122 Distribution of permanent deflections along bearer length at 1M load cycles
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At the beginning of the tests (Figure 121) the permanent settlement was similar for all bearers,
although the influence of the joints, particularly the ESC type is already becoming apparent.
In the longer term (Figure 122) the continuous bearers (tests S1 and S1R) retained an essentially linear
distribution of the settlement. Compared with the continuous bearers, the FMS (test S2) led to a small
increase of the permanent deflections of the longer bearer part (𝑥 > 0), while the ESC reduced them
slightly. For the modular bearer jointed with FMS (test S2), the settlement of the shorter bearer part
(𝑥 < 0) was similar to that observed for the continuous bearers (tests S1 and S1R). In contrast, the ESC
(test S3) increased significantly the permanent deflections at the extremity of the shorter bearer part.
Although the different bearer designs were associated with different distributions of the bearer
permanent deflections with differences most exaggerated at the left bearer end, the average
settlement of the rails at the end of the tests was more similar – between approximately 9 mm and 12
mm for the left rail and approximately between 4 mm and 6 mm for the right rail at 1M cycles. The
movements of the rails are shown in Figure 123.

Figure 123 Settlement at rails for all tests (a) left rail (b) right rail
Bearer resilient deflections
The bearer resilient deflections are calculated for each cycle as the difference between the deflection
at maximum compressive load and the deflection at minimum compressive load. Results are expressed
in terms of distribution of the resilient deflections along the length of the bearer at key cycles (Figure
124 to Figure 129).
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Figure 124 Test S1, continuous bearer, distribution of resilient deflections along bearer length

Figure 125 Test S1R, continuous bearer, distribution of resilient deflections along bearer length
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Figure 126 Test S2, FMS jointed bearer, distribution of resilient deflections along bearer length
(data missing between 6,000 and 200,000 cycles due to a technical issue)

Figure 127 Test S3, ESC jointed bearer, distribution of resilient deflections along bearer length
for key cycles
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The continuous bearers (Figure 124 and Figure 125) exhibited sagging in the first cycles, with the
resilient deflections being greater closer to the rails than at the left end. Initially the resilient
deflections reduced without changing substantially the resilient movements. However, the deflections
at the ends increased rapidly after the first few thousands of cycles, leading to an approximately linear
distribution of the resilient deflections along the bearer length at 1M cycles.
The resilient response of the FMS bearer is shown in Figure 126. As with the continuous bearers, this
bearer type showed sagging, with the resilient deflections reducing with the number of cycles.
However, while for the continuous bearer the movements of the left end increased rapidly beyond a
few thousands of cycles, for the FMS bearer they increased only after 300k cycles and the sagging
shape remained evident after 1M cycles.
The resilient deformed shape of the ESC bearer (Figure 127) showed resilient deflections increasing
toward the left end (with decreasing 𝑥) and right end being lifted slightly during loading. However, the
ESC introduced a discontinuity in the distribution of the resilient deflection either side of the joint
which appear to show that the ESC behaved as a pinned pinned connection allowing the bearer parts
to rotate and translate relative to one another. It is also worth noting that the resilient deformed shape
of the ESC bearer varied only marginally with the loading cycles indicating that the ballast support
stiffness likely remained consistent with its initial values along the bearer length.
The distribution of the bearer resilient deflections varied with load cycles and was affected by the
bearer design. However, some features common to all tests can be identified from Figure 124 to Figure
127:
 The resilient deflections of the left ends of the bearers tended to increase with load cycles,
indicating a reduction of the support of the left end of the bearer; this is explained by the ballast
closer to the shoulder being lightly confined and more susceptible to permanent deformation.
 The right ends of the bearers showed small negative resilient deflections, i.e. they were lifted
during the application of the compressive loading, owing to the non-uniform distribution of the
sleeper stresses and the non-symmetrical loading conditions.
 The resilient deflections of the bearers below the rails reduced with load cycles for the
continuous bearer and FMS jointed bearer, as ballast densified and the peak sleeper/ballast
vertical stresses were redistributed due to ballast permanent deformation. However, for the ECS
bearer this effect was much less pronounced as the ESC bearer retained near constant values of
resilient deflections throughout the test.
The comparative trends identified and the relative magnitudes for each bearer type are highlighted in
Figure 128 and Figure 129, which show the resilient deformed shapes of the bearers at 100 cycles and
at 1M cycles respectively.
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Figure 128 Distribution of resilient deflections along bearer length at the beginning of the tests,
i.e. at 100 load cycles (coordinates of bearer ends and joint are approximate)

Figure 129 Distribution of resilient deflections along bearer length at the end of the tests, i.e. at
1 M load cycles (coordinates of bearer ends and joint are approximate)
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Bearer/ballast contact area
To gain insight into the quality of the bearer to ballast contact, pressure sensitive paper was placed at
key locations on the base of the bearers. Recovery of the paper at the end of the test provided a record
of all the ballast to bearer contact locations above a certain stress threshold throughout the test. This
record indicates the cumulative total area of contact over the full number of load cycles applied.
Pressure paper is presented from test S1 and S3 in Figure 130 and Figure 131 for comparison. The
location of the paper relative to the sleeper length is shown in Figure 115.

Left rail

Middle

Right rail

Far right

Figure 130 Test S1, pressure paper (sensitive to pressure > 10 MPa) (paper size of 200 mm by
250 mm)

Left rail

Middle

Right rail

Far right

Figure 131 Test S3, pressure paper (sensitive to pressure > 10 MPa) (paper size of 200 mm by
250 mm)
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Figure 130 and Figure 131 show that the contacts are concentrated beneath the rails and towards the
loaded side of the bearer – this is where the stresses between the bearer and ballast are likely to be
the highest. The paper on the far right is very lightly contacted and this is consistent with the LVDT
measurements which showed uplift at the far-right bearer ends. The paper beneath the bearer and
between the rails shows an intermediate level of contacts.
Table 20 and Table 21 show quantities determined for the pressure sensitive paper in terms of the
number and % contact area respectively confirming the trends observed in Figure 130 and Figure 131.
The results in Table 20 and Table 21 are consistent with previous measurements of sleeper to ballast
contact areas but the number and % area of contacts varies locally owing to both the large grain sizes
of the ballast in relation to the bearing area of the bearer (or sleeper) and the differing contact
pressures transferred from the rails through to the bearer base onto the ballast. Owing to this general
variability of outcome it is unclear whether the bearers used in tests S1 (continuous) or S3 (ESC) have
developed measurably different contacts and the quantities presented in Table 20 and Table 21 are
considered to demonstrate similar performance in terms of contacts developed.
Table 20

Table 21

No. of contact points per average pressure paper (~540 cm2)
Test

Left rail

Middle

Right rail

Far right

Test S1

26

16

23

9

Test S3

27

11

21

8

Percentage contact area at the bearer/ballast interface, low pressure papers
(sensitive to pressure > 10 MPa)
Test

Left rail

Middle

Right rail

Far right

Test S1

1.96

0.52

1.36

0.30

Test S3

2.17

0.49

0.75

0.14

Summary of lab testing
The analysis of the resilient and permanent bearer deflections suggests that the ESC allowed for
relative translation and rotation between the bearer parts, which are restricted by the continuous
bearers. The behaviour of the FMS was closer to that of the continuous bearers but small differences
were present, although the causal mechanism for these small differences was unclear owing to
difficulty in determining how the FMS joint behaved. The metal portion of the joint is potentially of
greater bending rigidity than the continuous bearer. However, the assembly includes rubber insertions
at the bearer ends and plastic sheaves for the bolts that may provide a certain degree of deformability
in certain degrees of freedom. As the behaviour of the modular design with FMS is more similar to that
of the continuous bearer than that of the modular bearer with ESC, it is believed that the FMS provided
a bending stiff connection. However, in the field the behaviour is more complex and there are further
complications to comparing bearers with each other that would be located in different relative
positions in the full modular assembly. Nevertheless some useful insights have been gained.
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In terms of permanent settlement it would normally be concluded that reducing this would potentially
improve long term performance of track as this should reduce the development of differential
settlement. This would tend to favour the continuous or FMS bearers. However, consistency of
resilient response is also important and this would tend to favour the ESC bearer. At this stage of
testing some interesting trends have been identified but further laboratory testing, field
instrumentation and trials of alternate S&C bearer designs are recommended.
The test results presented may also be used to calibrate numerical models including representations
of the full S&C assembly to further evaluate the interaction between rails, bearers and joints.
Long bearer simulation
To further supplement the laboratory testing and to provide further insights into relative bearer
performance static simulations were carried out using a finite difference model based on a 2D beam
on elastic foundation formulation to assess bearer deflections with different joint conditions.
Simulations were applied to mimic the initial laboratory conditions.
The principal features of the finite difference implementation are that it allows for a variable bending
stiffness along the bearer length and variable support stiffness, the principles of the model were
described in IN2TRACK D2.1.
A joint was modelled by locally modifying the bending stiffness (which is related to rotational stiffness).
Although the model is capable of varying the support stiffness in these simulations this was kept
uniform at 33 MN/m. 50 kN loads were applied at each rail seat. The support stiffness modelled (33
MN/m) is a modulus along the bearer length and is not the same as values of track stiffness normally
defined. An approximate conversion to a uniform along-the-track spring stiffness could be
obtained by multiplying by the sleeper length and dividing by the sleeper spacing. It would also be
usual along the track to divide by the number of rails, giving results “per sleeper end”. This would
convert the 160MN/m along the bearer to a spring stiffness of 96 MN/m per railseat along the
track. This value may be higher than values normally encountered/quoted in standards along plain
line but is a consequence of the greater bearer length compared with plain line and is also found
necessary in the simulation to match approximately the laboratory deflection magnitudes which
favour the loaded bearer end.
An iterative routine was incorporated to replicate a reduced resistance to uplift (no tension) should
the bearer begin to lift from the unloaded level (zero deflection), this routine allowed for modification
of the support stiffness locally (which operates positively and negatively) to a near zero value should
uplift occur. A self-weight term was also included to provide some initial resistance to uplift. The
inclusion of self-weight (massed) in Figure 132 slightly resisted the uplift at the bearer end. The
significance of this might differ for other bearer lengths.
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Figure 132 Beam deflections with and without self-weight to resist uplift.
Simulation cases
Six simulation cases based on different idealised joint conditions were developed and tested, based on
the laboratory bearers tested - a continuous bearer, a shrouded bearer (FMS) and the dynamically
isolated coupling (ESC).
For the cross sections of the modular bearer and the fixed shroud, a young’s modulus of 210 GPa for
steel and 32 GPa for concrete was assumed. The shroud is 50 cm wide and has eight bolts arranged in
two square patterns of 4 bolts at 90 mm centres, the two patterns are at 280 mm centres. The elastic
sleeper coupling is an elastomer and steel sandwich coupling element that joins the bearer elements
using a single bolt at either end of the coupler. The bolts are at 280 mm centres. The bending stiffness
(EI) of a long bearer is approximately 6 MNm2 and of the shroud is 10 MNm2 about their respective
neutral axes. Using the parallel axis theorem the bending stiffness rises to about 16.4 MNm2 if the
shroud and bearer are assumed to act as a composite section at the joint. This implies that if the shroud
was perfectly joined to the beam it may act as locally stiffer. However, in reality it is unlikely the shroud
and bearer will behave as a perfect composite section and with wear there may be local loosening of
the bolts leading to rotation of the bearer ends within the shroud.
The six cases and what they were intended to represent are summarised in Table 22. The sections of
beam where the bending stiffness has been modified are indicated in Figure 133.
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Table 22

Summary of simulation cases

Case
1

Modification
Continuous EI

Idealisation
Continuous beam

2

Increased EI along length of shroud

Perfect composite section

3

EI reduced to 1/8th at both bolt patterns

4
5
6

Loose bolts for shroud or pinned
behaviour for dynamically isolated joint
EI reduced to 1/1000th at both bolt patterns
Very loose bolts for shroud or pinned
behaviour for dynamically isolated joint
EI reduced to 1/8th between bolt patterns
Reduced capacity in shroud or soft
coupling element
th
EI reduced to 1/1000 between bolt patterns Very reduced capacity in shroud or very
soft coupling element

Figure 133 Areas of modified bending stiffness for each simulation case
Simulated deflections
Figure 134 to Figure 136 show the static deflections for the bearers with continuous uniform bending
stiffness and stiffening around the shroud (cases 1 and 2), reduced stiffness around both sets of bolts
(cases 3-4), which gives two short softened sections, and reduced stiffness between both sets of bolts
(cases 5-6) which give a single longer softened section.
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Figure 134 Static deflections under 50 kN rail-seat loads for cases 1 and 2 representing bearers
with continuous uniform bending stiffness and increased stiffness at the joint
Figure 134 shows that any stiffening action from the bearer and shroud working as a composite
structure would have a negligible effect on the static deflections compared to a continuous bearer.

Figure 135 Static deflections under 50 kN rail-seat loads for a 3.8 m long bearer for cases 3 and
4 representing reduced stiffness at the bolt patterns
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Figure 136 Static deflections under 50 kN rail-seat loads for a 3.8 m long bearer for cases 5 and
6 representing reduced stiffness between the bolt patterns
Figure 135 and Figure 136 show that any reduction in stiffness at the joint leads to more rotation and
reduced deflection at that joint compared with a continuous bearer. The increased rotation and
reduced deflection between the rails leads to increased deflection at the left bearer end and slight
reductions in the amount of uplift at the right end. The rotations are more significant in cases 5 and 6
with a longer softer section than cases 3 and 4. This is unsurprising as the reduction in rotational
stiffness depends on the length of the section with a reduced bending stiffness.
Summary of simulations
The simulations were carried out using idealised joint conditions and uniform support conditions,
whereas the laboratory testing deliberately set out to provide some reduced support at one end of the
sleeper. The simulations therefore give insights into behaviour provided a uniform support stiffness
can be provided and the influence of the relative stiffness of any joint present. In comparison to the
laboratory tests the simulations further highlight the importance of the joint in the overall bearer
behaviour.
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4.2.2 S&C geometry & rail profile optimisation
State-of-the-art simulation tools have been developed and used to optimise the wheel-rail interaction
at crossings. The aims were to collect and compare alternative options for the design of switches,
whether they are already in use or are potential combinations of existing features. The object is to
inform the choice of features in developing better designs of switches.
The key developments in relation to whole system modelling were made in the generation and
handling of input geometry for wheel-rail interaction studies as well as developing an efficient
framework for the evaluation of switch design based on predicted overall performance criteria.
Design of experiment - definition
The process of generating the switch geometry data was largely driven by the experience of AFL Ltd.
in designing S&C and in consultation with Network Rail. First 3D design geometries of switch stock rail
assemblies were generated (Figure 137) with consideration for all machining operation required to
achieve the end shape, including the following features:
 Geometry: birds-eye view of the overall layout geometry which can be: intersecting, tangential
or non-intersecting; and having varying overall length and turnout radii
 Rail inclination: vertical, 1/20 or 1/40
 Switch profile and profile transition: defining the switch cutting profile geometry and 3D path
between the toe and run-out position
 Head profile: defining the machined shape (flat and radius or so called-conformal) for the
running surface on the switch rail
 Topping or lowering: defining the cut depth at the toe and distance from the toe to lower the
point (end of switch rail). This can be multi-slope or curved
 The inside headcut (machined interface between stock and switch): this can be augmented
(aug), inset (in), kinematically gauge widened (kgw) or else modified (msr) for example catfersan.
 Toe relief: an additional machining of the tip, not always applied, to modify the angle of
incidence of approaching wheels.
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Figure 137 3D geometry and ‘virtual’ machining operations to achieve switch-stock rails
Out of all the above possible permutations, four work streams or families were identified:
 The GB CV switch extensively studied as a benchmark. It has a 245m intersecting radius and is
vertical.
 The new intersecting GB E switch with 645m radius, 1/20 rail inclination, conformal topping,
augmented, and having similarities to the European 760m radius tangential switch which has
undergone extensive study as a benchmark in previous EU projects.
 The tangential DB 1200m radius switch which has a UIC geometry and a 1/40 rail head profile
and is very similar to a new GB SG switch which has a tangential 1178m radius and 1/20 rail
inclination.
 At the high speed end there is a 3000m radius UIC geometry. GB has a design of 3000m radius
switch, NR60 H, augmented and with 1/20 rail inclination and a clothoidal switch entry.
These four families are hereafter identified as 1CV, 2E2, 3DB and 4H1 and Figure 138 illustrates the
different variants investigated for each family, with increasing turnout length/radius along the spine;
options varying the switch outside headcut above the spine and options varying the switch/stock
interface below the spine. Table 23 list the same providing more details of each of the options applied
to each switch and data set generated for the study.
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Figure 138 Spine diagram of the switch families and options studied
Table 23 Table of all families and options considered for simulation
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Simulations
In order to be able to simulate all turnout designs defined previously, an automated process was
designed to convert the 3D data (IGES) produced by AFL in a format (2D) cross sections found in the
Appendix) ready for use in commercial multibody dynamic simulation software, VI-Rail in this case. All
processes were developed as a series of Matlab routines. This included steps such as automatic
detection of switch-stock interface to ensure continuity of data along the horizontal independent axis
(strictly monotonic increasing), removal of sharp edges, smoothing using surface equidistance cubic
spline interpolation, and final resampling. An example of input geometry is shown in Figure 139.

Figure 139 Example switch input 2D geometry for MBS simulation showing area where 3D online
interpolation takes place.
An automation process driven using Python codes was developed around the MBS software VI-Rail to
enable efficient and automated handling of the input and output data for S&C analysis. This software
was chosen for its particular efficient handling of non-Hertzian and multiple contact which is crucial
for S&C applications. It also uses an on-line contact calculation routine where input rail profiles are
recalculated at each time step. The same is available in Simpack used elsewhere in this deliverable.
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Figure 140 Multiple non-elliptical contact in VI-Rail showing three distinct contact locations on
switch-stock rail (right hand side)
The track model used for the simulation is the standard 7 degrees-of-freedom (d.o.f.) co-running track
model with slightly modified parameters to better account for varying track properties in the switch
panel (Figure 141). These values were previously used in the In2Rail WP2 project in D2.6 and were
deemed appropriate in the context of rail geometry comparative study, however more accurate input
parameters could be achieved by tuning against track measurement or a detailed Finite Element
model.

Figure 141 Seven d.o.f. co-running track model used
A total of 1752 simulations were carried out and data collected for these. This included consideration
for travelling direction (through/diverging, facing/trailing), vehicle speed, vehicle types (locomotive,
multiple unit and laden freight bogie container wagon), range of new and worn representative wheels
(7 types for the freight in particular, including one hollow wheel shape), variation in primary yaw
stiffness for the multiple unit. This is illustrated in Figure 142 also showing the quantities of interest
generated regarding safety, rail damage, track forces and passenger comfort. Note that wheel-rail
friction coefficient was fixed at 0.35 for all cases and no consideration was given in this case for other
track geometry deviation (gauge, alignment or horizontal irregularities) thus only assessing the pure
intended design performance.
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Figure 142 UoH/AFL switch simulation scheme
Initial kinematic analysis
An initial purely kinematic analysis was carried out using reference wheels S1002 with the aim to detect
the first point of contact with the switch toe and the departure from double point contact (full load on
switch rail) further along the headcut. This is reported graphically in Figure 143 with the x-axis showing
the turnout radius and the y-axis the lateral position of contact on the switch rail (zero being the gauge
corner point). Some observations are made as follow:
 Switch profiling by means of a simple re-radius returns a point of load transfer forward of the
middle of the headcut (1CVa) and even closer to the toe (1CVd-in).
 Conformal headcut machining as used in conformally-modified CV switches as well as in all three
contemporary designs moves the transfer point rear of the three-quarter position, where the
switch rail head is wider.
 Some higher and/or shorter topping configurations (1VC9, 2E2a-vc1in3) lie in between.
 Augmented, inset and kinematic gauge widening configurations are wider still and therefore
should be more robust.
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Figure 143 Estimated (graphical) first and last shared contact
Dynamic simulation results – time histories
The initial results were investigated using the time history of forces on the switch-stock assembly (Bdyn)
and of track shifting forces (∑Y2m). Both these indicate potential for rail break / fixing damage and track
alignment degradation respectively. Figure 144 and Figure 145 show both output for CV/E2 and DB/H1
families respectively. Note the effect of the 2m sliding mean filter on the ∑Y2m graph. The x-axis is the
normalised distance with respect to the length of the switch-stock component, to allow a direct
comparison across the different families. Both trailing and facing results are shown and the thick black
line are for the family reference design. Only results for the leading axle of the locomotive in diverging
direction are shown.
All switches are simulated on non-canted track and slight variations in effective cant deficiency result
from the maximum turnout speed as calculated in Table 24, showing an increase for the DB and H1
switch, inversely proportional to turnout radius.
Table 24

Cant deficiency for each switch family

Turnout family >

CV

E2

DB

H1

Radius (m)

245

646

1200

3000

Turnout Speed (km/h)

40

64

96

160

Cant-deficiency (mm)

77

75

91

101

cd calculation from PWI Track Handbook: cd = 11.82 V^2 / R

GA H2020 730841

D2.2

Page 162 of 400

IN2TRACK

Core S&C Issues

Figure 144 Track forces time histories - 1CV (top) and 2E2 (bottom) variants
The following are observed:
 All switches generate significant dynamic load factors in the facing (1.23-1.35) and trailing (1.281.39) direction.
 In the facing direction the dynamic load increases suddenly on 1st contact with the switch within
a range of 0.2 to 0.4 of the normalised length from toe to back of headcut.
 In the trailing direction, the higher curving steady state forces are sustained and further
increased towards the toe.
 Dynamic loads generally decrease with increasing turnout length, with the exception of the H1
design in trailing direction.
 Additional short transient loads are observed near the toe (trailing direction) and towards the
back of the headcut (facing) due to the load transfer from stock to switch and vice versa.
 All analysed optional variations lead to only small changes in the force histories where high
frequency transients are expected, essentially in the area of the two load transfer. The kgw
applied to the E2, DB and H1 switches show some higher forces. This is because kgw is optimised
for straight running, consequently these diverging cases suffer somewhat.
 Track shifting forces are high in the facing direction from around half way of the normalised
distance from toe to back of headcut, while in the trailing they are highest at the toe. In the first
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case this potentially leads to issues of alignment in the region where the switch rails are not
necessarily well constrained/locked to the stock rail, and in the latter case in a region potentially
disrupting the ALD operation.

Figure 145 Track forces time histories - 3DB (top) and 4H1 (bottom) variants

Figure 146 Peak values for dynamic load factor (left) and track shifting force (right)
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Dynamic simulation results – Rail damage
Cumulative contact pressure and wear/RCF plots have been produced for all diverging routes cases
(see Appendix), showing expected contact bands and level of damage along the switch-stock
component for each simulated switch. Clear differences can be observed between usage (facingtrailing), between families and between design options within a family.
For example, it is clearly demonstrated than in trailing diverging direction there is substantial contact
pressure and wear from the leading axles, all the way to the tip of the switch and that severe contact
occurs in the gauge corner of the stock rail in that area as well. This coincides with observed cracked
tips and lipping on the stock rail. In the facing direction, taking the example of CVa, the switch tip and
early stock rail are well protected and beyond the 1st contact point dominated by wear. In the trailing
direction however, wear carries on further towards the tip of the switch and in the gauge corner of the
stock rail. Some RCF is also apparent as the contact on the stock rail first appears and as it shifts
towards the gauge corner nearer the toe.
The conformal profile appears to have a significant effect on the length over which the load sharing
with the stock rail occurs, and how the lateral steering loads are taken up by the switch rail. Generally,
the wear is more evenly spread along the stock rail and the back of the switch and some very local RCF
damage might be eliminated through evenly spread wear. This highlights an important area where fine
tuning might help reduce pressure on the switch gauge corner and help distribute loads and damage
on the switch and the stock rail. A range of options are available between simple re-radiused and
conformal radii.
Relative performance assessment and value analysis
Comprehensive plots showing variations of all assessment quantities maximum values were also
produced, as a function of the three vehicle groups. An example is shown in Figure 147 (left), showing
the mean value (coloured bar) and standard deviation (error bar) for each group. The error bar relates
to the variations seen with wheels as the example shown in Figure 147 (right) with a break down for
all cases.

Figure 147 Example of multi-vehicle parameter bar plot (left) and full scattered plot (right)
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It is possible to propose a comprehensive performance value analysis of all the different switch options
based on the analysis carried out here. An example is shown hereafter of how this process might work
assuming the full set of results generated can feed into a decision support tool on best fit for purpose
design. Each assessment criterion is used and weighted to give a normalised score for each switch
option. Different scenarios can be assessed depending on intended use (through/diverging,
facing/trailing) and priorities of the end user in terms of safety, maintenance and passenger comfort.
Three different scenarios are presented below. Best performing solutions have the lower total score.
Background data is normalised for each route and for each assessment output based on mean plus an
agreed number of times the standard deviation.
Many of the variants are ‘starting points’ and further work would help find the optimal configuration
for each switch or type/combination of traffic, whereupon a second scoring should be done.
The scenarios are defined as follows:
 Scenario 1: Reasonable spread across all assessment criteria categories with slight accent on
lowering rail damage. Switch only used in through-facing direction
 Scenario 2: Mostly freight traffic in diverging direction. Accent on track maintenance and rail
damage while maintaining safety. Switch only used in diverging facing direction
 Scenario 3: Good spread across all assessment categories with slight accent on rail damage.
Switch equally used in through/diverging and facing/trailing direction
Weighting assessment values =>
#

Designation

Geometry

size (m)

1
5
8
9
10
13
16
17
20
21
22
23
26
28
29

1CVa
1CVb-cf
1CVc-cfaug3
1CVd-in
1CVd-incf
2E2a
2E2a-vc1in3
2E2b-kgw
3DBa
3DBb-aug3
3DBc-aug6
3DBd-kgw
4H1a
4H1b-aug6
4H1c-kgw

intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
tangential
tangential
tangential
tangential
non-intersecting/cloth
non-intersecting/cloth
non-intersecting/cloth

245
245
245
245
245
646
646
646
1200
1200
1200
1200
3000
3000
3000

weighting

St. Deviation =
direction | Through =
direction | Diverging =
direction | Facing =
direction | Trailing =

1
100%
0%
100%
0%

10%
SumY
0.65
0.70
0.70
0.60
0.62
0.61
0.46
0.54
0.94
0.94
0.94
0.87
0.87
0.87
1.00

25%
Y/Q

5%
Acc

0.41
0.33
0.33
0.41
0.21
0.31
0.23
0.27
0.88
0.88
0.88
0.78
0.93
0.93
1.00

0.47
0.48
0.48
0.38
0.43
0.43
0.32
0.42
0.76
0.76
0.76
0.75
0.79
0.79
1.00

5%
Accrms

10%
Jerk

0.66
0.78
0.78
0.59
0.70
0.60
0.47
0.58
0.95
0.95
0.95
0.86
0.83
0.83
1.00

0.63
0.72
0.72
0.47
0.57
0.68
0.54
0.43
0.77
0.78
0.78
1.00
0.72
0.72
1.00

20%
Tg
1.00
0.88
0.88
0.80
0.61
0.28
0.16
0.24
0.66
0.66
0.66
0.62
0.44
0.44
0.59

15%
Fi-surf

10% check:100%
Bdynmax Total Score

0.90
0.51
0.51
1.00
0.34
0.23
0.13
0.20
0.57
0.57
0.57
0.54
0.29
0.29
0.44

0.92
1.00
1.00
0.89
0.95
0.89
0.83
0.89
0.87
0.87
0.87
0.87
0.83
0.83
0.85

0.72
0.64
0.64
0.66
0.50
0.44
0.33
0.38
0.78
0.78
0.78
0.76
0.69
0.69
0.82

weighting used per category:
Track forces = 20%
Safety = 25%
Passenger comfort = 20%
Rail Damage = 35%

Scenario 1:
reasonnable spread across all category assessed, with slight accent on rail damage
Switch only used in THROUGH FACING direction

Figure 148 Scenario 1 performance/value analysis
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Weighting assessment values =>
#

Designation

Geometry

size (m)

1
5
8
9
10
13
16
17
20
21
22
23
26
28
29

1CVa
1CVb-cf
1CVc-cfaug3
1CVd-in
1CVd-incf
2E2a
2E2a-vc1in3
2E2b-kgw
3DBa
3DBb-aug3
3DBc-aug6
3DBd-kgw
4H1a
4H1b-aug6
4H1c-kgw

intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
tangential
tangential
tangential
tangential
non-intersecting/cloth
non-intersecting/cloth
non-intersecting/cloth

245
245
245
245
245
646
646
646
1200
1200
1200
1200
3000
3000
3000

weighting

St. Deviation =
direction | Through =
direction | Diverging =
direction | Facing =
direction | Trailing =

20%
SumY
0.96
1.00
1.00
0.94
0.99
0.83
0.80
0.83
0.82
0.82
0.82
0.81
0.78
0.78
0.77

25%
Y/Q

5%
Acc

0.94
1.00
1.00
0.92
0.99
0.89
0.87
0.91
0.80
0.80
0.80
0.80
0.68
0.68
0.69

1
0%
100%
100%
0%

0.80
0.79
0.79
0.78
0.78
0.75
0.77
0.77
0.84
0.83
0.83
0.83
1.00
1.00
0.98

0%
Accrms
0.68
0.66
0.66
0.68
0.65
0.64
0.64
0.64
0.75
0.75
0.75
0.75
1.00
1.00
1.00

0%
Jerk
1.00
0.97
0.97
0.92
0.95
0.79
0.85
0.80
0.76
0.76
0.76
0.77
0.47
0.47
0.46

20%
Tg
0.89
0.98
0.98
0.87
1.00
0.60
0.50
0.60
0.41
0.41
0.41
0.42
0.20
0.20
0.19

15%
Fi-surf

15% check:100%
Bdynmax Total Score

0.79
0.97
0.97
0.76
1.00
0.82
0.73
0.85
0.69
0.69
0.69
0.71
0.33
0.33
0.34

0.95
1.00
0.99
0.98
0.99
0.89
0.88
0.89
0.87
0.87
0.87
0.87
0.79
0.79
0.79

0.91
0.98
0.98
0.89
0.98
0.80
0.76
0.81
0.72
0.72
0.72
0.72
0.58
0.58
0.58

weighting used per category:
Track forces = 35%
Safety = 25%
Passenger comfort = 5%
Rail Damage = 35%

Scenario 2:
Assuming mostly freight traffic diverging, accent on track maintenance and rail damage while maintaining safety
Switch only used in DIVERGING FACING direction

Figure 149 Scenario 2 performance/value analysis
Weighting assessment values =>
#

Designation

Geometry

size (m)

1
5
8
9
10
13
16
17
20
21
22
23
26
28
29

1CVa
1CVb-cf
1CVc-cfaug3
1CVd-in
1CVd-incf
2E2a
2E2a-vc1in3
2E2b-kgw
3DBa
3DBb-aug3
3DBc-aug6
3DBd-kgw
4H1a
4H1b-aug6
4H1c-kgw

intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
intersecting/secant
tangential
tangential
tangential
tangential
non-intersecting/cloth
non-intersecting/cloth
non-intersecting/cloth

245
245
245
245
245
646
646
646
1200
1200
1200
1200
3000
3000
3000

weighting

St. Deviation =
direction | Through =
direction | Diverging =
direction | Facing =
direction | Trailing =

1
50%
50%
50%
50%

10%
SumY
0.79
0.85
0.88
0.82
0.85
0.71
0.61
0.63
0.80
0.83
0.83
0.80
0.78
0.74
0.74

25%
Y/Q

5%
Acc

0.67
0.78
0.80
0.72
0.77
0.62
0.54
0.57
0.71
0.68
0.68
0.66
0.65
0.64
0.66

0.71
0.77
0.79
0.73
0.75
0.63
0.58
0.58
0.78
0.73
0.73
0.69
0.79
0.75
0.78

5%
Accrms
0.70
0.74
0.75
0.68
0.74
0.56
0.52
0.51
0.68
0.71
0.71
0.65
0.72
0.80
0.84

10%
Jerk
0.67
0.85
0.87
0.71
0.67
0.57
0.55
0.53
0.73
0.59
0.60
0.63
0.51
0.44
0.49

15%
Tg
0.66
0.90
0.93
0.82
0.86
0.49
0.33
0.37
0.45
0.40
0.40
0.39
0.28
0.21
0.24

15%
Fi-surf

15% check:100%
Bdynmax Total Score

0.69
0.71
0.76
0.93
0.71
0.51
0.42
0.44
0.53
0.48
0.48
0.47
0.31
0.22
0.26

0.89
0.99
0.99
0.95
0.95
0.90
0.86
0.89
0.88
0.86
0.86
0.86
0.84
0.81
0.81

0.72
0.83
0.85
0.81
0.80
0.63
0.55
0.57
0.68
0.65
0.65
0.63
0.58
0.54
0.57

weighting used per category:
Track forces = 25%
Safety = 25%
Passenger comfort = 20%
Rail Damage = 30%

Scenario 3:
Good spread across all category assessed, with slight accent on rail damage
Switch equally used in THROUGH/DIVERGIN and FACING/TRAILING direction

Figure 150 Scenario 3 performance/value analysis
As a result, it is interesting to see that the above scenario might influence the choice of both family
and options within a family. For example for scenario 1, E2 is clearly a preferred option, while for
scenario 2 and 3 the longer DB and H1 are preferred. Although variation within a family is less
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pronounced, there are certain gains to be had by selecting certain options over others. For example in
scenario 1, E2a-vc1in3 offer much lower score than the base option E2a.
By building such a database as done in this project, the decision process could be improved and
renewals de-risked.
Recommendations
Our recommendations for building upon the foundations laid by this work are as follows:
 Investigate further the inset switch including whether the conformal topping should be
'sharper' and/or ‘higher’;
 Consider wear effect on the above, starting from a site specific validation analysis;
 Check and review previous kgw work and fully document the behaviour for CV
through/diverging route applications;
 Add stock rail modification (msr, e.g. Catfersan) to the suite of studies.

In terms of whole system modelling enhancement, the following need to be investigated and
improved upon:
 Investigate the effect of varying support along the switch panel and asymmetrical track
properties calibration. Recommend a calibration process and/or appropriate calibrated input
properties;
 Investigate the effect of separating the switch and stock rail, as well as their support stiffness
to investigate their relative movement and effect on load sharing and damage, including the
effect of shallow depth and full depth switch;
 Investigate resistance to wear and rolling contact fatigue by processing existing results with
enhanced damage models, based on material testing carried out IN2TRACK WP3 by the
University of Huddersfield and progress from other partners. Compare with practical
experience from NR and consult with other partners such as SNCF. Develop the proposed
decision tool framework based on consolidated damage indices and specific application case in
discussion with NR plans for renewal.
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4.2.3 Influence of rail lubrication and rail grinding on S&C degradation
Section 4.1.8 in deliverable D2.1 “influence of machining profile and rail grade in the initiation of flaking
defects in switch blades” described a rolling contact fatigue (RCF) defect which initiated at the
intersection of grinding facets:

Figure 151 Flaking defect on a switch blade
This defect was similar to other flaking defects already observed on Vignole rails in plain track and
described in IN2TRACK deliverable D3.1, “Influence of rail hardness, grinding and lubrication on the
initiation of flaking defects”.
The initiation mechanisms are:




A linear area on the rail surface, at the intersection between 2 machining facets experiences high
stresses during a long period of time for the following reasons:
o the machining rail profile is not conformal with the mean worn wheel profile and leads to
a localised wheel-rail contact (at the intersection of the grinding facets shown by the
arrow and above)
o lubrication is heavy, so the conformation of the rail profile to the wheel profile is slow
(very low wear), and the wheel-rail contact remains localised for a long time
o the rail hardness is high, so the adaptation of the rail profile to the wheel profile is slow
(very low wear and plastic deformation), and the wheel-rail contact remains localised for
a long time.
This area will thereafter be prone to fatigue and cracking. Cracks will initiate on the rail surface
and subsequently develop into flaking defects.

The rail maintenance recommendations to avoid flaking defects were described in IN2TRACK
deliverable D3.1 chapter 6.3 “grinding and lubrication quality”. They are:




Grinding practices (machining practices in the case of new S&C rails) do not introduce large
facets on the active gauge corner
Care must be taken to avoid deep grinding marks on the active gauge corner
A minimum amount of lubricant is applied (no over-lubrication of the active gauge corner).
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No limit values for facet width and grinding mark depth can be given now. All these
recommendations are especially important for hard rails. These defects were observed in tracks with
abnormal machining / grinding and lubrication conditions. With standard practices these defects will
not initiate.
Switch blade degradation and grinding maintenance
The data shown in this chapter are the result of a study performed in the Lötschberg Base Tunnel
(Switzerland), a high speed line in operation since 2007. Of 35.7 km tunnel length, about 20 kilometres
are equipped with only one track. To take maximum advantage of the infrastructure under these
boundary conditions, the operation of high speed switches is mandatory and makes these systems
critical assets for the overall availability. Within the tunnel there are 3 high speed switches with speeds
of 180 km/h, 160 km/h and 120 km/h in the diverging direction as shown in Figure 152. These turnouts
are exposed to about 25 MGT per year with freight trains running either at 22.5 tons axle load at 120
km/h or 20t at 100km/h and passenger traffic running at 200km/h.

Figure 152 Section of the Lötschberg Line including station Frutigen and the connection to the
Lötschberg Summit Tunnel (to Kandergrund). The Lötschberg Base Tunnel and the
turnouts W34, W44 and W60 are shown with velocities used in current operation.
The base tunnel has been homologated for 250 km/h.
At early stages of commercial operation, the switch blades of these turnouts had only a lifetime of
about 18 months when exposed to trains running at 180 to 200km/h. The two switch blades used at
120 and 160km/h showed significantly longer lifetimes and were not changed within 11 years of
operation.
The switch blades initially installed were of R260 steel grade but homologation of R350HT for the Swiss
market was pending at that time. Therefore, the turnouts were included as test objects. As a part of
this procedure, the Swiss Federal Office of Transportation required a detailed documentation of the
degradation process for the new steel grade. A portable system was set up to take pictures at visible
and ultraviolet wavelength using magnetic testing (Figure 153). Manual repositioning with an accuracy
of 1mm was achieved to build up series of images for direct comparison of single cracks. The tool and
the necessary logistics were optimised to capture 90 spots on three switches within 7 hours (maximum
shift length in the base tunnel).
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Figure 153 Equipment built for S&C inspection and documentation. Spots to be studies are
prepared by magnetic testing (MT). Photos are taken subsequently under visible
and ultraviolet light. Series of photos taken over months and years can be stacked
to quickly show the growth of defects, as the positioning precision of the
equipment is in the range of 1mm.
The benefit of using R350HT was already known, and its performance in comparison to R260 could
quickly be confirmed. However, starting with 18 months lifetime at 6 months grinding cycles, an
extension by a factor of two or three was still not sufficient. Therefore, and with very detailed data
from the homologation process at hand, maintenance procedures and results were thoroughly
investigated. It was quickly found that cracks were mainly forming in the transition zones of the switch
blades (Figure 154).
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Figure 154 Basic geometrical information on switch blades: a) view top down, b) cross section
and c) height profile (side view). The transition zone is exposed to the highest
dynamic forces and typically crack formation due to low cycle fatigue can be
observed first in this part of the switch blade. d) shows the deviation from the initial
geometry c) resulting from uneven material removal along the switch blade and/or
the stock rail.
As little information on construction details of switch blades has been available at the infrastructure
manager as well as at the grinding companies, there were maintenance rules actively omitting the
grinding of transition zones at the beginning of the study. With the help of the switch constructor, this
gap was closed and the zones to be ground were extended in steps starting at the root side of the
switch blades.
However – with the stock rail being ground completely every 6 months but the blades being only
maintained with stepwise extended sections, a mismatch in relative height was resulting. This directly
transforms into a shift of the transition zone of the wheel towards thinner sections of the blade,
provoking even higher stresses and shifting of the crack formation zones. As expected, a spot check
confirmed the problem of the mismatch in the height profiles in conventional switches.
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Closer investigation of the VIS and UV pictures also showed how critical the local contact geometry can
become if the wheel/rail interaction brings highest loads to such zones. Three cases are described
subsequently.
Facets / pre-existing defects

Figure 155 Cross sections of switch blade LBT W44L with a width of 20, 30,40 and 54mm @ 14mm below top of rail. Measurements taken July 9th (pre) and September 19th
(post). Scale in [mm]. The gap between fastening and foot of the switch blade is not
corrected but is <=0.1mm.
With the limited number of grinding stones available, the cross section after grinding maintenance
looks like a polygonal chain. Minimum requirements are only defined for normal rail profiles to ensure
that the size and the position of the facets remain close to the target profile. The continuously changing
profile of the switch blades adds another challenge to re-establish the intended cross sections.
Two failure modes were identified. First, large facets can lead to extreme forces and local plastic
deformation if the wheel-rail contact is running on the edge between two facets. Fast crack formation
is inevitable. Second, if the damage is not removed completely the combination of pre-existing defects
and a sharp edge of the newly formed facet leads to even higher degradation rates. Such an example
is shown in Figure 156, where spalling occurred within approx. two weeks (35,000Te/day, up to
200km/h).
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Figure 156 Photo top left from October25th; Photo bottom left and right: November 15th.
Scale in [mm]; LBT W60; Sleeper 50; Steel grade R260.
Grinding feature after severe oscillation of grinding stones
Grinding stones and related parts of the grinding machine are exposed to high loads. In particular
strongly worn stones may run unbalanced. This may result in a ground surface sometimes referred to
as “fish-belly patterned”.
If such surface features are lying within the wheel-rail contact zone, local damage rates can be
massively higher. This may lead again to pre-existing defects hard to detect and must be corrected by
the maintenance staff in an early stage.
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Figure 157 Top/left picture shows a fish-belly-pattern that can be aligned with RCF patterns
months later even after grinding. Timeline: Grinding in April. Inspection on Aug.
23rd (photos top row). Subsequent grinding on Dec 20th. The resulting damage
(photos bottom row, inset) was documented on July 25th of the following year.
Grinding notches leading to crack formation
Despite the better material properties of R350HT in comparison to R260, even grinding notches can
be the starting point for cracks leading to premature change of the switch blade if not detected early
enough. See pictures in Figure 158.
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Figure 158 Timeline: Grinding in April. Inspection on Oct. 17th (photos top row). Subsequent
grinding on Dec 20th. The resulting damage (photos bottom row) was documented
on July 24th of the following year.
Countermeasures
Additional information on part geometry and feedback on the previously described damage patterns
was provided to the suppliers. As a result, a better monitoring of the grinding process could be
installed. The procedure was further optimised using AlOx/ZrOx grinding stones with a maximum grain
size reduced from about 1.3mm to slightly below 1mm. However, for a complete assessment of the
resulting surface, several additional parameters must be taken into account (e.g. grain size distribution
and hardness or the applied pressure). This approach combined with R350HT steel grade leads to a
maintenance cycle of approximately 18 months – the same time as the typical lifetime of switch blades
in R260 before optimisation.
Conclusion
High speed switch blades are a good object for studies on degradation procedures due to comparably
high load. It was found that keeping the transition zone (relative height of stock rail and switch blade)
and a qualitatively reasonable cross section is mandatory to take advantage of the benefits of R350HT.
All material suffering from RCF must be removed in time and aggressive contact geometries must be
avoided. Within the six years where grinding of the full length of the transition zones with optimised
quality is ensured, no switch blades had to be changed in the Lötschberg Base Tunnel.
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4.2.4 Proposals for enhanced rail grades in S&C
The typical processes involved in manufacturing switches and crossings range from relatively simple
cutting and drilling operations through to machining and pressing operations and finally more complex
procedures which are likely to affect the metallurgy of the rail steel such as forging or flash-butt
welding.
For the purposes of this evaluation we have considered R400HT, B360 and HP rail as new grades; and
have included examples of qualification testing that has been carried out on these grades.
Manufacturing studies have shown that the rail grade has little impact on operations such as cutting,
drilling and machining although the hardness of the material may have some effect on the life of the
cutting tools used and speeds and feeds of the milling and planing machines often have to be adjusted
to account for the increased hardness or special properties to guarantee a good surface finish of the
machined surface.
The rail pressing operation is also largely unaffected by the steel grade once the key parameters have
been established. There may be occasions, however, (e.g. rail twisting and tight radii/setting of rails)
when heat has to be applied to the rail to assist with this. As some rails (e.g. HP) can have their structure
affected adversely by this heating; careful controls should be implemented to ensure excess heat is
not introduced into the rail.
As previously stated it is during the flash butt welding and forging operations that the metallurgy of
the rail steel has the most impact.
The forging process is used extensively in the manufacture of switch blades where, typically, an
assymetric (shallow depth) section (eg CEN60E1A4 or CEN54E1A1) is heated to around 1000 degrees
Celsius and forged to the shape of the full depth rail that is used to manufacture the rest of the turnout.
In many cases this forging is then flash-butt welded to the full depth rail profile.

Figure 159 Shallow Depth Rail Section
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Switch rail forgings grade R400HT
At voestalpine VAE switch rail forgings were done on grade R400HT switch rails. The tests were
focussing on surface hardness and metallurgy with the following main tasks:
 The rail surface hardness shall be as even as possible and in the range of the base material
 The micro structure shall be of pearlitic micro structure.
Special care has to be taken at the heat affected zone and transition between forged part and parent
rail. Figure 160 shows the surface hardness range measured along the forging.

Figure 160 Surface hardness of switch rail forging, micro structure of the heat affected zone
The micro structure of the heat affected zone is fully pearlitic.
The flash-butt welding process is also extensively used in the manufacture of cast austenitic
manganese (AMS) steel crossings. Since it is not possible to directly weld rail steels to manganese steel
a ‘stainless insert’ is employed as an interface between to the two materials being welded (tri-metallic
welding). This means that a typical crossing weld will comprise two welds; AMS to stainless and
stainless to rail.
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Figure 161 Typical crossing weld
For the purposes of this evaluation we shall predominantly concentrate on the effects of the stainless
to rail weld.
R400HT Rail Grade
Vossloh Cogifer have started preliminary tests for rail to rail flash butt welding (switch rail applications)
using the rail profile 54E4.
For this rail grade, the current European standard EN14587-1 for flash butt welding qualification gives
no criteria. But the PrEN14587-1 of this norm defines following:
For the rail grades R320Cr, R350HT, R350LHT, R370CrHT and R400HT the minimum and maximum
hardness values obtained within 8 mm each side from the weld line shall conform to the requirements
stated in Table 25.
An isolated hardness value falling outside of the stated minima and maxima is permitted only when
found at the weld centre line.
Table 25 Minimum and maximum hardness requirements for individual rail steel grades
Hardness
HV30

R320Cr

R350HT

R350LHT

R370CrHT

R400HT

Min

290

325

325

350

350

Max

380

410

410

425

440
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Preliminary welding tests with two different programs have been undertaken by Vossloh and at this
time the macro examination (in accordance with the PrEN14587-1.) and hardness tests have been
made.
For the hardness test we have seen a big influence from preheating and post heating parameters.
Below the results of the hardness test measurement on two welds made with two different programs.

Figure 162 Hardness Test Results
The result in blue is not conforming. In red, the result is conforming, but the values are close to the
minimum tolerance therefore a compromise must be found prior to entering full production
manufacturing.
B360 Rail Grade
Vossloh Cogifer is using this grade for forged switch blades and movable points for crossings for SNCF.
The performance on track is considered as very good because there is no rolling contact fatigue.
VCSA is qualified for the forging of this rail grade as per SNCF CT IGEV 008 with hardness tests on the
top of rail between 300 and 400HB.
In 2004 Vossloh Cogifer started flash butt welding trials between B360 60E1 and Cast AMS steel. The
macrographic and micrographic examinations as shown below are conforming to current standards
with no cracks or flat spots being detected.
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Figure 163 Hardness Test Results
On some areas, pure martensite is visible with hardness of 550HV1. The Graph below (Figure 164)
details a transverse hardness test below the running surface:
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Figure 164 Result of Hardness Traverse HV30 on Section A
During the qualification testing phase static bend tests are required to be carried out; the typical results
for these tests for B360 grade are detailed below

Figure 165 Static Bend Test Results
It can be seen that the forces at break conform to EN14587-3 but are very close to the minimum
requirement (850kN). The deflections at break are low. Vossloh Cogifer is planning to improve the
results with additional trials with different welding programs.
HP Rail Grade
HP Rail is a metallurgically engineered rail steel developed to address the three main degradation
mechanisms seen on the European mixed traffic railways. The rail steel has a pearlitic structure which
has two distinct phases which needed to be addressed to make a longer lasting rail. The result was the
creation of a steel using traditional techniques of refining the structure whilst at the same time
engineering a softer ferrite phase to contribute to the in-track performance of the rail. The
manufacture of switches and crossing using the HP Steel Grade has been predominantly used in the
UK on Network Rail infrastructure.
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The first Tri-metallic Flash butt welding tests on HP were made in 2014 with testing carried out in
accordance with NR specification RT/CE/S/131. In 2015 improvements to the welding process (more
preheating and postheating energy) were made to increase the width of the heat affected zone and
remove the traces of martensite that were found in the foot of one sample.

Figure 166 Results of tri-metallic flash butt welding
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The Micro examination slides below show that the sample conforms on head and one side of foot, but
some martensitic areas are still evident on foot area. Further tests with higher energy have not
improved the results.

Figure 167 Microscopic examination of steels
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It has also been noted that white phase and micro cracks are easily detected on the rail surface. The
white phase seems to form more easily on HP rail grade. Additionally, the amount of MnS oxides seems
to be high. Due to the forging and the upset, the orientation in the area of flash butt welding can be
unfavourable for the fatigue resistance.

White phase detected on grind rail surface (x400)

White phase and micro cracks (x100)

Non affected rail
Inclusions close to the fusion line on rail bottom.
Figure 168 Micro-examination of rail surfaces
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The Hardness tests that have been undertaken show a maximum hardness of 397HV30 which conforms
to the specific requirement (420HV30 max).

Figure 169 Insert/ Rail Hardness HV30
In conclusion, it is clear that the introduction of new steel grades to switch and crossing components
can introduce a requirement for a great deal of testing and analysis to be undertaken by
manufacturers, particularly in areas such as welding. The work on the 3 new steel grades discussed in
this report will be taken forward and developed further in other future projects.

4.2.5 Continuous support for railway turnouts
MCS development for continuous support turnout.
Vossloh Cogifer started to develop the MCS (modular continuous support) concept 5 years ago.
The modular and continuous support principle was presented in C4R EU project for turnout, and a new
fine adjustable fastening system was developed for Track and tested with the L-Track prototype.
The detailed design, evaluation, and laboratory tests are presented in the two next chapters.
MCS detailed design and evaluation
It is well recognised from many studies (both theoretical and track performance related) that inclined
laying of the running rail has a number of whole life benefits to the track system. The nature of the
continuous support aspect of the system makes it very difficult to carry out the inclination of the rail
by conventional methods when taking the L-Track design forward into a switch and crossing
application.
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To manage the inclination effectively the CEN60E1A4 (60D) section has been chosen which
incorporates a 1:20 inclination rolled into the rail head. Other inclinations (1/30 or 1/40) are also
possible. This rail section is traditionally used as switch blade or in moveable (swing nose) crossings
where inclining the rail would inhibit the movement of the rail.
The CEN60A4 profile is also considerably shorter (142mm as against 172mm on CEN60E1) so
introduces other advantages for the construction/installation of the MSC track and also for the
crossing, as will be described later.

Figure 170 CEN60A4 profile
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Complete turnout schematic

Section through standard rail fixing
The standard rail fixing assembly is updated (for CEN60E1A4) from development of the L-Track
assembly (CEN60E1) and comprises several key components and designs that are in turn used
throughout the whole modular turnout assembly:

Figure 172 Detail of common direct rail seat
Vossloh tension clamp SKL15
The Vossloh KL 15 Tension clamp has a nominal toe load on 8 kN (Max 12kN) and has an established
reputation in slabtrack systems such as the Vossloh System 330 and DFF 300.

Figure 173 Vossloh SKL15 Tension Clamp
Resilient Rail Pad
The resilient rubber rail pad will provide continuous support throughout the length of the rail, with a
nominal track stiffness of around 200kN/mm .
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Vossloh Sdu26 dowel and Ss35 Screw
The Vossloh dowel and screw system has a long history of proven experience in slab track applications
around the world. The dowel is designed to minimise the effects of cracking around the hole while
ensuring the toe load on the tension clamp is maintained.
Lateral Stop plate
The Cast SG iron lateral stop plate is designed to interface with the groove in the concrete surface and
thereby provide lateral restraint of the system ensuring that shear forces are not transferred into the
screw/dowel. The plate has a series of serrations which permit lateral adjustment of the system. The
system will permit +/- 6mm of initial horizontal adjustment for installation and a further +/-4mm of
adjustment for maintenance.
Gauge adjustment plate combination
The 2 moveable plates that serve to facilitate the gauge adjustment will be manufactured from glass
reinforced nylon with one part acting as a traditional angle guide plate to secure the tension clamp
and a secondary back plate to add security to the system.

Adjustable assembly at
minimum setting

Adjustable assembly at maximum
setting

Adjustable assembly with angle
guide plate and tension clamp
omitted for clarity
Figure 174 System adjustability
Rail foot insulating piece
To provide insulation of the system and act as a removable wear piece, a part made from hard plastic
(Polyamid) is provided between the rail foot and tension clamp.
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Sections through switch rail area fixings

Section A-A

Section B-B

Figure 175 Switch sections
The moveable switch rail part is located on a series of modular steel baseplates, for example the TG12
Turnout example provided has 3 plates per half set of switches.
Throughout the moving part of the switch there are two standard fixing arrangements:
Section A-A
This is the section where the steel baseplate is directly fixed to modular concrete base using the same
adjustable SKL15 system as described earlier for the common fixing. The only key difference being the
size of the pad under the baseplate.
The switch and stock rails are laid directly on the baseplate allowing them to slide freely.
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Section B-B
This section shows the area where the CEN60E1A4 stock rail is fastened to the steel baseplate by
means of a cast SG iron bracket and stock rail bolt. The bracket is rigidly secured to the baseplate by
4No Multiple Groove locking pins, a system used extensively on high speed networks such as SNCF.

Section C-C

Section D-D

Figure 176 Switch sections (2)
Section C-C shows the arrangement at the distance block (stop) area of the switch through the
moveable part. Conventional SG iron spacer blocks and bolts are used to maintain the opening
between the switch and stock rail.
The outside (field side) of the stock rail is retained by means of a standard SKL12 tension clamp and
weld on rib system.

Figure 177 SKL 12 tension clamp
This same fastening system is used in the fixed heel area (section D-D) until it is possible to return to
the standard direct fixing system using the SKL15 tension clamp.
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Sections through crossing rail area fixings

Section E-E

Section F-F

Figure 178 Section through crossing area
The check rail, assembled on its support, provides the guidance of the axle when it crosses the common
crossing expansion gap.
The check rail with a fixed nose crossing provides the guidance of the axle when it passes through the
crossing and prevents it from taking an incorrect path in the "expansion gap" area where the contact
area is interrupted. This check rail, which is subjected to violent impacts, is assembled on check rail
supports that may be either dependent (connection with the outer rail of the crossing) or independent
(detached from the outer rail of the crossing).
Vossloh Cogifer recommends this second solution for the MCS system, as such the CEN33 type which
will sit on a cast SG iron independent check rail bracket and is secured with a hexagon nut and bolt.
The whole assembly is fastened to the Modular concrete base by means of a Ss8 Vossloh screw/dowel
system. This is principally the same system that is in use in many railway administrations and allows
for the check rail flange-way clearance to be maintained by means of steel shims inserted between the
check rail and the bracket.
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Figure 179 Independent check rail support and shim
The fixation for the crossing is identical to that used on the common rail fastening (adjustable SKL15).
The resilient pad under the crossing is designed to match the crossing foot at the specification
fastening point locations.
The crossing itself is manufactured from CogX Steel. This new material developed by Vossloh Cogifer
(as part of the Capacity 4 Rail project) is different than existing steel grades (e.g. CrBainit [DB], B320,
B360) and will offer significant benefits over traditional cast manganese crossings in terms of improved
internal quality and the resulting extension to component life at the same time as reduced
maintenance cost.
As part of the C4R project a demonstrator crossing was produced to confirm the effects that can indeed
be avoided through the use of the proposed new material, and to quantify the resulting decrease in
whole life costs.
It is already clear that the crossing shows no material flow after initial wear compared to both explosive
hardened and Non-EDH cast AMS crossings. Additionally, laboratory tests conducted with 18T wheel
load have confirmed the work hardening effect on this steel, with a same final hardness as cast
manganese steel.

Figure 180 Comparative assessment of CogX and Mn Steel
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Design of Concrete Blocks
The blocks on which MCS iron work sits are manufactured high grade reinforced concrete modules and
will be cast in a series of moulds to achieve the correct shape profile.
Each module is typically 5.4 m long, with each comprising the following components:
Longitudinal beams are reinforced concrete elements 5.3 m long presenting a trapezoidal section with
300 mm height, 560 mm bottom width and 540 mm top width.
Certain sections for the switch and crossing parts may have to be cast wider to allow the
aforementioned components to fit securely on the block.
shape : 300x540/560

height 300 – top 540
Figure 181 Typical beam cross section

Both beams present embedded grooves and dowels on the top face, placed with a separation of
900mm between dowel axes and the first and last dowel axis at 400 mm from the beams ends. In
curves with a radius under 3000 m, dowel separation is reduced to 600-700 mm to facilitate rail
geometry and enhance lateral restraint.

Figure 182
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In order to guarantee the track gauge and prevent independent movement between longitudinal
beams, two transversal beams are anchored in situ to the inner face of the longitudinal beams.
Said transversal beams present a standard HEB-100 cross-section, 967 mm of length, and end in square
steel plates of 200 x 200 x 2 mm, tilted 4 degrees to match the concrete beam inner faces, with 4
symmetric 14 mm diameter cylindrical through holes placed at a 25 mm distance from the plate edges
(Figure 183).

Figure 183

Steel transversal beam

Discussions have been started with Acciona regarding the beams, but no agreement has been
formalised yet and the partner for concrete has yet to be confirmed. It is expected the concrete partner
will:
 Participate to the module final design
 Study the module reinforcement (internal design…)
 Manufacture the moulds and provide the concrete module for the turnout and track
before/after the turnout
Vossloh Cogifer will provide the interface between the steel part (incl. elastic pad) and the concrete
modules:
 Dowel
 Screwspike
 “Negative part” giving the groove shape in the mould.
Switch Actuation, Locking and Detection system
The method of Switch Actuation, Locking and Detection and how it will interface with the MCS Track
has not been fully developed under this phase of the project. It will be addressed in detail in the 2nd
phase when it has been agreed which railway network the demonstrator will be installed in.
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Laboratory/ Simulation qualification
Laboratory tests on L-Track prototype
This subchapter describes all the 1:1 scale model tests performed in CEDEX Track Box (CTB) on L-Track
prototype (From Vossloh Cogifer and Acciona), in the frame of C4R project (WP 1.1). Those results
were not available on time to be reported in the deliverable C4R-D1.1.3.
The L-Track prototype is equipped with the adjustable fastening system developed by Vossloh Cogifer
for continuous rail. Those results are preliminary to the development for turnouts.
CEDEX Track Box (CTB) is a 21 m long, 5 m wide and 4 m deep facility whose main objective is to test,
at 1:1 scale, complete railway track sections for passenger and freight trains, at speeds up to 450km/h.
The reproduction of the effect of the approaching, passing-by and departing of a train in a test crosssection is performed by application of loads, produced by three pairs of servo-hydraulic actuators. The
railway track response, in terms of displacements, velocities, accelerations and pressures, is collected
from a great number of LVDTs, geophones, accelerometers and pressure cells that can be installed
inside both the embankment and the bed layers (ballast, sub-ballast and form layer) of the track. On
the other hand, the railway superstructure response is recorded with mechanical displacement
transducers, laser sensors, geophones and accelerometers installed on the different track
components.
Description of the experimental section
The cross section used in the present study is formed by the following elements: embankment, form
layer, slab foundation layer, slab track, rails and fastening system, as it can be seen in Figure 184.

Figure 184 Cross section of 1:1 scale model built in CTB (dimensions in m)*
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Static tests
The static tests performed are tests in which the load is applied very slowly with the main objective to
determine the track stiffness which can be considered as a railway parameter that defines the
mechanical behaviour of the track slab installed.
The static tests were performed at the outer rail. The system reaction to this test was measured using
eight vertical laser systems, five potentiometers and 12 accelerometers. The interpretation of static
tests is related to the measurements obtained by laser and potentiometers, that is why the explanation
focus is in those devices. Figure 185 shows a schematic drawing with the position of all the
measurements systems. Two static tests were performed. The only variation on measurement system
was the location of LSV 8 (situated at outer rail). At the first test the LSV 8 was located at 52 cm from
actuator, and at the second one was closer to it, at 28 cm.

Clip
ACE/Accelerometer
LSV/Laser
PTV/Potentiometer

ACV_3II_SB
ACTUATOR
CARV_3.5I_CC

ACV_5II_SB

PTV3.5II_PL-SB
ACV_ 4I_CC
LSV8

ACV_4.5 IC_PL

OUTER
RAIL

ACV_2,5 IC _ PL

CONTROL
ROOM

28 cm
ACV_2C-PL

ACV_ 5C-PL

ACV_4.5EC_PL

LSV7

LSV6

90 cm

SLAB

PTV3.5 EE_PC-PL

SLAB CONECTOR

LSV5

90 cm

ACV_2.5 EC_PL
PTV3.5 EC_PC-PL

48 cm
ACV3,5EE-AC

LSV4
PTV3.5EE-PL-SB

40 cm
PTV3.5
EE_PCLSV4
PL

ACTUATOR
CARV_3.5E_CC

LSV3

88.5 cm

89.5 cm
INNER
RAIL

LSV2

LSV1

ACV_2.5 EE_PL

ACV_2.5EE_SB

ACV_3.5 EE_SB

Figure 185 Schematic drawing to localise the measurement systems
As shown in Figure 185, it is possible to observe that the measurement system is focussed on the
central section, where the actuator is located. The laser system measures the global vertical
displacements, except the laser situated at central section (LSV 4) which measurements do not include
the rail movements. Table 26 shows the name of each measurement device located at central section
(where the actuator is placed) and indicates the track element affected by. Besides, Figure 186
represents in a schematic way the location and the relative movement of devices located at central
zone.
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Movement devices located at central zone

Instrumentation

Denomination

Movement

Laser

LSV 4

Global vertical displacement except rail

Potentiometer

PTV PC-PL

Vertical displacement of the rail

Potentiometer

PTV PL-SB

Vertical displacement of Concrete Slab
Foundation

Figure 186 Schematic of movement devices located at central zone
Following photographs show the general aspect of outer rail with the instrumentation and details of
laser and potentiometer at central section.
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Figure 187 General aspect of the instrumentation placed at outer rail

ACTUATOR

PTV PC-PL

LSV 4

PTV PL-SB

Figure 188 Detail of measurement device located at central section
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Experimental program
Static tests
Static test 1: Outer rail
The static test is performed imposing static loads by only one pair of servo hydraulic actuators that are
installed in CTB. This pair of actuators (named as Actuators B) is located at the center of L-Track slab.
The position of the actuators can be seen in Figure 189. The actuators apply the load on a beam,
painted in yellow in the figure, which resembles a train axle that rests on both rails.

Figure 189 Hydraulic actuators during the static test
Each pair of actuators is activated simultaneously with the same time-load history that usually consists
of two loading–unloading cycles, as shown in Figure 190.
In this case, the maximum load applied by each actuator was 175 kN to model the maximum axle load
to be applied in the dynamic tests (350 kN for the freight trains).
The load was increased linearly with a rate of 0.5 kN/s.
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Figure 190 Time-load history used in the static tests
The results obtained with the eight laser sensors installed in the model during the performance of the
static test are shown in Figure 191, where the evolution with time of the rail displacement can be seen.
Besides, Figure 192 shows the vertical displacement evolution versus loads applied during static test.

Figure 191 Vertical displacements obtained in static test nº1 performed at outer rail
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Figure 192 Vertical displacements evolution respect to loads during the static test
It is important to note that the global vertical displacement, for the central section, must be obtained
by adding the movements of LSV 4 and the potentiometer PTV PC-PL. This movement is shown in Figure
196.
The previous figures show that the maximum vertical displacements are obtained at LSV 4 (1.59 mm,
adding the PTV PC-PL value), and LSV 5 (1.21 mm) and LSV 3 (1.17 mm) which are the lasers situated
closest to the actuator.
From those time-vertical displacement graphs, the rail deflections measured in the eight laser systems
for any time can be obtained and plotted as a function of its position in the rail and the distance from
the load application point, as shown in Figure 193 (in this case, the time for the maximum displacement
was chosen, discounting the remaining displacement after the first load cycle). Plotting the rail
displacement as a function of its position, the points can be fitted assuming the rail track has a Winklertype behaviour, quantified by (17), from which the value of the track stiffness (K) can be derived.
𝑄

𝛿(𝑥, 𝑡) = 𝐾 𝑒 −

|𝑥−𝑣𝑡|
𝐿

|𝑥−𝑣𝑡|

|𝑥−𝑣𝑡|

𝐿

𝐿

[𝑐𝑜𝑠 (

) + 𝑠𝑖𝑛 (

)]

(20)

The determination of track stiffness was carried out for the following axle loads: 350, 300, 250 and 180
kN, as shown in Figure 193.
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Figure 193 Stiffness values obtained for static test performed at outer rail
It can be seen that for the static test a good fitting between the measures and the theory was obtained
for the different axle loads. From those fittings, the value of the track stiffness was between 108
kN/mm and 84 kN/mm.
The data of LSV 8, located at inner rail, show deflection values lower than ones of LSV 4, which is
situated at the outer rail and approximately at the same position respect to hydraulic actuator. The
difference is due to the poor flatness of the concrete beam.
The static test was repeated, and the track stiffness interpretation is represented in Figure 194.
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Figure 194 Stiffness values obtained for repeated static test performed at outer rail
In this test, the stiffness values are between 96 and 113 kN/mm, the values are practically the same as
those obtained at the first test.
Figure 195 shows the evolution of track stiffness values during the first static test. Each line represents
one of the cycles of loading and unloading for static test. The black points represent the stiffness values
obtained at axle loads of 350, 300, 250 and 180 kN, with the previous method for the first test.

Figure 195 Stiffness values obtained for static test performed at outer rail
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Deflections of the different track elements
As it was explained before, the laser and potentiometer devices record the vertical movement of
different track elements. Focusing on the central section of the slab track, we can obtain the following
movements:
 Deflections of the entire slab track system
This movement is obtained by the sum of vertical deflections recorded by laser LSV 4 and
potentiometer PTV PC-PL.

Figure 196 Vertical displacement of all the slab track system
The maximum displacement, obtained at the second load cycle, is 1.59 mm.
 Deflections of rail and fastening system
This movement is recorded by the potentiometer PTV PC-PL. Figure 197 shows the evolution of this
instrumentation during the static test (two load cycles).
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Figure 197 Vertical displacements of rail and fastening system obtained by ptv pc-pl
The maximum displacement, obtained at the second load cycle, is 0.96 mm.
 Deflections of concrete slab foundation
This movement is recorded by the potentiometer PTV PL-SB, which evolution during the static test is
shown in Figure 198.

Figure 198 Vertical displacement of concrete slab foundation obtained by ptv pl-sb
The maximum displacement, obtained at the second load cycle, is 0.141 mm.
Deflections vs time
As example, the following figures show the vertical displacement LSV_3 versus time for a train passage
at 120 and 200km/h:
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Vertical displacement over time

Fatigue Tests
Fatigue test parameters
A fatigue test will be performed on the L-Track prototype with the following parameters:





3 million axles
Speed: 120 km/h
Vertical load: 300 kN
Horizontal load: 40 kN

Optional:
 1 million axles
 Speed: 120 km/h
 Vertical load: 300 kN
 Horizontal load: 80 kN (73% of the limit value: 110 kN)
The results will be available end of 2018 and published in a further EU project; IN2TRACK2 for example.
Laboratory tests on MCS prototype
For the qualification of the new MSC design, the following tests will be done during the next phase of
the development after final and detailed design, manufacturing of the components:
 Fatigue test according to EN standard
o Current track assembly
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o Slide chair assembly
o Check rail assembly
 Weld qualification for crossing in case of new steel used for the crossing part
These tests will be done at Vossloh Cogifer Technology Centre in France.

Figure 200 Example of fatigue test on current track assembly
Simulations on MCS turnout prototype
For the validation of the new MSC design, the following work can be done during the next phase of the
development before final design:
 Define and generate the Finite Element model of the full turnout including rail, fastenings (pad),
plates, concrete module.
 Perform calculation to evaluate displacement and stiffness and stress under static load
 Perform calculation to evaluate displacement and stiffness and stress under constant dynamic
vertical load
 Perform advanced dynamic simulation coupling the FEM turnout model with a multibody
software to calculate dynamic forces and displacements of the vehicle and the turnout
components
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4.3 Investigate emerging technologies in additive manufacturing for
enhanced S&C component performance
4.3.1 Large scale additive manufacturing for optimisation of cast crossing
performance
Crossings are subject to much higher wear than any other track component so the use of austenitic
manganese steel (AMS) has become popular due to its good combined wear and impact properties.
Due to its material properties, shrinkage defects can arise during the casting process, which could
cause imperfections developing into fatigue cracks, a situation not helped by the low fatigue strength
of AMS.
Regular repair and replacement of worn rail, extension of rail life and prevention of wear amount to a
substantial cost for any railway. This is also applicable to high value track components such as crossings
and switches. In addition, downtime caused by replacement and maintenance can cause disruption to
traffic. Therefore, improvement to the durability of rail crossings can reduce downtime due to
maintenance. The overall project goal is to assess the viability of using additive manufacturing to
improve the performance of railway crossings. Existing cast crossing designs were utilised whilst
considering alternative material to optimise the combination of crossing fracture toughness and
wear/plastic deformation resistance.
The main project objectives were to:





Identify preferred deposition/AM process and suitable feedstock with consideration for laser
process, plasma transfer arc (PTA) process and cold metal transfer process (CMT).
Optimise the process through initial deposition trials on rail crossing material. Metallurgical
testing and examination of the optimised samples in accordance with specified railway
standards.
Produce demonstration parts or components.

The programme of works were broken down into 5 tasks;






Task 1: Processes and requirements definition
Task 2: Process down selection
Task 3: Process optimisation
Task 4: Production of demonstrator parts
Task 5: Summary of results

Task 1: Processes and requirements definition
The aim of Task 1 was to define the processes and requirements for the project. In addition, a literature
survey and a gap analysis was undertaken on AM applications for railway tracks, in particular railway
crossings. This survey identified a gap with respect to the use of AM for railway crossings, thus
providing a justification for carrying out the research project. The following bullet points were the main
highlights:
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The applicable standard for this project is EN 15689:2009: Railway applications-Track-Switches
and Crossings - Crossing components made of cast austenitic manganese. The requirements
for mechanical testing, inspection and acceptance criteria were in accordance with this
standard.
The substrate material for Task 2 (initial deposition trials) is S460NL steel grade in 100mm
thickness x 50mm width x 300 mm length dimension. VCSA supplied the actual railway crossing
profile(s) in 1000 mm length for the deposition trials for Tasks 3-5.
Gas Metal Arc Welding (GMAW) variant known as Cold Metal Transfer (CMT), Plasma Arc
Welding and Laser Powder Deposition processes would be investigated for the initial
deposition trials.
Commercially available filler wire and metal powder of matching chemistry with austenitic
manganese steel were selected to be used as the feedstock. The candidate consumables were
selected in accordance with AWS A5.21: Specification for bare electrodes and rods for
surfacing. The metal powder feedstock would ideally have similar chemistry to the filler wire.
One of the three processes used for the initial deposition trials in Task 2 were selected for
further deposition trials in Task 3-5.
Following the successful initial deposition trials, the metal active gas (MAG) welding process
was selected for the subsequent deposition trials on a mock-up of a railway crossing. This
report focuses on the weld deposition trials carried out on a railway crossing test block
supplied by VCSA.

Task 2: Process down selection
Initial deposition trials
The aim of this task was to conduct a process down selection among three candidate welding
processes, namely Cold Metal Transfer (CMT), Plasma Arc Welding (PAW) and Laser Metal Deposition
(LMD). This was with a view to select a suitable process and parameters for the subsequent AM
deposition trials on railway crossing test blocks supplied by Network Rail for Tasks 3 and 4. The task
involved performing initial weld deposition trials on an S460NL carbon steel test block using AMS filler
wire and metal powder as feedstock. A summary of the work carried out and key findings are presented
below.
Cold Metal transfer/metal active gas (CMT/MAG) deposition trials
Materials
Network Rail supplied eight blocks of S460NL steel (300mm x 100mm x100mm) used as the substrate
material for the deposition trials involving all three welding processes. The CMT process parameters
are optimised for use with a solid wire consumable. As such a consumable with the required chemistry
was not commercially available at the time of this research project, a self-shielded 1.2 mm diameter
flux cored wire (FeMn-Cr); manufactured by Voestalpine with the trade name SK AP-O was used.
However, this wire does not allow operation in the CMT mode but in conventional spray transfer metal
active gas (MAG) welding mode. Therefore, the MAG process was used instead of CMT for the trials. It
is worth noting that CMT is effectively a controlled short circuit or dip metal transfer MAG process.
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Equipment/process characteristics
The welding power source employed was a Fronius TPS CMT Advanced (VR 7000 CMT) machine. It is a
microprocessor-controlled machine intended for automated and robot-assisted applications. The
power source was a multi-process welding machine that can be used for conventional metal inert gas
(MIG), metal active gas (MAG) and CMT welding.
The welding power source is integrated with a Fanuc welding robot at TWI. The robot controls the
depositing speed and path while the other parameters, such as wire feed speed; voltage, current and
arc length are controlled by the welding machine.
Parameter development
A suitable MAG welding program (FCWHardfacing) for the self-shielded flux cored wire was selected
from the in-built welding programs in the CMT remote control unit (RCU).
The surface of the substrate material was ground and degreased, with acetone, to remove any debris,
before the AM process commenced. Vertical walls were built by sequentially depositing multiple weld
passes. During the weld build-up process, the substrate material was stationary and movement of the
welding torch controlled the weld deposition. The manufacturer recommended contact tip to work
distance (CTWD) of 35-40 mm was maintained throughout the deposition process as this achieved a
stable process. A minimum preheat temperature of 50°C and maximum interpass temperature of
300°C were maintained throughout the weld deposition to reduce the risk of carbide precipitation in
the weld metal. Inter run cleaning was performed by wire brushing to remove slag from the weld
layers.
A suitable welding procedure was developed by performing weld deposition trials on the substrate
material. The welded test block was subjected to an initial screening test by microstructure
examination and hardness testing to ascertain whether the weld build-up had a microstructure and
hardness results in accordance with the requirement of the applicable railway crossing standard, BS
EN 15689:2009.
Weld deposition on AM test block
The developed welding procedure was then used for the weld deposition trials on a test block. A weld
deposit of 30mm height was built on the test block surface. This was achieved by depositing six weld
layers of approximately 5mm height each. The deposition parameters of the MAG AM system are given
below in Table 27:
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Table 27

Deposition parameters of the MAG AM of the test block

Layer
Layer1
Layer 2
Layer 3
Layer 4
Layer 5
Layer 6










Average
current
(A)
149
150
146
159
148
147

Average
voltage
(V)
31
31
32
31
31
30

Wire
feed
speed
(WFS)
(m/min)
6
6
6
6
6
6

Travel
speed
(mm/s)
6
10
10
10
10
10

Preheat/
max. interpass
temp. (°C)
120/167
70/130
80/108
80/92
70/120
80/110

Polarity – Direct current electrode positive (DC+)
Torch angle – 10°
Contact tip to work distance – 35mm
Bead length – 300mm
Bead height – 5mm
Bead overlap – 50%
Average inter run cleaning time – 150 seconds
Approximate deposition rate based on WFS – 2.6kg/hr

Metallographic examination and testing
Metallographic examination and mechanical tests were carried out on the AM fabricated test block in
accordance with the requirements of EN ISO 15614-1:2017 standard. This was used to evaluate the
overall deposited weld quality. The tests were as follows:






100% visual inspection in accordance with EN ISO 17637:2016.
Side bend tests in accordance with EN ISO 5173:2010.
Charpy impact tests in accordance with EN ISO 148-1: 2016.
Vickers hardness tests in accordance with EN ISO 6507-1:2005.
Macrostructure and microstructure examination in accordance with EN ISO 17639:2013.

Post weld rolling
An AM fabricated test block was subjected to post weld rolling to investigate the work hardening
potential of the deposit weld layer. A 20mm width roller integrated with a friction stir welding machine
was used to apply rolling passes on the as-deposited test block surface. A 2,000 Kg load was used to
apply a rolling pass along the centre of the weld surface. The load was then increased, to 2,500kg and
3,000kg, and applied either side of the previous rolling pass. Each rolling pass was repeated five times
per rolling load. The post-rolled weld deposit hardness was then tested using a Vickers hardness testing
machine.
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Summary of key findings
The following were the key findings from the MAG AM deposition trials:





The MAG process was used as an arc heat source to successfully produce AM weld deposit on
an S460NL steel substrate using an AMS flux cored filler wire as the feedstock.
The weld deposit microstructure was a fully austenitic columnar structure essentially free of
grain boundary carbides and with reasonably homogenous appearance.
The weld deposit hardness significantly exceeded the minimum values specified for the weld
metal and AMS castings.
The weld deposit showed a good work hardening ability when subjected to a high compressive
load.

Overall, the results of the bend test were acceptable to EN ISO 5817 weld quality standard, which
indicates acceptable weld ductility. However, the Charpy impact toughness of the weld deposit was
significantly lower than the one at the interface with the substrate. While this is a positive result, in
terms of not having a weak interface between the weld deposit and substrate, it may raise some
questions about the overall weld metal toughness.
Laser metal deposition (LMD) trials
Materials
A metal powder of similar specification as the FeMn-Cr filler wire used for the arc AM trials could not
be sourced due to the perceived explosion risk of the high manganese content during manufacture
and atomisation. Therefore, an alternative powder grade had to be chosen for these trials. It was
agreed with Network Rail to be Metco 1040A powder, manufactured by Oerlikon Metco in Germany.
This powder is described and marketed by Oerlikon Metco as a hard facing material for manganese
steels, which will increase the as-deposited surface hardness and abrasion resistance, while offering
similar work hardening properties to the base material. The Metco 1040A powder was sourced and
supplied by TWI.
Network Rail supplied the S460NL steel blocks, used as the substrate material to produce the test
specimens.
Equipment/process characteristics
The LMD trials were carried out in TWI South Yorkshire LMD processing cell. This cell uses a 5.3kW
Trumpf Disk laser, manipulated using a Reis robot with a 40kg payload and a radial reach of 2.5m. This
cell has a Sulzer Metco powder feed system, in addition to a manipulator with rotary/tilt capability.
The deposition equipment has in-process adjustable spot size and in-process variable speed and power
capability.
The powder is fed to the deposition head using a Sulzer Metco Twin-10-C double hopper powder feed
system and a range of Fraunhofer ILT powder feed nozzles.
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Parameter development
Initial trials to develop preliminary deposition parameters were carried out using the Metco 1040A
powder onto stainless steel plate. Single width, single layer tracks were deposited and laser power,
movement speed and inert gas flows were varied until a visibly acceptable clad was achieved.
These parameters were then transferred to deposit Metco 1040A powder onto the S460NL test block
material supplied by Network Rail. Slight adjustments were made to the deposition parameters to
optimise the quality of the clad layer and a number of individual 60mm long single layer tracks were
produced.
The deposition parameters used were:





Laser spot size
Laser power
Powder flow
Nozzle gas (argon)

1.5mm
1800W
8g/min
8l/min

No pre-heat was used for the initial deposition trials building individual tracks.
Multi-layer, multi-track deposits
Multi track, single layer deposits 60mm long x 12mm wide were then produced, and showed a good
deposit surface without visible cracks.
Multi-layer, multi-track blocks 30mm wide x 30mm long x 10mm high were then built. The additional
parameters were:



Track separation (distance between adjacent tracks)
Height increase per layer

1.3mm.
0.9mm.

In all cases, after the second or third layer, cracks appeared on the surface of the build. Laser power
and powder flow deposition parameters were altered to try to make deposits crack free, but the
changes proved to have little effect and cracks were still seen to occur after several layers.
Variations in deposition toolpaths were also tested to attempt to build crack free deposits. Alternate
layers were deposited both in line and at 90 degrees to each other. The geometry of the block was
changed from a square to a rectangular shape to vary the thermal effect of the deposition on the
substrate. In all cases, however, after the second or third layer, cracks still developed.
Use of pre-heat
In order to prevent cracking, further trials with preheat were carried out using induction heating. Preheating to a series of temperatures was applied to the S460NL block prior to the deposition. The first
pre-heat applied during deposition was 120°C, then further deposits were carried out with a pre-heat
of 350°C, 450°C and finally 650°C. In all cases, the size of the deposited block was 140mm x 30mm x
12mm high, and deposition continued until there was evidence of significant cracking to the block.
Then a deposition test was carried out with a decaying temperature during deposition to evaluate if it
would improve the crack resistance. A block size of 250mm x 100mm x 2mm was used, with an applied

GA H2020 730841

D2.2

Page 214 of 400

IN2TRACK

Core S&C Issues

pre-heat of 250°C. This time, the induction heater was turned off as soon as this temperature was
reached and deposition was carried out immediately
Finally, a set of deposits were carried out across the full width of the 400mm x 100mm x 100mm
substrate using the most promising parameters from the previous trials. There was still evidence of
cracking.
Summary of key findings
The following were the key findings from the LMD trials:




The multi-layer deposition process needed for AM application leads to cracking of the
deposited material, showing that the Metco 1040A powder is not a suitable feedstock for this
application. The cracking is caused by the lack of ductility of the deposited material, and the
repeated heat cycle leading to high residual stresses which quickly exceed the failure stress of
the material.
The optimised deposition parameters resulted in a deposition rate of approximately 0.5kg/hr,
which is significantly less than the rate achieved with the alternative arc processes.

Plasma arc welding (PAW) trials
The same S460NL steel blocks and filler wire used for the MAG deposition trials were used for the PAW
trials.
Equipment/process characteristics
The welding power source used was SBI International (PMI-350 AC/DC TL) plasma arc-welding
machine. It is a microprocessor-controlled machine intended for automated and robot-assisted
applications. The power source can be used for both PAW and tungsten inert gas (TIG) welding.
Parameter development
Bead on plate trials were performed on a carbon steel plate to establish the suitable welding
parameters for the PAW initial deposition trials. After initial trials, the following welding parameters
gave a relatively stable process and produced visually acceptable weld beads:










Welding current: 150Amps
Voltage: 20V
Wire feed speed: 1.5m/min
Travel speed: 3mm/sec
Plasma gas: Pure argon
Shielding gas: None
Weave: frequency 2Hz, amplitude 3mm
Copper orifice size: 3mm
Plasma gas flow rate: 0.6l/min

However, after depositing a weld bead, there was weld spatter build-up on the shroud and copper
orifice, which controls the plasma gas flow. As the second and third weld passes were deposited, the
spatter build-up increased significantly. This affected the plasma gas flow through the copper orifice
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and process stability. It was apparent that the flux cored filler wire used as the feedstock was not
suitable for PAW. Consequently, the decision was taken to discontinue the PAW deposition trials.
It should be noted that a separate plasma gas and shielding gas, typically argon or helium are required
for PAW. However, for this application, only the plasma gas was used and no separate shielding gas
was required due to welding with a self-shielded flux-cored wire. An alternative approach to use a gas
shielded metal-cored wire of similar composition as the flux-cored was not pursued further. The reason
was that an active shielding gas mixture (Ar+2%O2) specified for welding with the metal-cored filler
wire, is not suitable for PAW. The oxygen present in the gas mixture will potentially react with the nonconsumable tungsten electrode and introduce inclusions that can undermine the weld quality.
Conclusions
It has been demonstrated that the MAG process can be used to deposit weld layers of acceptable
quality on the carbon steel substrate. This is a good indication of the potential application of MAG
process for additive manufacturing using AMS flux cored filler wire as a feedstock on carbon steel
substrate. The filler wire was not found to be suitable for PAW and as such, the PAW deposition trial
was inconclusive. The LMD deposition trials have not been completed. However, results indicated that
the MAG process would be more suitable for this application. Additionally, the coaxial filler wire with
the welding torch enhances deposition rate and makes it easier for robot programming.
The following conclusions from the initial deposition trials can be reached:








Self-shielded flux cored wires do not operate in CMT mode consequently AM deposition trials
were carried out using a conventional MAG process.
The self-shielded flux cored wire was not suitable for PAW.
Metco 1040A powder used for the LMD trials was found to be unsuitable for the AM
application because cracking occurred in the deposit. Due to the lack of availability of AMS
metal powder of the required chemistry, austenitic stainless steel metal powder such as 307
grade will be investigated further.
The AM deposition trials with MAG process gave weld deposits of acceptable quality in
accordance with EN ISO 15614 and EN ISO 15689.
The MAG weld deposit showed high work hardening potential.
The concept of AM deposition using MAG process as a heat source, and AMS filler wire as feed
stock on S460 ML steel substrate was demonstrated as feasible.
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Task 3: Process optimisation
Deposition trials on railway crossing test block
The aim of Task 3 was to use the welding parameters developed from the initial deposition trials with
the MAG process to investigate weld build-up on an actual railway crossing ‘nose’ and ‘wing’ profiles.
It is worth noting that a flux cored filler wire was used as the feedstock for the initial deposition trials
in Task 2. This was not optimal to the AM process due to the need for slag removal after each deposited
layer. Therefore, a gas shielded metal-cored wire was used for the deposition trials in Task 3. In view
of this, it was necessary to develop a new welding procedure for Task 3.
In the absence of any applicable AM standard for this type of application, the as deposited weld quality
was assessed against the requirements of BS EN 15689:2009 and ISO 5817:2014. The key findings are
presented below.
Materials
VCSA supplied a mock-up of a railway crossing to be used as the test block for the deposition trial. The
crossing was manufactured from S460NL carbon steel grade with the ‘nose’ and ‘wing’ profiles
machined on it. The profile heights were 20 mm less than a typical railway crossing. TWI purchased
commercially available gas-shielded metal-cored filler wire, designated as FeMn-Cr and classified
under ASME IIC SFA 5.21. The filler wire used was a 1.6mm diameter metal-cored wire manufactured
by Voestalpine with the trade name SK AP-G.
Equipment
The same welding equipment and experimental set-up used for the MAG deposition trial in Task 2 was
used.
Development and optimisation of welding parameters
A suitable MAG program for metal-cored wire (FCW Hardfacing) was selected from the in-built
programmes in the CMT remote control unit (RCU). A set of welding parameters and a robot program
for weld deposition on the crossing ‘nose’ and ‘wing’ profiles were developed. To achieve this, a section
from an old cast railway crossing available at TWI was used for the procedure development.
After initial trials using different wire feed speeds (WFS) and travel speeds (TS), an optimal welding
condition that produced a visually acceptable weld bead profile of approximately 5 mm height and 10
mm width was achieved with the following parameters:
 Wire feed speed (WFS): 4.5m/min
 Travel speed (TS): 5mm/s
 Current: 264 – 266A
 Voltage: 19.3 – 19.6V
 Arc length correction factor: 1%
 Process: Standard
 Shielding gas: Argon 98% + Oxygen 2%
 Shielding gas flow rate: 15l/min
 Contact tip to work distance (CTWD): 20mm
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A weld bead overlap of 50% was used as this gave good inter-run fusion. The deposition rate achieved
with these parameters was approximately 3.2kg/hr.
Weld build-up on the railway crossing test block
One of the objectives of Task 3 was to build the weld deposit directly on the surface of the crossing
‘nose’ and ‘wing’ profiles. The need to avoid having start/stop defects in the weld deposit was a limiting
factor. It was therefore necessary to attach run-on and run-off plates around the edges of the crossing
profiles to simplify the weld build-up process.
The developed welding procedure outlined above was used for the weld deposition trials on the VCSA
supplied crossing test block. Prior to commencement of weld deposition, a minimum preheat
temperature of 50°C was applied to the test block using ceramic heating mats. To avoid carbide
precipitation in the weld deposit, the maximum interpass temperature was kept below 300°C. A
contact thermometer was used to measure the preheat and interpass temperatures. Inter run cleaning
was performed by wire brushing to improve the deposit weld quality.
A 25mm weld deposit was additively built on the crossing ‘nose’ and ‘wing’ surfaces using multi-layer
passes with the robotic CMT/MAG system. This was achieved by depositing five weld layers of
approximately 210mm and 125mm lengths. The deposition parameters are shown below in Table 28:
Table 28

Deposition parameters for AM on the railway crossing test block
Ave.
current
(A)

Layer1
Layer 2
Layer 3
Layer 4
Layer 5

264
265
264
266
264

Ave.
voltage
(V)

19.6
19.4
19.5
19.3
19.6

Wire
feed
speed
(WFS)
(m/min)
4.5

4.5
4.5
4.5
4.5

Travel
Speed
(mm/s)


5
5
5
5
5

Prehat/
Max.
interpass
temp. (°C)
Sec. A

Sec. B

82/290
57/283
58/251
54/191
50/247

92/287
96/269
105/260
102/280
100/262

Examination and testing
Examination and mechanical tests were carried out on the AM fabricated test block in accordance with
the requirements of EN ISO 15614-1:2017 and EN 15689:2009. In addition, fatigue testing was
performed to assess the fatigue performance of the weld deposit/substrate interface. This was used
to evaluate the overall deposit weld quality. The tests were conducted by TWI Test House, which is
accredited by the United Kingdom Accreditation Service (UKAS). The tests are listed below:








100% visual inspection in accordance with EN ISO 17637:2016
100% liquid penetrant inspection in accordance with EN ISO 3452-1:2013
Radiographic inspection in accordance with EN ISO 17636-1:2013
Side bend tests in accordance with EN ISO 5173:2010
Vickers hardness test in accordance with EN ISO 6507-1:2005
Macrostructure and microstructure examination in accordance with EN ISO 17639:2013
Impact bend test in accordance with EN BS EN 15689:2009
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Fatigue test in accordance with in EN 14587-1:2007 (Annex C) and the fatigue performance
was evaluated in accordance with BS 7608:2014.

Summary of key findings
The key findings from the MAG AM deposition trials on a mock-up of a railway crossing were:
 The MAG process was used as an arc heat source to successfully produce AM weld deposit on
a mock-up of a railway crossing using an AMS metal-cored filler wire as the feedstock.
 The weld deposit microstructure is a fully austenitic large columnar grain structure essentially
free of grain boundary carbides and with reasonably homogenous appearance.
 The weld deposit hardness exceeded the minimum values specified for the weld metal and
AMS castings.
 Overall, the results of the metallurgical assessment, NDT and mechanical tests were
acceptable to EN 15689 and ISO 5817 standard. However, the impact bend test results were
not acceptable to EN 15689 requirements. This indicates that the weld deposit impact
toughness falls short of the specification requirements for the rail/wheel contact area.
 The fatigue performance of the deposit weld / substrate interface exceeded the British
Standard mean classification for Class B.
Conclusions
The following are the conclusions from the present wire and arc additive manufacturing trials
performed on an S460 steel railway crossing mock-up using AMS metal-cored filler wire as the
feedstock:




Wire and arc additive manufacturing technique was applied successfully for weld build-up on
a mock-up of a railway crossing.
With the exception of the impact toughness, the overall as-deposited weld quality was
acceptable to EN 15689 standard.
The fatigue performance of the deposit weld / substrate interface exceeded the British
Standard mean classification for Class B.
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Task 4: Production of demonstrator parts
The aim of this task is to produce a demonstrator part of the railway crossing using the same metalcored filler wire feedstock and S460NL steel substrate used in Task 3. However, VCSA supplied a
crossing mock-up with a plane surface (without the ‘nose’ and ‘wing’ profiles machined on it).
The demonstrator part has not yet been produced and will form a demonstrator in IN2TRACK2.
Materials
VCSA supplied a mock-up of a railway crossing to be used as the test block for the deposition trial. The
crossing was manufactured from S460NL carbon steel grade without the ‘nose’ and ‘wing’ profiles
machined on it. To avoid using run-on/run-off plates, the size of the substrate was larger than the one
used in Task 3. TWI purchased the same consumable as in Task 3, a 1.6mm gas-shielded metal-cored
filler wire, designated as FeMn-Cr and classified under ASME IIC SFA 5.21, as the feedstock for the
deposition trial.
Equipment
The same Fronius TPS CMT welding machine and Fanuc welding robot set-up used for the MAG
deposition trial in Task 3 will be used for the production of the demonstrator part.
Production of the demonstrator part
The optimised welding procedure developed in Task 3 will be used for building the demonstrator part.
However, a few modifications will be made:





The rail crossing ‘wing’ and ‘nose’ AM fabricated profiles will be built directly on the plane (unprofiled) crossing surface. Since the supplied test block is slightly wider and longer than that
used for Task 3, it will enable welding to be started and terminated on the test block surface,
thereby avoiding the use of run-on/run-off plates.
An offline programming (OLP) software will be used to develop a robot program for controlling
the weld deposition path.
A minimum preheat temperature of 100°C will be used for the production of the demonstrator
part. This should reduce the peak hardness in the HAZ of the substrate.

The AM fabricated demonstrator part will be delivered to Network Rail. This will require further post
processing and machining to remove the stop/start features and bring the part to the required
dimensional tolerances.
Final conclusion
This project has demonstrated the possibility of using wire and arc additive manufacturing technology
for the fabrication of a railway crossing. This is a promising prospect for an AM fabrication of a hybrid
railway crossing composed of AMS material within the rail wheel contact area and a high strength steel
as the substrate. However, an improvement of the AMS weld deposit impact toughness is required to
bring it up to acceptable service requirements for the rail-wheel contact area. The high work hardening
potential of the weld deposit and the good fatigue performances at the weld deposit/substrate
interface were positive developments. The latter is particularly significant, given the low fatigue and
fracture toughness of cast railway crossings caused by shrinkage defects arising during the casting
operation.

GA H2020 730841

D2.2

Page 220 of 400

IN2TRACK

Core S&C Issues

Recommendations for further work
Based on the findings of this research project, TWI recommends further studies in this area with a
view to improve the impact toughness deposit of the weld as follows:





Investigate AM trials with the same substrate material using an AMS solid wire consumable
with optimised composition or tailor the composition of the present metal-cored wires for AM
application.
Investigate the benefit of using lower heat input on the impact toughness of the AM weld
deposit.
After achieving acceptable weld deposit impact properties for the railway crossing application,
Network Rail may consider investigating the joining of the AM fabricated crossing to a pearlitic
rail leg. This will determine the weldability of the AM fabricated crossing and its incorporation
with the existing rail track infrastructure.
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4.3.2 Laser cladding of switch and crossing rails
Laser Cladding is a recently developed additive manufacturing process able to produce a hard wear
resistant coating on the surface of rails or S&C surfaces. In this section, the background to the Laser
Cladding process is reviewed. Its application to S&C is then investigated in three ways:
 Through modelling response of a clad component to applied wheel loads from the perspective
of defect growth at the clad to substrate interface. This is conducted using a fracture mechanics
approach.
 Modelling of the clad surface using a plastic damage approach. This is used to predict the depth
of clad layer that would be needed to suppress plastic damage (the precursor to wear and crack
initiation) at the rail or S&C surface.
 Experimental investigation to understand the material properties that can be achieved in a clad
component.
Background to laser cladding process
Laser cladding (LC) is a method of treating the surface of rail, S&C and other track components whereby
a different material can be welded on top of the running surface of a substrate. The laser cladding
process offers the ability to locally deposit a wide range of beneficial materials - alternative steels or
hard-facing alloys onto those areas of track particularly prone to wear and/or RCF. The aim is to
produce new premium track components with significantly enhanced performance and lifetime.
Previous research has shown that Stellite 6 coated samples showed high resistance to plastic
deformation and hence crack nucleation at their surface.
One-step laser cladding by powder injection is the most widely adopted technique (Niederhauser,
2005). In this process, a high energy laser is passed over the surface of the substrate material while a
cladding material is added. The surface of the substrate and the coating material are melted by the
laser subsequently welding them together.

Figure 201

Schematic representation of the laser cladding process [Lewis et al. (2015)]

Figure 201 shows a schematic of the one-step process where the laser beam is focused on and scanned
across the surface of the metal to be clad. The high heat input of the laser creates a thin melt pool on
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the surface of the substrate material. Simultaneously a powder consisting of atomized cladding metal
is fired into this melt pool. As the powder passes through the laser it is also melted and fuses with the
melt pool on the surface of the substrate material. This creates a single track of clad on the surface.
Individual tracks are created side-by-side to clad whole surfaces. An inert gas is used to deliver the
powder to the substrate surface, producing a high powder speed into the melt pool and also shrouding
the particles so that they will not react with the surrounding atmosphere when they are heated by the
laser. The high thermal energy input of the laser both melts the powder and heats the substrate
material. As the laser passes the substrate cools rapidly due to the greater volume of substrate
compared to the cladding. This heating and rapid cooling of the substrate causes changes in its
microstructure throughout a certain depth of the bulk material. These changes in microstructure will
vary with material type and heating and cooling rates. This layer of modified microstructure sits
immediately below the interface between the cladding and substrate and is known as the heat affected
zone, HAZ, as shown in Figure 201. Residual stresses can be introduced into the cladding and substrate
due to differences in thermal expansions between the clad and bulk materials, temperature gradients
created in the material and expansion/contraction due to microstructural phase transformations in
the HAZ (Niederhauser and Karlsson, 2005). The thickness and weld quality of the cladding layer is
controlled by adjusting the laser power and powder feed rate (Niederhauser, 2005). Current
technology allows layers in the region of 0.5 – 2 mm to be created. Thicker layers can be created by
re-cladding on top of pre-deposited layers. As the first layer of cladding is deposited it will mix with
some of the substrate material. One advantage of building multiple layers on top of previous ones is
that less of the substrate material will be present in consecutive layers. Layer or overall cladding
thickness is also important when considering where peak sub-surface contact stresses may occur (the
subject of the modelling work described below).
Currently laser cladding is used in the oil and gas (Fraunhofer (2011), Zhang and Zhang (2005)), mining
(Wang et al. (1997), Amardo et al. (2009)), nuclear (Baldridge et al. (2013), Fu et al. (2011)) and security
industries. Components in these industries, particularly mining, are subject to very aggressive
operating conditions which lead to high wear rates. Components such as excavator teeth and drilling
equipment are repaired using laser cladding and put straight back into service. Previous research has
demonstrated its potential for improving the performance of railway wheels (Niederhauser (2005),
Niederhauser and Karlsson (2005)). The advantage of laser cladding is that premium metals and alloys
with better mechanical and tribological properties can be clad on top of the original substrate material.
A number of candidate materials, namely Hadfield, Stellite 6, Maraging and 316 Stainless Steels have
been investigated during experimental investigation of the technique [Lewis et al. (2015)], but to date
there has been no modelling investigation to understand the performance of clad layers under
conditions relevant to S&C.
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Data on S&C failures, highlighting those which can be addressed by laser-cladding
Data was collected on S&C failures, and also rail-wheel contact conditions for S&C. This survey aims to
highlight the S&C failure which the treatment can (and cannot) address. Data on typical contact
conditions are being used to support the modelling task described below.
Table 29

Stellite® 6 alloy mechanical properties [Deloro Stellite - Exocor]
Ultimate tensile Yield Strength Elongation
strength (MPa)
(MPa)
failure (%)
850
700
<1

Cast form
Hot isostatic pressing
1265
consolidate form
Table 30

750

at Elastic
modulus (GPa)
209

3-5

237

Stellite® 6 alloy thermal expansion coefficient [Deloro Stellite - Exocor]

Temperature (C)
100
200
300
400
500
600
700
800
900
1000
11.35 12.95 13.6 13.9 14.2 14.5 14.7 15
15.5 17.5
m/m.K
Thermal conductivity at room temperature: 14.82 W/m.K [Deloro Stellite - Exocor]. Poisson’s ratio was
taken as 0.30 [Hutasoit et al, 2015].
Table 31

Data to guide model development: Maximum contact pressures for switch rails,
crossing noses and stock rails

Switch Rail
Axle Load

Longitudinal

Maximum

contact dimension b (mm)

contact

pressure (MPa)

Reference

11.8

4.13

915.9

Burgelman et al., 2014

11.8

7.13

3416.0

Burgelman et al., 2014

11.8

9.67

2851.9

Burgelman et al., 2014

Longitudinal

Maximum

Crossing Nose
Axle Load

contact dimension b (mm)

contact

pressure (MPa)

Reference

22.7

9.68

2555

Wiest et al., 2008

20

11.00

2918.8

Li et al., 2017

16

11.40

2179

Wei et al., 2017

16

12.60

2303.4

Wei et al., 2017
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Stock Rail
Axle Load (t)

Longitudinal

Maximum

contact dimension b (mm)

contact

pressure (MPa)

Reference

11.8

7.68

1544.7

Burgelman et al., 2014

11.8

6.4

962.2

Burgelman et al., 2014

11.8

5.28

639.1

Burgelman et al., 2014

17

8.22

2121.2

Xu et al., 2017

17

9

2527.4

Xu et al., 2017

17

9.02

2564.6

Xu et al., 2017

Modelling of contact forces and material response for laser clad S&C
Simulation method
Contact mechanics for homogenous rail and wheel materials is well understood, for example using a
Hertzian contact approach, or a numerical approach using iterative approach of the surfaces to
establish the equilibrium between forces of deformation of the rail and wheel surfaces, and applied
load. For a clad surface there is a variation with depth below the surface in Young’s modulus and
Poisson’s ratio. This has the potential to invalidate standard contact calculations making a numerical
method essential. Initial work has been assessing sensitivity to this behaviour, to understanding the
trade-off between speed and accuracy in contact force/area/pressure calculation. Using either method
the outcome is an application of a rail-wheel contact force representative of S&C from which internal
stress can be calculated. It is these stresses which have the potential to (i) drive plastic damage in the
cladding or substrate, and (ii) promote crack growth from any included manufacturing defects.
Understanding these outcomes provides the opportunity to design cladding thickness and choose
materials to (i) avoid clad to substrate interface lying at the depth of peak sub-surface stress, (ii)
containing peak stress in a material better able to resist plastic flow which is the precursor to macro
scale cracking damage and wear, and (iii) understand what defects, if any, could be tolerated at the
clad to substrate interface (see examples in Figure 202). This will be key information with which a
coating would be specified for a clad point blade or crossing nose.
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Figure 202 Clad rail cross-sectional appearance showing potential failure locations
Application of fracture mechanics
Fracture mechanics may be used to predict the growth rate of a crack subject to external loading and
has been previously applied to model rolling contact fatigue crack growth in rails. Bower (1988)
developed an early two-dimensional numerical model of surface initiated rolling contact fatigue cracks
to study mode I and mode II stress intensity factors. Bogdanski and Brown (2002) used the finite
element method to examine the growth of rolling contact fatigue cracks and to predict crack tip stress
intensity factors, increasing the understanding of mixed mode stress intensity factors and the
propensity of defects to grow. Models developed by Fletcher and co-authors [Fletcher and Sanusi
(2016), Fletcher (2014)] more recently have enabled examination of embedded cracks associated with
thermal rail defects. The work conducted here is an extension of this approach, focusing on the
interface between the clad layer and substrate rather than thermal events during rail service.
Previous work on growth of cracks in rails has used a boundary element (BE) technique, its primary
advantage over the more widely known finite element (FE) approach being that BE removes the need
to finely mesh the region of high stress gradients immediately ahead of the crack tip. This is possible
because boundary element models define the mechanics of the problem in terms of integrals over the
surface of the body rather than through its volume, with the assumption that internal behaviour is
elastic. This is similar to the treatment of crack growth by linear elastic fracture mechanics in which
behaviour is elastic with the exception of a very small process zone just ahead of any crack. Crack
opening and sliding displacements observed on the surfaces of a crack modelled using boundary
elements can then be used to calculate the stress intensity factors at the crack tip. The models were
developed in the commercial package BEASY (2018). To optimise modelling speed in the initial
screening stages of the investigation where a wide range of variables will be investigated a 2D
approach has been adopted. For cases where a sub-surface defect is modelled this takes around one
tenth the time per run relative to a 3D analysis. Although a 3D representation would allow
consideration of lateral forces and spin within the contact the number of cases that could be
investigated would be much lower within the scale of the current project. A 3D analysis would be of
greater value for detail design, after basic behaviours of a layered structure are understood.
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Modelling Strategy
Stress and defect growth
Identifying critical stresses driving damage for point blade, stock rail and crossing nose






Surface contact loads/pressure ranges based on literature data. These include dynamics load from
vehicle track interaction, avoiding the need to re-model suspension dynamics and body forces
here.
Longitudinal cross-section models are being examined to find locations of maximum internal
stress.
Multiple locations of contact are examined in the longitudinal direction passing over the site of
interest, i.e. full wheel passage is represented.
Stress intensity factors calculated (with simplified conversion to a crack growth rate) for an
embedded crack at the clad to substrate interface.

Figure 203 indicates the modelling “longitudinal slice” concept for modelling internal defects,
calculating internal stress and assessing the potential for driving crack growth using longitudinal crosssection 2D models.

Figure 203 Schematic representation of locations at which internal stress and potential for
driving crack growth is being modelled in stage 1 using longitudinal cross-section 2D
models: (i) Stock rail, (ii) switch blade, and (iii) crossing.
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Plastic damage
Applying plasticity modelling to understand damage accumulation in the clad layer and substrate.
 Representation of the rail (S&C components) and clad surface in a layer based plasticity model
 Consideration of incremental accumulation of plastic flow (ratchetting) over a number of wheel
passes.
 Validation against alternative models and experiments for normal grade rail steel
 Predictive use for clad layers.
For rail defect analysis (assessing potential for a manufacturing defect to grow) multiple locations of
contact (wheel positions along a section) are examined in the longitudinal direction passing over the
site of interest in order to carry out assessments within a stress cycle (see Figure 204).

Figure 204 Schematic representation of modelling wheel movement through a site with a
potential defect to assess its criticality. Stress state at the defect site changes as the
wheel passes, so multiple wheel positions must be modelled to fully understand the
stress cycle.
Preliminary stress analysis (without internal defects)
A longitudinal profile of a switch rail, which is coated with Stellite 6 material of 1 mm thickness and
loaded by a semi-elliptical pressure distribution with maximum pressure 3416MPa and a frictional
traction force (10%, 30% and 50% of the normal pressure distribution), has been modelled with the
boundary element software BEASY. A model image (and its basic constituents) as well as the resulting
direct stress distribution can be seen in Figure 205. A key factor is that the presence of the surface
layer makes the material non-homogenous, potentially invalidating the assumptions of the Hertz
contact theory.
Initial models were developed using a wheel applied to the clad rail model to directly represent the
contact between them. Internal stress is taken from the numerical model as this can correctly
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represent the different mechanical properties (particularly Young’s modulus and Poisson’s ratio) for
the clad layer and the substrate. During planning this area of work, it was anticipated that these
material properties could differ significantly from those of steel, but subsequent literature searches
showed the differences to be small. Hence, the internal stresses were found to be almost identical to
those generated using a Hertzian approach. A simplification was therefore possible that direct
modelling of rail-wheel contact could be replaced by application of a semi-elliptical surface pressure
profile to the rail/S&C surface. This is computationally much more efficient than modelling the full
contact.

(a)

(b)
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(c)
Figure 205 Modelling of a longitudinal profile of a switch which is coated with Stellite 6 material
and loaded by a semi-elliptical pressure distribution and frictional traction force of
30% – Direct stress distribution result.
Preliminary stress analysis (with internal coating-substrate defects)
A 5 mm long crack has been placed at the boundary of the coating and substrate material to
understand the propensity for a defect (e.g. manufacturing defect) to grow. This knowledge can be
used to specify tolerable defects. The model layout and the direct stress distribution for a longitudinal
profile of a switch rail, which is coated with Stellite 6 material of 1 mm thickness and loaded by a
maximum Hertzian pressure distribution (3416 MPa) is shown in Figure 206.

(a)
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(b)

(c)
Figure 206 Modelling of a longitudinal profile of a switch coated with Stellite 6 material, loaded
by semi-elliptical pressure distribution and a crack placed at the boundary of coating
and substrate material – Direct stress distribution result.
Fracture mechanics results generated
Longitudinal profiles of a railway switch coated with Stellite 6 material of 0.5, 1.5 and 2.5 mm thickness
and loaded by a semi-elliptical pressure distribution with maximum pressure of 3416MPa and a
frictional traction force of 30% (of the normal pressure distribution), have been modelled with the
boundary element software BEASY. Sensitivity to surface traction force was studied in a previous
investigation (Kapoor et al., 2002), showing this was not a primary determinant of rolling contact
fatigue crack growth rate. For inclined surface breaking rolling contact fatigue cracks internal friction
between the crack faces (here kept equal to surface friction coefficient of 0.30) was found to be much
more significant in determining growth rate. However, the embedded cracks examined here would not
be subject to entry of lubricants so there is no reason the coefficient should drop below that
representing dry sliding contact. For each model a horizontal 4 mm long crack has been placed at the
boundary of the coating and substrate material in the middle of the model section. Fifteen contact
positions have been considered on the wheel-rail interface for the model with the 0.5 mm coating and
based on the results of this model only the contact position locations generating the peak stress
intensity factors determining crack growth were determined for the models with the 1.5 and 2.5 mm
coating. This approach resulted in a considerable saving of computing time. Stress intensity factors for
the left and right crack ends have been calculated by applying a displacement-based solution using the
relative motion of initially coincident mesh points along the crack moving away from the crack tip.
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Furthermore, a residual stress difference between the clad and substrate was modelled to understand
its influence of defect growth. This was achieved by setting an artificial temperature differential of
800C between the cladding and substrate to represent their cooling path during production (see Figure
207). The model is in reality all at the same temperature (e.g. 20C), with different artificial temperature
deviations in each zone used along with thermal expansion coefficients to pre-stress the body. In
previous cases this approach has been used to represent a metallurgical transformation that causes
part of the material to expand, such as a pearlite to martensite transformation at the rail surface. In
the current work it is the solidification of the clad layer which will cool after becoming solid, thereby
potentially placing itself in tension relative to the substrate which is of interest.
The 4 mm crack studied was placed horizontally on the boundary of the coating in the centre of the
100 mm longitudinal section of the rail: the left crack tip is placed at 48 mm and the right crack tip has
a distance of 52 mm from the left model side. Semi-elliptical load with a maximum contact pressure of
3416 MPa and traction force (friction coefficient: 0.3) are consecutively applied along a distance of 28
mm (14 mm on either side of the crack centre), representing a moving load on the rail surface that
approaches the crack from the left side.
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Figure 207 Basic concept of applying a temperature differential of 800 ᵒC relative to the
substrate material in the surface layer (coating) material.

Table 32 shows the results of the stress intensity factors (KI and KII) calculated for each crack tip and
contact position when the thickness of the coating is 0.5 mm and for both the cases, i) with the
temperature differential and ii) without the temperature differential applied, are shown.
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Stress intensity factors for the cases with and without the temperature differential
applied in the 0.5 mm surface layer of coating.

Temperature
differential (TDiff) Left crack tip
of 800ᵒC applied
KII
in the 0.5mm KI
surface coating

Right crack tip
KI

KII

TDiff applied
Without TDiff

1.43
1.41

-2.40
-2.35

0.00
0.00

-2.07
-2.02

TDiff applied
Without TDiff

2.10
2.08

-3.33
-3.28

0.00
0.00

-2.72
-2.67

TDiff applied
Without TDiff

3.33
3.50

-4.51
-4.64

0.00
0.00

-3.89
-3.92

TDiff applied
Without TDiff

0.00
0.00

0.00
0.00

0.00
0.00

-4.35
-4.30

TDiff applied
Without TDiff

0.00
0.00

0.00
0.00

0.00
0.00

-1.91
-1.79

TDiff applied
Without TDiff

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

TDiff applied
Without TDiff

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

TDiff applied
Without TDiff

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

TDiff applied
Without TDiff

0.00
0.00

0.00
0.00

0.00
0.00

0.00
0.00

TDiff applied
Without TDiff

0.00
0.00

-14.09
-14.11

0.00
0.00

0.00
0.00

TDiff applied
Without TDiff

5.44
5.32

-32.36
-32.29

0.00
0.00

-15.29
-14.85

TDiff applied
Without TDiff

7.63
7.60

-15.28
-15.23

0.00
0.00

-33.19
-33.23

TDiff applied
Without TDiff

2.94
2.92

-5.80
-5.56

0.00
0.00

-12.14
-12.08

TDiff applied
Without TDiff

1.68
1.64

-3.31
-3.20

0.00
0.00

-5.27
-5.25

TDiff applied
Without TDiff

1.14
1.11

-2.20
-2.16

0.00
0.00

-3.23
-3.17
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Contact position of max.
pressure and distance from
left and right crack tips
36 mm
(12 mm from left crack tip – 16
mm from right crack tip)
38 mm
(10 mm from left crack tip – 14
mm from right crack tip)
40 mm
(8 mm from left crack tip – 12 mm
from right crack tip)
42 mm
(6 mm from left crack tip – 10 mm
from right crack tip)
44 mm
(4 mm from left crack tip – 8 mm
from right crack tip)
46 mm
(2 mm from left crack tip – 6 mm
from right crack tip)
48 mm
(0 mm from left crack tip – 4 mm
from right crack tip)
50 mm – crack centre
(2 mm from left crack tip – 2 mm
from right crack tip)
52 mm
(4 mm from left crack tip – 0 mm
from right crack tip)
54 mm
(6 mm from left crack tip – 2 mm
from right crack tip)
56 mm
(8 mm from left crack tip – 4 mm
from right crack tip)
58 mm
(10 mm from left crack tip – 6 mm
from right crack tip)
60 mm
(12 mm from left crack tip – 8 mm
from right crack tip)
62 mm
(14 mm from left crack tip – 10
mm from right crack tip)
64 mm
(16 mm from left crack tip – 12
mm from right crack tip)
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The diagrams of Figure 208 illustrate the small differences between the two cases; the red line with
crosses represents the case when the temperature difference (heat) is applied and the blue curve with
dots represents the case without thermal effects. In almost all cases the two curves are almost coincident.

(a) KI (MPa × m1/2) – Left crack tip
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(b) KII (MPa × m1/2) – Left crack tip
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(c) KI (MPa × m1/2) – Right crack tip
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(d) KII (MPa × m1/2) – Right crack tip
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Figure 208 KI and KII factors at the left (a,b) and right (c,d) crack tips for the cases with and
without the temperature differential applied in the 0.5 mm surface layer of coating.

GA H2020 730841

D2.2

Page 236 of 400

IN2TRACK

Core S&C Issues

Further cases for cladding thickness of 1.5 and 2.5mm were modelled. These looked just at the contact
positions generating peak positive and negative stress intensity factor which define the stress intensity
factor range. Table 33 gathers the stress intensity factor ranges for all the cases modelled
Table 33

Coating
thickness
/ mm
0.5
1.5
2.5

Stress intensity factor ranges with and without residual stress from layer application
for 0.5, 1.5 and 2.5 mm surface layer coating

Left crack tip
No residual stress

With residual stress

Right crack tip
No residual stress

With residual stress

KI
/
MPa.m0.5

KII
/
MPa.m0.5

KI
/
MPa.m0.5

KII
/
MPa.m0.5

KI
/
MPa.m0.5

KII
/
MPa.m0.5

KI
/
MPa.m0.5

KII
/
MPa.m0.5

7.60
2.76
0

32.29
58.4
63.7

7.63
2.81
0

32.36
52.4
64.6

0
0
0

33.23
55.8
62.2

0
0
0

33.19
56.1
63.2

The value of calculating stress intensity factors is in predicting crack growth rates for the defect
modelled, enabling a decision to be made on whether a clad layer with this level of defect would be
tolerable. Unfortunately, a crack growth law does not exist for an embedded crack of the type
modelled when under a compressive stress field from wheel load. However, an estimate can be made
using a well-developed rolling contact fatigue crack model representing a surface breaking crack under
wheel load. Such a model was previously applied [Kapoor, Fletcher, Franklin, Alwhadi], and uses the
equations below to combine mode I (crack opening) and II (crack shearing) stress intensity factors, and
then to convert these to a crack growth rate. Here the crack length is a, and the number of wheel
passes is N, giving growth per wheel pass as da/dN.
614

2⁄
3.74

Δ𝐾𝑒𝑞 = √Δ𝐾𝐼2 + [(507) Δ𝐾𝐼𝐼3.21 ]

(21)

𝑑𝑎
𝑑𝑁

(22)

3.74
= 0.000507(Δ𝐾𝑒𝑞
− 43.74 )

Table 34 collects the results of the conversion to crack growth rate for the stress intensity factors in
Table 33.
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Table 34

Crack growth rates (nm/wheel pass) estimated for an embedded crack using the best
available crack growth law, originally developed for surface breaking contact loaded
cracks.

Left crack tip
No residual stress

With residual stress

Right crack tip
No residual stress

With residual stress

da/dN, nm/cycle
Coating
thickness
/ mm
0.5
54
1.5
291

da/dN, nm/cycle

da/dN, nm/cycle

da/dN, nm/cycle

55
206

47
248

47
252

2.5

397

352

370

380

Fracture mechanics modelling conclusions
Modelling a clad layer from the perspective of integrity at the clad to substrate interface has been
undertaken to understand how a defect at this location (e.g. manufacturing defect during cladding)
would behave. Stress analysis and stress intensity factor calculation was conducted using the BEASY
boundary analysis approach, and assumptions were made to allow calculation of crack growth rates,
based on previous work for rolling contact fatigue cracks.
The results show that:
 Thinner coatings give slower predicted growth of an embedded crack at the clad to substrate
interface. This is because it was assumed the crack lies at the interface of the coating and
substrate, therefore a shallow coating places the interface (and crack) nearer to the surface and
further from the sub-surface peak in contact stress (for high friction this is not certain since
surface shear is high). Considering plastic damage (see section below) it becomes clear that a
shallow depth of coating is not beneficial overall.
 Residual stress introduced by the different cooling rates and thermal expansion coefficients of
the clad and substrate materials makes no significant difference to the crack growth prediction
relative to a model that neglects this effect.
 A defect of 4mm size would grow rapidly at the interface, so if any defect can be tolerated it
must be below this size.
Plastic damage modelling for laser clad layers
The physical process to be modelled
Investigation of surface damage and failure of rails in rail-wheel contact has identified strain
accumulation as the underlying cause of both wear and crack initiation (Kapoor and Franklin, 2000,
Tyfour et al., 1995). This occurs as stress from wheel load takes material beyond its yield point, and
also beyond the shakedown limit (Johnson, 1987) below which residual stress from initial deformation
is protective of further deformation. Under these conditions shear deformation of the type shown in
Figure 209 accumulates over tens of thousands of wheel passes in a ‘ratchetting’ process, illustrated
schematically in Figure 210 on a load-deformation basis.
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Strain accumulation cannot go on indefinitely and reaches the ‘limit of ductility’, the value of which
has been determined for normal grade rail steel as a plastic strain of 11.5. Note this is not a percentage,
this is a very large strain made possible by the constrained hydrostatic pressure to which material
below a rail-wheel contact is subject. Material reaching this strain has been found to fail through wear
(at the surface), and crack formation (setting out from the surface and propagating downwards).

Figure 209 Cross-section revealing longitudinal shear in rail steel after running dry (unlubricated)
against wheel steel at 1500MPa in a twin disc test configuration. Well below the
surface the material is undeformed, while close to the surface strain has
accumulated, ‘sweeping’ the surface to the right (Fletcher, 1999).

Figure 210 Load-deflection curves illustrating the ‘ratchetting’ process of incremental strain
accumulation. Afrer (Kapoor et al., 2004).
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Model description
Previously developed model
The current project builds on a previously developed model that is fully described by Kapoor et al.
(2004) to which the reader is referred, with additional detail in the ICON project report (2000). The
basis of the model is to divide the rail (or S&C) material from the surface down into a series of layers –
see Figure 211. The deformation of material in each layer is dependent on (i) the stress experienced at
that level below the surface, and (ii) the material response to this stress.
Where material in a layer is taken beyond yield the response is taken to be a ratchetting process of
gradual strain accumulation. This process is driven by shear stress at each depth, which is found to vary
non-uniformly below a rail-wheel contact. Figure 212 shows this variation with depth calculated on the
basis of Hertzian contact mechanics (ESDU, 1999). Using the equation below based on previous
experimental investigation of normal grade rail steel (Tyfour et al., 1995) the increment of plastic strain
accumulation in each layer with each contact pass (p) can be calculated. This increment of strain will
lead to strain hardening and increase in yield stress, which can be predicted from data again derived
from previous rolling contact tests by Tyfour et al. (1995). The effective shear yield stress keff is the
current value for each layer given the plastic shear strain it has already accumulated. The absolute
maximum shear stress experienced in a layer during the passage of the contact is zxmzx, calculated from
a Hertzian stress analysis.
𝜏

Δ𝛾𝑝 = 0.00237 (𝑘 𝑧𝑥𝑚𝑎𝑥 − 1)(𝜏𝑧𝑥𝑚𝑎𝑥 ≥ 𝑘𝑒𝑓𝑓,𝑁−1 )
𝑒𝑓𝑓,𝑁−1

(23)

Figure 211 Division of the rail material below the surface into a series of layers (Kapoor et al.,
2004, ICON, 2000).

GA H2020 730841

D2.2

Page 240 of 400

IN2TRACK

Core S&C Issues

Figure 212 Distribution of stress below the surface of a rail loaded by a wheel, contact pressure
represented as a Hertzian contact. Normalised depth is the dimensional depth
divided by contact half-width size. Here, shear stress indicates the maximum
absolute value experienced at each depth below the surface during the entire
passage of the contact, normalised by the maximum Hertzian contact pressure.
Normalised values enable the data presented to be applied to a wide variety of
contacts rather than being for a specific case.
For multiple contact passes an iterative approach is taken, summarised in Figure 213. The model
works across L layers over N cycles of contact passage, and strain is assumed to accumulate up to a
maximum critical level c (=11.5 based on previous experimental work by Tyfour). This level has been
identified in previous work as the point at which surface material will delaminate as wear debris, and
internal material will begin to lose its integrity and form crack like flaws.
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Figure 213 Flow diagram indicating progress of the strain accumulation simulation over L layers,
for N contact cycles, for a material that accumulates plastic shear strain p. (Kapoor
et al., 2004, ICON, 2000)
Materials
The material model underpinning the ratchetting strain plasticity accumulation model is crucial but is
currently only well-defined for normal grade BS11 rail steel (core hardness 240Hv). Extension of this
data to more modern rail steels requires research beyond the scope of the current project due to the
number and configuration of tests required using the twin-disc testing approach. Standard tensile tests
are insufficient to determine rail steel properties as they fail to capture the compressive stress regime
to which rails are subject during use. This compressive stress greatly increases ductility of the steel and
allows much more extensive plastic flow than is possible in an atmospheric pressure test (more details
in Kapoor et al., 2004).
In the current work rail steel behaviour is captured by the following equations representing the shear
yield vs plastic strain data in Figure 214 (using curve B at low strains).
𝑘𝑒𝑓𝑓 =

𝑘0 + 𝑞𝛾𝑝
𝑚(1 − 𝑒 −𝑛𝛾𝑝 )𝑝
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For BS11 rail steel the parameter values are:
k0 = 234.4 MPa
q = 33.68 MPa
m = 445.9 MPa
n = 0.474
p = 0.796

Figure 214 Shear stress at yield vs plastic shear strain, with detail of the approach used at low
strain where few data values are available. (Kapoor et al., 2004, ICON, 2000).
New additions to the model
Clad layer properties
The material properties (yield point, plastic stress-strain curve) of typical clad layer materials such as
martensitic stainless steel or Stellite after the thermal process of cladding are not well understood. To
proceed with modelling some estimates have been made based in available information. Considering
Stellite 6, a datasheet value for its tensile yield point in a casting application is give as 700MPa.
The shear yield strength, k, of a metal is a key parameter in the description of its ratchetting plasticity
behaviour and can be estimated from tensile test data using the von Mises yield criterion. The shear
yield strength is related to the tensile yield stress, sy, by the relationship:

k

sy
3

(25)

Taking the above information shows that a Stellite 6 clad layer can be expected to have an initial shear
yield point of around 404MPa. Its behaviour during plastic deformation in highly compressive stress
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conditions has not yet been quantified, so an estimate is made that it will follow the same shear yield
stress increases with plastic strain as does normal grade rail steel. The stress-strain curve generated in
this basis is shown in Figure 215. Alternative estimates could be made on the basis of “perfect
plasticity”, i.e. no increase in shear yield stress with plastic flow, or from parameterised models of
plasticity. However, without gathering data from experiments there would be no greater certainty in
the outcome than using the approach given here. Experiments reported by Lewis et al. (2015) show
that judged visually no plastic flow took place in clad Stellite 6 layers during rolling contact testing at
1500MPa. Tests reported by Lewis et al. (2016) under similar conditions showed a small degree of
hardening at the clad surface following running, suggesting that some degree of plastic flow is likely to
have been present. Better definition of the plastic shear stress-strain curve is an area in which
additional research is needed to increase certainty in the behaviour. In the current models the plastic
flow predicted in the clad layers will be better viewed on a categorical basis of whether flow is
predicted or not, rather than on a quantified basis.

Figure 215 Dependence of shear yield stress on plastic shear strain. Crosses mark data points
generated from twin disc tests by Tyfour et al. (1995). The behaviour at low strains is
estimated by a straight line relationship as there were no additional data in this
region. The curve for the cladding is estimated by a simple addition of the difference
in shear yield stress prior to plastic flow.
The equations defining the clad layer behaviour are similar to those for the rail steel, with the addition
of a term to raise the shear yield stress value:
𝑘𝑒𝑓𝑓 =

𝑠 +  𝑘0 + 𝑞𝛾𝑝
𝑠 + 𝑚(1 − 𝑒 −𝑛𝛾𝑝 )𝑝

𝛾𝑝 ≤ 2
𝛾𝑝 > 2

(26)

Here, s equals the difference in the shear yield stress between the materials at zero plastic strain (s =
404-234.4MPa = 169.6MPa), and the other parameters are identical to those for rail steel given above.
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Layer thickness sensitivity, and use of thinner layers
The previous applications of the layer model approach (ICON, 2000, Kapoor et al., 2004) focused on a
layer thickness of 0.05mm to model the material below a twin-disc contact of width ~0.7mm, i.e. layer
thickness was around 1/14th the contact size. Layers were defined by the depth of their mid-point,
although results were reported using the position of the bottom of the layers. Increases in computing
power have made feasible use of a smaller layer thickness in the current work, giving a smoother
variation of predicted strain below the rail surface. A case investigating sensitivity to layer thickness is
given below.
Plastic damage modelling validation
Code from the previous implementation of the layer model (ICON, 2000, Kapoor et al., 2004) was not
available and the model had to be re-coded to include the property variations for clad components.
The validation of this code against previous results was conducted to ensure confidence in this rewritten code and its application. Previous application of the model was in investigation of SUROS twin
disc test results, so the validation also used this test configuration. This validation was in terms of (i)
strain development over a number of contact cycles at a depth of 0.2mm below the rail disc surface,
and (ii) the variation with depth of strain at a specific number of wheel passes over the disc.
Validation: Strain development over cycles
Tyfour et al. (1995) conducted SUROS twin disc testing under dry conditions and monitored strain
accumulation at a depth of 0.2mm below the rail disc surface for up to 40,000 wheel contact cycles.
Friction was found to peak early in the tests, dropping rapidly from this peak and then more gradually
over the remainder of the tests. This was modelled by Kapoor et al. (2004) by taking the high start of
test peak coefficient of friction and corresponding low end of test levels to define upper and lower
boundaries within which the strain accumulation will have taken place. Levels of friction were set to
match those in the experiments, with contact pressure at 1500MPa throughout. The validation was
conducted using normal grade rail steel material model ‘C’ (Figure 214), and a contact half width size
of 0.35mm, matching the cases published previously (Kapoor et al., 2004, ICON, 2000). Note that new
work using SUROS contacts described below takes a more accurately calculated contact half width of
0.31mm, but this small change has no significant effect on the findings.
Results of the strain accumulation modelling are shown in Figure 216 indicating almost perfect
agreement between the new model and previous implementation by Kapoor et al. (2004). The two
sets of curves are almost indistinguishable as they are overlaid on one another.
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Figure 216 Validation of strain development over number of contact cycles. New model
implementation compared against experimental data and previous modelling results
from Kapoor et al., 2004.
Validation: Strain development with depth
In addition to modelling strain accumulation over a number of contact cycles, the strain variation with
depth was also predicted by Kapoor et al. (2004) and compared with the same quantity measured from
experiments. This is an important test of the model as the strain data other than at 0.2mm below the
contact surface are not fed into the modelling process, i.e. this is a true validation, avoiding any
recirculation of data from the original tests.
Strain variation with depth was predicted using normal grade rail material model B and a contact half
width of 0.35mm (SUROS twin disc case), these values being chosen to match those used previously
by Kapoor et al. (2004). Note that work using SUROS contacts described below takes a more accurately
calculated contact half width of 0.31mm, but this small change has no significant effect on the findings.
Simulations of deformation at 1000 wheel passes and 17,500 wheel passes were undertaken,
producing the data in Figure 217. There is good agreement between the newly implemented model,
data from the previously published model, and data from experiments. Where differences between
the models and experimental data exist (mostly at lower strain levels further from the rail surface),
these are similar for the new and previous implementation of the model. The new model was run with
a smaller layer thickness to give a better definition of strain variation with depth so this is in part
responsible for difference between the new and old modelling cases (the effect of layer thickness is
small, see below).
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Figure 217 Validation of Vickers Hardness (rising due to strain hardening) vs depth below the
contact surface at specific numbers of contact cycles. New model implementation
compared against experimental data and previous modelling results from (Kapoor et
al., 2004, ICON, 2000).
Validation: Effect of layer thickness
Choice of layer thickness changes the computing time for the model in proportion to the number of
layers. Previous work used a 0.05mm layer, giving just over 6 layers within the half-width dimension
for a SUROS contact. Since this contact size is representative of the depth below the contact within
which peak stresses will lie it would be expected that this layer thickness will capture the main effects
of the contact, but there will be some loss of resolution as the highest peaks in stress are averaged
over the layer depth.
Further modelling was undertaken for 0.01 and 0.02mm layer thicknesses, generating the results in
Figure 218a. It can be seen that a smaller layer depth gives increased resolution in the sub-surface
strain variation with depth and allows results to be generated closer to the surface. However, there is
little significant difference in behaviour predicted. Choice of the layer thickness in this type of model
is not equivalent to a finite element model convergence study. The change of layer depth simply
reduces the depth over which stress in the body is averaged, thereby better capturing peak and near
surface stress, it does not change the accuracy of the stress calculation itself.

Figure 218b shows a metallurgical cross-section from a test under dry conditions similar to those used
to generate Figure 218a (variation of friction level during each experiment makes exact matching of
conditions impossible). The agreement is good between the modelling prediction of depths below the
rail steel surface at which plastic flow will take place and the real locations of flow visible in the
microstructure. The high level of plasticity very close to the rail steel surface (within 200 microns)
makes it difficult to verify if the pattern of a sub-surface peak in plastic flow at around 150 microns
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below the surface is present in the experimental specimen. However, the depth of flow predicted
(down to approximately 0.8mm) corresponds well to the experimental case.
Plastic strain
5
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0.4
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Figure 218 Variation of strain with depth for a SUROS twin disc rail-wheel contact running in dry
conditions. (a) Modelling output to explore sensitivity to layer thickness. (b)
Experimental output for the same conditions and depth range, for a normal grade
rail steel (Fletcher, 1999).
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New cases for clad surfaces
Although the primary focus in the current work is on full size S&C components, the well understood
nature of small scale twin disc contacts makes these useful for validation cases and initial
investigations. The full-size contacts are discussed below after using the twin disc cases are used to
build confidence in the modelling technique and explain the presentation of the results.
Results: SUROS small scale twin disc specimens
Two materials were used to model a hard cladding on a basic rail steel: normal grade rail steel with
material response ‘B’ (Figure 214), and the estimated response of Stellite 6 (Figure 215). Initial runs
were for the basic rail steel (without cladding), and for a cladding of 3mm deep, this being sufficient to
exceed the depth of all plastic flow predicted in the normal grade steel. The simulation considered dry
contact (fully sliding contact with a friction coefficient of 0.35), at a maximum Hertzian contact
pressure of 1500MPa throughout. The simulation ran for 40,000 contact cycles.
Results are shown in Figure 219 indicating the following major predictions:
 Without cladding the plastic flow is predicted to reach its failure value (11.5) over a depth
approaching the contact patch half-width (0.31mm). Experimental data shows that for normal
grade rail steel this strain will lead to wear (at the surface), and crack formation (in the interior).
 In the normal grade rail steel strain is predicted down to around 0.7mm, i.e. around twice the
contact half-width for a SUROS contact.
 For the cladding, strain magnitude and maximum depth is reduced.
 The cladding does not reach the failure strain identified for normal grade steel. If it is assumed
that the failure strain is the same for both materials this indicates there would be no wear or
crack initiation due to plastic damage. However, the strain at which Stellite 6 will begin to exhibit
ductility exhaustion with consequent wear and crack initiation is not actually known for the
highly compressive conditions below the rail-wheel contact. This lack of knowledge points the
way to future work needed for quantifying the benefits of implementing a hard cladding surface.
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Figure 219 Variation of predicted strain with depth after 40,000 wheel passes for a SUROS twin
disc configuration at 1500MPa under dry conditions (=0.35). Cases for no cladding
(0mm, normal grade rail steel alone) and deep cladding with depth of 3mm.
Following modelling the outlying cases of no cladding or a very deep cladding, a 0.5mm clad depth was
modelled giving the results in Figure 220. It can be seen that the clad to this depth greatly restricts
near surface plastic flow, but the strain ‘jumps up’ to the level for normal grade rail steel below this
level. This reflects the fact that the cladding can do very little to shield the substrate from the contact
stress field. Both materials have very similar mechanical properties, so in contact mechanics terms
(and neglecting any effect of residual stress from cladding manufacture) there is little difference
between the internal stress for rail steel alone relative to the case without cladding.
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The graph in Figure 220 shows strain, so it is correct that there is a jump and discontinuity at the depth
of the cladding. If it were replotted as variation in shear displacement of the rail material with depth
the curve would be continuous at the cladding to substrate interface. Taking the base of the rail (well
away from plastic flow) as a fixed boundary, this would show that the surface has flowed longitudinally
in the rolling traction direction, with each layer towards the top of the rail undergoing the sum of
lateral displacement of everything below it.

Figure 220 Strain accumulation for a cladding thickness of 0.5mm after 40,000 wheel passes for
a SUROS twin disc configuration at 1500MPa under dry conditions (=0.35).
It is useful to consider that the behaviour for a specific layer depth (Figure 220) can also be predicted
directly from the outlying cases for no coating or a deep coating (i.e. deep relative to the stress field
and contact size). Figure 221 illustrates how the case for a 0.5mm coating can be formed from these
base cases, meaning layer depth specific models are not needed to predict outcomes for a range of
layer thickness.
Figure 222 takes this route further with results for no coating and a deep (3mm) coating for a range of
friction levels. Higher friction conditions (representing dry or poorly lubricated contact) are to the right
of each family of curves, with results for lower friction conditions towards the left. The model
considered full slip conditions, so the traction coefficient ratio of traction to normal load on the contact
is equal to the friction coefficient. The results show that for an uncoated surface, plastic flow will reach
a strain of 11.5 (the ductility exhaustion failure point identified experimentally for normal grade steel)
when running at a friction coefficient of 0.25 or above for the 40,000 contact cycles simulated. At lower
friction levels there is sub-surface accumulation of strain but it doesn’t reach the failure point over this
number of cycles.
For the coated surface Figure 222 indicates that plastic flow is greatly reduced. However, over a very
shallow surface depth material can still reach the failure strain identified for normal grade steel if
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running at a friction coefficient of 0.45. The complex variation of strain over the upper 0.1mm of the
rail component surface is a consequence of the similarly complex variation of internal stress at these
depths due to the contact. At a friction coefficient of 0.35 or below the strain in the cladding is
predicted to be full contained sub-surface, and does not reach the failure strain over the 40,000 wheel
passages simulated.

Figure 221 Illustration of how strain accumulation for zero (red curve) and 3mm (yellow curve)
cladding depths can be combined to examine strain accumulation for any
intermediate cladding depth such as 0.5mm (blue circles) without conducting a
specific run. These cases are for 40,000 wheel passes for a SUROS twin disc
configuration at 1500MPa under dry conditions (=0.35).
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Figure 222 Strain accumulation predicted below the surface of SUROS twin disc specimen
running at 1500MPa maximum Hertzian contact pressure under a range of friction
conditions for 40,000 contact cycles. As shown in Figure 221 the curves for zero or
3mm cladding thickness can be combined to predict the behaviour for any
intermediate cladding thickness.
Results: Full scale – rail and S&C cases
Having explored the plastic flow predicted by the layer model for small scale SURSO twin disc contacts,
the same model is applied here for larger geometry representative of full size rail-wheel contact. As
previously, the materials are taken as a normal grade rail steel substrate and a Stellite 6 clad layer with
plastic flow behaviour described by Figure 215.
Plain line standard rail
Figure 223 shows the cases without a cladding layer, and the case with a deep clad layer. The deep
layer is in this case 30mm thick for a contact half width of 7mm, far exceeding the depth over which
plastic flow is predicted for the case without a clad layer. Contact pressure is 1500MPa, the same as
was used in the SUROS cases above, and representative of a heavy locomotive wheel contact on plain
line. The behaviour of clad and unclad cases is very similar to the SUROS cases, with heavy plastic flow
predicted for friction coefficients of 0.25 and above in unclad rail. Plasticity is greatly reduced for the
clad case, particularly at coefficient of friction 0.35 or below.
While Figure 223 indicates the potential for a cladding to greatly reduce surface plastic flow, it is useful
to look also at the depth of cladding that would be needed to achieve sub-surface suppression of plastic
damage. Without a cladding the normal grade rail steel is predicted to undergo extensive plastic flow
to depths of around 13-17mm, depending on the surface friction conditions. While a very deep clad
would only experience plasticity (using the estimated mechanical properties in Figure 215) to around
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8mm deep, it would need to extend much deeper to avoid a peak in sub-surface strain accumulation
at the interface back to normal grade steel. The modelling shows that a cladding to over 17mm deep
would be needed to avoid this problem.
S&C cases
Extending the analysis for S&C cases, these are represented through contact pressures up to 2500MPa
while leaving the remainder of the simulation the same. Although contact size is expected to vary
depending on the specific point of contact between the wheel and S&C as it passes through different
geometries, it is not intended to model specific cases here. Modelling for a 7mm contact half width is
sufficient to examine the main behaviour for higher contact pressure.
Figure 224 shows the results, focusing on a friction coefficient of 0.35. For the unclad case significant
plastic flow is predicted across all the contact pressures examined. The unclad material is represented
here as a normal grade rail steel onto which a clad would be added. There were two issues to consider
in selection of this case: (a) Some lower usage crossings are fabricated from rail so this case can be of
interest, however, it will not be representative of more typical crossings made, for example, from cast
manganese. During this project the plastic stress-strain curve for cast manganese needed to drive the
modelling was not available. (2) It is unknown if a laser cladding can be successfully applied to a cast
manganese base material – at the time of this research no literature or other evidence could be found
about whether this is possible or not. This points to two crucial areas of future investigation needed.
The results in Figure 224 show extensive plastic flow predicted in the unclad base material (normal
grade rail steel). This is to be expected since earlier results for 1500MPa had already indicated
extensive flow at friction coefficients of 0.25 and above. For the clad material (with properties
estimated as in Figure 215), the increase in contact pressure from 1500MPa to 2000MPa or above also
shows a rise to higher levels of plastic flow. While strain reaches the estimated failure strain at the
surface of the S&C, the depth of penetration of plastic flow into the rail is greatly reduced, only
reaching just over half the depth relative to corresponding unclad cases.
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Figure 223 Strain accumulation predicted below the rail surface for a 7mm half-width rail-wheel
contact running at 1500MPa maximum Hertzian contact pressure under a range of
friction conditions for 40,000 contact cycles. As shown in Figure 221 the curves for
outlying cases (here taken as zero or 30mm cladding thickness) can be combined to
predict the behaviour for any intermediate cladding thickness.
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Figure 224 Strain accumulation predicted below the rail surface for a 7mm half-width rail-wheel
contact running at 1500, 2000 or 2500MPa maximum Hertzian contact pressure at a
friction coefficient of 0.35 for 40,000 contact cycles. As shown in Figure 221 the
curves for outlying cases (here taken as zero or 30mm cladding thickness) can be
combined to predict the behaviour for any intermediate cladding thickness.
Plastic damage modelling, conclusions and future work
A previously developed and validated modelling approach using a layered representation of the rail
has been extended to look at plastic damage development in clad rails and S&C. The model was reimplemented to allow the code modification for variation of properties with depth, and re-validated
against strain accumulation data from SUROS twin disc tests.
To apply the model to clad surfaces it was necessary to estimate the plastic flow behaviour of the clad
layers. The results showed a surface layer has the ability to suppress plastic flow at the rail surface,
limit the depth of penetration of plastic flow, and allow higher friction levels without triggering plastic
damage reaching an experimentally determined failure strain. It was predicted that for real rail-wheel
contacts on plain line a clad layer over 17mm deep would be needed to completely suppress plastic
damage, this being much thicker than has been applied in previous cases. For the very high contact
pressures experienced in S&C the simulated clad layers were unable to prevent plastic flow, but were
able to approximately halve its depth of penetration into the rail.
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When interpreting these modelling predictions, three major caveats should be considered:
 The base steel is a normal grade steel originally tested in the 1990s, with core hardness of 240
Hv. This is softer than the 260 grade now most widely used. While this will lead to overprediction of plastic flow in the substrate, the softer grade has been found to harden quickly to
the point at which it has similar hardness to the grade 260, so the differences may not be as
great as the core hardness difference suggests.
 The properties of the cladding are the best estimates possible, but are extrapolations based on
the difference in shear yield and hardness in the unstrained condition. Determining the plastic
shear stress-strain curve for the cladding material must be a priority in further work. Previous
attempts to do this for rail steel using tensile test data (Kapoor et al., 2004) showed that this is
not successful. Testing of the material under the compressive stress regime it will face in service
is required (e.g. twin disc testing).
 For modelling cladding on S&C a rail steel rather than cast manganese substrate was used. This
is relevant to some crossings, but generating data on incremental plastic stress-strain
accumulation in cast manganese under wheel contacts would enable predictions more relevant
to heavily used modern S&C. Data on incremental plastic strain accumulation under
compressive load to inform modelling for tens of thousands of wheel loading cycles potentially
to high strain levels is not currently available for the cast manganese material.
A key activity when moving towards a demonstration of an additively manufactured laser clad
component will be determining the material properties detailed above, thereby increasing certainty in
the thickness of the surface layers needed and the performance to be expected of them. The same
issues will apply to any additive manufacturing process aiming to give graduated properties through
the depth of rail or S&C. In summary, key properties to be quantified for substrates (e.g. modern rail
steels and/or cast manganese) and for materials being applied as additively manufactured surface
layers on rail or S&C are:
 Plastic shear stress-strain response curves for the material. These are best generated by testing
the material in a rolling-sliding contact condition (e.g. twin disc) followed by measurement of
sub-surface plastic shear strain and yield stress of the deformed/hardened material.
 Plastic ratchetting failure strain, i.e. the limit of strain accumulation after which the material
loses its integrity and forms cracks or wear flakes.
An ideal material would be likely to exhibit a zero or low self-limiting accumulation of plastic strain
(e.g. limited by the shakedown process of protective strain hardening and residual stress
development), even under very high working loads. A high plastic strain to failure (high ductility) would
further protect against cracking or wear. With these data measured for input to modelling (rather than
using best estimates in the current study) confidence in the prediction of component behaviour will
be increased at the design stage, avoiding production of prototypes that are unlikely to succeed.
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Laboratory investigation
A number of tests were conducted to study both the mechanical properties and tribological/bending
performance of the clad layer. These supplement the modelling described in section 4.3.2 with data
on real clad surfaces. This was conducted using martensitic stainless steel claddings which have very
similar properties to the estimated Stellite 6 behaviour used in the modelling.
Mechanical properties of the clad layer and HAZ
For the microhardness mapping and microstructure analysis, unused R260 grade discs clad with
martensitic stainless steel manufactured for twin disc wear testing were sectioned, mounted in
conductive Bakelite base and polished down to a 1𝜇𝑚 finish. These results were generated after
cladding, but prior to any load application, so did not capture any strain hardening under load. Vickers
micro-hardness measurements were taken using a load of 1.00 kg and dwell time of 10 seconds. The
indentation process started from the cladding edge towards the centre of the specimen, and the edge
was defined as the zero position, see Figure 225.

Figure 225 Hardness mapping direction and location
Figure 226 shows results of microhardness case measurements for the R260 rail material clad with a
single layer of MSS material. As shown in Figure 226, the hardness of the MSS clad layer ranges from
530HV to 630HV.
The material in the “dilution” zone (i.e. the region of mechanical mixing where the clad material mixes
with the base material during the cladding process) has a hardness value between that of the clad layer
and the base material. While in the HAZ, where the base material’s microstructure is changed during
the heating and cooling process, the hardness reduced gradually towards the boundary with the base
material.
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(a)

(b)
Figure 226 Properties of the clad samples. (a) Microstructure revealed using 2% Nital etched on
sample of MMS on R260; (b) Hardness mapping for untested MMS on R260 samples.
Parts (a) and (b) are scaled to show the microstructure on the depth scale of the
graph in (b).
Post-test hardness measured from discs run at 1500MPa and 1% slip for 30,000 cycles is shown in
Figure 227(a) for a reference unclad R260 disc and in Figure 227(b) for R260 with an MSS clad. It can
be seen, the R260 disc has worked hardened considerably in the upper 1mm of the surface. For an
unclad disc this behaviour correlates with the modelling predictions for normal grade steel, e.g. results
presented in Figure 219. For the MSS clad layer the experimental results show this has work hardened,
but by a much smaller amount than a similar depth of R260 steel. The clad layer applied in the
experimental work was of just over 1mm deep, representing a ‘deep’ layer relative to the contact patch
size. Referring back to the modelling results (Figure 219), limited plastic strain and consequently limited
strain hardening are predicted for a shallow depth of the clad layer under similar loading conditions to
these in the experimental work. Because the clad layer applied in the experiments was ‘deep’ relative
to the contact size and stress field peak depth, there is little or no peak in plastic strain in the substrate
material below the clad (see Figure 220 and Figure 221 for comparison of how a shallower 0.5mm depth
clad layer would be expected to leave the substrate unprotected below the cladding).
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(a)

(b)
Figure 227 Micro-hardness case depth measurements for the (a) Tested reference R260 sample;
(b) MSS clad on R260. All measurements were performed with a load of 1kg
For clad layers the standard etch used to examine rail steel microstructures (2% Nital acid solution)
could not expose any grain boundaries or other microstructure, therefore a more corrosive solution
was needed. Using 4.76% Nitric, 47.62% hydrochloric and 47.62% water revealed the microstructure,
and the results are shown in Figure 228. It should be note that these tiny pores were caused by the
strong etchant.
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Figure 228 Microstructure of clad zone of untested MSS on R260 samples (etched by 4.76%
Nitric, 47.62% hydrochloric and 47.62% water)
Post-test images are shown in Figure 229. R260 underwent considerable plastic flow as would be
expected. The MSS clad, however, was visibly unaffected, although the hardening data (Figure 227)
show an increase in hardness which will have been a consequence of sub-visual levels of plastic flow.
During examination of rail steels it is usual for plastic flow to become visually indistinguishable well
above the depth of hardening, i.e. hardness measurement is more sensitive than visual identification
of plastic damage. Techniques such as electron backscatter diffraction offer a new way to reveal plastic
flow visually without hardness testing and are suggested for use in further investigation of the cladding
plasticity properties.

(a)

(b)
(c)
Figure 229 (a) Plastic deformation depth comparison and clad edge’s microstructure
deformation of tested samples; (b) Reference R260 sample without cladding; (c) Clad
edge of MSS on R260. All samples were tested under 1500 MPa contact pressure,
and 1% slip ratio with cooling air
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Figure 230 shows how the microstructure varied through the HAZ. Grain size varied in zones through
the HAZ before the bulk substrate was reached.

(a)

(b)

(c)

(d)

(e)

(f)

Figure 230 Microstructure varies through HAZ in untested MMS on R260 (2% Nital etched): (a)
Dilution zone; (b) Coarse-grain; (c) Fine-grain zone; (d) for the Inter-critical zone; (e)
for the sub-critical zone; (f) for the base material.
Nano-indentation testing was carried out to determine Young’s modulus values for the clad, dilution
zone, HAZ and substrate. 180 indents were performed at 10mN using the Bruker's Hysitron TI Premier.
3 groups of indents (60 indents in each group) were conducted in the clad zone, the dilution zone and
the HAZ, individually. As shown in Figure 231, in each group, there are three rows of indents, the gap
between each row is 100𝜇𝑚, and the indent gap within each row is 15𝜇𝑚. As can be seen in Figure
232, the reduced modulus, E*, is fairly consistent across all zones. The reduced radius is a combined
measure dependent on the properties of both the indenter and material under study. The specimen
properties are extracted using the calculation described below.
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Figure 231 Location of Indentation Patterns

Figure 232 Nano-indentation measurement of E* and Hv of the middle pattern group over the
dilution zone
Table 35

Average E* values and Calculated E values
Zone
Clad
Dilution
HAZ
Bulk

E*
188
182
178
173

Hv
832
578
419
412

E (GPa)
204.7
196.9
191.8
185.4

The value of E was calculated from the measured E* data by using the following formula:
1
𝐸∗

=

(1−𝑣 2 )
𝐸

+
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where Ei is the indenter E (1140GPa) and vi is the indenter’s Poisson’s ratio (0.07). The specimen’s v
value was estimated as 0.3 which is typical for steel. The results for each zone are shown in Table 35.
Clad-substrate interface integrity under bending
To assess the clad layer integrity, bend testing was carried out. This is an area not explored in the
modelling work. The bend fatigue samples were 500mm in length. These samples had the rail web and
foot removed to reduce the vertical load required to practical levels to achieve the desired stress
range. The need to recreate a fully developed rail cross-sectional surface profile following cladding was
not deemed to be worth the cost of profile grinding. Therefore, after cladding, the bend specimens
were machined back to an approximate profile as shown in Figure 233.

Figure 233 Image of a bend fatigue specimen
The series 3 four-point bend fatigue tests were performed using a Schenck single axis top loading servo
hydraulic machine of 250kN capacity. A two-point loading frame was mounted to the top crosshead of
the machine. The bottom two supports were attached to a welded steel frame which sat on the bed
of the machine. The top two pivots were 25 mm diameter and the bottom pair were of 60mm
diameter. The web and foot of the rails were removed to reduce the load required to achieve a specific
maximum stress at the rail head. The samples were 500mm in length. The bottom pivots were set at a
distance of 350mm apart equidistant of the force centre giving a sample overhang of 75 mm. The top
two pivots were 100mm either side of the force centre as shown in Figure 234.

Figure 234 Schematic of the four point bend fatigue test set-up
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When a wheel rolls over a section of track which is supported either side of the wheel contact by two
equally spaced sleepers the rail head will be subject to a maximum compressive bending stress directly
under the wheel. However, either side of the wheel the rail head will be subject to a maximum tensile
stress. The tensile region ahead of the wheel will move with the rolling wheel much like “bow wave”.
There is currently no standard governing bend fatigue testing of head welded rail. The closest existing
standard is NR/SP/TRK111, which governs the bend fatigue testing of flash butt welded rail.
NR/SP/TRK111 is a Network Rail, UK, standard which specifies that the mean fatigue strength of flash
butt welded rail should exceed 230 MPa. As the number of samples was limited it was decided to test
at a 350 MPa stress range (1.5 times the Network Rail requirement). Should the clad samples still runout to 5,000,000 cycles then it could still be shown that the fatigue strength of the sample exceeds 230
MPa. If a sample failed before 5,000,000 cycles, then a new sample of the same material was tested at
a reduced stress range until run-out occurred. Table 36 lists the samples tested.
Table 36

Bend fatigue tests performed

Test No
REF-350
MSS-350
ST6-350
ST6-275
ST6-200

Clad
No Clad
MSS
Stellite 6
Stellite 6
Stellite 6

Stress Range, MPa
350
350
350
275
200

All of the clad samples were clad with 2 layers with a nominal 2mm thick coating. An unclad R260
sample (REF-350) machined to the same profile and dimensions was also tested at 350 MPa to act as
a reference. An unclad section of R260 rail was chosen as a suitable reference as this is the type of
track which is intended to be replaced with clad track.
It has been shown in that the cladding process can generate inclusions in the clad layer and at the
clad/parent material interface. These inclusions can potentially be sites for fatigue crack initiation. The
heat affected zone, HAZ, is also another potential area of weakness in clad samples. Loads required to
subject the sample to the specified stress range with stress ratio of R = 0.1 were calculated.
Table 37 shows the results of the 4-point bend fatigue tests. The reference and MSS-350 samples both
ran-out when tested at the maximum stress range of 350 MPa. The sample was also tested at 350 MPa
and also ran-out to 5,000,000 cycles. The ST6-350 Stellite sample saw complete fracture after only
61,000 cycles. Sample ST6-275 saw complete fracture after 259,000 cycles. Lowering the stress range
to 200 MPa on a new Stellite 6 clad sample saw the test run to 670,000 cycles at which point the test
was stopped for time constraint reasons.
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Results of 4-point bend fatigue testing on clad R260 grade rail samples. R indicates
run-out, S indicates that the test was stopped with the sample not broken

Figure 235 shows the broken section of the ST6-350 sample which failed at 61,000 cycles.

Figure 235 Section view of ST6 – 350 sample after failure at 61,000 cycles
Figure 236 and Figure 237 show close up images of the broken ST6 – 350 sample and show spherical
inclusions which were also seen in the Stellite 6 Wear/RCF sample.

Figure 236 Close up image of broken ST6 – 350 sample section after failure at 61,000 cycles
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Figure 237 Additional area of close up image of broken ST6 – 350 sample section after failure at
61,000 cycles
It can be seen from Figure 236 and Figure 237 that some of the cracks in the sample appear to originate
from the edges of inclusions, some appear to originate from the clad interface and some pass from the
clad into the substrate. However, sectioning a sample prior to failure would be required to verify the
earlier stages of crack growth.

Figure 238 Close up image of broken ST6 – 275 sample section after failure at 259,000 cycles
Figure 238 shows a close up image of the failed section of the ST6 – 275 sample. This sample also had
inclusions in the clad layer, however, they were concentrated towards the sample’s edges. Cracks were
also seen to be growing from the edges of the inclusions downward through the clad/substrate
interface. Figure 238 shows cracks growing through the interface between the deposit and the HAZ. It
is not clear whether these cracks originate in the clad layer or at the interface. No signs of delamination
between the clad and substrate were seen in any of the failed or run-out samples.
MSS clad did not fail in these tests. The Stellite failed due to imperfections in the clad. Since this work
has been carried out the laser cladding parameters have been improved to eliminate these
imperfections. The results highlight the need for cladding parameters to be optimised. It should also
be noted that the test conditions were very severe.
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Clad layer wear performance
An additional area addressed experimentally rather than by modelling was the wear performance of
the clad surfaces. Although plastic flow was modelled, the model did not attempt to quantify loss of
the ductility exhausted material from the rail or clad surface.
The SUROS twin disc machine (Fletcher and Lewis, 2013, see Figure 239) was used to assess wear
performance of the MSS clad layer on R260 rail material. A maximum Hertzian contact pressure of
1500MPa was used and a rail disc rotational speed of 400rpm. The slip between the wheel and the rail
discs was controlled by increasing the wheel disc rotational speed by the appropriate percentage of
1%, 10% and 20% of the rail disc’s rotational speed, thereby representing a driving wheel. A torque
transducer positioned on the rail disc drive shaft was used to measure torque and enabled calculation
of the tractive force and therefore the Tγ for each test. Tests were performed in dry conditions for
varying numbers of cycles (1,000 cycles for 20% and up to 30,000 cycles for 1% slip). The discs have a
contact width of 10mm and a diameter of 47mm. The room temperature was varied between 22 oC28oC and the humidity in the room between 30%-60%.

Figure 239 Schematic diagram of the SUROS twin disc testing machine
Initially a cylinder of R260 cut from a rail head was clad with MSS before SUROS discs were machined.
Before commencing a test, the specimen discs were dipped in acetone and cleaned in an ultrasonic
bath for two minutes. The weight of each disc was recorded using the Adam AAA-300L weighing
balance with an output of four decimal points (0.1mg precision). For the 1% slip, the test was
interrupted every 5k cycles up to 30k, in order to record the wear of each disc. Before measuring the
wear, the discs were cleaned again in ultrasonic bath as at the beginning of the test. For the 10% slip,
the test was interrupted at 1k, 2k, 3k, 4k and 10k cycles. Finally, for the 20% slip, the test was
interrupted at 500 cycles and 1k cycles.
Figure 240 shows the wear rate of the MSS clad against some premium rail materials. As can be seen
the clad performs particularly well in the more severe test conditions at 20% slip.
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Figure 240 Rail wear vs Tγ/A. Data are clustered according to the level of slip used in the test
(1% slip: low Tγ/A, 10% slip: medium Tγ/A, 20% slip: high Tγ/A).
Cladding experimental testing conclusions
The experimental work both supplemented and complemented the modelling programme described
in section 4.3.2. Major outcomes were:
 There was good correlation between the modelling and experimental data on clad surfaces
regarding the depth and extent of plastic damage in the clad and substrate.
 Bending tests demonstrated that a good quality clad well applied can meet or exceed fatigue
requirements developed for welded rails. Poor clads (e.g. inclusions) lead to defect growth
similar to that predicted by fracture mechanics analysis.
 Wear performance of the clad layer is good, the difference from standard grade steel being
greatest and most visible under high slip conditions (20% slip).
In comparing the experimental performance with that predicted by modelling the ‘scaling up’ of the
cladding to a surface loaded by a full-size wheel contact has not yet been investigated. This is a crucial
area of future work. On small scale samples a cladding of ~1mm deep exceeds the characteristic
contact dimensions, and therefore protects the full depth of material subject to highest sub-surface
stress. Future work needs to explore the modelling prediction that a thicker coating will be needed to
retain protection of the underlying steel under repeated contact from a full-size contact patch.
Moreover, testing is needed to establish material properties for modern rail steel / S&C substrates,
and for additively manufactured surface layers, as described in “Plastic damage modelling, conclusions
and future work”, section 4.3.2, above.
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4.3.3 Self-lubricating slide plates
Design of slide plates with self-lubricating properties applied using a high-power diode laser
The aim of this work was to improve the sliding properties and wear resistance of the sliding plates at
the sliding contact. As a result, different laser layers (Table 38) were welded onto test bench sample
plates. The build-up welding was carried out using a 10 kW direct diode laser. The following layers
were selected:
Table 38

Different wear layers selected for further testing
Samples
16659
16655
16604
Metco42C
mod. Amdry790

Layer structure
FeCrNiC
FeNiCoMo
FeCrCoMo
FeCrNi
CuNiAlSiB

All Fe base layers show a martensitic structure. After application, the hardness profiles, the dilution
and the microstructures were analysed in more detail. The laser process was modified several times
to get the best possible properties. Sliding tests were carried out and the coating layers were sanded
off. The counter-body used was a C60 cylinder. As a standard PA 6.6 is used with carbon fibres and
compared with the laser layers. The experimental setup is shown in Figure 241.

Figure 241 Experimental setup
The following parameters were used:





Pressing: 0.06 MPa
Stroke (tip-to-tip): 40 mm
Speed: ~ 0.08 m / s
Duration: 7200 cycles

GA H2020 730841

D2.2

Page 270 of 400

IN2TRACK

Core S&C Issues

Results
Due to the metal-metal contact, a friction coefficient occurs at least twice as high as between metal –
plastic plates in contact. This can also be seen in the diagram, where the coefficient of friction (Figure
242) and wear rate (Figure 243) of laser layers are compared with the standard plastic plate upon
sliding. Plastic plate PA 6.6 shows significantly less wear than the laser layers. Also, the tongue material
has significantly higher wear value in the laser layers, which can be attributed to the coefficient of
friction.

Figure 242 Coefficient of friction of different wear layers in sliding contact

Figure 243 Wear of different wear layers in sliding contact
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4.4 Specify optimum material characteristics, negating existing
manufacturing constraints, with focus on deterioration patterns
and rates
4.4.1 Optimisation of rail steels for S&C applications
Considerations for the optimisation of rail steels in S&C were;





Switch blades: optimum material characteristics: wear + head checks + tip chipping resistance
Stock rail: optimum material characteristics: wear + head checks resistance and squats resistance
in tangent part
Mobile points: optimum material characteristics: wear + head checks resistance
Check rails: optimum material characteristics: wear resistance

There are 2 ways to enhance the properties: increase the hardness of pearlitic rails (up to more than
400HB) or use bainitic rails.
Switch blades
As explained in section 4.1.1 switch blades are damaged by wear, rolling contact fatigue and chipping.
According to the turnout geometry and lubrication and to the vehicle characteristics a deterioration
mode is usually predominant. For instance, some switch blades are damaged by wear, but with limited
rolling contact fatigue, and other switch blades are damaged by rolling contact fatigue, with limited
wear.
When wear is the main issue, the steel grade must be resistant to wear. The optimum solutions are
pearlitic steels with very fine interlamellar spacing, which give a high hardness level. These are heat
treated rails, hypereutectoid or low alloyed eutectoid rails, with a hardness level which can exceed 400
HB. An example is the R400HT grade described in IN2TRACK D2.1.
When head checking is the main issue, there are 2 solutions:




The same pearlitic steels with very fine interlamellar spacing, which give a high hardness level.
The resistance to rolling contact fatigue quickly increases with the hardness, but these grades are
not 100% free of rolling contact fatigue.
Upper bainite carbide free bainitic steels, such as the B360 grade described in D2.1 section 4.1.7.
These grades can be 100% free of rolling contact fatigue, but their wear resistance is lower than
pearlitic heat treated grades.

Since the plastic deformation and wear of all these grades is low, the blade profile must be conformal
to the wheel profile in order to avoid the flaking defects described in D2.1 section 4.1.8.
Figure 244 shows a chipping of a switch blade; the switch blade is pushed apart from the stock rail; the
photo shows the switch blade side which will be in contact with the stock rail. You can see a bulge
along the top of the blade. The bulge was created by a plastic deformation of the blade. The hypothesis
is that this bulge is pressed against the stock rail; the lower part of the bulge is then subject to bending
stresses which initiate a longitudinal crack.
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bulge

Figure 244 Chipping of switch blade
The usual way to solve this issue is to grind the bulge, which is time consuming. The design of a steel
grade resistant to chipping is not obvious. R350HT rails do not seem to be more resistant than standard
R260 rails; but it will be interesting to examine the resistance of harder pearlitic grades such as the
R400HT grade which will be tested. Another possible solution could be an upper bainite carbide free
bainitic steel, since the switch blades described in D2.1 have not displayed any chipping; this could be
due to the high elongation level of this grade, which can be confirmed in other test sites.
Stock rails
Stock rails are damaged by wear and steel flakes, as described in D2.1. The steel grade must be
resistant to wear. The optimum solutions are pearlitic steels with very fine interlamellar spacing, which
give a high hardness level. These are heat treated rails, hypereutectoid or low alloyed eutectoid rails,
with a hardness level which can exceed 400 HB. An example is the R400HT grade described in D2.1.The
test site described in D2.1 also showed that harder pearlitic rails are also very resistant to steel flakes.
Straight parts of turnouts
Some rails in a turnout are straight (some switch, stock and closure rails). Some turnouts are prone to
squat defects in these rails (see IN2TRACK D2.1). Usually these squat defects initiate in rails where the
wear is low and the contact patch is small (Jörg 2015). In these cases, the choice of very hard rails
(pearlitic or bainitic) may not be optimum, except if a preventive grinding is performed, which will
remove the fatigued surface and widen the contact patch. In spite of intensive research, no grade
resistant to wear and rolling contact fatigue and squats has yet been found, and we cannot now give
recommendations for the design of such grades. Today it is recommended to study the wheel-rail
contact in order to increase the width of the running band by machining.
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Movable points of crossings
These movable points used in high speed lines or heavy haul lines are damaged by wear and head
checking. The optimisation of the steel grade is similar to switch blades:
 If wear is predominant: hard pearlitic grades
 If rolling contact fatigue is predominant: hard pearlitic grades or bainitic grades (see IN2TRACK
D2.1)
Check rails
Check rails are damaged by wear, as explained in the earlier section 4.1.1. The steel grade must be
resistant to wear. The optimum solutions are pearlitic steels with very fine interlamellar spacing, which
give a high hardness level. Due to their shape, it is difficult or very expensive to perform a heat
treatment on these rails. The high hardness is therefore achieved by allowing elements, such as with
the R320Cr grade, or the HP335 grade which is being tested (see IN2TRACK D2.1). The maximum
hardness achievable this way at a reasonable cost is close to 360 HB.

4.4.2 Optimisation of steel grades for the crossing panel
Common crossings
Different material philosophies are used for crossings in railway turnouts. Austenitic manganese steel
can be seen as the main material used, either in natural hardness condition with a surface hardness of
approximately 200BHN or in explosion hardened condition (typical hardness values between 320 and
370BHN); but also pearlitic rail steels can be seen as main material for railways as well as bainitic steels
with different alloying concepts.
During overrunning of a crossing, the wheel is transferred from the wing rail to the crossing point,
respectively from the point to the wing rail. The wheel position follows a scheme as shown in Figure
246. The wheel, due to the change of rolling radius, moves downwards on the wing rail, until it is
transferred to the crossing (frog) point, which leads to an impact.

Figure 245 Vertical wheel position
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Contact point

The crossing material responds to this impact either with (Figure 247):
 Plastic deformation
 Rolling contact fatigue
 Wear

Figure 247

Geometry change mechanisms

Different materials have their strength in different mechanisms. For instance, manganese steel has a
very high rolling contact fatigue resistance, while it is less resistant against plastic deformation. On the
other hand, plastic deformation leads to an increase of the wheel-rail contact surface and therefore a
reduction of contact stresses.
A future material for common crossings shall combine the strengths of common materials:
 High wear resistance
 High resistance against rolling contact fatigue
 Resistance against plastic deformation, but still needs to have a certain plasticity
Crossings with movable parts
These movable parts used in high speed lines, special applications (like in Metros or heavy haul lines)
are damaged by wear and rolling contact fatigue. The optimisation of the steel grade is similar to switch
blades:
 If wear is predominant: hard pearlitic grades
 If rolling contact fatigue is predominant: hard Pearlitic grades or bainitic grades (see IN2TRACK
D2.1).
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4.4.3 Practical considerations for new material in crossing panel
With development of new materials, practical aspects have to be considered:
 Common manufacturing technologies like casting, milling, forging, 3D printing, etc. shall be
developed to industrial capabilities for any enhanced material used for the production of rails
and crossing panels
 Weldability during manufacturing should apply common technologies like:
o flash butt welding
o electro-slag-welding (semi-welded crossings)
 Repair welding of railway crossings is a common process and shall be considered to:
o Repair defects
o Build up worn crossings
Applicability of common inspection technologies is a must in order to provide a safe and reliable track.
A wide range of non-destructive testing methods for detection of surface defects and internal
soundness is available. The most common inspection technologies are:





Dye penetration testing to identify cracks
Magnetic particle testing to characterize rolling contact fatigue defects
Ultrasonic testing for internal defects
Radiographic examination for internal defects
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Enhanced S&C system specifications and test plans
Chapter 5 combines all of the knowledge and learning from Chapters 3 and 4 to generate a specification
and conceptual design of the Enhanced S&C System. Virtual and experimental validation is used to prequalify the enhanced system design, which makes use of existing state-of-the-art simulation tools
(including the whole system modelling approach if available) and laboratory testing.

5.1 Develop specifications for the enhanced S&C system design
5.1.1 Specification and design of enhanced turnout for installation in track
The demonstrator is an integrated and comprehensive turnout demonstrator covering improved
geometry, optimised overrunning features, improved and optimised fastening systems, new rail
material, new rail sections, optimised design for components, optimised concrete bearers and
optimised stiffness features and includes a novel, intelligent ALD system.

Figure 248 Modern state of the art turnout layout for mixed traffic
Turnout specification
Enhanced Turnout (Switch & Crossing) for standard Railway applications (22.5 MT axle load) on ballast.
Turnout designation
Tangential Turnout 60E1/(136RE)-60E1A1/(60E1A1DP) (1:40 canted rail) – 500m to 1200m - 1:12 to
1:18.5 - 1437mm gauge, Mn13, TOZ+, (C), baseplate fastening throughout the turnout
Turnout description
Tangential geometry with special overrunning feature at switch assembly  optimised carrying
capacity augmented switch and rail inclination will be 1:40 throughout the turnout. The turnout will
most likely be either a 500m 1:12 or a 1200m 1:18.5 geometry depending on the final installation
location. Fastening system will be a new concept to optimise the stiffness throughout the turnout and
standardise fastening components. Inner stock rail fastening system will use the VAE i-fast system for
elastic stock rail fastening. The PIROLL Roller system will be integrated into the IBaV plates (inner stock
rail fastening system). The switch rail will be an asymmetric 60E1A1DP rail profile, which is developed
for better suitability to the railway operator signalling system, forged to the standard rail profile 60E1
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or 136RE. The crossing is a rigid austenitic cast manganese crossing (AMS) explosive depth hardened
(EDH). Concrete bearers will be new with optimised shape and improved bearing surface. Operating
system (actuation, locking and detection ALD system) will be the electro-hydraulic switch machine
Ecostar, Spherolock locking equipment, end position detector EPD 4.0 and force transition system
polygon rodding PGS. The ALD system has an integrated monitoring system; additional sensors in the
turnout should be installed.
One important issue in finding an adequate test location will be an appropriate reference turnout for
comparison and to verify improvements.
Enhanced components and materials:
 Crossing AMS (Mn13) EDH
o Overrunning optimisation
o New design to optimise the stress level (mitigate hot spots)
o Usability of crossing independently of bearer spacing
o Different resilient pads (variation) in crossing area
o Explosive depth hardened (EDH)

Figure 249 Crossing AMS (Mn13) EDH
 Standard and switch rail
o Rail quality R400HT (UHC)
o Standard rail 60E1 or 136RE
o New switch rail section
o New welding process (flash butt and thermite welding)
o New forging and hardening process
 Guard rail
o
o
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New concept of base plate fastening
Ductile graphite iron / fabricated
Inner stock rail fastening system  VAE i-fast system
Switch Roller system  VAE PIROLL

 Resilient fastening system
o New fastening concept for the entire turnout
o Low noise and vibration
o Enhanced resilient materials
o Stiffness variation within the turnout
o Optimised supporting stiffness
o Rail clip SKL12 or SKL24
 Concrete bearers
o Structure optimization
o New design and bearing surface
o Under bearer pads
 Innovative (intelligent) Operating-, locking-, and signalling system
o Ecostar Spherolock
o Hollow steel sleeper HST
o Polygon rodding PGS
o End position detector EPD 4.0 ECOSTAR

Figure 250 Actuation, locking detection ALD system
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Integrated diagnose system in drive system (sensor: current, hydraulic – pressure. Additional sensor at
crossing area (acceleration/ ultrasonic sensors)
 Monitoring program
o Instrumented wheelset, Railway Administrator
o Movement, strain and accelerations
o Profiles (wear, geometry, settlement)  Calipri
o Geometry, settlement  Railway Administrator
o Noise and vibration
o Measuring program in co-ordination with the available data of INNOTRACK
 Location of demonstrator
o The size of the demonstrator will depend on the location. Because the installation
location is not fixed at this stage the turnout geometry will be between 500m and
1200m radius.
 Requirements for location
o Heavy traffic, high speed, high tonnage
o Reference turnout close by
Elastomer specifications for enhanced S&C system
The turnout demonstrator is intended to be equipped with an optimised configuration of Polyurethane
Under Sleeper Pads made out of Sylomer® with varying stiffness to compensate geometrical
discontinuities. The vertical rail deflection of a passing train is homogenized along the turnout.
Under Sleeper Pads:
For a smooth transition along this turnout different UBP-types are used:
 UBP-Type A (elasto-plastic material behaviour)
 UBP-Type B (elasto-plastic material behaviour)
 UBP-Type C (elasto-plastic material behaviour)

UBP-Type A

UBP-Type B + UBP-Type C

UBP-Type A + UBP Type B

Figure 251 Different Sylomer® Under Sleeper Pads along the turnout demonstrator (Getzner
2018)
For a smooth transition to the unpadded track USP-Type A should also be used for the adjacent regular
track (at least for 30 metres).
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In the common crossing area, the bearers are equipped with a combination of UBP-Type B and UBPType C. This area, with geometrically caused higher stiffness properties (in combination with increased
rail moment of inertia) is affected by very high dynamic loads. The additional elasticity introduced by
using Under Sleeper Pads leads to improved load distribution due to higher deflection. This results in
better track quality by lowering the dynamic forces while trains are passing.
To counteract the tilting of the shortened sleepers next to the last long sleeper, the inner side of each
shortened sleeper is equipped with UBP-Type A.
For a smooth transition to the unpadded track UBP-Type A should be used at the end of the turnout
(at least for 30 metres).
Rail pads / Underlay pads:

Rail Pad -Type a

Rail Pad-Type b (softer)

Rail Pad-Type c (stiffer)

Figure 252 Different Sylodyn® rail pads along the turnout demonstrator (Getzner 2018)
Regarding rail pads, a softer type at the centre common crossing area (reduction of dynamic impacts,
stiffness ratio < 1/2 up to 2/3) and a stiffer type at the inner side of the shortened sleepers next to the
last long sleeper (reduction of eccentric tilting effect, stiffness ratio > 2) should be used.
However, the ballast bedding modulus (ballast + subgrade) has a main impact on the vertical
superstructure deflection. The value is assumed with 0.20 N/mm³ (subgrade in good condition). Not
using any pads underneath the bearers (but rail pads) would lead to less vertical rail deflection in the
main track. With USP for ballast protection, the static vertical rail deflection is increased, and a smooth
train crossing is provided. Irregularities in the deflection are compensated. Due to the bigger contact
area between sleeper and ballast, the track bedding condition will be significantly improved.
As a result of the enhanced contact area and the improved load distribution, the local contact pressure
can be reduced up to 72% in comparison to the unpadded track.
These numbers correspond to the findings of Technical University of Graz together with the Austrian
Federal Railway ÖBB, as well as findings from Technical University of Munich together with German
Federal Railway DB. The positive effects of USP and UBP extend the lifetime of the superstructure,
especially the ballast.
Turnout bearer, rail fastening and elastic materials specifications
Optimisation of turnout bedding quality by optimised turnout bearers
To achieve a significant improvement of the turnout behaviour the design of the bearers in the turnout
will be adapted as well as new optimised bearer joints will be installed.
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Variable bearer stiffness
Dependent on the position in the turnout optimised bearers with various stiffness will be installed. By
reducing the stiffness on the one hand by lower bearer widths and on the other hand by lower bearer
heights or by using new materials like UHPC and textile reinforcement, a harmonization of the
deflections will be achieved.
Optimised bearer joint
To compensate different deformations / twists while the train is crossing new optimised joints of the
short bearers will be installed.

5.1.2 Specification for enhanced crossing panel properties
According to modelling performed in (Pålsson 2018) the average impact angle that wheels experience
as they roll over a fixed crossing can be reduced if the lateral oﬀset between the contact points on the
wing rail and the crossing nose is reduced. Changes in this direction can, for example, be obtained via
optimisation of crossing nose and wing rail profiles and by keeping the ﬂangeway width as small as
possible. The reason that the impact angle could be reduced is that the geometric variability between
wheel profiles at different states of wear becomes smaller the closer the contact points on crossing
nose and wing rail are to one another.

5.2 Specify simulation tools and methodologies for evaluating and
pre-qualifying enhanced S&C system design
5.2.1 Suitable investigations of enhanced S&C systems with respect to
mechanical deterioration
In section 3.1.3 it was reported that a crossing panel design with a combination of increased sleeper
width, softer rail pads and use of Under Sleeper Pads will reduce the stiffness gradients in the crossing
panel and mitigate the risk of differential track settlement. This is because this modified crossing panel
design significantly lowered the sleeper–ballast contact pressure under traffic loading.
In section 3.4.3 it was demonstrated that a crossing rail with lower mass and lower bending stiffness
reduces the dynamic impact loading when a wheel makes the transition from wing rail to crossing
nose. If the weight and bending stiffness of crossing rails could be reduced it could thus lower the
impact loading and reduce rail damage, in particular plastic deformation. The benefit of lowering the
mass and bending stiffness of the crossing rail compared to for example reducing the pad stiffness is
that the crossing rail properties are more influential in determining the magnitude of the initial highfrequency impact load (also known as P1) that occurs during the crossing transition while the rail pad
stiffness is more influential in determining the magnitude of the lower frequency impact load (also
known as P2) that follow.
In section 3.4.4 a methodology was demonstrated for the calculation of accumulated plastic
deformation and wear of a crossing nose under repeated traffic loading. The end goal for the
development of this methodology is to allow for the virtual assessment and optimisation of crossing
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materials under representative load scenarios. In this report, the methodology was demonstrated for
two different rail grades (Mn13 and R350HT) for 0.8 MGT of traffic. As expected the crossing made
from manganese steel demonstrated larger plastic deformations, but a greater accumulated traffic
loading and RCF damage needs to be considered if the methodology should be able to give any
suggestions regarding material selection for the given traffic conditions. Development of the
methodology will continue in IN2TRACK2.

5.2.2 Specify simulation tools to pre-qualify enhanced S&C system design
In Chapters 3 & 4 several simulation tools and methodologies were introduced which are or can be
used to pre-qualify enhanced S&C system designs. However, it also was made clear, that the usage of
any simulation tool or even method is fundamentally driven by the simulation purpose. Therefore, the
whole system model specification follows a modular approach to assemble different models into
modules within a simulation framework to fulfil the required needs.
Section 3.1.1 gives a summary about available models for several S&C components including their
damage/deterioration behaviour. Many of them can directly be used for calculations. From section
3.1.2 follows, that description of the vehicle - S&C interaction demands more complex models. This
includes models based on the finite element method or discrete element method. It was also made
clear that there is not an all-purpose simulation tool available for the vehicle – S&C interaction.
Especially when it comes to the details the strength and weakness of several methods are important
as these limit the field of applicability. Hence, several possibilities or necessities for improvements are
identified in section 3.3. For the dynamic interaction of vehicle and S&C not only is the wheel and rail
profile evolution and its description important but also the settlement, as this changes the stiffness
property of the superstructure and finally changes the dynamic vehicle – S&C system. In section 3.1.4
the requirements for modelling noise and vibration are outlined. Again, other requirements are
mentioned to be able to successfully describe the frequency range necessary for noise and vibration.
From Chapter 3 it is evident that the development of different models for a field of application stems
from previous logic. Based on this heterogenous model basis the whole system model was specified to
consist of different models assembled in a flexible, modular framework to enable the power of the
existing models and support its application in future simulation tasks. Furthermore, it encourages only
to improve or develop models where weaknesses exist.
In Chapters 3 and 4 a few models were applied to investigate different problems such as RCF damage
or optimisation of the crossing geometry. At this stage of the Shift2Rail programme only a few models
were able to be combined, namely those who already have an almost equal level of quality. The
development of the simulation tools needs to be continued in the follow-up project to provide
simulation tools which are able to support the pre-qualifying of new and future S&C designs.
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5.2.3 Full evaluation of performance of continuously supported S&C
As a continuation of this work and as part of IN2TRACK2, VCSA will ensure the integration of
components and sub-systems simulation from RLM partners to get the full evaluation of the
performance of the continuously supported system.
VCSA will integrate the different component and sub-system simulations from Switrack’En (Railenium)
into its dynamic simulation tool to evaluate the predictions of rail and rolling surface wear, track
stiffness and ground and concrete fatigue.

5.2.4 Virtual testing protocol and KPIs
A full virtual testing protocol is an end-product of a more broad numerical process based on predictive
simulation tools. Achieving such capacity of prediction for simulation of complex system such as S&C
is not an easy task and must be done with methodological care. Quite recently (2006), the American
Society of Mechanical Engineering (ASME) issued a guide entitled “Guide for Verification and
Validation in Computational Solid Mechanics” (American Society of Mechanical Engineering, 2006)
describing the concept of Verification and Validation of model and code. Since one objective of the
IN2TRACK project is to develop a whole system modelling approach, it is prudent to discuss a possible
way to build confidence in such a numerical approach. Then, this chapter will describe this framework
and propose an application to the S&C domain. The goal is not to propose the best virtual testing
protocol but rather identify what constraint a good protocol should satisfy.
Introduction to the verification validation and uncertainty quantification framework
The two next paragraphs have been extracted from the well written executive abstract of the guide.
Verification and validation (V&V) are the processes by which evidence is generated, and credibility is
thereby established, that computer models have adequate accuracy and level of detail for their
intended use. The two main concepts are:
 Verification assesses the numerical accuracy of a computational model, irrespective of the
physics being modelled. Both code verification (addressing errors in the software) and
calculation verification (estimating numerical errors due to under-resolved discrete
representations of the mathematical model) are addressed.
 Validation assesses the degree to which the computational model is an accurate representation
of the physics being modelled. It is based on comparisons between numerical simulations and
relevant experimental data. Validation must assess the predictive capability of the model in the
physical realm of interest, and it must address uncertainties that arise from both experimental
and computational procedures.
For a particular application, the V&V process ends with acceptable agreement between model
predictions and experimental outcomes after accounting for uncertainties in both, allowing application
of the model for the intended use. If the agreement between model and experiment is not acceptable,
the processes of V&V are repeated by updating the model and performing additional experiments. The
Figure 253 illustrates the global logic of V&V.
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Figure 253 Global logic of verification and validation
It should be emphasized that:
 The intended use of the model must be compatible with the application in mind. For example, a
fatigue prediction model with a confidence of +- 3 years on life expectancy could be sufficient
for asset management purpose but not for other uses.
 Prediction and measurement must be done on the same quantity of interest (QI) to perform a
quantitative comparison
 Validation is the result of an assessment process based on explicit criteria depending on the
application. In other words, a model is only valid for a limited and established scope.
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Figure 254 Detailed workflow of V&V
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Figure 254 shows in detail the recommended steps of the V&V process. For a complete description,
see (American Society of Mechanical Engineering, 2006). We will focus on the two last steps of each
branch of the process (blue box: Results/data and outcomes) that are of primary interest in this
section. Indeed, while the model verification is mainly the responsibility of the code provider and/or
its users in case of open source software, choosing the QI to perform the comparison between
simulation and experimentation concerns all the stakeholders of the industrial application. Concerning
the S&C, the stakeholders are:
 The designer which should ensure that the performance objectives will be reached. The design
validation must be established on pre-established QI with the owner.
 The owner (infrastructure manager) will specify, buy and operate the S&C. To promote
continuous improvement, the S&C performance assessment in operation (feedback) should be
based on the same QI as in the validation phase. As an end user of the S&C, the owner should
rule the QI selection.
 The S&C manufacturer
In order to have a coherent industrial approach in the numerical design of S&C, it is then logical that,
as a minimum, the entire stakeholders share a set of pertinent Key Performance Indicators (KPIs) build
on well-defined QI. Ideally, this set of QI should be used for design validation, design comparison and
in operation performance evaluation. In the next section, a classification is proposed of such a QI.
Classification of QI for S&C
To be useful in the context of V&V, a QI must be physically relevant and measurable both in simulation
and in situ. The relevance of one QI to another one will not be discussed here, and it is left to the
discretion of the stakeholders to describe a framework of QI on which operational KPI can be built
upon.
In terms of numerical approach, one can identify two complementary simulation paradigms in the S&C
domain:
 Mechatronic system simulation based on multiple physics: this approach allows for the
evaluation of performance of S&C as a system composed of sub-system ruled interactively and
simultaneously by different physics (electricity, hydraulic, electronic, mechanic). Most of the
pertinent QI are directly measurable or are part of the specification. For example, the power
consumption during point movement and/or the point position are relatively simple QI to
evaluate in simulation and in operation. There is then no need to expand further the QI for this
approach.
 Solid dynamics simulation mainly based on FEM and/or MBS: this approach allows evaluating
precisely the dynamical behaviour of the S&C, both as a structure (vibration and deformation)
and as a solid (internal stress and strain). Such behaviour is the consequence of the combination
of all design choices to best satisfy the specification. For example, the vertical stiffness of the
frog (crossing) is the result of the frog (crossing) itself, the panel, the bearer, the pad etc. It is
therefore pointless to hope that one unique QI by S&C or/and by sub-system will be sufficient
to reflect the complexity of the system and then perform V&V. In the following, a classification
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is proposed for a possible QI. In order to have a classification compatible with both design and
operation, we focus on QI that are measurable without much perturbation of operation, e.g. QI
that comes from weakly intrusive measurement systems.
The relevant QI for the mechanical behaviour and the classical associated sensors are listed in Table
39.
Table 39

Usual measurable mechanical data and associated sensors
Raw data

Usual sensors

Position

Laser, linear variable
differential transformer

Strain

Gauge

Velocity

Geophone

Acceleration

Accelerometer

The positioning of the sensor is also a crucial part of the QI definition. Thanks to simple or complex
mechanical models, one can compute other important QI such as stress or contact forces that are not
directly measurable.
Having raw data from sensors, it is necessary to process them to build QI. Three domains of processing
have been identified;
 Time – QI: link particular events or behaviour to a characteristic instant or period of time
 Frequency – QI: link a remarkable energy repartition to a particular frequency range
 Statistic – QI: describe the population of value without any care of the order of the data that
could be analysed in the time or frequency domain
In each domain, the characteristic scale of interest can be chosen
 Global: focussed on large portion or the whole signal
 Local : focussed on small portion or a few points (if discretized) of the signal

Figure 255 Scale of interest: global (left), local with the signal portion selected with the boxes
(right)
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Table 40

Classification of possible QI and suitability by raw data type

Micro scale

Position

Velocity

Time

 Peaks to peaks: number, position,
amplitude
 Difference between two signals:
n-distance 𝑛 ∈ [1. . ∞[
 Cross correlation

 Peak to peak: amplitude, shape
 Relaxation behaviour after one
axle load: difference

++

+

Frequency

 Modes to modes: number,
position, amplitude
 Difference between two spectra:

Not suitable for a small number of
events

Statistic

 Descriptive statistics of the whole
signal and/or of peaks: average,
standard deviation
 Modelling with known
distributions models (fitting)
 Relationship evaluation: Pearson
correlation coefficient

Not suitable for small number of
events

+

Acceleration

Macro scale

Suitability

+

++

+

+

The three last columns of Table 40 constitute a recommendation of use. For example, the time domain
is best suitable to study position variations in time rather than its derivatives (velocity, acceleration).
On the contrary, frequency domain is best suited to study acceleration.
In order to perform V&V, each QI must be associated with a threshold of acceptance when the
quantitative comparison is done. Inevitably, for one iteration of the V&V process, some QI will be
accepted while some will not, independently from each other. This illustrates the need to be explicit
at a system-level acceptance logic to balance the sub-system level represented by each QI. This logic
can be described by a decision tree based on each QI. Thanks to such approach, multiple QI can be
explicitly combined to form multi-scale and multi domain KPI.
Conclusion
This section proposes a framework to build pertinent KPIs for whole system modelling validation and
performance assessment. From an industrial perspective, the main point is that all stakeholders must
agree on:





The testing protocol, both experimental and numerical
The raw data that must be acquired and the QI build upon
The threshold needed to validate each QI
The decision tree to describing the logic between QI in order to build pertinent KPI
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5.3 Enhanced S&C system demonstrator plan
5.3.1 Project plan definition for enhanced S&C system demonstrator
At this stage the information required to construct a plan is developing, but is not yet adequate to
generate a comprehensive project plan. Meetings with all involved partners take place at regular
intervals to discuss specification, components, material and optimisation techniques (MBS, FEM,
approval processes etc.) which should be introduced into the demonstrator. At this stage the project
management is at the beginning of analysis of stakeholders, specifications, recourses, requirements,
installation location etc., after these efforts a final project plan can be build.
The Gantt Chart below predicts a project plan which has to be adapted after project management
figures are available. Project structure plan, resource structure plan, schedule plan, mile stone
definition, risk management, etc. are also tasks which will have to be worked out in IN2TRACK2, and
potentially continue in Annual Work Plan 2020.
General project plan for turnout demonstrator

Figure 256 Project plan for turnout demonstrator
 Organization / Technical Project Management:
o ÖBB
o Getzner
o Kirchdorfer
o VAE
 Time frame
o IN2TRACK  9/2016 – 2/2019
o IN2TRACK2  11/2018 – 4/2021
o Installation forecast  2019
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5.3.2 Enhanced cast crossing system demonstrator plan
The additive manufacturing (AM) techniques for use in cast crossings demonstrated in this deliverable
have shown some potential for further research and a future demonstrator product. The further
research shall have three primary aims:





Finalise techniques for producing a full railway crossing with a AM running surface. This will
include considerations for:
o The interface between the AM surface and adjoining material at crossing ends
o Alterations (if required) for the rail weld interface at the crossing ends
o Mechanical testing of a full-sized crossing component
Demonstration that products created with the selected AM process are able to withstand rail
vehicle loading in a relevant environment
Medium to long-term analysis that demonstrates the AM surface has a net positive impact
on performance of the crossing component, considering:
o Demonstrable increase in asset life and reliability
o Additional cost for manufacture
o Alterations to in-service maintenance requirements
o Creation of any new failure modes

It is expected that further research may involve modification of the material types and process
characteristics demonstrated in this deliverable, although it is notable that the research presented has
shown promise with those selected here.
This section provides recommendations for a demonstrator specification.
Demonstrator specification
Additive manufacturing process
IN2TRACK D2.2 has investigated three types of AM process. The project has concluded that the Cold
Metal Transfer (CMT) process has shown the most promise for this application.
Material Selection
The key expected benefit of using AM for cast crossing production is to enable a reduction in fatiguerelated failures of the crossing sub-structure whilst maintaining the high levels of wear performance
and toughness provided by the austenitic manganese steels (AMS) currently used. Materials selected
for IN2TRACK D2.2 were therefore targeted around a substrate with improved fatigue performance
and an AM material similar to existing AMS used in cast crossings.
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Post process work
The manufactured crossing sample should utilise both rolling and existing techniques to improve
surface hardness prior to demonstrator installation. Although rolling was shown in IN2TRACK D2.2 to
improve surface hardness, the use of Explosive Depth Hardening (EDH) was not attempted and
should form part of future research. The requirements of EN 15689 shall be met for the
demonstrator component. These include (but are not limited to):
 Hardness
 Acceptance tests
o Impact bend
o Visual and dye penetrant testing
o Surface roughness
Site configuration
The configuration of the demonstrator site should be designed to allow for comparison between the
AM crossing and a ‘traditional’ cast-crossing used as a control sample. In order to accommodate this,
consideration should be given to the following:





Common location
Common track bed conditions
Common traffic and line speed
Common crossing geometry

The demonstrator site should include provision for monitoring the traffic type, frequency and speed
to ensure that both the AM and control crossings are subject to comparable conditions. An example
of a suitable site configuration is an emergency crossover where both lines subject a pair of crossings
to common traffic in the facing direction. Figure 257. The specification process will continue in
IN2TRACK2.

Figure 257 Demonstrator example location
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As with any new technology to be implemented on the railway, a demonstrator must satisfy a number
of technical requirements to validate itself as fit for purpose. These requirements revolve around
product acceptance; a tool used to identify if a component or product is fit for purpose, and ready to
be approved for use on a live railway. Within the acceptance criteria, both Design for Reliability, and
Common Safety Method (further described below) should be an integral part of the process.
Product Acceptance
The railway is a system of components designed to work together, so that trains can run safely and
efficiently. Over the years the technical complexity of the system has increased as new technologies
have been adopted. This in turn has increased the need to control the introduction of technology so
that the level of imported risk is not unduly elevated and that the products that are accepted for use
are safe, compatible, reliable and fit for purpose. However, it is important to make sure that the
product acceptance process does not become overly bureaucratic or a blocker to innovation.
With many countries running railway systems, it makes economic sense to design and build railway
products in a way that allows them to be used in more than one country. To that end the European
Union has through the Railways Interoperability Directive 2008/57/EC promoted common standards
and open access, working towards an integrated European rail system and a single market in the
railway sector.
The Railway Interoperability Directive 2008/57/EC sets out the conditions to be met to achieve
interoperability within the community rail system. These are applied to all new, major, upgraded or
renewed infrastructure and rolling stock.
The general aim of the directive is to:
 Ensure common Technical Specifications for Interoperability (TSIs) are applied across Europe's
railways;
 Establish a common European verification and authorisation process for placing new, upgraded
or renewed infrastructure or rolling stock in service; and
 Provide a process for putting certain rail components known as interoperability constituents
onto the rail market.
Technical Specifications for Interoperability (TSIs) define the technical standards required to satisfy the
essential requirements set out in the Directive to achieve interoperability. These requirements include
safety, reliability and availability, health, environmental protection and technical compatibility along
with others specific to certain subsystems. By adopting a single approach, this allows manufactures to
work to set of clear and defined requirements and reduce the cost and complexity of developing and
manufacturing new technology.
Network Rail (in this example) complies with its statutory and Health and Safety management
responsibilities through the Network Rail Assurance Panel (NRAP), who govern the assurance
processes for the introduction of projects, products and vehicle being bought into service. Other
European Infrastructure Managers will use equivalent approval processes to those listed, and the
details below are used to exemplify the approval process.
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The NRAP process consists of several modules, each covering a specific aspect, those being:






Application of the Common Safety Method (CSM) for Risk Evaluation and Assessment.
The application of interoperability regulations for infrastructure projects.
Introduction of new or modified vehicles.
Product acceptance and change to Network Rail operational infrastructure.
System Review panels.

The Network Rail process for product acceptance provides a systematic, structured and robust
assessment of the risks associated with hazards during product acceptance. Conforming to the process
allows for the:
 Confirmation that the safety requirements necessary to mitigate risk to an acceptable level have
been identified, including those already outlined within standards.
 Confirmation through the collection of evidence that all identified safety requirements have
been complied with and that safety measures are in place.
 Supporting conclusions and justifications have been recorded.
The degree to which the product acceptance process is applied by Network Rail differs depending on
the technology level and the risk presented to the safe operation of the railway system. In some
situations, there are very clear standards to be adhered to, in other situations the guiding information
may be limited and it will be the responsibility of the lead reviewer to determine the appropriate
acceptance requirements, based on existing system knowledge and experience. In all cases the
assessment process must be holistic, so that consideration is given to the risks and hazards that may
not be immediately apparent.
For low technology, low cost, high volume and low risk components such as clips, pads and screws the
level to which the components are assessed is relatively basic. In most cases they are replacing existing
products and many of the basic requirements which they must meet have been defined and are well
understood. Should the product not perform to a satisfactory standard it would be considered
relatively easy to revert to a safe system.
Where the product is considered high value, high risk, or complex, such as on track machines or
innovative ballast-less track systems, the acceptance process must adequately reflect the complexity
and novelty of the system. For complex systems, it may be necessary to involve more than one
discipline specialist in the process and to run a trial. Trials are often used to measure performance and
to ensure that the system operates as expected in a safe environment before being allowed onto the
network.
Whilst the product acceptance process varies depending on the nature of product in question, typically
it involves the following key stages.
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Initial review
Following formal submission by the product sponsor an initial assessment is carried out to check that
the product meets the following criteria:
 The product meets the minimum Technology Readiness Level (TRL) and the Reliability Readiness
Level (RRL), published on the Network Rail website.
 The product aligns with one or more of the company’s challenge statements, accessible to the
public through Network Rail’s website.
 Commercial checks, e.g. there are no existing contractual frameworks already in place with
suppliers.
If the product meets the minimum requirements the application is forwarded to the relevant asset
technology manager. The technology manager or nominated lead reviewer will set the technical
acceptance requirements and communicate them back to the applicant.
Technical review
Network Rail holistically assesses new products for suitability. This approach ensures that the wider
impact of the product’s introduction on the existing railway system is better understood and the need
for expensive and time-consuming corrective actions is reduced.
A technical review typically considers the following aspects and the lead reviewer may in some
circumstances seek to use a discipline specialist to support where there is a high level of technical
complexity or specialism.
Health and safety
The safety of the passengers and the people working on the railway is of the highest importance. It is
unacceptable to introduce new technology that could in anyway increase risk or endanger lives.
Therefore, all products must meet all relevant health and safety legislation and the requirements of
the Network Rail Safety Management System. Many of the tools and processes used within the
different stages of the technical review address different aspects of Health and safety.
Technical suitability and compatibility
Products that are accepted for use on the railway are to be suitable and compatible with the existing
system. Where required they must adhere to established technical conventions as laid out in
documents such as National Standards, TSIs and Euronorms.
Consideration should be given to the infrastructure manager’s long-term engineering strategy when
assessing any type of new technology. Whilst a product may be suitable in the short term it may
prolong the use of technology due to be phased out through incremental change. Where possible
products should not introduce changes that preclude further innovative products being introduced.
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Ergonomics
The operation and maintenance of the railway infrastructure depends on the effective and reliable
performance of front-line operations and maintenance staff. Human safety, health and performance
can be affected by inappropriate design of equipment, work processes, working environments and
passenger facilities. This can result in risks to individual staff operating or maintaining the railway
infrastructure. It can also result in risks to the safety of the passengers and can impact on the efficient
operation and maintenance of the infrastructure.
Ergonomics focuses on the application of structured design processes and specialist knowledge to the
interaction between humans, technology and work systems and seeks to implement design methods
that reduce the risk of injury or harm.
Design for Reliability
As the demand to run train services increases and access to the network decreases, any new products
accepted for use must be able to perform as designed over their service life. Therefore, Network Rail
mandates the use of The Design for Reliability process (DFR) into all product acceptance applications.
The DFR process integrates tools and methodologies into a supplier’s existing design process to create
documented, traceable and controlled evidence demonstrating reliability, availability and
maintainability. This ensures that the correct level of testing and analysis has been carried out to
reduce the risk of failure to an acceptable limit and that any inherent safety issues have been identified
and designed out. Requirements for DFR will be further detailed below.
Supply Quality Assurance
Supply Quality Assurance is a process used by Network Rail to evaluate and select suppliers and to
ensure that approved suppliers and manufacturers continually meet Network Rail’s requirements. As
an infrastructure manager Network Rail purchases many products at high volumes and it must be
confident that the products coming into service are able to perform as designed with the minimum of
inspection or modification.
The Supply Quality Assurance process uses audits to check that the supplier/manufacturer is adhering
to industry standards. The audits focus on the products, the systems and the processes. Where
necessary there may also be a check of documentation and record keeping.
Procurment
In addition to the product being technically acceptable at the point of introduction consideration is
given to the requirements that the product may have through its entire life cycle.
If a product does not have an agreed level of support at introduction there is a risk that it may have to
be replaced quicker than planned. This is especially relevant to digital and computer-based systems
that have a higher rate of development turnover in comparison to the less technical and typical railway
components such as rail and sleepers.
Robust procurement arrangements ensure that parts and support continue to be available. Long term
financial arrangements not only generate a more stable market but also encourage research and
development into product improvement and manufacturing processes, which in turn can reduce the
cost of the product and increase efficiency within the railway.
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Environmental impact
The impact on the environment is an important political and social issue that Infrastructure Managers
must take seriously. It is vital to comply with relevant environmental and social legislation, but we also
continually seek to improve our environmental performance and sustainability, so that we can better
protect and enhance the local environment.
Therefore as new technology or products are introduced consideration should be given on how
manufactures/suppliers select and source materials. Where possible there should be processes and
mechanisms by which the products can either be recycled or safely disposed of at the end of their
working life.
System review panels (where required)
Where a change is deemed to be significant (typically identified through the CSM process) it may be
necessary to convene a System Review Panel (SRP).
The SRP is headed by the Head of Asset and comprises of a selection of competent engineers not
directly associated with the project. It is the aim of the SRP to seek endorsement that safe integration
and technical compatibility have been confirmed before commissioning.
The System Review Panel shall assure itself that for the scope of the project the following have been
covered in the Safety Assessment Report.






Hazards have been identified
Risks have been suitably assessed
Control measures have been put in place
Arrangement for monitoring and review
Management of safety activities have been included the OMM and Health and Safety
Management System and ownership is clearly illustrated.

Certification
In the case of the above Network Rail example, trial certificates may be produced where there is a
need to learn more about the product’s performance in a live railway environment and laboratory
testing has limitations. Trial certificates impose strict limitations on the deployment of the product and
if the product is found not to be acceptable at the end of the trial it is required that the product will
be removed from the infrastructure. At the end of the trial regardless of outcome a report is submitted
to the reviewing engineer.
Full certification is given by the Asset/ Discipline Head (or equivalent) when the product has been
deemed to have satisfactorily met all the requirements set out during the acceptance process and
where trials have been undertaken, the performance has been found to be acceptable. The certificate
lists all information relating to the product and will have catalogue numbers so that the product or
parts can be obtained via the internal purchasing systems.
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Design for Reliability (DFR)
Design for Reliability is a structured procedure identifying minimum requirements for suppliers to
demonstrate that they have designed reliability into new controlled products and addressed potential
reliability risks using documented outputs from proven tools. The process has its origin within other
industries such as automotive and aerospace, and Network Rail have innovated the process for use
within the rail sector. DFR is mandated on Network Rail (UK) infrastructure when applying for Product
Acceptance from 3rd April 2017 onwards.
Many reliability issues of new products are due to recurring causes such as temperature variation,
water ingress, poor connections and electro-magnetic compatibility. The earlier in the design cycle
these are addressed, the quicker, cheaper and easier they are to fix.
Other (high-level) potential reasons for the un-reliability of products include:











Lack of use and support for best practice methods to 'design in' reliability
Lack of complete, clear requirements at the start of the design process
Insufficient learning transfer between an IM and suppliers
Not learning from past failures
Product testing not fully reflecting the range of conditions seen on the railway
Variability in installation processes
Effective instructions not being followed
Manufacturing errors
Variability in the use of measurement equipment
Not fully understanding the causes of issues being fixed.

DFR was designed to address these high level generic causes of unreliability, whilst also considering
whole life cost. Suppliers are expected to demonstrate the use of DFR tools at supplier selection and
throughout Product Acceptance (PA), and Network Rail will put greater emphasis on sharing historic
failure data with suppliers. DFR also applies to product changes and considers best methods to confirm
that correct cause/s have been identified and addressed.
DFR is used as it forms a proactive element of Structured Continuous Improvement. It was introduced
because, although delay minutes (in the UK) have gradually improved since 2000/2001, they have now
plateaued with a recent slight rise due to greater delay per incident (this, in part, is due to an increased
level of traffic on the network). The focus is now on trying to reduce this delay, and this can be achieved
by improving the way suppliers develop rail products. As new products are introduced using DFR, there
should be less repetition of past issues, easier processes for effective installation, less asset related
train delay and lower whole life costs.
A structured procedure, NR/L2/RSE/0005 (based on Network Rail Code of Practice CP-DDE-134 and EN
50126), has been produced and states suppliers are expected to design reliability, availability and
maintainability into new products. This will tie in to PA, giving an increased focus on reliability evidence
in addition to its safety and legal elements.
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There are 28 typical DFR questions to be considered at Product Acceptance, and the questions which
must be answered will depend on the product needing acceptance. A copy of the question matrix is
shown in Figure 258.

Figure 258 Question matrix considered at PA for DFR
The first step to determine the relevant questions which need to be answered is to follow a decision
diagram (Figure 259). Answering the questions on the flow diagram in sequence will produce a
situation ‘letter’ (i.e. D, T, Z, etc.). Once a situation letter has been reached, it is ranked 1-3 (where
applicable) based on the impact of the new product on the railway. This gives the product’s situation
code. The vast majority of innovative new products for the railway will fall into the D3 category, but
each product should be assessed on a case-by-case basis.
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Figure 259 DFR Decision Tool
Once a situation code has been determined, the question form is re-visited - now following the relevant
situation code column. All the questions in green need to be answered but those in black do not. The
questions in orange are optional or reduced, and the lead reviewer will clarify these depending on the
situation. There are also some additional situations stated in the standard, in which some of the
remaining questions may not apply.
Once this is completed, one can move on to look at the DFR process map (see Figure 260). The process
is split into 11 Reliability Readiness Levels with most being possible before a physical prototype is even
made. This is followed by testing away from the operational railway under conditions represented by
factors, identified from the real world, with particular attention to interactions with other systems.
The final activities, after PA, then occur on the operational railway. Design for Reliability places
increased emphasis on installation processes, suitability of measurement equipment and maintenance
regimes far earlier in the design process, where it is cheaper and quicker to make changes to address
potential risks. Clear evidence of how our requirements are prioritised to become design features,
process parameters and ultimately process controls is also required.
Figure 260 shows every possible DFR step for a new product.
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Figure 260 DFR process map
Figure 260 can be broken into 3 main environments;
Virtual (paper or computer)
This is completed before a prototype is created. At this point, reliability tools are most effective as
changes can be made quickly and with less cost.
Laboratory and off-infrastructure testing
Simulating railway conditions but with less risk. Tests can also be accelerated to gain knowledge of
longevity and reliability.
Live rail network
The live rail network is the final environment where installations and trials are monitored before
moving into full service.
These environments are split into the previously mentioned 11 stages which form the 'Reliability
Readiness Level' of the product. Types of reliability activity are listed across the top of the table, and
these activities are then placed into one or more stages of the process table. This table also indicates
which process steps are not mandated, for example when only maintainability is affected. The
information at the bottom of the table shows whether the IM or the supplier lead certain steps in the
process.
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Working through the process, the very first step is for the infrastructure manager to establish
reliability, availability and maintainability targets to provide to suppliers. The next 3 steps are where
the infrastructure manager provides a full set of requirements for the product, covering its harshest
environment and duty cycle. This also includes a summary of historic failure mechanisms on similar
existing products. At this point the infrastructure manager should develop a Whole Life Cost Model for
the product. Maintenance and delay costs are then provided to the supplier in order for them to make
informed decisions to position their products at minimum whole life cost for the infrastructure
manager. The supplier then reviews and translates the engineering requirements, using a tool such as
'Quality Function Deployment'. If any requirements appear to be in conflict with each other, or are not
met, they should be resolved at this stage. A specific reliability, availability and maintainability
programme plan is then developed in line with the structure of the DFR process. Evidence from each
step in the DFR process must be recorded sequentially in a RAMS assessment document throughout
the process, or state why the standard allows it to be missed. This will be fundamental to achieving
Product Acceptance.
The application of the DFR process is considered during supplier selection, which may vary, in terms of
when it occurs within the process. If necessary, suppliers hold DFR meetings towards the end of each
stage to address any unresolved issues. The supplier’s accumulated good practices in reliability and
maintainability are then used to create a preliminary design. During the next few stages, the product
and associated process are broken down into smaller elements to allow effective assessment and
avoidance of potential failures. If the product has an operating process that needs to be followed, an
operating process flowchart will be required. A block diagram to show specific parts of the product
and the nature of their interfaces, and an installation and manufacturing process flowchart are also
created.
Failure Mode and Effects Analysis (FMEA) is applied to the design, installation process and
manufacturing process to identify and prioritise potential failures to allow action to be taken. A
robustness study supplements the FMEA, looking at how the product’s function may be degraded by
component variation, wear out, the environment, people and interactions. Failure management
columns are added to the FMEA with an initial prediction of failure rates, to allow initial fault finding
intervals to be estimated, if required, before using reliability based maintenance to develop an
improved strategy for avoiding failures that cannot be designed out. A proposed maintenance regime
to restore the product to its operating condition is then created to be tested later. The mean time
between failure now needs to be predicted, based upon, and in order of preference: in-service data
from identical equipment, in-service data from similar equipment, testing or, unadjusted reliability
tables. Where FMEAs identified improvements that cannot be implemented immediately, or there are
known future changes that could negatively affect performance, this should be reflected in a growth
prediction. This prediction will be compared to actual performance, once the product is in service. A
Reliability, Availability and Maintainability demonstration plan is required to outline all testing.
Measurement system analysis is required on any manufacturing or installation gauges, and the product
itself if it is a measurement device. This goes beyond calibration and includes a repeatability and
reproducibility study, where a range of items are measured multiple times by several people. The plan
also includes testing of the components, the system, manufacturing processes, installation processes,
operational trials and early operational service.
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In order to capture the results of these tests, a Data Reporting and Corrective Action System (DRACAS)
needs be put in place and populated at each stage. This should also record the number of products
installed and the accumulated operating hours. Significant issues logged in the DRACAS should be
addressed using appropriate problem resolution techniques.
The final virtual environment activity is to develop an initial draft of any training materials and manuals.
These should be updated based upon any learning gained from ‘off-infrastructure’ or operational
railway testing. Product acceptance is required before any installation on the operational railway
environment. If only trial acceptance is awarded, full product acceptance will need to be gained after
any railway trials. A Fault Code Lookup (FCL) table needs to be created by the supplier from their FMEA,
so that the infrastructure manager can populate their Fault Code Lookup App to record any failures in
service. The supplier should finally survey customers within the infrastructure management company
to gain feedback and resolve any remaining issues.
After completion of DFR, a continuous improvement cycle is formed from ongoing data collection,
problem resolution, improvement actions and updating of training and manuals.
Common Safety Method (CSM)
CSM was introduced by the European Rail Agency (ERA) and the European Commission to create a
more competitive rail market whilst ensuring safety methods are either maintained or improved (if
reasonably practicable). It is regulated by Commission Regulation (EU) 402/2013.
The goal of CSM is to synergise the risk evaluation and assessment processes, allowing the resultant
evidence and documentation to be used in acceptance across EU Member States, reducing the amount
of additional work required for approval (mutual recognition). It does not prescribe methods or tools
to use but acts as a framework for risk management which should reduce duplication across safety and
interoperability legislation requirements. It is also modelled to prevent any conflict with existing
national legislation requiring risk assessment (in the UK for example, this would include the Health and
Safety at Work etc. Act (1974), amongst others).
CSM applies when any technical, operational or organisational change is being proposed to the railway
system (ORR, 2015). Under this context, a technical change refers to any changes to the structural subsystem. This includes rolling stock, infrastructure, energy or command control and signalling. An
operational change will involve any changes to the operation of the railway system, the structural subsystem, or any changes to the operating rules of the railway system. In cases where technical changes
are made to deliver an operational change, consideration of the technical change and its effect on the
operational environment should be assessed together. Organisational changes will include any
changes made by organisations acting on the railway; this will usually come from the Infrastructure
Manager but will also apply to any organisation which could affect the safety of the railway system
(Railway Undertakings and maintenance operators, for example).
Figure 261 below shows the risk management process described in Commission Regulation (EU)
402/2013. It relies on evaluating hazards using risk acceptance principles based on comparison of
similar reference systems, approved codes of practise, and explicit risk estimation.
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Figure 261 Risk management process and independent assessment (Commission Regulation
(EU) 402/2013)
The process begins with a preliminary system definition and ends once the proposer is happy that each
hazard identified has the relevant safe systems and controls in place using defined risk acceptance
principles.
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Preliminary system definition
This is where the proposer will assess the change, and determine whether it is ‘significant’. In order to
properly assess this, an analysis of what is being changed and a preliminary risk assessment of the
change should be done. According to (ORR, 2015), this should at least include a statement on what is
being changed and the scope of the changes, and should address;
 The system objective, e.g. intended purpose
 The system functions and elements, where relevant (including e.g. human, technical and
operational elements)
 The system boundary including other interacting systems
 Any physical (i.e. interacting systems) and functional (i.e. functional input and output)
interfaces
If no safety impact can be identified, the proposer must document how this decision was reached, and
the risk management process of CSM does not need to be applied. If the change does have an impact
on safety, the proposer must decide whether or not this change is considered ‘significant’. CSM uses
specific criteria to determine this, see Figure 262 below.

Figure 262 CSM Significance of change criteria (ORR, 2015)
Note that no weighting is given to any of these criteria within the CSM framework. This is to help
decision-making on a case-by-case basis and assess whether the change is ‘significant’ according to
each of the standalone criteria.
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Where risks have been considered ‘significant’, the risk management process must be followed, and
independently assessed by an Assessment Body (AsBo). The independent assessment must consider;
 How the risk management process is applied
 The results from the risk management process.
The proposer can choose their own AsBo, unless specific rules in an EU Member State dictate otherwise
(in the UK, this does not apply). This should be done as early as possible in the project, preferably at
the very start, to keep up to date with the development of the hazard record.
It has also been suggested by the Rail Safety and Standards Board (RSSB, 2017) in the UK that even if a
change is not considered ‘significant’ a proposer may still choose to apply the risk assessment process,
to prevent the duplication of information elsewhere. In these cases, some CSM processes, such as
independent assessment, will not be required.
Main phases of the risk management process
System definition
The risk management process starts with the system definition, and should continue from where the
preliminary system definition started, now including additional details such as:




The system environment (e.g. energy and thermal flow, shocks, vibrations, electromagnetic
interference, operational use)
Any existing safety measures and, after iterations, definition of the safety requirements
identified by the risk assessment process
Any assumptions which shall determine the limits for the risk assessment.

This definition should be reviewed and updated as additional safety requirements are introduced for
the change, and so should reflect the conditions seen through the whole system life. It should also
consider degraded and emergency operation conditions.
Hazard Identification
Hazard identification should attempt to identify any hazards which can be reasonably foreseen, taking
into account various factors, including:








The system boundary and how it interacts with its environment
The operational function of the system, including normal/ degraded and emergency modes
The life cycle of the system, including any necessary maintenance
The operating functions (what the system will interact with)
Human influence
The operational environment
Reasonably foreseeable failure modes

The system does not mandate any formal tools to use in risk management, but obvious tools such as
failure mode and effects analysis (FMEA), hazard identification studies (HAZIDs), and hazard and
operability studies (HAZOPs) should be considered. Group conversation involving a diverse range of
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stakeholders who can discuss fault systems is also key to establishing a broad range of considerations
involved from different perspectives.
Correct hazard identification is fundamental to the process, as it gives confidence that the related risks
and hazards associated with the change have been fully developed, assessed and will be managed by
the project. Hazards which are also very well understood, or already governed by codes of practice
should still be included in the hazard identification, as these will give full visibility of the hazards and
their controls and may assist in the mutual recognition across EU Member States.
Risk acceptance principles
Any hazards found in the hazard identification activity should then be evaluated against the 3 risk
acceptance principles. These are:
Codes of Practice
These should be widely accepted on the railway, relevant to the specific hazard to be controlled, and
accessible to the AsBo for independent assessment. These can include (but are not limited to) TSIs
(technical specifications for interoperability)/ EN Standards, notified national safety rules, ISO
Standards, and any relevant national governing documents (e.g. British Standards Institute or ATOC
Standards). Standards from other industries may also be used if proof can be established that they
would be effective in controlling the system risk.
Reference Systems
These are potentially existing systems which have been proven in use to an acceptable safety level, are
already in use within the Member State, and the new system will function under similar operational
and environmental circumstances within the system boundary. For changes which incorporate
technical elements, in-service history alone is unlikely to be a sufficient control.
Explicit Risk Estimation
This covers an in-depth assessment of the risks associated with the hazard, referenced against the
combination of occurrence and severity of the consequence. The risk is often qualitative, but can be
made quantitative if sufficient data and confidence in the information can be obtained. Explicit risk
estimation is often used where the former 2 assessment techniques cannot sufficiently control the
risk.
One or more of the above acceptance principles can be used to control any single risk (and in many
cases, more than one is needed to do so). If any hazards are evaluated such that ‘the risk is, to all
intents and purposes, insignificant or negligible’ (ORR, 2015), the hazard can be termed as ‘Broadly
Acceptable’. This could be defined that there are no control measures that could be used to realistically
control the risks (e.g. lightning strikes, certain natural disasters etc.).
Hazard record
A hazard record should be created to track the progress of the risk management process. It should
concentrate on any identified hazards and the controls in place to manage these hazards. It should
contain any assumptions made in the evaluation process, and should clearly define which risk
acceptance principles have been used to manage each foreseen hazard.
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The record should be regularly updated to reflect any significant change which may affect the system,
including new hazards, new information or data, and if any key assumptions made about the system
have changed. It should be kept even after the change has been formally accepted and implemented,
so that the Infrastructure Manager can update the record with any new data as observations are made
in service.
This will include (as appropriate) proposals for further concept development and validation, technical
considerations to satisfy product acceptance (PA) and design for reliability (DFR) requirements and
recommendations for how the CSM process should be applied. This work sequentially follows the
completion of the research & development activities and will form part of the final deliverable /
recommendations for further work. Please also note that this activity may be transferred to IN2TRACK2
based upon the final feasibility established from the IN2TRACK research outputs.

5.3.3 Manufacturing, installation and surveillance plan for continuously
supported S&C
Starting from the identification of a location for putting in place a demonstrator for a continuously
supported turnout, VCSA will adapt the detailed design to the geometry of the turnout to install. It will
build a manufacturing, installation and subsequent surveillance plan for the demonstrator, including
the evaluation of costs and schedule. Once a location has been determined for the technology
demonstrator, VCSA will continue the work from this section in IN2TRACK2.
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Conclusions
In Section 3 a vast amount of work has been done to better understand track model simulations, in
particular those involving multi-body simulations. One of the greatest complications however, is how
to correctly model the dynamic relationship of the whole system model. Though the study is technically
feasible with existing simulation software, difficulties arise in validating the simulation such that it
accurately reflects a real-world environment; exemplified in the loading conditions between the stock
rail and switch rail, where traditional modelling does not take this into consideration. (Wang et al.
2018), as just one example, does consider the different loading characteristics, but considers only a
single contact point between the two rails – a situation which would not normally be reflective of the
real world. Additionally, the creation of these complex models is incredibly computationally expensive,
with simplified modelling techniques having to be used to create a valid simulation. Furthermore,
many current MBS simulation tools do not allow a full 3D surface to be defined, but rather “read rail
geometry input as a 2D rail profile cross-section, in a discrete x-y format with corresponding
longitudinal positions”.
Due to the nature of track support and settlement being non-uniform, track geometry irregularities
often result where mitigations are not implemented. Simulation of these non-uniform settlements has
concluded that the use of under sleeper pads, increasing sleeper width and the use of (soft) rail pads
decreases the track stiffness gradient, which helps to prevent this differential track settlement when
compared directly with a control crossing with no mitigations. This will be an important element for
further simulation work.
Noise and vibration (N&V) is a known symptom of track degradation, both in the substructure and the
overall superstructure. This leads to a decrease in track quality as a result of wheel and rail wear. Under
sleeper pads, baseplate pads, ballast mats and rail pads should all be implemented into simulation
tools (as mentioned above), but modelling should focus on ensuring that these pad models do not lose
their nonlinear elastic or elasto-plastic characteristics in doing so. In order to create an accurate substructure degradation model, these additional material properties must be taken into account (the
dynamic properties of these materials are specifically what reduces the impact forces in critical areas
over the crossing). Laboratory and in-situ testing has also proven that elasto-plastic polyurethane
shows the most promise. When looking directly at impact noise, it is clear that as long as wheel-rail
contact over crossings is maintained, the influence of axle load has little implication on noise. When
looking at overall noise level, the main attributing factors correlate directly to vehicle speed and dip
angle. Common mitigation measures for N&V include “improving the design of the crossing panel
(selection of rail grade and geometry of crossing nose and wing rails), rail pads with better stiffness
characteristics, moveable crossings, improved S&C layout geometry, Under Ballast Mats (UBM), soil
stiffening (formation treatment), and rail profile maintenance”.
Section 3.2 explored the specifications required for a whole system S&C model. IN2TRACK Task 2.1
revealed a number of failure modes of current simulation which required improvements, which can be
resolved using modular simulation of sub-models, incorporating deterioration mechanisms such as
wear, rolling contact fatigue and plastic deformation (including both short term and long-term
degradation loop simulations). Additionally, S&C specific models should consider dynamic stiffness
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across the bearer lengths, and discretised settlement modelling across the bearer. This will be the
approach taken for further modelling.
Another suggestion in section 3.3.1 and 3.3.2 included using real-world measurements to verify and
validate existing simulations, including the use of geophones, accelerometers on track, whilst
measuring wheelset and other train profile measurements in parallel, to match the data as part of the
whole-body simulation. To do this, wear and rolling contact fatigue prediction modelling needs to be
improved, as well as the modelling capability of rail fastening system degradation. This is further
complicated by the complexity of geometry in a crossing, and the difficulty in interpolation of 2D
geometry into 3D simulation. SNCF have used simulation (FEM) in section 3.3.4 used FE simulation to
analyse a crossing panel and re-design it, to attempt to reduce inherent weaknesses in the foot flange,
and extend the crossing life expectancy. The model is able to take into account the crossing
environment (state of the support sleepers, speed of the train, wheel wear, etc.) to calculate the
constraints and apply a fatigue criterion. Simulations have been validated by physical measures on the
track. The redesign is complete, along with the modification and fabrication of the updated crossing,
and verification for an increase in life will be continued in IN2TRACK2.
Section 3.4 reflects the former findings to describe the whole system model approach and prototype,
and how to act on former findings to make advancements in current simulation. Iterative modelling
using dynamic MBS simulations are key to reflect wear, rolling contact fatigue, and general degradation
characteristics. It is also important to re-emphasise the importance of the track stiffness
characteristics, as section 3.4.1 demonstrates how a rigid track without simulated damping will create
inaccurate representation. The modelling should also use a high sampling rate to ensure the complex
dynamic behaviours are fully captured within the simulation. A number of partners are working on
generating a switch/crossing model based on real geometry which is able to predict the influence of a
wheel over the crossing, with the apparent contact forces and degradation characteristics which can
then be verified and validated against real-world examples.
Section 4 investigates enhancements in manufacturing, and improving existing materials, including
current rail steels in use, and a study into the effects of using different, harder steels was conducted.
One key tool for re-design and improvement of current S&C design is the use of MBS simulation tools
(including train and wagon characteristic models), using the track irregularities and geometry as well
as the special overrunning models of the turnout. The study and simulation can help with visualization
of issues with current designs (excessive wear, rolling contact fatigue etc.) and allow action to be taken
to prevent these; the use of advanced overrunning features like kinematic gauge optimization (KGO),
optimisation of switch/stock rail and crossing overrunning conditions and reduction of wheel-rail
contact forces and wear are all options. Modern actuation, locking and detection (ALD) systems include
sensors for control and monitoring of the turnout which should further help with predicting and
preventing issues occurring, and require far fewer maintenance interventions. The clever
implementation of under sleeper mats and under ballast mats can be used a cost-effective method to
improve the superstructure and reduce the degradation rate of the ballast and thus the track
geometry.
Investigations into the effects of optimisation of current components was further studied in section
4.2. Optimisation of bearers looked at continuous concrete bearers, a modular bearer jointed with a
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fixed metal shroud (FMS) and a modular bearer jointed with an Elastic Sleeper Coupling (ESC), and
assessed each of the bearers vertical movements and its corresponding sleeper/ ballast contact areas
(using pressure sensitive paper). The analysis of the deflections suggests that the ESC allowed for
relative translation and rotation between the bearer parts, which are restricted by the continuous
bearers. The behaviour of the FMS was much closer to that of the continuous bearers but small
differences were still present (though the causal mechanism for these small differences was unclear).
Section 4.2.3 further explained how optimisation of lubrication and grinding practises can impact on
rail performance, and how poor maintenance/ understanding of the rail profiles, combined with sub
optimal maintenance practises (over or under-lubrication), can in fact lead to greater wear and
increased deterioration of rails.
Proposals for enhanced S&C steel grades looked at currently utilised steels across Europe, and how
these could be potentially optimised. Whilst the introduction of new steels grades to switch and
crossing components would be beneficial, the study also highlighted how it would also introduce a
requirement for a great deal of testing and analysis to be undertaken by manufacturers, particularly in
areas such as welding to assess suitability of the new material with the pre-existing rail on the
infrastructure. The work on the three new steel grades discussed in this report will be taken forward
and developed further in future works within Shift2Rail.
Section 4.2.5 looked at continuous support options for S&C turnouts, with detailed design,
development and testing (using actuated beam bending, and fatigue testing over 3 million axle loads).
In order to validate the modular continuous support system (and before final design process), the FEM
model of the full turnout including complete fastening systems must be done. The displacement and
stiffness characteristics must be calculated to ensure the continuous support performs as expected,
and dynamic simulation of this will be key to an accurate interpretation.
Section 4.3 looks at the use of additive manufacturing as a novel solution, where enhanced material
properties at the wheel/ rail interface is the key to potentially reduced wear and rail degradation. Laser
process, plasma transfer arc (PTA) process and cold metal transfer process (CMT) were all investigated
as potential technologies which could improve the durability of rail crossings and reduce downtime
due to maintenance. Unfortunately, the FeMn-Cr powder could not be sourced for the laser metal
deposition trials due to its volatile nature (high manganese content), though a process down selection
determined that the Cold Metal Transfer process (CMT) was the most viable option. A demonstrator
will be included in IN2TRACK2, developing the rail crossing ‘wing’ and ‘nose’ AM fabricated profiles
built directly on the plain (un-profiled) crossing surface. An offline programming (OLP) software will be
used to develop a robot program for controlling the weld deposition path.
Laser cladding simulated testing was then used to explore the failure modes associated with additively
manufactured crossings. A simulated ‘defect’ site was used to assess what impact an associated
manufacturing defect would create over time. Overall, there was good correlation between the
modelling and experimental data on clad surfaces regarding the depth and extent of plastic damage in
the clad and substrate. The subsequent bending tests demonstrated that a good quality clad can meet
or exceed fatigue requirements developed for welded rails. Poor clads (with inclusions for example)
however, were also shown to lead to defect growth similar to that predicted by fracture mechanics
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analysis. Wear performance of the cladding appears good, the difference between standard grade
steel being greatest and most visible under high slip conditions.
Section 4.3.3 looked into the opportunity of using self-lubricating slide plates, though due to the metalmetal contact, a friction coefficient at least twice as high as between metal – plastic plates occurs, thus
causing increased wear rather than reduced wear.
Section 4.4 considered the implications of optimising steel grades in the crossing panel,
recommendations into ensuring common manufacturing technologies are used (casting, milling,
forging, 3D printing) to make the steel readily available and easier to manufacture. Weldability also
plays a large part, ensuring common welds like flash butt welding and electro-slag-welding (semiwelded crossings) can still be used, with no interference between the new steel materials. Ability to
repair is also a major part of steel choice, and further work to identify future steel grades will be done
in future work.
Section 5 amalgamated the findings for all of D2.2, to suggest project plans and specifications for the
technological demonstrators (TDs) to be incorporated in IN2TRACK2. It also includes the necessary
requirements of a new component to satisfy acceptance onto the railway infrastructure, including
Product Acceptance, Design for Reliability, and Common Safety Method.
The first technological demonstrator (TD) selected will be built into the Austrian Infrastructure
(managed by ÖBB), which will use “improved geometry, optimised overrunning features, improved
and optimised fasting system, new rail material, new rail sections, optimised design for components,
optimised concrete bearer and optimised stiffness features and includes a novel ALD system”. The
demonstrator is fully discussed in section 5.1.2.
The second TD selected will be built into the UK Infrastructure (owned by Network Rail) which will
further explore the use of additive manufacture, and the build-up of an additively manufactured cast
crossing which, if the preliminary testing currently being conducted is successful, can be tested in a
real-world environment to determine its viability. This specification is discussed fully in section 5.3.2.

GA H2020 730841

D2.2

Page 312 of 400

IN2TRACK

Core S&C Issues

References
Dahlberg, T. (2004) Railway Track settlements – a literature review, Division of Solid Mechanics, IKP,
Linköping University, Sweden, Report of the EU project SUPERTRACK.
Alva-Hurtado, J. and Selig, E. (1981) Permanent strain behavior of railroad ballast, Proceedings of the
10th International Conference on Soil Mechanics and Foundation Engineering, Stockholm,
Sweden.
Ford, R (1995) Different Ballast Settlement, and Consequent Undulations in Track, Caused by VehicleTrack Interaction, Vehicle System Dynamics: International Journal of Vehicle Mechanics and
Mobility, 24:sup1, 222-233, DOI: 10.1080/00423119508969627
Shenton, M. J. (1985) Ballast deformation and tack deterioration, Track technology Proc of a
conference held at University of Nottingham (1984), Thomas Telford Ltd, London (1985) 253265.
Selig, E.T. and Water, J.M. (1994), Track geotechnology and substructure management, London,
Thomas Telford.
Holtzendorff, Kira (2002), Untersuchung des Setzungsverhaltens von Bahnschotter und der
Hohllagenentwicklung auf Schotterfahrbahnen, Dissertation, Technische Universität Berlin,
eingereicht am 3. August 2002.
Fröhling, R.D. (1997), Deterioration of railway track due to dynamic vehicle loading and spatially
varying track stiffness, Dissertation, University of Pretoria.
Guérin, N. (1996), Approachj expérimentale et numérique du comportement du ballast des voies
ferées, Phd. Theses, L´Ecole Nationale des Ponts et Chaussées, France, Paris.
Grassie, SL., Gregory. RW. and Johnson, KL. (1982), The behaviour of railway wheelsets and track at
high frequencies of excitation. I. Mech. Engng. Se. 24 (1982), pp. 103-110
Jenkins, H-H., Stephenson, J.E., Clayton, G.A., Morland, G.W. and Lyon, D. (1974) The effect. of track
and vehicle parameters on wheel/rail vertical. dynamic forces. The Railway Engineering Journal
3 (1974), pp. 2-16
Mair, R.I. (1976) Dynamic response of ballasted rail track. Proc. of the 2nd Intnl Rail Sleeper Conf.,
Perth , 1976.
Mair, R.I. (1977) Natural frequency of rail track and its relationship to rail corrugation. Civil Engng.
Trans., The Instn. of Engrs. Australia, paper 3494, 1977
Raymond, G.P. and Bathurst, R.J. (1987), Performance of large-scale model single tie-ballast systems.
Transportation Research Record, Heft 1131, 7-14.
Knothe, KL. and Grassie, S. Modelling of Railway Track and Vehicle-Track Interaction, Vehicle System
Dynamics. 1993, 22, 209-262
Kaewunruen, S. and Remennikov (2008), A. Dynamic properties of railway track and its components :
a state-of-the-art review. University of Wollongong Research Online.

GA H2020 730841

D2.2

Page 313 of 400

IN2TRACK

Core S&C Issues

Remennikov, A., Kaewunruen, S. and Ikaunieks (2006), K., Deterioration of dynamic rail pad
characteristics. Proceedings of the Conference of Railway Engineering, Melborune, Australia,
173-179.
Remington, P.J. et al (1976), Wheel/rail noise - Parts I-V. J. Sound Vib. 46 (1976), pp. 359-451
Woo, C. S. and Park, H. S. (2014), Useful Lifetime Prediction of Rail Pads for High Speed Trains,
International Journal of Mechanical, Aerospace, Industrial, Mechatronic and Manufacturing
Engineering Vol. 8, No. 4.
Abadi, T., Pen, L. L., Zervos, A. and Powrie, W. (2016), A Review and Evaluation of Ballast Settlement
Models using Results from the Southampton Railway Testing Facility (SRTF), Advances in
Transportation Geotechnics 3. The 3rd International Conference on Transportation
Geotechnics (ICTG 2016). In Procedia Engineering 143, 999-1006.
Kaewunruen S., Remennikov A. M. (2009), Progressive failure of prestressed concrete sleepers under
multiple high-intensity impact loads, Engineering Structures 31, 2460-2473.
Zakeri, J.-A., Rezvani, F. H. (2012), Failures of Railway Concrete Sleepers During Service Life,
International Journal of Construction Engineering and Management 1(1), 1-5.
Bezin, Y., Grossoni, I., and Neves, S. (2016), 'Impact of wheel shape on the vertical damage of cast
crossing panels in turnouts', Dynamics of Vehicles on Roads and Tracks, 1163-72.
Bruni, S., et al. (2009), 'Effects of train impacts on urban turnouts: Modelling and validation through
measurements', Journal of Sound and Vibration, 324 (3-5), 666-89.
Bugarin, M. R. and Diaz-de-Villegas, J. M. G. (2002), 'Improvements in railway switches', Proceedings
of the Institution of Mechanical Engineers Part F-Journal of Rail and Rapid Transit, 216 (4), 27586.
Capacity4Rail (2016), ‘Innovative Concepts and Designs for Resilient S&Cs (Intermediate),’
Deliverable report 1.3.2, 152 pp.
Chaar, Nizar (2007), 'Wheelset Structural Flexibility and Track Flexibility in Vehicle-Track Dynamic
Interaction', PhD (Royal Institute of Technology (KTH)).
Evans, J. and Berg, M. (2009), 'Challenges in simulation of rail vehicle dynamics', Vehicle System
Dynamics, 47 (8), 1023-48.
Grossoni, I., Bezin, Y., and Neves, S. (2018), 'Optimisation of support stiffness at railway crossings',
Vehicle System Dynamics, 56 (7), 1072-96.
Jenkins, H H, et al. (1974), 'The effect of track and vehicle parameters on wheel/rail vertical dynamic
forces', Railway Engineering Journal, (January).
Kassa, E. and Nielsen, J. C. O. (2008), 'Dynamic interaction between train and railway turnout: fullscale field test and validation of simulation models', Vehicle System Dynamics, 46 (S1), 521-34.
Kassa, E. and Nielsen, J.C.O. (2009), 'Dynamic train-turnout interaction in an extended frequency
range using a detailed model of track dynamics', Journal of Sound and Vibration, 320 (4-5),
893-914.

GA H2020 730841

D2.2

Page 314 of 400

IN2TRACK

Core S&C Issues

Kassa, E., et al. (2009), 'Optimization of track gauge and track stiffness along a switch using a
multibody simulation tool', Proceedings of 21st International Symposium on Dynamics of
Vehicles on Roads and Tracks (Stockholm, Sweden).
Lagos, R. F., et al. (2012), 'Rail vehicle passing through a turnout: analysis of different turnout designs
and wheel profiles', Proceedings of the Institution of Mechanical Engineers Part F-Journal of
Rail and Rapid Transit, 226 (F6), 587-602.
Le Pen, L., et al. (2018), 'Behaviour of under sleeper pads at switches and crossings - Field
measurements', Proceedings of the Institution of Mechanical Engineers Part F-Journal of Rail
and Rapid Transit, 232 (4), 1049-63.
Li, X., Nielsen, J. C. O., and Palsson, B. A. (2014), 'Simulation of track settlement in railway turnouts',
Vehicle System Dynamics, 52, 421-39.
Menssen, R. and Kik, W. (1994), 'Running through a Switch - Simulation and Test', Vehicle System
Dynamics, 23, 378-89.
Ossberger (2018), Uwe Ossberger, VAE GmbH, private communication
Pålsson, B. A. (2013), 'Design optimisation of switch rails in railway turnouts', Vehicle System
Dynamics, 51 (10), 1619-39.
Pålsson (2015), 'Optimisation of railway crossing geometry considering a representative set of wheel
profiles', Vehicle System Dynamics, 53 (2), 274-301.
Pålsson, B. A. and Nielsen, J. C. O. (2015), 'Dynamic vehicle-track interaction in switches and crossings
and the influence of rail pad stiffness - field measurements and validation of a simulation
model', Vehicle System Dynamics, 53 (6), 734-55.
Pålsson, B. (2018), ‘A linear wheel-crossing interaction model’, Proceedings of the Institution of
Mechanical Engineers, Part F: Journal of Rail and Rapid Transit,
DOI:10.1177/0954409718772984
Pletz, M., Daves, W., and Ossberger, H. (2012), 'A wheel set/crossing model regarding impact, sliding
and deformation-Explicit finite element approach', Wear, 294, 446-56.
Schupp, G., Weidemann, C., and Mauer, L. (2004), 'Modelling the contact between wheel and rail
within multibody system simulation', Vehicle System Dynamics, 41 (5), 349-64.
Simpack (2018), Simpack Assistant 2018x.1, www.simpack.com
Sustrail (2015), Optimised switches and crossings systems, project deliverable D4.4, 213 pp.
Wan, C. and Markine, V. L. (2015), 'Parametric study of wheel transitions at railway crossings',
Vehicle System Dynamics, 53 (12), 1876-901.
Wang, P., Ma, X., Xu, J., Wang, J. and Chen, R. (2018) ‘Numerical investigation on effect of the relative
motion of stock/switch rails on the load transfer distribution along the switch panel in highspeed railway turnout’, Vehicle System Dynamics, DOI: 10.1080/00423114.2018.1458992

GA H2020 730841

D2.2

Page 315 of 400

IN2TRACK

Core S&C Issues

Wiedorn, J., Daves, W., Ossberger, U., Ossberger, H., Pletz, M. (2017), ’ Simplified explicit finite
element model for the impact of a wheel on a crossing – Validation and parameter study’,
Tribology International, 111, 254-264.
Wiest, M., et al. (2008), 'Deformation and damage of a crossing nose due to wheel passages', Wear,
265 (9-10), 1431-38.
Xiao, J. H., Zhang, F. C., and Qian, L. H. (2011), 'Numerical simulation of stress and deformation in a
railway crossing', Engineering Failure Analysis, 18 (8), 2296-304.
Pålsson B. A., Nielsen J. C. O., Dynamic vehicle–track interaction in switches and crossings and the
influence of rail pad stiffness – field measurements and validation of a simulation model,
Vehicle System Dynamics 53 (6) (2015) 734–755
Wan C., Markine V. L., Shevtsov I., Optimisation of the elastic track properties of turnout crossings,
Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit
230 (2) (2016) 360-373
Grossoni I., Bezin Y., Neves S., Optimisation of support stiffness at railway crossings, Vehicle System
Dynamics 56 (2017) 1072–1096
Li X., Nielsen J. C. O., Torstensson P. T., Simulation of wheel–rail impact loads and measures to reduce
track settlement in railway crossings, 2018, submitted for publication
Torstensson P. T., Squicciarini G., Krüger M., Pålsson B.A., Nielsen J.C.O., Thompson D.J. – Wheel–rail
impact loads and noise generated at railway crossings – influence of vehicle speed and crossing
dip angle – 2018, submitted for international publication
Wu T. X., Thompson D. J., A hybrid model for the noise generation due to railway wheel flats, Journal
of Sound and Vibration 251 (1) (2002) 115–139
Thompson D .J., Hemsworth B., Vincent N. Experimental validation of the TWINS prediction program
for rolling noise, part 1: description of the model and method, Journal of Sound and Vibration,
193 (1) (1996) 123–135
Andersson R., Torstensson P. T., Kabo E., Larsson F., An efficient approach to the analysis of rail
surface irregularities accounting for dynamic train–track interaction and inelastic
deformations, Vehicle System Dynamics 53 (11) (2015) 1667–1685
Torstensson P. T., Squicciarini G., Krüger M., Nielsen J. C. O., Thompson D. J., Hybrid model for
prediction of impact noise generated at railway crossings, In Anderson D. et al (eds.) Noise and
Vibration Mitigation for Rail Transportation Systems. NNFM, vol 139, pp 759-769. Springer,
Heidelberg (2018)
In2Rail Deliverable 3.2, Solutions to decrease noise and vibration, 2017, 179 pp
Vér I. L., Ventres C. S., Myles M. M., Wheel/rail noise – Part III: Impact noise generation by wheel and
rail discontinuities, Journal of Sound and Vibration 46 (3) (1976) 395–417
Müller R., Nielsen J. C. O., Nélain B., Zemp A., Ground-borne vibration mitigation measures for
turnouts: state-of-the-art and field tests, In Nielsen J. C. O. et al (eds.) Noise and Vibration

GA H2020 730841

D2.2

Page 316 of 400

IN2TRACK

Core S&C Issues

Mitigation for Rail Transportation Systems. NNFM, vol 126, pp 547-554. Springer, Heidelberg
(2015)
Müller, R. et al., Description of the vibration generation mechanism of turnouts and the development
of cost effective mitigation measures, RIVAS Deliverable D3.6, March 2013
Müller R. et al., Ground vibration from turnouts: numerical and experimental tests for identification of
the main influencing sources/factors, RIVAS Deliverable 3.12, December 2013, 51 pp
Pålsson B. A., Optimisation of railway crossing geometry considering a representative set of wheel
profiles, Vehicle System Dynamics 53 (2) (2015) 274–301
Bezin (2017) S&C. Understanding root causes & assessing effective remedies, Capacity4Rail final
dissemination event. Paris, 15th March 2017
Aashto 2003. Determining the resilient modulus of soils and aggregate materials. T307–99, Standard
specifications for transportation materials and methods of sampling and testing. Washington,
D.C.
Ara, I. & Division, E. C. 2004. Guide for mechanistic-empirical design of new and rehabilitated
pavement structures (Final report, NCHRP project 1-37A). Washington, DC: Transportation
Research Board of the National Academies.
Ara Inc. Eres Division 2004. Guide for Mechanistic-Empirical Design of New and Rehabilitated
Pavement Structures National Cooperative Highway Research Program Transportation
Research Board , National Research Council
Barksdale, R. D. Laboratory evaluation of rutting in base course materials. Proc. 3rd Int. Conf on the
Structural Design of Asphalt Pavements, 1972 London.
Boyce, J. R. 1980. A non-linear model for the elastic behaviour of granular materials under repeated
loading. Proc. Int. Symp. Soils under Cyclic & Transient Loading, 1980 Swansea. 285-294.
Brown, S. F. 1996. Soil Mechanics in Pavement Engineering. Géotechnique, 46, 383-426.
Brown, S. F., Bell, C. A. & Brodrick, B. V. 1977. Permanent Deformation of Flexible Pavements. Final
Technical Report, Grant Number DA ERO 75 G 023. University of Nottingham, Nottingham.
Brown, S. F. & Pappin, J. W. 1985. Modeling of granular materials in pavements. Transport Research
Record, Transportation Research Board, Washington, D.C., 1022, 45–51.
Brown, S. F. & Pell, P. S. 1967. An experimental investigation of the stresses, strains and deflections in
a layered pavement structure subjected to dynamic loads. Proc., 2nd Int. Conf. Struct. Des. of
Asphalt Pavements.
Brown, S. F. & Selig, E. T. 1991. The design of pavement and rail track foundations, Blackie and Son
Ltd., Glasgow, Scotland, 249–305.
Calçada, R. 2018. Description of methodology for simulation of soil degradation. Shift2Rail - In2Track
Project (Railenium - Test & Research Centre): Faculty of Engineering of University of Porto.
Cary, C. E. & Zapata, C. E. 2011. Resilient Modulus for Unsaturated Unbound Materials. Road
Materials and Pavement Design, 12, 615-638.

GA H2020 730841

D2.2

Page 317 of 400

IN2TRACK

Core S&C Issues

Cai, Y., Sun, Q., Guo, L., Juang, C. H. & Wang, J. 2015. Permanent deformation characteristics of
saturated sand under cyclic loading. Canadian Geotechnical Journal, 52, 795–807.
Cerni, G., Cardone, F., Virgili, A. & Camilli, P. 2012. Characterization of permanent deformation
behavior of unbound granular materials under repeated triaxial loading. Construction and
Building Materials, 28, 79-87.
Chai, J.-C. & Miura, N. 2002. Traffic-Load-Induced Permanent Deformation of Road on Soft Soil.
Journal of Geotechnical and Geoenvironmental Engineering, 128, 907-916.
Chan, A. H. 1990. Permanent deformation resistance of granular layers in pavements. PhD thesis,
University of Nottingham, England.
Chazallon, C. 2000. An elastoplastic model with kinematic hardening for unbound aggregates in
roads. UNBAR 5 Conference. Nottingham.
Chazallon, C., Habiballah, T. & Hornych, P. 2002. Elastoplasticity framework for incremental or
simplified methods for unbound granular materials for roads. BCRA workshop on modelling of
flexible pavements. Lisbon.
Chen, R., Chena, J., Zhaob, X., Bian, X. & Chen, Y. 2014. Cumulative settlement of track subgrade in
high-speed railway under varying water levels. International Journal of Rail Transportation, 2,
205–220.
Coronado, O., Caicedo, B., Taibi, S., Gomes Correia, A., Fleureau, J.M. 2011. A macro geomechanical
approach to rank non-standard unbound granular materials for pavements. Engineering
Geology, Volume 119, Issues 1–2, 12 April 2011, Pages 64-73.
Correia, A. G. 2017. First Report - Permanent deformation models for soils. Catalogue of Soil and
Subgrade Properties and Models for Numerical Simulation. Shift2Rail - In2Track Project
(Railenium - Test & Research Centre): University of Minho - School of Engineering, ISISE.
Correia, A. G. 2018. Second Report – Resilient models for soils. Catalogue of Soil and Subgrade
Properties and Models for Numerical Simulation. Shift2Rail - In2Track Project (Railenium - Test
& Research Centre): University of Minho - School of Engineering, ISISE.
Culley, R. W. 1971. Effect of freeze-thaw cycling on stress-strain characteristics and volume change of
a till subjected to repetitive loading. Canadian Geotechnical Journal, 8, 359-371.
Dawson, A. R. & Gomes Correia, A. 1993. The effects of subgrade clay condition on the structural
behaviour of road pavements, Flexible Pavements, Balkema. 113-119.
Drumm, E. C. & Pierce, T. J. 1990. Estimation of Subgrade Resilient Modulus from Standard Tests.
Journal of Geotechnical Engineering, 116
Edil, T. B. & Moran, S. E. 1979. Soil-water potential and resilient behavior of subgrade soils. Transp.
Res. Rec., 705, 54-63.
Edris, E. V., Jr., & Lytton, R. L. 1976. Dynamic properties of subgrade soils, including environmental
effects. TTI-2-18-74-164-3, Texas Transp. Inst., Texas A&M Univ., College Station, Tex., May.

GA H2020 730841

D2.2

Page 318 of 400

IN2TRACK

Core S&C Issues

El-Badawy, S. M. A. 2006. Development of a Mechanistic Constitutive Model for the 24 Repeated Load
Permanent Deformation Behavior of Subgrade Pavement Materials. PhD Thesis, Arizona State
University, Tempe, Arizona.
Elfino, M. K. & Davidson, J. L. 1989. Modeling field moisture in resilient moduli testing. Resilient
moduli of soils: laboratory conditions, ASCE Geotech. Special Publication, No. 24, ASCE. New
York, N.Y.
Elhannani, M. 1991. Modèlisation et simulation numérique des Chaussées Souples. PhD thesis,
University of Nantes, Nantes, France.
Elliot, R. P. & Lourdesnathan, D. 1989. Improved characterization model for granular bases. Transport
Research Record: Transportation Research Board, Washington, D.C., 1277, 128–133.
En13286-7 2004a. Unbound and hydraulically bound mixtures. . Part 7: Cyclic load triaxial test for
unbound mixtures Brussels.: CEN-European Committee for Standardization.
Erlingsson, S. & Rahman, M. S. 2013. Evaluation of permanent deformation characteristics of
unbound granular materials by means of multistage repeated-load triaxial tests. Transport
Research Record: Journal of the Transportation Research Board, 2369, 11–19.
Erlingsson, S., Rahman, S. & Salour, F. 2017. Characteristic of unbound granular materials and
subgrades based on multi stage RLT testing. Transportation Geotechnics, 13, 28-42.
Fortunato, E. 2005. Renovação de plataformas ferroviárias. Estudos relativos à capacidade de carga.
PhD Thesis, Faculty of Engineering of the University of Porto,Porto.
Frühauf, W., Jungwirth, J., Schloz, M. & Stoiberer, H. 2008. Slab track systems on engineering
structures - A holistic design approach. Railway Technical Review, Special (March 2008), 78-88.
Fredlund, D. G., Began, A. T. & Wong, P. K. 1977. Relation between Resilient Modulus and Stress
Conditions for Cohesive Subgrade Soils. Transport Research Record: Journal of the
Transportation Research Board, 62, 73-81.
Garg, N. & Thompson, M. R. 1997. Triaxial characterization of Minnesota road research project
granular materials. Transp. Res. Rec, 1577, Transportation Research Board, Washington, D.C.,
27–36.
Gautier, P.-E. 2015. Slab track: Review of existing systems and optimization potentials including very
high speed. Construction and Building Materials, 92, 9-15.
Gidel, G., Hornych, P., Chauvin, J.-J., Breysse, D. & Denis, A. 2001. A new approach for investigating
the permanent deformation behaviour of unbound granular material using the repeated load
triaxial apparatus. Bulletin des Laboratoires des Pont et Chaussées, 233, 5–21.
Gomes Correia, A., Anhdan, L. Q., Koseki, J. & Tatsuoka, F. 2001. Small strain stiffness under different
isotropic and anisotropic stress conditions of two granular granite materials. In: TATSUOKA, F.,
SHIBUYA & KUWANO, eds. Advanced laboratory stress-strain testing of geomaterials, 2001.
Balkema, Swets & Zeitlinger, 209-215.
Gomes Correia, A., Hornych, P. & Akou, Y. 1999. Review of models and modelling of unbound
granular materials In: CORREIA, A. G., ed. Proceedings of an International Workshop on

GA H2020 730841

D2.2

Page 319 of 400

IN2TRACK

Core S&C Issues

Modelling and Advanced Testing for Unbound Granular Materials, 1999 Lisbon/21-22 January.
A.A.Balkema/Rotterdam/Brookfield.
Gräbe, P. J. & Clayton, C. R. I. Permanent deformation of railway foundations under heavy axle
loading. In: CONFERENCE, P. O. I. H. H., ed. Conference of the International Heavy Haul
Association, International Heavy Haul Association, 2003. 325-333.
Guo, L. 2013. Experimental study on the static and cyclic behavior of saturated soft clay under
complex stress path. PhD Thesis, Zhenjiang Univ., Hangzhou, China (in Chinese).
Hicks, R. G. & Monismith, C. L. 1971. Factors influencing the resilient properties of granular materials.
Highway Research Record, 345, 15-31.
Hornych, P., Kazai, A. & Piau, J. M. 1998. Study of the resilient behaviour of unbound granular
materials. Proc. 5th Conference on Bearing Capacity of Roads and Airfields, 1998 Trondheim,
Norway. 1277 – 1287.
Hornych, P. & Abd, A. E. 2004. Selection and evaluation of models for prediction of permanent
deformations of unbound granular materials in road pavements. Work Package 5,
Performance-based specifications. SAMARIS.
Huurman, M. 1997. Permanent deformation in concrete block pavement. PhD Thesis, Delft University
of Technology, Netherlands.
Hyde, A. F. L. 1974. Repeated load triaxial testing of soils. PhD thesis, University of Nottingham,
Nottingham.
Johnson, T. C., Berg, R. L. & Dimillio, A. 1986. Frost Action Predictive Techniques: an overview of
research results. Transportation Research Record, 147-161.
Kallas, B. F. & Riley, J. 1967. Mechanical properties of asphalt pavement materials. 2nd Int. Conf. on
Struct. Design of Asphalt Pavements. University of Michigan.
Karasahin, M. 1993. Resilient behaviour of granular materials for analysis of highway pavements. PhD
Thesis, University of Nottingham.
Kirwan, R. W., Farrell, E. R. & Maher, M. L. J. 1979. Repeated load parameters of a glacial till related
to moisture content and density. 7th European Conf. on Soil Mech. and Found. Engrg., England.
Kolisoja, P. 1997. Factors affecting deformation properties of coarse grained granular materials.
Proceedings of the Fourteenth International Conference on Soil Mechanics and Foundation
Engineering, 1997 Hamburg 6.-12. September 1997.
Korkiala-Tanttu, L. A new material model for permanent deformations in pavements. Proc. of the
Seventh Conference on Bearing Capacity of Roads and Airfields, 2005 Trondheim, Norway. 10.
Kramer, S. L. 1996. Geotechnical Earthquake Engineering, Prentice Hall International Series in Civil
Engineering and Engineering Mechanics.
Lekarp, F. 1999. Resilient and permanent deformation behavior of unbound aggregates under
repeated loading. PhD Thesis, The Royal Institute of Technology, KTH, Stockholm, Sweden.

GA H2020 730841

D2.2

Page 320 of 400

IN2TRACK

Core S&C Issues

Lekarp, F. & Dawson, A. 1998. Modelling permanent deformation behaviour of unbound granular
materials. Construction and Building Materials, 12, 9-18.
Lekarp, F., Isacsson, U. & Dawson, A. 2000a. Permanent Strain Response of Unbound Aggregates.
Journal of Transportation Engineering, 126, 76-83.
Lekarp, F., Isacsson, U. & Dawson, A. 2000b. State of the art. I: Resilient Response of unbound
aggregates. Journal of Transportation Engineering, 126, 66-75.
Lentz, R. W. & Baladi, G. Y. Simplified procedure to characterize permanent strain in sand subjected
to cyclic loading. Proceedings Int. Symposium on Soils Under Cyclic and Transient Loading,
1980 Swansea. 89-95.
Li, D., Hyslip, J., Sussmann, T. & Chrismer, S. 2016. Railway Geotechnics, CRC Press - Taylor & Francis
Group.
Li, D. & Selig, E. T. 1994. Resilient modulus for fine-grained subgrade soils. Journal of Geotechnical
Engineering, 120, 939-957.
Li, D. & Selig, E. T. 1996. Cumulative Plastic Deformation for Fine-Grained Subgrade Soils. Journal of
Geotechnical and Geoenvironmental Engineering, 122, 1006-1013.
Liang, R. Y., Rababah, S. & Khasawneh, M. 2008. Predicting moisture-dependent resilient modulus of
cohesive soils using soil suction concept. Journal of Transportation Engineering, 134, 34-40.
Ling, X., Li, P., Zhang, F., Zhao, Y., Li, Y. & An, L. 2017. Permanent Deformation Characteristics of
Coarse Grained Subgrade Soils under Train-Induced Repeated Load. Advances in Materials
Science and Engineering, 2017 15.
Luo, X., Gu, F., Zhang, Y., Lytton, R. L. & Zollinger, D. 2017. Mechanistic-empirical models for better
consideration of subgrade and unbound layers influence on pavement performance.
Transportation Geotechnics, 13, 52-68.
Maadani, O. & El Halim, A. O. A. 2017. Environmental considerations in the AASHTO mechanisticempirical pavement design guide: Impacts on performance. Journal of Cold Regions
Engineering, 31.
Mayhew, H. C. 1983. Resilient properties of unbound road base under repeated triaxial loading. Lab.
Rep. 1088, TRRL, Crowthorne, U.K.
Monismith, C. L., Seed, H. B., Mitry, F. G. & Chan, C. K. 1967. Prediction of pavement deflections from
laboratory tests. Proc., 2nd Int. Conf. Struct. Des. of Asphalt Pavements, 1967. 109–140.
Monismith, C. L., Ogawa, N. & Freeme, C. R. 1975. Permanent deformation characteristics of
subgrade soils due to repeated loading. Transportation Research Record, 537, 1-17.
Moossazadeh, J. M. & Witczak, M. W. 1981. Prediction of Subgrade Moduli for Soil that Exhibits
Nonlinear Behavior. Transport Research Record: Journal of the Transportation Research Board,
No 810, Transportation Research Board of the National Academies, 9-17.
Ng, C. W. W., Zhou, C., Yuan, Q. & Xu, J. 2013. Resilient modulus of unsaturated subgrade soil:
Experimental and theoretical investigations. Canadian Geotechnical Journal, 50, 223-232.

GA H2020 730841

D2.2

Page 321 of 400

IN2TRACK

Core S&C Issues

Ng, K., Hellrung, D., Ksaibati, K. & Wulff, S. S. 2018. Systematic back-calculation protocol and
prediction of resilient modulus for MEPDG. International Journal of Pavement Engineering, 19,
62-74.
Parreira, A. B. & Goncalves, R. F. 2000. The influence of moisture content and soil suction on the
resilient modulus of a lateritic subgrade soil. GeoEng – An international conference on
geotechnical & geological engineering. Melbourne, Australia.
Pappin, J. W. 1979. Characteristics of a granular material for pavement analysis. PhD Thesis,
University de Nottingham.
Paute, J. L., Hornych, P. & Benaben, J. P. 1994. Comportement mécanique des graves non traitées.
Bulletin de Liaison des Laboratoires des Ponts et Chaussées, 190, 27-38.
Pezo, R. F. 1993. A general method of reporting resilient modulus tests of soils—A pavement
engineer’s point of view. 72nd Annu. Meeting of the TRB.
Pezo, R. F., Kim, D.-S., Stokoe, K. H. & Hudson, W. R. 1991. Aspects of a reliable resilient modulus
testing system. Transp. Res. Board Preprint, 70th Annual Meeting. Washington, D.C., Jan.
Puppala, A. J., Mohammad, L. N. & Allen, A. 1999. Permanent deformation characterization of
subgrade soils from RLT test. Journal of Materials in Civil Engineering, 11, 274-282.
Puppala, A. J., Saride, S. & Chomtid, S. 2009. Experimental and modeling studies of permanent strains
of subgrade soils. Journal of Geotechnical and Geoenvironmental Engineering, 135, 1379–1389.
Quante, F. 2001. Innovative Track Systems - Technical Construction, ProMain [Online]. [Accessed].
Rahim, A. M. & George, K. P. 2005. Models to estimate subgrade resilient modulus for pavement
design. International Journal of Pavement Engineering, 6, 89–96.
Rahman, M. S. 2015. Characterising the Deformation Behavior of Unbound Granular Materials in
Pavement Structures. PhD thesis KTH Royal Institute of Technology, Stockholm, Sweden.
Rahman, M. S. & Erlingsson, S. 2015. A model for predicting permanent deformation of unbound
granular materials. Road Materials and Pavement Design, 16, 653-673.
Rasul, J. M., Ghataora, G. S. & Burrow, M. P. N. Permanent deformation of stabilized subgrade soils.
In: NIKOLAIDES, A., ed. 6th International Conference ‘Bituminous Mixtures and Pavements,
2015 Thessaloniki, Greece, 10-12 June 2015. Taylor & Francis Group, London, 41-48.
Robnett, Q. L. & Thompson, M. R. 1976. Effect of lime treatment on the resilient behavior of finegrained soils. Transp. Res. Rec., 560, 11-20.
Salour, F. & Erlingsson, S. 2015. Permanent deformation characteristics of silty sand subgrades from
multistage RLT tests. International Journal of Pavement Engineering, 18, 236-246.
Salour, F. & Erlingsson, S. Characterization of Permanent Deformation of Silty Sand Subgrades from
Multistage RLT Tests. The 3rd International Conference on Transportation Geotechnics (ICTG
2016), 2016 Guimarães, Portugal. 300–307.

GA H2020 730841

D2.2

Page 322 of 400

IN2TRACK

Core S&C Issues

Santos, J. 1999. Caracterização de Solos Através de Ensaios Dinâmicos e Cíclicos de Torção. Aplicação
ao Estudo do comportamento de Estacas Sob Acções Horizontais Estáticas e Dinâmicas. PhD
Thesis.
Sauer, E. K. & Monismith, C. L. 1968. Influence of soil suction on behavior of a glacial till subjected to
repeated loading. Hwy. Res. Rec., 215, 8-23.
Sawangsuriya, A., Edil, T. B. & Benson, C. H. 2009. Effect of suction on resilient modulus of
compacted fine-grained subgrade soils. Transportation Research Record: Journal of the
Transportation Research Board, 2101, 82-87.
Seed, H. B., Chan, C. K. & Lee, C. E. 1962. Resilience characteristics of subgrade soils and their relation
to fatigue failures in asphalt pavement. Proc. First Int: Conf. on Struct. Design of Asphah
Pavements, 1962 University of Michigan, Ann Arbor.
Seed, H. B., Mitry, F. G., Monismith, C. L. & Chan, C. K. 1967. Prediction of flexible pavement
deflections from laboratory repeated load tests. NCHRP Report National Cooperative Highway
Research Program.
Selig, E. T. & Waters, J. M. 1994. Track Geotechnology and Substructure Management, Thomas
Telford Services Ltd., London.
Shackel, B. 1973. The derivation of complex stress-strain relations. Proc. 8th Int. Conf. on Soil Mech.
and Found. Engrg., Moscow, 353-359.
Sharp, R. 1985. Pavement design based on shakedown analysis. Transportation Research Record,
1022, 99–107.
Sharp, R. & Booker, J. 1984. Shakedown of pavements under moving surface loads. Journal of
Transportation Engineering, 1, 1-14.
Shifley, L. H., Jr. & Monismith, C. L. 1968. Test road to determine the influence of subgrade
characteristics on the transient deflections of asphalt concrete pavements. Report No. TE 68-5,
Office of Res. Services. Univ. of California, Berkeley, Aug.
Sweere, G. T. H. 1990. Unbound granular bases for roads. PhD Thesis, Delft University of Technology,
Netherlands.
Tam, W. A. & Brown, S. F. 1988. Use of the falling weight deflectometer for in situ evaluation of
granular materials in pavements. Proc., 14th ARRB Conf., 1988. 155–163.
Tanimoto, K. & Nishi, M. 1970. On resilience characteristics of some soils under repeated loading.
Soils Found., 10, 75-92.
Tatsuoka, F., Ishihara, M., Uchimura, T. & Gomes Correia, A. 1999. Non-linear resilient behaviour of
unbound granular materials by the cross-anisotropic hypo-quasi-elasticity model. In: GOMES
CORREIA, A., ed. Unbound Granular Materials - Laboratory Testing, In-situ Testing and
Modelling, 1999 Lisbon/21-22 January. A. A. Balkema/Rotterdam/Brookfield, 197-204.
Tatsuoka, F. 2015. Compaction characteristics and physical properties of compacted soil controlled
by the degree of saturation, Keynote Lecture, Deformation characteristics of geomaterials,

GA H2020 730841

D2.2

Page 323 of 400

IN2TRACK

Core S&C Issues

Proc. of 6th International Conference on Deformation Characteristics of Geomaterials, Buenos
Aires, 2015, pp. 40-78.
Tatsuoka F, Gomes Correia A. 2018. Importance of controlling the degree of saturation in soil
compaction linked to soil structure design. Transp Geotech 2018.
doi:10.1016/j.trgeo.2018.06.004.
Thom, N. 1988. Design of road foundations PhD thesis.
Thompson, M. R. & Robnett, Q. L. 1976. Final report, resilient properties of subgrade soils. FHWA-ILU1-160, Univ. of Illinois, Urbana, I11, June.
Tseng, K. H. & Lytton, R. L. Prediction of permanent deformation in flexible pavement materials. In:
SCHRAUDERS, H. G. & MAREK, C. R., eds. Implication of aggregates in design, construction, and
performance of flexible pavements, 1989 Philadelphia. PA: American Society for Testing and
Materials, 154-172.
Uic 2008. UIC Code 719 R. Earthworks and Track Bed for Railway Lines. International Union of
Railways.
Uthus, L. 2007. Deformation Properties of Unbound Granular Aggregates. PhD Thesis, Faculty of
Engineering Science and Technology.
Uzan, J. 1985. Characterization of Granular Material. Transportation Research Record No. 1022,
Transportation Research Board, Washington DC, 52-59.
Veverka, V. 1979. Raming van de spoordiepte bij wegen met een bitumineuze verhanding. De
Wegentechniek, XXIV, 25-45.
Wei, X., Wang, G. & Wu, R. 2017. Prediction of Traffic Loading–Induced Settlement of LowEmbankment Road on Soft Subsoil. International Journal of Geomechanics, 17.
Werkmeister, S. 2003. Permanent Deformation Behavior of Unbound Granular Materials. PhD Thesis,
University of Technology, Dresden, Germany.
Werkmeister, S., Dawson, A. & Wellner, F. 2001. Permanent deformation behavior of granular
materials and the shakedown concept. Transportation Research Record: Journal of the
Transportation Research Board, 1757, 75–81.
Werkmeister, S., Numrich, R. & Wellner, F. The development of a Permanent Deformation Design
Model for Unbound Granular Materials with the Shakedown-Concept. Proc. of the 6th
International Conference on the Bearing Capacity of Roads and Airfields, 2002 Lisbon, Portugal.
1081–1096.
Witczak, M. W., Andrei, D. & Houston, W. N. 2000. Resilient Modulus as Function of Soil Moisture Summary of Predictive Models. Development of the 2002 Guide for the Development of New
and Rehabilitated Pavement Structures, NCHRP 1-37 A, Inter Team Technical Report (Seasonal
1). Arizona State University, Tempe, Arizona.
Wolff, H. & Visser, A. T. Incorporating elasto-plasticity in granular layer pavement design.
Proceedings of the Institution of Civil Engineers-Transport, 1994. 259–272.

GA H2020 730841

D2.2

Page 324 of 400

IN2TRACK

Core S&C Issues

Xiao, J., Juang, C., Wei, K. & Xu, S. 2014. Effects of principal stress rotation on the cumulative
deformation of normally consolidated soft clay under subway traffic loading. Journal of
Geotechnical and Geoenvironmental Engineering, 140.
Xiao, Y. & Tutumluer, E. 2016. Performance Checks for Unbound Aggregate Base Permanent
Deformation prediction Models under Dynamic Stress States Induced by Moving Wheel
Loading. The 3rd International Conference on Transportation Geotechnics (ICTG 2016).
Xiao, Y., Tutumluer, E. & Mishra, D. 2015. Performance Evaluation of Unbound Aggregate Permanent
Deformation Models for Different Aggregate Physical Properties. Transport Research Record:
Journal of the Transportation Research Board, 2525, 20-30.
Yang, S. R., Huang, W. H. & Tai, Y. T. 2005. Variation of resilient modulus with soil suction for
compacted subgrade soils. Transportation Research Record: Journal of the Transportation
Research Board, 1913, 99-106.
Yesufa, G. Y. & Hoffa, I. 2015. Finite element modelling for prediction of permanent strains in finegrained subgrade soils. Road Materials and Pavement Design, 16, 392-404.
Zapata, C. E., Witczak, M. W. & Palanivelu, P. T. 2017. Evaluation of the Federal Aviation
Administration methodology for characterizing the nonlinear behavior of granular base and
subbase materials. Transportation Geotechnics, 13, 13-27.
Capacity4Rail “Operational failure modes of Switches and Crossings”
Report 09-P-10788-TTZ35-UN-1330 (not public)
Jörg (2015). Jörg, A., Stock, R., Scheriau, St., Brantner, H.P., Knoll, B., Mach, M., Daves, W. (2015). The
Squat Condition of Rail Materials - a Novel Approach to Squat Prevention. Proceedings of 10th
International Conference on Contact Mechanics, CM2015, Colorado Springs, Colorado, USA.
Picture 3, 4, 5: U. Ossberger, S. Eck, E. Stocker: Performance of Different Materials in a Frog of a
Turnout (Heavy Haul Conference Perth, 2015)
Picture 3, 4, and 5: U. Ossberger, S. Eck, E. Stocker: Performance of Different Materials in a Frog of a
Turnout (Heavy Haul Conference Perth, 2015)
American Society of Mechanical Engineering. (2006). Guide for Verification and Validation in
Computational Solid Mechanics.
Amardo JM, Tobar MJ, Alvarez JC, Yáñez A, Laser cladding of tungsten carbides (Spherotene®)
hardfacing alloys for the mining and mineral industry. Applied Surface Science, Vol. 255, 2009,
pp 5535-5556
Baldridge T, Poling G, Foroozmehr E, Kovacevic R, Metz T, Kadekar V, Gupta MC, Laser cladding of
Inconel 690 on Inconel 600 superalloy for corrosion protection in nuclear applications. Optics
and Lasers in Engineering, Vol. 51, 2013, pp 180-184
BEASY, Ashurst Lodge, Ashurst, Southampton, Hampshire, SO40 7AA, UK, 2018, www.beasy.com.
Bogdanski S, Brown MW. Modelling the three-dimensional behaviour shallow rolling contact fatigue
cracks in rails. Wear 2002;253:17–25.

GA H2020 730841

D2.2

Page 325 of 400

IN2TRACK

Core S&C Issues

Bower AF. The influence of crack face friction and trapped fluid on surface initiated rolling contact
fatigue cracks, transactions of the ASME. J Tribol 1988;110:704–11.
Burgelman N, Li Z, Dollevoet R, A new rolling contact method applied to conformal contact and the
train-turnout interaction. Wear, Vol. 321, 2014, pp 94-105
Deloro Stellite – Exocor, Stellite 6 Alloy Technical Data, exocor.com/downloads/productdatasheets/Stellite-6-Datasheet.pdf
ESDU item 85007, ESDU Tribology Series “Contact phenomena III: Calculation of individual stress
components in concentrated elastic contacts under combined normal and tangential loading”,
Engineering Science Data Unit (ESDU), www.esdu.com, 1999.
Fletcher, DI, The influence of lubrication on the fatigue of pearlitic rail steel, PhD Thesis, University of
Sheffield, 1999.
Fletcher, D.I. (2014) Numerical simulation of near surface rail cracks subject to thermal contact
stress. Wear, 314 (1-2). 96 – 103
Fletcher, DI and Lewis, S (2013) Creep curve measurement to support wear and adhesion modelling,
using a continuously variable creep twin disc machine. Wear, 298. pp. 57-65. ISSN 0043-1648
Fletcher D & Sanusi SH (2016) The potential for suppressing rail defect growth through tailoring rail
thermo-mechanical properties. Wear, 366-367, 401-406
Fraunhofer USA, F. Bartels, A. Jonnalagadda, M. Weiner, E. Stiles, 2011. Laser Cladding of Tubes.
United States Patent Application Publication US 2011/0297083 A1. 08/12/2011
Fu G, Liu S, Fan J, The design of Cobalt-free, Nickel-based alloy powder (Ni-3) used for sealing
surfaces of nuclear power valves and its structure of laser cladding coating. Nuclear
Engineering and Design, Vol. 241, 2011, pp 1403-1406
Hutasoit N, Luzin, V, Blicblau A, Yan W, Brandt M, Cottam R, Fatigue life of laser clad hardfacing alloys
on AISI 4130 steel under rotary bending fatigue test, International Journal of Fatigue 72 (2015)
42-52
ICON (Integrated Study of Rolling Contact Fatigue), Final Technical Report, May 2000, Ref
ICONDOC.Q12.V2(Final), published by European Rail Research Institute/D F Cannon. Brite
EURAM III project number BE96-3091. Chapter B, Annex 1 ‘Theoretical Models’, Section 2
‘Ratchetting Model’.
Kapoor A, Fletcher DI, Franklin FJ, Alwahdi F (2002) University of Sheffield and AEAT Whole life rail
model Interim Report MEC/AK/AEAT/September02/, Railway Safety & Standards Board,
London, http://www.rssb.co.uk/
Kapoor, A, Beynon, JH, Fletcher, DI and Loo-Morrey, M (2004) Computer simulation of strain
accumulation and hardening for pearlitic rail steel undergoing repeated contact, IMechE J.
Strain Analysis Vol. 39 No. 4, 383-396
Kapoor, A, Franklin, FJ (2000) Tribological layers and the wear of ductile materials, Wear 245, 204–
215.
Johnson, KL, Contact Mechanics, Cambridge University Press, 1987.

GA H2020 730841

D2.2

Page 326 of 400

IN2TRACK

Core S&C Issues

Lewis SR, Lewis R, Fletcher, DI, Assessment of laser cladding as an option for repairing/enhancing
rails, Wear 330-331 (2015) 581–591
Lewis, SR, Fretwell-Smith, S, Goodwin PS, Smith L, Lewis R, Aslam, M, Fletcher, DI, Murray, K,
Lambert, R (2016) Improving rail wear and RCF performance using laser cladding, Wear 366367, 268–278
Li X, Torstensson PT, Nielsen JCO, Simulation of vertical dynamic vehicle–track interaction in a railway
crossing using Green's functions. Journal of Sound and Vibration, Vol. 410, 2017, pp 318-329
Niederhauser S, Laser Cladded Steel Microstructures and Mechanical Properties of Relevance for
Railway Applications, Doctorial Thesis, Chalmers University of Technology, Göteborg, Sweden,
2005
Niederhauser S, Karlsson B, Fatigue behaviour of Co-Cr laser cladded steel plates for railway
applications. Wear, Vol. 258, 2005, pp 1156-1164
Tyfour, WR, Beynon, JH, Kapoor, A (1995) The steady state wear behaviour of pearlitic rail steel
under dry rolling-sliding contact conditions, Wear, 180, 79-89
Wang P, Yang Y, Ding G, Qi J, Shao H, Laser cladding coating against erosion-corrosion wear and its
application to mining machine parts. Wear, Vol. 209, 1997, pp 96-100
Wei Z, Shen C, Li Z., Dollevoet R, Wheel–Rail Impact at Crossings: Relating Dynamic Frictional Contact
to Degradation. Journal of Computational and Nonlinear Dynamics, 12(4), 2017
Wiest M, Kassa E, Daves W, Nielsen JCO, Ossberger H, Assessment of methods for calculating contact
pressure in wheel-rail/switch contact. Wear, Vol. 265(9-10), 2008, pp 1439-1445
Xu J, Wang P, Ma X, Xiao J, Chen R, Comparison of calculation methods for wheel–switch rail normal
and tangential contact. Proceedings of the Institution of Mechanical Engineers, Part F: Journal
of Rail and Rapid Transit, Vol. 231(2), 2017, pp 148–161
Zhang D, Zhang X, Laser cladding of stainless steel with Ni-Cr3C2 and Ni-WC for improving erosivecorrosive wear performance. Surface and Coatings Technology, Vol. 190 (1-2), 2005, pp 212217
Bezin, Y., Grossoni, I., and Neves, S. (2016), 'Impact of wheel shape on the vertical damage of cast
crossing panels in turnouts', Dynamics of Vehicles on Roads and Tracks, 1163-72.
Bruni, S., et al. (2009), 'Effects of train impacts on urban turnouts: Modelling and validation through
measurements', Journal of Sound and Vibration, 324 (3-5), 666-89.
Bugarin, M. R. and Diaz-de-Villegas, J. M. G. (2002), 'Improvements in railway switches', Proceedings
of the Institution of Mechanical Engineers Part F-Journal of Rail and Rapid Transit, 216 (4), 27586.
Capacity4Rail (2016), ‘Innovative Concepts and Designs for Resilient S&Cs (Intermediate),’
Deliverable report 1.3.2, 152 pp.
Chaar, Nizar (2007), 'Wheelset Structural Flexibility and Track Flexibility in Vehicle-Track Dynamic
Interaction', PhD (Royal Institute of Technology (KTH)).

GA H2020 730841

D2.2

Page 327 of 400

IN2TRACK

Core S&C Issues

Evans, J. and Berg, M. (2009), 'Challenges in simulation of rail vehicle dynamics', Vehicle System
Dynamics, 47 (8), 1023-48.
Grossoni, I., Bezin, Y., and Neves, S. (2018), 'Optimisation of support stiffness at railway crossings',
Vehicle System Dynamics, 56 (7), 1072-96.
Jenkins, H H, et al. (1974), 'The effect of track and vehicle parameters on wheel/rail vertical dynamic
forces', Railway Engineering Journal, (January).
Kassa, E. and Nielsen, J. C. O. (2008), 'Dynamic interaction between train and railway turnout: fullscale field test and validation of simulation models', Vehicle System Dynamics, 46 (S1), 521-34.
Kassa, E. and Nielsen, J.C.O. (2009), 'Dynamic train-turnout interaction in an extended frequency
range using a detailed model of track dynamics', Journal of Sound and Vibration, 320 (4-5),
893-914.
Kassa, E., et al. (2009), 'Optimization of track gauge and track stiffness along a switch using a
multibody simulation tool', Proceedings of 21st International Symposium on Dynamics of
Vehicles on Roads and Tracks (Stockholm, Sweden).
Lagos, R. F., et al. (2012), 'Rail vehicle passing through a turnout: analysis of different turnout designs
and wheel profiles', Proceedings of the Institution of Mechanical Engineers Part F-Journal of
Rail and Rapid Transit, 226 (F6), 587-602.
Le Pen, L., et al. (2018), 'Behaviour of under sleeper pads at switches and crossings - Field
measurements', Proceedings of the Institution of Mechanical Engineers Part F-Journal of Rail
and Rapid Transit, 232 (4), 1049-63.
Li, X., Nielsen, J. C. O., and Palsson, B. A. (2014), 'Simulation of track settlement in railway turnouts',
Vehicle System Dynamics, 52, 421-39.
Menssen, R. and Kik, W. (1994), 'Running through a Switch - Simulation and Test', Vehicle System
Dynamics, 23, 378-89.
Ossberger (2018), Uwe Ossberger, VAE GmbH, private communication
Pålsson, B. A. (2013), 'Design optimisation of switch rails in railway turnouts', Vehicle System
Dynamics, 51 (10), 1619-39.
Pålsson (2015), 'Optimisation of railway crossing geometry considering a representative set of wheel
profiles', Vehicle System Dynamics, 53 (2), 274-301.
Pålsson, B. A. and Nielsen, J. C. O. (2015), 'Dynamic vehicle-track interaction in switches and crossings
and the influence of rail pad stiffness - field measurements and validation of a simulation
model', Vehicle System Dynamics, 53 (6), 734-55.
Pålsson, B. (2018), ‘A linear wheel-crossing interaction model’, Proceedings of the Institution of
Mechanical Engineers, Part F: Journal of Rail and Rapid Transit,
DOI:10.1177/0954409718772984
Pletz, M., Daves, W., and Ossberger, H. (2012), 'A wheel set/crossing model regarding impact, sliding
and deformation-Explicit finite element approach', Wear, 294, 446-56.

GA H2020 730841

D2.2

Page 328 of 400

IN2TRACK

Core S&C Issues

Schupp, G., Weidemann, C., and Mauer, L. (2004), 'Modelling the contact between wheel and rail
within multibody system simulation', Vehicle System Dynamics, 41 (5), 349-64.
Simpack (2018), Simpack Assistant 2018x.1, www.simpack.com
Sustrail (2015), Optimised switches and crossings systems, project deliverable D4.4, 213 pp.
Wan, C. and Markine, V. L. (2015), 'Parametric study of wheel transitions at railway crossings',
Vehicle System Dynamics, 53 (12), 1876-901.
Wang, P., Ma, X., Xu, J., Wang, J. and Chen, R. (2018) ‘Numerical investigation on effect of the relative
motion of stock/switch rails on the load transfer distribution along the switch panel in highspeed railway turnout’, Vehicle System Dynamics, DOI: 10.1080/00423114.2018.1458992
Wiedorn, J., Daves, W., Ossberger, U., Ossberger, H., Pletz, M. (2017), ’ Simplified explicit finite
element model for the impact of a wheel on a crossing – Validation and parameter study’,
Tribology International, 111, 254-264.
Wiest, M., et al. (2008), 'Deformation and damage of a crossing nose due to wheel passages', Wear,
265 (9-10), 1431-38.
Xiao, J. H., Zhang, F. C., and Qian, L. H. (2011), 'Numerical simulation of stress and deformation in a
railway crossing', Engineering Failure Analysis, 18 (8), 2296-304.
Pålsson B. A., Nielsen J. C. O. (2015), Dynamic vehicle–track interaction in switches and crossings and
the influence of rail pad stiffness – field measurements and validation of a simulation model,
Vehicle System Dynamics 53 (6) 734–755
Wan C., Markine V. L., Shevtsov I. (2016), Optimisation of the elastic track properties of turnout
crossings, Proceedings of the Institution of Mechanical Engineers, Part F: Journal of Rail and
Rapid Transit 230 (2), 360-373
Grossoni I., Bezin Y., Neves S. (2017), Optimisation of support stiffness at railway crossings, Vehicle
System Dynamics 56 1072–1096
Li X., Nielsen J. C. O., Torstensson P. T. (2018), Simulation of wheel–rail impact loads and measures to
reduce track settlement in railway crossings, submitted for publication
Torstensson P. T., Squicciarini G., Krüger M., Pålsson B.A., Nielsen J.C.O., Thompson D.J. – Wheel–rail
impact loads and noise generated at railway crossings – influence of vehicle speed and crossing
dip angle – 2018, submitted for international publication
Wu T. X., Thompson D. J., A hybrid model for the noise generation due to railway wheel flats, Journal
of Sound and Vibration 251 (1) (2002) 115–139
Thompson D .J., Hemsworth B., Vincent N. Experimental validation of the TWINS prediction program
for rolling noise, part 1: description of the model and method, Journal of Sound and Vibration,
193 (1) (1996) 123–135
Andersson R., Torstensson P. T., Kabo E., Larsson F., An efficient approach to the analysis of rail
surface irregularities accounting for dynamic train–track interaction and inelastic
deformations, Vehicle System Dynamics 53 (11) (2015) 1667–1685

GA H2020 730841

D2.2

Page 329 of 400

IN2TRACK

Core S&C Issues

Torstensson P. T., Squicciarini G., Krüger M., Nielsen J. C. O., Thompson D. J., Hybrid model for
prediction of impact noise generated at railway crossings, In Anderson D. et al (eds.) Noise and
Vibration Mitigation for Rail Transportation Systems. NNFM, vol 139, pp 759-769. Springer,
Heidelberg (2018)
In2Rail Deliverable 3.2, Solutions to decrease noise and vibration, 2017, 179 pp
Vér I. L., Ventres C. S., Myles M. M., Wheel/rail noise – Part III: Impact noise generation by wheel and
rail discontinuities, Journal of Sound and Vibration 46 (3) (1976) 395–417
Müller R., Nielsen J. C. O., Nélain B., Zemp A., Ground-borne vibration mitigation measures for
turnouts: state-of-the-art and field tests, In Nielsen J. C. O. et al (eds.) Noise and Vibration
Mitigation for Rail Transportation Systems. NNFM, vol 126, pp 547-554. Springer, Heidelberg
(2015)
Müller, R. et al., Description of the vibration generation mechanism of turnouts and the development
of cost effective mitigation measures, RIVAS Deliverable D3.6, March 2013
Müller R. et al., Ground vibration from turnouts: numerical and experimental tests for identification
of the main influencing sources/factors, RIVAS Deliverable 3.12, December 2013, 51 pp
Pålsson B. A., Optimisation of railway crossing geometry considering a representative set of wheel
profiles, Vehicle System Dynamics 53 (2) (2015) 274–301
References 3.4.3
Grossoni, I., Bezin, Y., and Neves, S. (2018), Optimisation of support stiffness at railway crossings,
Vehicle System Dynamics, 56 (7), 1072-96.
Iwnicki, S. (1998), Manchester benchmarks for rail vehicle simulation, Vehicle System Dynamics, 30
(3-4), 295-313.
Jenkins, H. H., et al. (1974), The effect of track and vehicle parameters on wheel/rail vertical dynamic
forces, Railway Engineering Journal
Knothe, K. and Wu, Y. (1998), Receptance behaviour of railway track and subgrade, Archive of
Applied Mechanics, 68 (7-8), 457-70.
Nielsen, J. C. O. (2008), High-frequency vertical wheel-rail contact forces - Validation of a prediction
model by field testing, Wear, 265 (9-10), 1465-71.
Palsson, B. A. (2013), Design optimisation of switch rails in railway turnouts, Vehicle System
Dynamics, 51 (10), 1619-39.
Palsson, B. A. (2015), Optimisation of railway crossing geometry considering a representative set of
wheel profiles, Vehicle System Dynamics, 53 (2), 274-301.
Simpack (2018), Version 2018x.1, <www.simpack.com>
Johansson A., Pålsson B. A., Ekh M., Nielsen J. C. O., Ander M. K. A., Brouzoulis J. and Kassa E., (2011)
Simulation of wheel–rail contact and damage in switches & crossings, Wear 271, 472 – 481
Nicklisch D., Nielsen J. C. O., Ekh M., Johansson A., Pålsson B. A., Reinecke J. M., Zoll A., (2009)
Simulation of wheel–rail contact forces and subsequent material degradation in switches &

GA H2020 730841

D2.2

Page 330 of 400

IN2TRACK

Core S&C Issues

crossings, In Proceedings of the 21st International Symposium on Dynamics of Vehicles on
Roads and Tracks, Stockholm, Sweden, August 17 – 21, 14 pages (available on CD)
Skrypnyk R., Nielsen J. C. O., Ekh M., Pålsson B. (2018a) Metamodelling of wheel–rail normal contact
in railway crossings with elasto-plastic material behaviour, Engineering with Computers, 17
pages
Skrypnyk R., Ekh M., Nielsen J. C. O. and Pålsson B. (2018b) Simulation of damage in railway crossings
– a comparison of rail steel grades R350HT and rolled Mn13, In Proceedings of the 11th
International Conference on Contact Mechanics and Wear of Rail/wheel Systems, Delft, The
Netherlands, September 24 – 27 , 6 pages
Archard J. F. (1953), Contact and rubbing of flat surfaces, Journal of Applied Physics 24 981 – 988
Lim S. C., Ashby M. F. (1987), Overview no. 55 Wear-mechanism maps, Acta Metallurgica 35(1) 1 – 24
Ossberger U., (2018) voestalpine VAE GmbH, Austria: private communication
Wiedorn J., Daves W., Ossberger U., Ossberger H. and Pletz M. (2017), Simplied explicit finite
element model for the impact of a wheel on a crossing – validation and parameter study,
Tribology International 111 254 – 264
Xin L., (2017), Long-term behavior of railway crossings: wheel–rail interaction and rail fatigue life
prediction, PhD thesis, Delft University of Technology, The Netherlands
Wei Z., (2018), Modelling and monitoring of dynamic wheel–rail interaction at railway crossing, PhD
thesis, Delft University of Technology, The Netherlands
Pålsson, B. (2018), A linear wheel-crossing interaction model, Proceedings of the Institution of
Mechanical Engineers, Part F: Journal of Rail and Rapid Transit. Article in press.
ASM Metals Handbook, 1990: ‘Properties and selection: Irons, steels and high-performance alloys’
Austenitic manganese steels, Vol. 1, 10th edition, Pp 822-840
AWS Welding Handbook, 1998:’ Materials and Applications –Part 2’ Volume 4, Eight Edition.
BS 7608, 2014: ‘Guide to fatigue design and assessment of steel products’.
BS EN 14587-1, 2007: ‘Railway applications. Track. Flash butt welding of rails. New R220, R260,
R260Mn and R350HT grade rails in a fixed plant’.
BS EN 15689, 2009: ‘Railway applications – Tracks – Switches and Crossings – Crossing components
made of cast austenitic manganese steel.
BS EN ISO 15616-1, 2017:’Specification and qualification of welding procedures for metallic materials
– welding procedure test, Part 1: Arc and gas welding of steels and arc welding of nickel and
nickel alloys.
ISO 5817, 2014: ‘Welding -- Fusion-welded joints in steel, nickel, titanium and their alloys (beam
welding excluded) -- Quality levels for imperfections’
TWI Report No: 31842/1v2/18, 2018:’ Additive manufacturing of railway cast crossing-Initial
deposition trials.

GA H2020 730841

D2.2

Page 331 of 400

IN2TRACK

Core S&C Issues

Annexes
8.1 Annex 1 – Subgrade Degradation Models
Table 41: Models that describe the permanent deformation of fine-grained soils - clays
UIC and
ASTM
classification

Author’s
model

Equation

Variables and
Constants

model





QS0
High plasticity

Li and Selig
(1996)

𝑚

𝜀𝑝 = 𝑎 (

𝑞𝑑
) 𝑁𝑏
𝑞𝑓


Fat clay (CH)

QS0
Heavy clay
Fat Clay (CH)

GA H2020 730841

Puppala et
al. (1999)

qd is the traffic-loadinduced
dynamic
deviator stress;
qf is the static failure
deviator stress of
soil;



a=0.64;



b=0.10;

a, b and m are soil;
parameters and are
related
to
the
plasticity index of
the subsoil.



m=1.7.

A, 𝛼 and
parameters

log 𝜀 𝑝
= log 𝐴

Empirical Parameters
characteristics

𝛽 are soil

WL=93;
WP=29%;IP=64

𝜎𝑜𝑐𝑡
+ 𝛼 log 𝑁 + 𝛽𝑙𝑜𝑔 (
)
𝜎𝑎𝑡𝑚

𝜎 oct is the octahedral normal
(high plasticity);
stress
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and

Observations



The classification is based on
the ASTM classification;



Model based on several data
and bibliography review;



The parameters a, m and b
increases the increase of clay
content and soil plasticity.

The model was tested based on
repeated load triaxial tests;
H=142.2 mm; D=71.1 mm;
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Sand=0%;
oct is the octahedral shear
stresses
clay=95%.

silt=5%; Compaction carried out inside the
triaxial cell;
Heavy
clay
classification).

QS0
WL=60%
High plasticity

Wei et al.
(2017) –
based on



𝜀𝑞,𝑟 is the axial
residual strain



A is the residual
strain generated in
the first cycle



b is a material
parameter
determining
the
cumulating rate of
the residual strain
with loading cycles
and is equal to the
gradient of the
residual strain curve
in the ln 𝜀𝑞,𝑟 – ln N
coordinate

𝑏
Guo (2013) 𝜀𝑞,𝑟 = 𝐴𝑁 ;
𝐴 = 𝜀𝑞,𝑟 = 𝛼𝐾𝑞 𝐾Τ 𝐾𝛼 𝐾𝜎

(without
enough data to
carry out the (Wenzhou
structural
ASTM
clay)
classification)
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(A-7-6

AASHTO

Undisturbed specimens of Wenzhou
structural clay by using a hollow cylinder
apparatus. The undisturbed specimens
were sampled from the soil layer at a
depth of 6-7 m;
H=200 mm; Douter=100 mm; Dinner=60
mm;
Wn=60-62%;

The specimens were first anisotropically
with an axial stress of 74.5 kPa and
Gs=2.71; St=5.9;
horizontal stress of 41 kPa (to guarantee
M (critical stress that the specimens used in the test were
ratio) = 1.31.
normally consolidated);

𝐾𝑞 and 𝐾Τ are
functions to reflect
the effect of wheel
load-induced stress;
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d=qdc/p0

and R different combinations
were used (applied in undrained
condition);
Recommended values: 𝛼𝐾α 𝐾𝜎 =5.40%;
b=0.37; 1=3.91; 2=2.25;pa=101 kPa
Model based on the power function
developed by Monismith et al. (1975);
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The parameter A depends on the initial
stress state and imposed dynamic
stress;

𝐾𝛼 and 𝐾𝜎 are
functions to reflect
the effect of initial
static stress state
and dynamic stress
combinations.

The proposed model is based on a series
of cyclic heart-shaped stress path tests
on undisturbed specimens of Wenzhou
structural clay using hollow cylinder
apparatus, considering the work
developed by (Guo, 2013). The
specimens were sampled from the soil
layer at a depth of 6-7m;
The determination of the parameters is
also based on the work developed by
Xiao et al. (2014) that carried out also a
series of cyclic hear shaped stress path
using hollow cylinder apparatus.


QS1
(low plasticity)

Hyde
(1974)

𝑝

𝜀1 = 𝑎

𝑞
𝜎3

Lean clay (CL)



a



is the confining
stress



3

q is deviator stress

Particle
size
distribution
determined by the pipette
method for the material passing
the 200 sieve:



Gs=2.74;



WL=32%;



WP=18%;

Coarse silt:48.5%;



IP=14%.

Medium silt:14.5%;
Fine silt:19.0%;

GA H2020 730841

D2.2
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Clay: 18.0%.


QS1
Low
medium
plasticity


to

𝑚

𝑞𝑑
Li and Selig 𝑝
𝜀 = 𝑎 ( ) 𝑁𝑏
(1996)
𝑞𝑓


Lean clay (CL)

QS1
Silty clay
Lean clay (CL)

qd is the traffic-loadinduced
dynamic
deviator stress;
qf is the static failure
deviator stress of
soil;



a=0.84;



b=0.13;

a, b and m are soil;
parameters and are
related
to
the
plasticity index of
the subsoil.



m=2.0.

A,
and
parameters

log 𝜀 𝑝
Puppala et = log 𝐴
𝜎𝑜𝑐𝑡
al. (1999)
+ 𝛼 log 𝑁 + 𝛽𝑙𝑜𝑔 (
)
𝜎𝑎𝑡𝑚

are soil WL=44;
IP=29;

WP=15%;

is the octahedral normal (medium plasticity)
stress
Sand=10% silt=70%
oct is the octahedral shear
clay=20%.
stresses
oct

WL=28.19%;
QS1
Silty clay
Lean clay (CL)

Puppala et
al. (2009)

𝜀𝑝
𝜎𝑜𝑐𝑡
= 𝛼1 𝑁 𝛼2 (
)
𝑃𝑟𝑒𝑓

𝛼3

𝜏𝑜𝑐𝑡
(
)
𝑃𝑟𝑒𝑓

𝛼4

1, 2, 3 and 4 are the model
IP=12.55%;
constants determined from
(low plasticity)
laboratory tests;

Gs=2.63%;

GA H2020 730841

D2.2
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Model based on several data
and bibliography review;



The UIC classification is based
on the ASTM classification;



The parameters a, m and b
increases the increase of clay
content and soil plasticity.

The model was tested based on
repeated load triaxial tests;
H=142.2 mm; D=71.1 mm;
Compaction carried out inside the
triaxial cell;
Silty clay (A-7-5 AASHTO classification).
The model was based on 10000 cycles;
The model includes the effect of mean
and shear stress;
The model was tested based on cyclic
triaxial tests;
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and
are the Passing #200 (%) =80;
oct
oct
octahedral normal and shear
Maximum dry unit
stresses
weight
Pref is the reference stress
(kN/m3)=17.10;

Permanent strains of three soil types
(clay, silt, and sand) were measured by
testing soil specimens compacted at
different moisture content states.

Optimum moisture
content (%)=17.11;
c=60 kPa, =18o.



QS1
Silty
sand

clayed Puppala et
al. (2009)

𝜀𝑝
= 𝛼1 𝑁

𝛼2

𝜎𝑜𝑐𝑡
(
)
𝑃𝑟𝑒𝑓

𝛼3

𝜏𝑜𝑐𝑡
(
)
𝑃𝑟𝑒𝑓

𝛼4



Lean Clay (CL)


QS1
Lean clay (CL)

GA H2020 730841

Wei et al. 𝜀𝑞,𝑟 = 𝐴𝑁 𝑏 ;
(2017) –
𝐴 = 𝜀𝑞,𝑟 = 𝛼𝐾𝑞 𝐾Τ 𝐾𝛼 𝐾𝜎
based on

D2.2



1, 2, 3

and

WL=16.70%;
IP=7.50%

are (low plasticity);
model
Gs=2.70%;
4

the
constants
determined from Passing #200 (%) =38;
laboratory tests;
Maximum dry unit
oct and oct are the
weight
octahedral normal (kN/m3)=16.9;
and shear stresses
Optimum moisture
Pref is the reference content (%)=19.3;1
stress
c=103 kPa, =35o.

𝜀𝑞,𝑟 is the axial
residual strain
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Cl (≤0.002)

The model was based on 10000 cycles;
The model includes the effect of mean
and shear stress;
The model was tested based on cyclic
triaxial tests;
Permanent strains of three soil types
(clay, silt, and sand) were measured by
testing soil specimens compacted at
different moisture content states.

Undisturbed specimens of Shanghai
structural soft clay by using a hollow
cylinder apparatus. The undisturbed
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Xiao et al.
(2014) Clay
(Shanghai
structural
soft clay)







GA H2020 730841

D2.2



IP=21.8%; IL= specimens were sampled from the forth
stratum of and is located more than 8 m
1.35
below the ground surface with a
(medium plasticity);
thickness of 7-9 m;
b is a material
Wn=51.8%;
H=200 mm; Douter=100 mm;
parameter
determining
the e0=1.402;Gs=2.74;
Dinner=60 mm;
cumulating rate of
M (critical stress
the residual strain
The specimens were first isotopically
ratio) = 1.28.
with loading cycles
consolidated under constant confining
and is equal to the
pressure of 150, 200 and 250 kPa;
gradient of the
After consolidation, the hear-shaped
residual strain curve
stress cycles with d=qdc/p0 in the range
in the ln 𝜀𝑞,𝑟 – ln N
of 0.05-0.4 and R =0.65 (applied in
coordinate
undrained condition);
𝐾𝑞 and 𝐾Τ are
Recommended values: 𝛼𝐾Τ 𝐾𝛼 =0.21%;
functions to reflect
b=0.31; 1=1.61; 4=1.0, pa=101 kPa
the effect of wheel
Model based on the power function
load-induced stress;
developed by Monismith et al. (1975);
𝐾𝛼 and 𝐾𝜎 are
The parameter A depends on the initial
functions to reflect
stress state and imposed dynamic
the effect of initial
stress;
static stress state
and dynamic stress
The proposed model is based on a series
combinations.
of cyclic heart-shaped stress path tests
on undisturbed specimens of Wenzhou
structural clay using hollow cylinder
apparatus, considering the work
A is the residual
strain generated in
the first cycle
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developed by (Guo, 2013). The
specimens were sampled from the soil
layer at a depth of 6-7m;
The determination of the parameters is
also based on the work developed by
Xiao et al. (2014) that carried out also a
series of cyclic hear shaped stress path
using hollow cylinder apparatus.

GA H2020 730841

D2.2
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Table 42: Models that describe the permanent deformation of fine-grained soils - silts
UIC and
ASTM
classification

Author’s
model

Equation

Variables
Constants

model


QS1


Low to medium
Li and Selig
plasticity
(1996)
Silt (ML)

𝑚

𝑞𝑑
𝜀 = 𝑎 ( ) 𝑁𝑏
𝑞𝑓
𝑝



QS1
ML-CL
Silt - Lean clay

GA H2020 730841

Chen et al.
(2014)

−𝑒

−𝐵𝑁 ]

𝑎

√𝑝𝑎𝑚 2 + 𝑞𝑎𝑚 2
(
) ∙
𝑝𝑎

and

qd is the traffic-loadinduced
dynamic
deviator stress;

The classification is based on the
ASTM classification;

qf is the static failure a=1.2;
deviator stress of soil;
b=0.18;
a, b and m are soil;
parameters and are m=2.4.
related to the plasticity
index of the subsoil.

𝑝

Observations



Model based on several data and
bibliography review;
The parameters a, m and b
increases the increase of clay
content and soil plasticity.

𝜀1 (𝑁) is the strain
settlement;



𝜀1 , B, a, s and m are
low
to
medium
material parameters;
Results based specific gravity test,
plasticity;
test of liquid and plastic limits,
pa=100 kPa;
triaxial test, direct shear test, etc.
Cu=2.51;Cc=1.32;
, pini and qini are the
Gs=2.67;
mean and deviator
stress in the initial state Maximum dry density
of the layer;
(kg/m3)=1620;



1

(𝑞𝑖𝑛𝑖 + 𝑞𝑎𝑚 )
𝑝𝑖𝑛𝑖
𝑠
𝑚 (1 + 𝑝 ) + 𝑝 −
𝑝𝑎𝑚
𝑎𝑚
𝑎𝑚

D2.2

Empirical Parameters
characteristics


𝑝

𝜀1 (𝑁)
𝑝0
= 𝜀1 [1

and

𝑝0

Page 339 of 400

WL=35 %; WP
=24 %; IP =11
%;
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GA H2020 730841

D2.2

pam and qam are the Hydraulic
amplitude of mean permeability = 5.3×10stress and deviator 7;
stress for train loadings,
c’=11.7
kPa
and
respectively.
’=16.4o.
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Table 43: Permanent deformation of granular soils (sands)
UIC and
ASTM
classification

Author’s
model

Equation

Variables
and Parameters
Empirical Constants
characteristics

model


Rahman
QS1
and
Silty sand with Erlingsson
high
fine (2015)
content
and
Silty sand
SM

SM

GA H2020 730841

𝑆𝑓 =

Salour and
Erlingsson
(2016)

Rahman
QS1
and
Silty sand with Erlingsson
high
fine (2015)
content
and
Silty sand

𝜀𝑝 (𝑁) = 𝛼𝑁𝑏𝑆𝑓 𝑆𝑓

Salour and
Erlingsson
(2016)

𝑞
(𝑝 )
𝑎



𝑝 𝛼
( )
𝑝𝑎

𝜀𝑝 (𝑁) = 𝛼𝑁𝑏𝑆𝑓 𝑆𝑓
𝑆𝑓 =



𝑞
(𝑝 )

D2.2

Cu≈28; Cc≈0.54;

p – deviatoric
42.2% fine content
stress
Gs=2.68;
pa
Maximum dry density
atmospheric
(kN/m3)=19.6;
pressure
a, b and are Wopt =10.1%;
the
regression
parameters



q stress




Observations

mean



𝑎

𝑝 𝛼
(𝑝 )
𝑎

q stress

and

The model was developed based on the
MS RLT tests that take into account the
effect of stress history, applying several
stress paths to a single specimen;

Cu≈33; Cc≈0.75;
mean

27.4% fine content;

The model was developed based on the
p – deviatoric Gs=2.67;
MS RLT tests that take into account the
stress
Maximum dry density effect of stress history, applying several
(kN/m3)=20.3;
stress paths to a single specimen;
pa
atmospheric
Wopt =7.6%.
pressure
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a, b and are
the
regression
parameters




QS2
SP
Poorly graded
sand

Huurman
(1997)

Poorly graded
sand

GA H2020 730841

𝑁

∙ (𝑒 𝐷∙1000 − 1)



QS2
SP

𝑁 𝐵
𝑝
𝜀1 (𝑁) = 𝐴 [(
) ]+𝐶
1000

Huurman
(1997)

𝑁 𝐵
𝑝
𝜀1 (𝑁) = 𝐴 [(
) ]+𝐶
1000
∙

𝑁
(𝑒 𝐷∙1000

D2.2

− 1)

A, B, C, D are
parameters
function
of
stress
level
and
stress
ratio ( 1/ 1;f)

A, B, C, D are
parameters
function of
stress level
and
stress
ratio ( 1/ 1;f)

Maximum dry
Density (kg/m3)
= 1701;



Triaxial cyclic tests carry out in
sands and in base coarse
materials;



Firstly, the samples were
subjected to confining stress
only and all permanent strains
tests are conducted at a conf
level of 12 kPa (corresponding
to a depth of 0.6m);



During the test, a repetition of
1 million loads was applied to
the sample and the cyclic stress
had a frequency of 5 Hz.



Cu=1.69;
Cc=1.39;



c



Wopt(%)=12.5.



Maximum dry
Density (kg/m3)
= 1706;



Triaxial cyclic tests carry out in
sands and in base coarse
materials;



Cu=1.69;
Cc=0.998





c

Firstly, the samples were
subjected to confining stress
only and all permanent strains
tests are conducted at a conf
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(kPa)=4.08;
=43.9;

(kPa)=6.76;
=43.0
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QS2
SP
Poorly graded
sand

Huurman
(1997)

𝑁 𝐵
𝑝
𝜀1 (𝑁) = 𝐴 [(
) ]+𝐶
1000
𝑁

∙ (𝑒 𝐷∙1000 − 1)



QS2
SP
Poorly graded
sand

GA H2020 730841

𝐵

Huurman
(1997)

𝑁
𝑝
𝜀1 (𝑁) = 𝐴 [(
) ]+𝐶
1000
𝑁

∙ (𝑒 𝐷∙1000 − 1)

D2.2

A, B, C, D are
parameters
function of
stress level
and
stress
ratio ( 1/ 1;f)

A, B, C, D are
parameters
function of
stress level
and
stress
ratio ( 1/ 1;f)

Maximum dry
Density (kg/m3)
= 1689



Cu=1.88;
Cc=1.04;



c



Wopt(%)=14.0.



Maximum dry
Density (kg/m3)
= 1723;



Cu=2.10;
Cc=1.05;
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level of 12 kPa (corresponding
to a depth of 0.6m);

Wopt(%)=13.0

(kPa)=6.34;
=41.8;



During the test, a repetition of
1 million loads was applied to
the sample and the cyclic stress
had a frequency of 5 Hz.



Triaxial cyclic tests carry out in
sands and in base coarse
materials;



Firstly, the samples were
subjected to confining stress
only and all permanent strains
tests are conducted at a conf
level of 12 kPa (corresponding
to a depth of 0.6m);



During the test, a repetition of
1 million loads was applied to
the sample and the cyclic stress
had a frequency of 5 Hz.



Triaxial cyclic tests carry out in
sands and in base coarse
materials;



Firstly, the samples were
subjected to confining stress
only and all permanent strains
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c



Wopt(%)=12.5.




QS2
SP
Poorly graded
sand

Huurman
(1997)

𝑁 𝐵
𝑝
𝜀1 (𝑁) = 𝐴 [(
) ]+𝐶
1000
𝑁

∙ (𝑒 𝐷∙1000 − 1)

QS2
SP
Poorly graded
sand

GA H2020 730841

𝐵

Huurman
(1997)

𝑁
𝑝
𝜀1 (𝑁) = 𝐴 [(
) ]+𝐶
1000
𝑁

∙ (𝑒 𝐷∙1000 − 1)

D2.2



A, B, C, D are
parameters
function of
stress level
and
stress
ratio ( 1/ 1;f)

A, B, C, D are
parameters
function of
stress level

tests are conducted at a conf
level of 12 kPa (corresponding
to a depth of 0.6m);

(kPa)=5.60;
=48.2;

Maximum dry
Density (kg/m3)
= 1592;



During the test, a repetition of
1 million loads was applied to
the sample and the cyclic stress
had a frequency of 5 Hz.



Triaxial cyclic tests carry out in
sands and in base coarse
materials;



Firstly, the samples were
subjected to confining stress
only and all permanent strains
tests are conducted at a conf
level of 12 kPa (corresponding
to a depth of 0.6m);



During the test, a repetition of
1 million loads was applied to
the sample and the cyclic stress
had a frequency of 5 Hz.



Cu=1.70;
Cc=1.10;



c



Wopt(%)=14.50.



Maximum dry
Density (kg/m3)
= 1648;



Triaxial cyclic tests carry out in
sands and in base coarse
materials;



Cu=2.35;
Cc=1.14;



Firstly, the samples were
subjected to confining stress
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(kPa)=7.19;
=42.8;
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and
stress
ratio ( 1/ 1;f)



c



Wopt(%)=14.5.




QS2
SP
Poorly graded
sand

QS2
SP

GA H2020 730841

Huurman
(1997)

𝑝
𝜀1 (𝑁)

𝑁 𝐵
= 𝐴 [(
) ]+𝐶
1000

Cu=3.76;
Cc=1.37;



c



Wopt(%)=13.5.

a,b – material
parameters



Density (kg/m3)
= 1712;

* for each stress level,
separate permanent



Cu =1.68;

𝑁

∙ (𝑒 𝐷∙1000 − 1)

𝑝
𝑙𝑜𝑔 (𝜀1 (𝑁))

= 𝑎 + 𝑏𝑙𝑜𝑔(𝑁)

D2.2

Maximum dry
Density (kg/m3)
= 1668;




Sweere
(1990)

A, B, C, D are
parameters
function of
stress level
and
stress
ratio ( 1/ 1;f)

Page 345 of 400

only and all permanent strains
tests are conducted at a conf
level of 12 kPa (corresponding
to a depth of 0.6m);

(kPa)=7.99;
=39.7;

(kPa)=7.48;
=42.9;



During the test, a repetition of
1 million loads was applied to
the sample and the cyclic stress
had a frequency of 5 Hz.



Triaxial cyclic tests carry out in
sands and in base coarse
materials;



Firstly, the samples were
subjected to confining stress
only and all permanent strains
tests are conducted at a conf
level of 12 kPa (corresponding
to a depth of 0.6m);



During the test, a repetition of
1 million loads was applied to
the sample and the cyclic stress
had a frequency of 5 Hz.



Application of 106 load cycles in
a series of repeated load
triaxial tests;
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Poorly graded
sand

strain parameters a
and b need to be
determined from the
results of cyclic load
triaxial test



Cc =1.10;



Specimens are: granular base
coarse material (lava, coarse
grading LAO) and a sand
(Echten sand ENN);



The unbound granular samples
were submitted to triaxial
cyclic test considering the
vacuum triaxial principle – a
constant confining pressure
(CCP) was applied (was limited
to around 90 kPa);



The constant confining stress
was set at 12 kPa and a cyclic
deviator stress was applied at
ratios of 4 up 12. In case of
sands, it was applied a fixed
level of the confining stress (10
kPa).



The model was based on 10000
cycles;



The model includes the effect
of mean and shear stress;



The model was tested based on
cyclic triaxial tests;

**The
Sweeres’s
formula is valid for
granular
materials
(Gidel et al., 2001)

QS2
Sa (>0.063 to
2)
Puppala et
al. (2009)
SP



𝑝

𝜀 = 𝛼1 𝑁

𝛼2

𝜎𝑜𝑐𝑡
(
)
𝑃𝑟𝑒𝑓

Poorly graded
sand

GA H2020 730841

D2.2

𝛼3

𝜏𝑜𝑐𝑡
(
)
𝑃𝑟𝑒𝑓

𝛼4

1, 2, 3

and 4
are the model
constants
determined
from
laboratory
tests;

Cu= 1.79 (closest to
one);
Cc=0.89 (inferior to 1);
Gs=2.71%;
Passing #200 (%) =0.70;
WL=26.40%;
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QS2
Gravelly sand
(SaGr)
SP
Sand poorly
graded

Chen et al.
(2014)

−𝑒

−𝐵𝑁 ]

1
(𝑞 + 𝑞𝑎𝑚 )
𝑝
𝑠
𝑚 (1 + 𝑖𝑛𝑖 ) +
− 𝑖𝑛𝑖
𝑝𝑎𝑚
𝑝𝑎𝑚
𝑝𝑎𝑚

D2.2

are
octahedral
Optimum
moisture
normal and
content (%)=13.70;
shear stresses
c=20 kPa, =42o;
Pref is the
reference
stress



Permanent strains of three soil
types (clay, silt, and sand) were
measured by testing soil
specimens
compacted
at
different moisture content
states.

𝑝



𝑝0
𝜀1 , B, a, s Cu=4.8; Cc=0.62;
and m are
Gs=2.66;
material
Maximum dry density
parameters;
(kg/m3)=2110;
Results based specific gravity test, test
pa=100 kPa;
Minimum dry density of liquid and plastic limits, triaxial test,
, pini and qini (kg/m3)=1620;
direct shear test, etc.
are the mean
and deviator Hydraulic permeability =
-5
stress in the 3.2×10 ;
initial state of
c’=0 kPa and ’=33o;
the layer;






GA H2020 730841

Maximum dry unit
the weight (kN/m3)=15.70;
oct

𝜀1 (𝑁) is the
strain
settlement;

𝑎

√𝑝𝑎𝑚 2 + 𝑞𝑎𝑚 2
(
) ∙
𝑝𝑎

and



𝑝

𝜀1 (𝑁)
𝑝0
= 𝜀1 [1

oct

pam and qam
are
the
amplitude of
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mean stress
and deviator
stress
for
train
loadings,
respectively.



and
are
the model
constants
determine
d
from
laboratory
tests;

QS2
Sa (>0.063 to
2)
Fine sand
SP

𝑝

𝜀𝑧

Cai et al.
𝛼5
𝜎𝑜𝑐𝑡 𝛼3 𝜏𝑜𝑐𝑡 𝛼4
(2015)
= 𝛼1 𝑁 𝛼2 (
) (
) (√1 + 4𝜂 2 )
𝜎𝑎𝑡𝑚
𝜎𝑎𝑡𝑚



Poorly graded
sand




GA H2020 730841

1, 2, 3, 4

D2.2

and
are
the
oct
octahedral
normal
and shear
stresses
oct

Sand consisting of mica and other dark
heavy mineral weathering fragments;
The dry deposition method was used in
the specimen preparation process;


Cu ≈1.63;



Cc ≈0.89;



Gs=2.70;D50=0.
17 mm;



emax=1.142;emin
=0.628.

atm is the
reference
stress

is the
cyclic
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H=200 mm; Douter=50 mm; Dinner=30
mm;
The model is based a series of tests
using a hollow cylinder apparatus that
were conducted on sand to study the
permanent deformation characteristics
under drained conditions with different
levels of confining pressure, cyclic
vertical stress ratio and cyclic torsional
stress ratio;
The model was developed to take into
account the principal stress rotation.
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torsional
stress
ratio

QS2
SP
Poorly-graded
sand

Lekarp
and
Dawson
(1998)

𝑝
𝜀1 (𝑁𝑟𝑒𝑓 )

𝑞 𝑏
=𝑎∙( )
(𝐿⁄𝑝0 )
𝑝 𝑚𝑎𝑥

Poorly graded
sand

GA H2020 730841

Hyde
(1974)

a and b



Nref



L=
√q2 + p2 ,



QS3
SP





Dry
density=1.52
g/cm3;
Moisture
content=0.0
g/cm3;



Cu≈1.5;



Cc≈1.0.



Optimum
moisture
content=7.5±0.
5%;



a



is the
3
confining
stress



q is deviator
stress



Cu≈16;



Cc≈0.69;



Gs=2.72;

𝑞
𝑝
𝜀1 = 𝑎
𝜎3


D2.2

p0 = 100kPa
(reference
mean stress)
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maximum dry
density=2219±
kg/m3;

Leighton Buzzard sand (tested in HCA*
using constant confining pressure);
Tests were performed in drained
conditions.



To characterize the effects of
different types of confining
stress, one level of cyclic
deviator stress was applied;



In each case, this stress was
cycled from zero to a maximum
value (the mean is always half
the maximum).
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QS3
Poorly-graded
sand (SP)

Lekarp
and
Dawson
(1998)

𝑝

𝜀1 (𝑁𝑟𝑒𝑓 )
𝑞 𝑏
=𝑎∙( )
(𝐿⁄𝑝0 )
𝑝 𝑚𝑎𝑥



a and b



Nref



L = √q2 + p2



p0 = 100kPa
(reference
mean stress)

Dry
density=2.05
g/cm3;



Moisture
content=4.0
g/cm3;



Cu≈32;



Cc≈0.2.

QS3

Sand and gravel (RLTT);



Tests were performed
drained conditions.

in

H=142.2 mm; D=71.1 mm;

Sa(>0.063
2)

A, 𝛼 and 𝛽 are soil
parameters

to
Puppala et
al. (1999)

SW
(well graded
sand)

log 𝜀 𝑝 = log 𝐴 + 𝛼 log 𝑁
𝜎𝑜𝑐𝑡
+ 𝛽𝑙𝑜𝑔 (
)
𝜎𝑎𝑡𝑚

𝜎 oct is the octahedral
% sand =100.
normal stress



SW
graded

GA H2020 730841

Compaction carried out inside the
triaxial cell;

𝜎 oct is the octahedral
shear stresses

QS3

Well
sand



Huurman
(1997)

𝑁 𝐵
𝑝
𝜀1 (𝑁) = 𝐴 [(
) ]+𝐶
1000
𝑁

∙ (𝑒 𝐷∙1000 − 1)

D2.2

A, B, C, D are
parameters
function of
stress level
and
stress
ratio

Well-graded sand
classification);

(A-3

AASHTO

The model was tested based on
repeated load triaxial tests.


Maximum dry
Density (kg/m3)
= 1755;



Triaxial cyclic tests carry out in
sands and in base coarse
materials;



Cu=10.5;
Cc=1.25;





c (kPa)=8.68;

Firstly, the samples were
subjected to confining stress
only and all permanent strains
tests are conducted at a level
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of 12 kPa (corresponding to a
depth of 0.6m);

Wopt (%)=10.5.


During the test, a repetition of
1 million loads was applied to
the sample and the cyclic stress
had a frequency of 5 Hz.

Table 44: Permanent deformation of granular soils (gravels and sandy gravels)
UIC and
ASTM
classification

Author’s
model

Equation

Variables
Constants

model

and

Empirical Parameters
characteristics

and

Observations

QS2
Sandy
(GrSa)



gravel

Cu≈200; Cc≈0.8
Poorly-graded
sandy gravel

𝜀𝑝 (𝑁) = 𝛼𝑁
Rahman
and
Erlingsson
(2015)

𝑏𝑆𝑓

𝑆𝑓

𝑞
(𝑝 )
𝑎
𝑆𝑓 =
𝑝 𝛼
( )
𝑝𝑎

GP-GM/GC
(no information
about the fines)

GA H2020 730841

D2.2





Väg Kräkelbäcken (VKB);
Fines Content (<0.075 mm) =
Dmáx;particles=31.5 mm Crushed rock
10.2%;
p – deviatoric stress
aggregates;
pa
atmospheric Wopt =6%;
The model was developed based on
pressure
Gs=2.54;
the MS RLT tests that take into
a, b and
are the
Maximum dry density (gg/cc)= account the effect of stress history,
regression
applying several stress paths to a
2.21.
parameters
single specimen.
q - mean stress
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QS2
Sandy
(GrSa)



gravel
𝜀𝑝 (𝑁) = 𝛼𝑁𝑏𝑆𝑓 𝑆𝑓

Cu≈73; Cc≈1.5
Well-graded
sandy gravel

Rahman
and
Erlingsson
(2015)

𝑞
( )
𝑝𝑎
𝑆𝑓 =
𝑝 𝛼
(𝑝 )
𝑎





GW-GM/GC
(no information
about the fines)

Svappavaara (SPV
Fines Content (<0.075 mm) =
Dmáx;particles=31.5 mm Crushed rock
8.6%;
p – deviatoric stress
aggregates;
pa
atmospheric Wopt =6.9%;
The model was developed based on
pressure
Gs=2.68;
the MS RLT tests that take into
a, b and
are the
Maximum dry density (gg/cc)= account the effect of stress history,
regression
applying several stress paths to a
2.35.
parameters
single specimen.
q - mean stress

QS2
Sandy
(GrSa)



gravel

𝜀𝑝 (𝑁) = 𝛼𝑁𝑏𝑆𝑓 𝑆𝑓

Rahman
Cu≈98; Cc≈2.8
and
Erlingsson
Well-graded
sandy
gravel (2015)
(GW-GM/GC)

𝑞
(𝑝 )
𝑎
𝑆𝑓 =
𝑝 𝛼
(𝑝 )
𝑎





(no information
about the fines)
QS2

GA H2020 730841

Rahman
and

𝜀𝑝 (𝑁) = 𝛼𝑁𝑏𝑆𝑓 𝑆𝑓

D2.2

Skärlunda (n=0.45);
Fines Content (<0.075 mm) =
Dmáx;particles=31.5 mm Crushed rock
6.5%;
p – deviatoric stress
aggregates;
pa
atmospheric Wopt =6 %;
The model was developed based on
pressure
Gs=2.64;
the MS RLT tests that take into
a, b and
are the
Maximum dry density (gg/cc)= account the effect of stress history,
regression
applying several stress paths to a
2.26;
parameters
single specimen.
q - mean stress



q - mean stress



p – deviatoric stress

Fines Content (<0.075 mm) =
Skärlunda (n=0.35);
12%;
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gravel Erlingsson
(2015)

Cu≈117; Cc≈2.2

𝑞
(𝑝 )
𝑎
𝑆𝑓 =
𝑝 𝛼
( )
𝑝𝑎




Well-graded
sandy
gravel
(GW-GM/GC)

pa
atmospheric Wopt =6.5 %;
pressure
Gs=2.64;
a, b and
are the
Maximum
dry
regression
(gg/cc)=2.22.
parameters

Dmáx;particles=31.5 mm Crushed rock
aggregates;
density

The model was developed based on
the MS RLT tests that take into
account the effect of stress history,
applying several stress paths to a
single specimen.

(no information
about the fines)

𝜀𝑝 (𝑁)
QS2-QS3
(average to good
soils)
Gidel et al.
Classification
(2001)
based on the LA
and MDE results.

GA H2020 730841



, B and u are
material parameters



pmax and qmax are the
maximum
applied
hydrostatic stress and
the deviator stress,
respectively.

= 𝜀 0 [1
𝑁 −𝐵
−(
) ]
100
𝐿𝑚á𝑥 𝑢
×(
) (𝑚
𝑝𝑎
𝑠
+
𝑝𝑚𝑎𝑥
𝑞𝑚𝑎𝑥 −1
−
)
𝑝𝑚𝑎𝑥

D2.2



0

s is the intercept of the
Mohr-Coulomb failure
line in the p-q space



m is the slope of this
failure line



pa correspond to the
reference stress (100
kPa).



0/20 mm (limestone
unbound
granular
material);



LA=22;
MDE=15;pdSPO=2450
kg/m3; WSPO=4.4%;



fines=10%;



D=160
mm.
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mm;

H=320



No information about the
particle size curve;



Tests were carried out with
materials that had been
compacted to a density
equal to 0.97;



The failure line is obtained
from static triaxial tests.
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The value Lmax is
calculated considering
the
following
expression:

𝐿𝑚á𝑥
= √𝑝𝑚𝑎𝑥 2 + 𝑞𝑚𝑎𝑥 2

QS2-QS3

𝜀𝑝 (𝑁)

(average to good
soils)

= 𝜀 0 [1

Classification of Gidel et al.
the
subgrade (2001)
(based on the LA
and
MDE
results):

GA H2020 730841

𝑁 −𝐵
−(
) ]
100
𝐿𝑚á𝑥 𝑢
×(
) (𝑚
𝑝𝑎
𝑠
+
𝑝𝑚𝑎𝑥
𝑞𝑚𝑎𝑥 −1
−
)
𝑝𝑚𝑎𝑥

D2.2



𝜀 0 , B and u are
material parameters



pmax and qmax are the
maximum
applied
hydrostatic stress and
the deviator stress,
respectively.



0/10 mm (granular
material
obtained
from microgranite);



s is the intercept of the
Mohr-Coulomb failure
line in the p-q space



LA=20;
MDE=13;pdSPO=2200
kg/m3; WSPO=6.3%



m is the slope of this
failure line



fines=7.8%;





D=76.2 mm.

pa correspond to the
reference stress (100
kPa).



The value Lmax is
calculated considering
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No information about the
particle size curve;



Tests were carried out with
materials that had been
compacted to a density
equal to 0.97;



The failure line is obtained
from static triaxial tests.
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the
following
expression:
𝐿𝑚á𝑥
= √𝑝𝑚𝑎𝑥 2 + 𝑞𝑚𝑎𝑥 2
mm  Cu=100; Cc=0.67
 material classified as poorly
graded coarse rounded gravel
(according to the Code for Design on
Subgrade of Railway;
Dmax;insitu=40



QS2 – QS3
Sandy
(GrSa)


gravel

GW

Ling et al.
(2017)

𝜀𝑎𝑐𝑐 (𝑁)
= 𝑓𝑎𝑚𝑝𝑙 𝑓𝑛 𝑓𝑝 𝑓𝑁

fampl describes the
range intensity of PD
with increasing cyclic
stress amplitude;
fp represents the
influence of the initial
mean stress;



Cu≈60; Cc≈1.3;



Sand=40%



fn the represents the Gravel =60%;
influence of the initial
stress ratio;



fN characterizes the
deformation variation
trend
with
the
number of load.

Well-graded
gravel

Due to the constraint of the testing
device, the maximum particle size of
the prepared samples should be
limited to 12.3 mm (1/5 Dsample);
The method removed the particles
retained on 10.0 mm sieve and then,
equivalent amounts of particles with
grain size between 5 mm and 10 mm
are mixed into the remaining soil in
order to keep the same distribution
for particles smaller than 5.0 mm;
Maximum dry density=2.2 g/cm3;
Optimum moisture=6.5%;
Cu and Cc measured considering the
particle size curve;

GA H2020 730841

D2.2

Page 355 of 400

IN2TRACK

Core S&C Issues

In this case, the fractions of crushed
material were produced by crushing
the oversized grains from the gravel
pits.

𝑝

QS3
Poorly-graded
gravel (GP)

𝜀1 (𝑁𝑟𝑒𝑓 )
Lekarp and (𝐿⁄𝑝0 )
𝑞 𝑏
Dawson
=𝑎∙( )
𝑝 𝑚𝑎𝑥
(1998)

QS3
Sandy
(GrSa)

Cu≈26; Cc≈0.9
Poorly-graded
sandy gravel

Rahman
and
Erlingsson
(2015)

a and b



Nref



L = √q2 + p2



p0 = 100kPa
(reference
stress)

Rahman
Sandy
gravel and
(GrSa)
Erlingsson
(2015)
Cu≈35; Cc≈4.6

GA H2020 730841



mean

Dry
g/cm3;

density=2.16

Moisture content=4.6
g/cm3;



Cu≈92;



Cc≈6.4.

q - mean stress



p – deviatoric stress




pa
atmospheric Wopt =7.5%;
pressure
Gs=2.49;
a, b and
are the
Maximum dry density (gg/cc)=
regression
2.13.
parameters

𝜀𝑝 (𝑁) = 𝛼𝑁𝑏𝑆𝑓 𝑆𝑓



q - mean stress

𝑞
(𝑝 )
𝑎
𝑆𝑓 =
𝑝 𝛼
( )
𝑝𝑎



p – deviatoric stress



Wopt =5%;
pa
atmospheric
Gs=2.61;
pressure

𝑞
( )
𝑝𝑎
𝑆𝑓 =
𝑝 𝛼
(𝑝 )
𝑎

GP
QS3




𝜀𝑝 (𝑁) = 𝛼𝑁𝑏𝑆𝑓 𝑆𝑓

gravel



D2.2

Fines Content (<0.075 mm) =
3.8%;

Fines Content (<0.075 mm) =
1.4%;
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Crushed dolomitic limestone
(RLTT);



Tests were performed in
drained conditions.



SG1



Natural aggregates;



The model was developed
based on the MS RLT tests
that take into account the
effect of stress history,
applying several stress paths
to a single specimen.



Siem 25



Natural aggregates;



The model was developed
based on the MS RLT tests
that take into account the
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Poorly-graded
sandy gravel



a, b and
regression
parameters



a and b



Nref



L = √q2 + p2



p0 = 100kPa
(reference
stress)

GP

QS3
GW
Well-graded
Gravel

𝑝

Lekarp and
Dawson
(1998)

QS3
GW
Well-graded
Gravel

QS3

𝑝

Lekarp and
Dawson
(1998)

Rahman
Sandy
gravel and
(GrSa)
Erlingsson
(2015)
Cu≈16; Cc≈1.6

GA H2020 730841

𝜀1 (𝑁𝑟𝑒𝑓 )
(𝐿⁄𝑝0 )
𝑞 𝑏
=𝑎∙( )
𝑝 𝑚𝑎𝑥

𝜀1 (𝑁𝑟𝑒𝑓 )
(𝐿⁄𝑝0 )
𝑞 𝑏
=𝑎∙( )
𝑝 𝑚𝑎𝑥



a and b



Nref



L = √q2 + p2



p0 = 100kPa
(reference
stress)

are the Maximum dry density (gg/cc)=
2.16.

mean

mean



Dry
g/cm3;

density=2.09



Crushed dolomitic limestone
(RLTT);



Moisture content=1.9
g/cm3;



Tests were performed in
drained conditions.



Cu≈75;



Cc≈1.3.



Dry
g/cm3;





Moisture content=5.0
g/cm3;

Crushed dolomitic limestone
(RLTT);



Tests were performed in
drained conditions.



Cu≈55;



Cc≈1.3.

density=2.26

Fines Content; (<0.075 mm) = Skärlunda (n=0.62);
2.4%;
Dmáx;particles=31.5 mm Crushed rock
aggregates;
Wopt =5.5 %;

𝜀𝑝 (𝑁) = 𝛼𝑁𝑏𝑆𝑓 𝑆𝑓



q - mean stress

𝑞
(𝑝 )
𝑎
𝑆𝑓 =
𝑝 𝛼
(𝑝 )
𝑎



p – deviatoric stress



pa
atmospheric
Gs=2.64;
pressure

D2.2

effect of stress history,
applying several stress paths
to a single specimen.
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the MS RLT tests that take into

IN2TRACK

Core S&C Issues

Well-graded
sandy
gravel
(GW)



a, b and
regression
parameters

QS3



q - mean stress

Sandy
(GrSa)

𝜀𝑝 (𝑁) = 𝛼𝑁𝑏𝑆𝑓 𝑆𝑓

gravel

Cu≈20; Cc≈1.5
Well-graded
sandy
gravel
(GW)

GA H2020 730841

Rahman
and
Erlingsson
(2015)

𝑞
(𝑝 )
𝑎
𝑆𝑓 =
𝑝 𝛼
(𝑝 )
𝑎

D2.2





are the Maximum dry density (gg/cc)= account the effect of stress history,
2.1;
applying several stress paths to a
single specimen.

Hallinden;
Fines Content (<0.075 mm) =
Dmáx;particles=31.5 mm Crushed rock
2.2%;
p – deviatoric stress
aggregates;
pa
atmospheric Wopt =5.5 %;
The model was developed based on
pressure
Gs=2.63;
the MS RLT tests that take into
a, b and
are the
Maximum dry density (gg/cc)= account the effect of stress history,
regression
applying several stress paths to a
2.075.
parameters
single specimen.
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Table 45: Models that describe resilient modulus of fine-grained soils - clays
UIC and
ASTM
classification

Equation

Author’s
model

Variables
Constants

model

CH

𝜃 net is the net bulk
stress ( net= -3ua);



𝜏 oct is the octahedral
shear stress;



𝜓𝑚 is
suction;

(no
information
about
the
particle
size
curve)

𝑀𝑟
Ng et
(2013)

al.

𝜃𝑛𝑒𝑡 𝑘2 𝜏𝑜𝑐𝑡
= 𝑘1 𝑝𝑎 (
) (
𝑝𝑎
𝑝𝑎
𝑘4
𝑘3 𝜓
𝑚
+ 1) (
+ 1)
𝜃𝑛𝑒𝑡

𝑀𝑟
QS0*
High plasticity
CH

GA H2020 730841

Ng et
(2013)

al.

𝑘2

𝜃𝑛𝑒𝑡
𝜏𝑜𝑐𝑡
= 𝑘1 𝑝𝑎 (
) (
𝑝𝑎
𝑝𝑎
𝑘4
𝑘3 𝜓
𝑚
+ 1) (
+ 1)
𝜃𝑛𝑒𝑡

D2.2

Empirical Parameters
characteristics


QS0*
High plasticity

and



the

matric

pa is the atmospheric
stress;



ki are the material
parameters.



𝜃𝑛𝑒𝑡 is the net bulk
stress ( net= -3ua);



𝜏𝑜𝑐𝑡 is the octahedral
shear stress;
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WL=61%;



WP=25%;



IP=36%;



Gs=2.69.



WL=71%;



WP=23%;



IP=48%;



Gs=2.73.

and

Observations



The model is similar to
Cary
and Zapata
(2011) model;



The last term related
to
the
suction
parameter
is
normalized with the
net bulk stress instead
of the atmospheric
pressure;



The model does not
consider the effect of
the
pore-water
pressure
under
saturated conditions.



The model is similar to
Cary
and Zapata
(2011) model;



The last term related
to
the
suction
parameter
is
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(no
information
about
the
particle
size
curve)

𝑀𝑟



𝜓𝑚 is
suction;



pa is the atmospheric
stress;



ki are the material
parameters.



MRopt is the modulus
ratio;



Mrs is the modulus at
certain suction (or
moisture)

𝜃 − 3𝑘4 𝑘2 𝜏𝑜𝑐𝑡
= 𝑘1 𝑝𝑎 (
) (
𝑝𝑎
𝑝𝑎
𝑘3

QS0
(high plasticity)
CL

GA H2020 730841



+ 𝑘5 )
Sawangsuriya
et al. (2009)

𝑀𝑅𝑜𝑝𝑡

𝑀𝑟𝑠
=
𝑀𝑟𝑠;𝑜𝑝𝑡
=𝑐
+ 𝑑 log 𝜓𝑚

D2.2

the

normalized with the
net bulk stress instead
of the atmospheric
pressure;

matric

Mrs,opt is the modulus at
optimum
moisture
content;



WL=85%;



IP=52%;



GS=2.75;



Sand
content=3.1%;



Silt
content=21.2%;



c and d are model
parameters;



Clay
content=75.2%;



pa is the atmospheric
pressure (101 kPa);



Fines
content=96.4%;



ki
are
parameters.



Wopt=27.5%;

fitting
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The model does not
consider the effect of
the
pore-water
pressure
under
saturated conditions.



Model
developed
based on four tested
fine-grained soils;



This model demands
significate regression
parameters
and
several combinations
of parametric values
to fit laboratory tests;



The test specimens
were
initially
saturated and then
subjected
to
desorption until the
matric suction was
154 or 350 kPa.
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1
QS0-QS1
(medium
plasticity)

Drumm and
Pierce (1990)

𝑎′ + 𝑏′𝜎𝑑
𝐸𝑟 =
𝑓𝑜𝑟𝜎𝑑 > 0
𝜎𝑑

CL

QS1
(low plasticity)

GA H2020 730841

2

𝑎′ = 318.2 + 0.337(𝑞𝑢 ) +
0.73(%𝑐𝑙𝑎𝑦) +
2.26(𝑃𝐼) − 0.915(𝛾) −
2.19(𝑆) −
0.304(%𝑓𝑖𝑛𝑒𝑟#200)
𝑏 ′ = 2.10 + 0.00039(1/
𝑎) + 0.104(𝑞𝑢 ) +
0.09(𝐿𝐿) -0.10(% finer
#200)


Drumm and
Pierce (1990)

𝑎′ + 𝑏′𝜎𝑑
𝐸𝑟 =
𝑓𝑜𝑟𝜎𝑑 > 0
𝜎𝑑

D2.2

3

a’ and b’ are material
parameters:

a’ and b’ are material
parameters:

𝑎′ = 318.2 + 0.337(𝑞𝑢 ) +
0.73(%𝑐𝑙𝑎𝑦) +
Page 361 of 400



Maximum
dry
unit weight=14.4
kN/m3.



WL=42.1%;



WP=22.0%;



IP=20.1%;



GS=2.76;



Clay
content=36%;



Passing
sieve
#200=93%



Maximum
dry
density=15.20
kN/m3.



WL=30.5%;



WP=22.1%;



All the test soils were
prepared at optimum
water content and at a
dry
density
corresponding to 98%
or 103% relative
compaction for a
standard
Proctor
effect.



The
hyperbola
predicts
excessive
values of Er when d is
close to zero



The
hyperbola
predicts
excessive
values of Er when d is
close to zero
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CL

4

2.26(𝑃𝐼) − 0.915(𝛾) −
2.19(𝑆) −
0.304(%𝑓𝑖𝑛𝑒𝑟#200)



IP=8.4%;



GS=2.66;

𝑏 ′ = 2.10 + 0.00039(1/
𝑎) + 0.104(𝑞𝑢 ) +
0.09(𝐿𝐿) -0.10(% finer
#200)



Clay
content=17.0%;



Passing
sieve
#200=95.0%;



Maximum
dry
density=16.28
kN/m3.



WL=38.8%;



WP=23.3%;



IP=15.5%;



GS=2.65;



Clay
content=18.0%;



Passing
sieve
#200=100.0%;



Maximum
dry
density=15.98
kN/m3.


5
QS1
(medium
plasticity)

Drumm and
Pierce (1990)

𝑎′ + 𝑏′𝜎𝑑
𝐸𝑟 =
𝑓𝑜𝑟𝜎𝑑 > 0
𝜎𝑑

CL

GA H2020 730841

6

D2.2

a’ and b’ are material
parameters:

𝑎′ = 318.2 + 0.337(𝑞𝑢 ) +
0.73(%𝑐𝑙𝑎𝑦) +
2.26(𝑃𝐼) − 0.915(𝛾) −
2.19(𝑆) −
0.304(%𝑓𝑖𝑛𝑒𝑟#200)
𝑏 ′ = 2.10 + 0.00039(1/
𝑎) + 0.104(𝑞𝑢 ) +
0.09(𝐿𝐿) -0.10(% finer
#200)
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The
hyperbola
predicts
excessive
values of Er when d is
close to zero
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7
QS1
(low plasticity)

Drumm and
Pierce (1990)

′

𝐸𝑟 =

𝑎 + 𝑏′𝜎𝑑
𝑓𝑜𝑟𝜎𝑑 > 0
𝜎𝑑

CL
8

a’ and b’ are material
parameters:

𝑎′ = 318.2 + 0.337(𝑞𝑢 ) +
0.73(%𝑐𝑙𝑎𝑦) +
2.26(𝑃𝐼) − 0.915(𝛾) −
2.19(𝑆) −
0.304(%𝑓𝑖𝑛𝑒𝑟#200)
𝑏 ′ = 2.10 + 0.00039(1/
𝑎) + 0.104(𝑞𝑢 ) +
0.09(𝐿𝐿) -0.10(% finer
#200)


9
QS1
(low plasticity)

Drumm and
Pierce (1990)

′

𝐸𝑟 =

𝑎 + 𝑏′𝜎𝑑
𝑓𝑜𝑟𝜎𝑑 > 0
𝜎𝑑

CL

a’ and b’ are material
parameters:

𝑎′ = 318.2 + 0.337(𝑞𝑢 ) +
0.73(%𝑐𝑙𝑎𝑦) +
2.26(𝑃𝐼) − 0.915(𝛾) −
2.19(𝑆) −
0.304(%𝑓𝑖𝑛𝑒𝑟#200)



WL=29.5%;



WP=20.1%;



IP=9.4%;



GS=2.67;



Clay
content=16.0%;



Passing
sieve
#200=78.0%;



Maximum
dry
density=17.16
kN/m3.



WL=28.5%;



WP=19.2%;



IP=9.3%;



GS=2.73;



Clay
content=20.0%;



Passing
sieve
#200=73.0%;

′

10 𝑏 = 2.10 + 0.00039(1/
𝑎) + 0.104(𝑞𝑢 ) +
0.09(𝐿𝐿) -0.10(% finer
#200)

GA H2020 730841

D2.2
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The
hyperbola
predicts
excessive
values of Er when d is
close to zero



The
hyperbola
predicts
excessive
values of Er when d is
close to zero
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𝑀𝑟

𝑘2

𝜃 − 3𝑘4
= 𝑘1 𝑝𝑎 (
)
𝑝𝑎
𝑘3

QS1
(low plasticity)
CL

𝑀𝑅𝑜𝑝𝑡 =



Mrs is the modulus at
certain suction (or
moisture)



Mrs,opt is the modulus at
optimum
moisture
content;

𝜏𝑜𝑐𝑡
(
𝑝𝑎

+ 𝑘5 )
Sawangsuriya
et al. (2009)

𝑀𝑟𝑠
𝑀𝑟𝑠;𝑜𝑝𝑡
=𝑐
+ 𝑑 log 𝜓𝑚





GA H2020 730841

D2.2

MRopt is the modulus
ratio;

Maximum
dry
density=17.36
kN/m3.



WL=26.0%;



IP=9.0%;



GS=2.66;



Sand
content=36.3%;



Silt
content=45.3%;



c and d are model
parameters;

Clay
content=14.5%;



pa is the atmospheric
pressure (101 kPa);

Percent
fines=59.7%;



Wopt=16.0%;



Maximum
dry
unit
weight=17.70
kN/m3.

ki
are
parameters.

fitting
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Model
developed
based on four tested
fine-grained soils;



This model demands
significate regression
parameters
and
several combinations
of parametric values
to fit laboratory tests;



The test specimens
were
initially
saturated and then
subjected
to
desorption until the
matric suction was
154 or 350 kPa.



All the test soils were
prepared at optimum
water content and at a
dry
density
corresponding to 98%
or 103% relative
compaction for a
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standard
effect.

𝑀𝑟

QS1
(low plasticity)

Liang et al.
(2008)

CL

𝑘2

= 𝑘1 𝑝𝑎 (
𝑘3

𝜃 + 𝜒𝜓𝑚
)
𝑝𝑎

𝜏𝑜𝑐𝑡
(
𝑝𝑎

+ 1)



𝑘1 is the bulk stress;



WL=30.8%;



𝜏𝑜𝑐𝑡 is the octahedral
shear stress;



WP=18.4%;



𝑝𝑎 is the
effective
parameter;





≤QS1
and
(based
on Rahim
George (2005)
AASHTO
classification)

GA H2020 730841

𝜎𝑑 𝑘2
𝑀𝑟 = 𝑘1 𝑃𝑎 (1 +
)
1 + 𝜎𝑐




D2.2

𝜓𝑚 is
suction;

the



IP=12.3%;

Bishop's
stress



Passing
sieve
#200=68.8%;

matric



Wopt=16.5%;



Maximum
dry
density=17.70
kN/m3.

ki are the material
parameters.

Mr is the resilient
modulus (MPa);
is the deviator stress
(kPa);
d

is the confining
c
pressure (kPa);
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d=16.92



dr=0.97;



wcr=1.48;



wc=20.7%;



Optimum
wc=14.0%;

kN/m3;

Proctor



The model takes into
account, explicitly, the
effect of the confining
and octahedral shear
stress;



It is used for a large
range of unbound
materials;



The effect of the
matric suction is
included
in
the
effective stress;



The model is similar to
the model developed
by Uzan (1985)



k1 is dependent on
LL and wc



k2 is dependent on dr,
LL, wcr and #200,
where dr and wcr are
the
density
and
moisture
ratio,
respectively;

dr,
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Pa is the atmospheric
pressure (kPa);



k1 and k2 are model
parameters.



Mr is the resilient
modulus (MPa);



𝜎𝑑  is the
stress (kPa);

≤QS1
and
(based
on Rahim
George (2005)
AASHTO
classification)

𝑀𝑟

QS1
(low plasticity)
CL-ML

GA H2020 730841

𝜎𝑑 𝑘2
𝑀𝑟 = 𝑘1 𝑃𝑎 (1 +
)
1 + 𝜎𝑐

Liang et al.
(2008)

𝜃 + 𝜒𝜓𝑚 𝑘2 𝜏𝑜𝑐𝑡
= 𝑘1 𝑝𝑎 (
) (
𝑝𝑎
𝑝𝑎
𝑘3

+ 1)

D2.2

deviator



Maximum
dry
density=17.4
kN/m3;



Passing
sieve
#200=89%.



d=19.87



dr=1.10;



wcr=0.82;



wc=11.5%;

kN/m3;



𝜎𝑐 is the confining
pressure (kPa);



Optimum
wc=14.0%;



Pa is the atmospheric
pressure (kPa);





k1 and k2 are model
parameters.

Maximum
dry
density=18.4
kN/m3;



Passing
sieve
#200=44%;



𝑘1 is the bulk stress;



WL=27.8%;



𝜏 oct is the octahedral
shear stress;



WP=19.8%;





IP=8%;

𝑝𝑎 is the
effective
parameter;



Passing
sieve
#200=56.3%;

Bishop's
stress
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k1 is dependent on
LL and wc



k2 is dependent on dr,
LL, wcr and #200,
where dr and wcr are
the
density
and
moisture
ratio,
respectively;



The model takes into
account, explicitly, the
effect of the confining
and octahedral shear
stress;

dr,
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QS1**
Low
medium
plasticity

to

CL
(no
information
about
the
particle
size
curve)

GA H2020 730841

𝑀𝑟
Ng et
(2013)

al.

𝑘2

𝜃𝑛𝑒𝑡
𝜏𝑜𝑐𝑡
= 𝑘1 𝑝𝑎 (
) (
𝑝𝑎
𝑝𝑎
𝑘4
𝑘3 𝜓
𝑚
+ 1) (
+ 1)
𝜃𝑛𝑒𝑡



𝜓𝑚 is
suction;



ki are the material
parameters.

matric



𝜃𝑛𝑒𝑡 is the net bulk
stress ( net= -3ua);



𝜏𝑜𝑐𝑡 is the octahedral
shear stress;



𝜓 m is the matric
suction;




D2.2

the

pa is the atmospheric
stress;
ki are the material
parameters.
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Wopt=14.2%;





Maximum
dry
density=17.75
kN/m3.

It is used for a large
range of unbound
materials;



The effect of the
matric suction is
included
in
the
effective stress;



The model is similar to
the model developed
by Uzan (1985).



The model is similar to
Cary
and Zapata
(2011) model;



The last term related
to
the
suction
parameter
is
normalized with the
net bulk stress instead
of the atmospheric
pressure;



The model does not
consider the effect of
the
pore-water
pressure
under
saturated conditions.



WL=37%;



WP=18%;



IP=19%;



Gs=2.69.

IN2TRACK
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Table 46: Models that describe resilient modulus of fine-grained soils – silts
UIC and
ASTM
classification

Equation

Author’s
model

Variables
Constants

model

and

Empirical Parameters
characteristics

QS0
(high plasticity)
MH
(no
information
about
the
particle
size
curve)


Yang et
(2005)

al.

𝑘2

𝑀𝑟 = 𝑘1 𝑝𝑎 (𝜎𝑑 + 𝜒𝜓𝑚 )





𝜓 m is the matric
suction;
ki are the materials
parameters;

a’ and b’ are material
parameters:

′

QS0

Drumm and
(high plasticity) Pierce (1990)

′

𝑎 + 𝑏′𝜎𝑑
𝐸𝑟 =
𝑓𝑜𝑟𝜎𝑑 > 0
𝜎𝑑

MH

GA H2020 730841

𝑎
= 318.2 + 0.337(𝑞𝑢 )
+ 0.73(%𝑐𝑙𝑎𝑦) + 2.26(𝑃𝐼)
− 0.915(𝛾) − 2.19(𝑆)
− 0.304(%𝑓𝑖𝑛𝑒𝑟#200)
𝑏 ′ = 2.10 + 0.00039(1/𝑎) +
0.104(𝑞𝑢 ) + 0.09(𝐿𝐿)
0.10(% finer #200)

D2.2
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and



WL=54.0%;



IP=20%;



GS=2.71;



Wopt=18%;



Maximum
dry
density=17.26
kN/m3.



WL=68.5%;



WP=39.2%;



IP=29.3%;



GS=2.71;



Clay
content=28.7%;



Passing
sieve
#200=80.0%;

Observations



This model does not
take into account the
effect of the confining
stress;



The model can be
applied to a large range
of moisture content;



The model is dependent
on only two material
parameters.



The hyperbola predicts
excessive values of Er
when d is close to zero
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a’ and b’ are material
parameters:

′

QS0
Drumm and
(high plasticity)
Pierce (1990)
MH

𝑎′ + 𝑏′𝜎𝑑
𝐸𝑟 =
𝑓𝑜𝑟𝜎𝑑 > 0
𝜎𝑑

𝑎
= 318.2 + 0.337(𝑞𝑢 )
+ 0.73(%𝑐𝑙𝑎𝑦) + 2.26(𝑃𝐼)
− 0.915(𝛾) − 2.19(𝑆)
− 0.304(%𝑓𝑖𝑛𝑒𝑟#200)
𝑏 ′ = 2.10 + 0.00039(1/𝑎) +
0.104(𝑞𝑢 ) + 0.09(𝐿𝐿)
0.10(% finer #200)

QS0-QS1
(medium
to
high plasticity)
MH

Yang et
(2005)

al.

𝑀𝑟 = 𝑘1 𝑝𝑎 (𝜎𝑑 + 𝜒𝜓𝑚 )𝑘2

(no
information
about
the

GA H2020 730841

D2.2
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Maximum
dry
density=12.55
kN/m3.



WL=69.5%;



WP=42.6%;



IP=26.9%;



GS=2.73;



Clay
content=55.0%;



Passing
sieve
#200=80.0%;



Maximum
dry
density=13.83
kN/m3.



GS=2.67;



WL=50.0%;



IP=23%;



Wopt=17%;



Maximum
dry
density=17.65
kN/m3.



The hyperbola predicts
excessive values of Er
when d is close to zero



This model does not
take into account the
effect of the confining
stress;



The model can be
applied to a large range
of moisture content;

IN2TRACK

particle
curve)
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size

𝑀𝑟

𝑘3

(low plasticity)
ML

Sawangsuriya
et al. (2009)

𝑀𝑅𝑜𝑝𝑡 =

𝑀𝑟𝑠
𝑀𝑟𝑠;𝑜𝑝𝑡
=𝑐
+ 𝑑 log 𝜓𝑚

D2.2

IP=11.0%;



GS=2.69;



Sand
content=11.9%;



Silt
content=82.4%;



c and d are model
parameters;

Clay
content=5.7%;



pa is the atmospheric
pressure (101 kPa);

Fines
content=88.1%;



Wopt=13.5%;



Maximum
dry
unit weight=17.9
kN/m3.



Mrs is the modulus at
certain suction (or
moisture)





GA H2020 730841



MRopt is the modulus
ratio;



+ 𝑘5 )

WL=28.0%;



𝜃 − 3𝑘4 𝑘2 𝜏𝑜𝑐𝑡
= 𝑘1 𝑝𝑎 (
) (
𝑝𝑎
𝑝𝑎
QS1



Mrs,opt is the modulus
at optimum moisture
content;

ki
are
parameters.

fitting
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The model is dependent
on only two material
parameters.



Model developed based
on four tested finegrained soils;



This model demands
significate regression
parameters and several
combinations
of
parametric values to fit
laboratory tests;



The test specimens
were initially saturated
and then subjected to
desorption until the
matric suction was 154
or 350 kPa.



All the test soils were
prepared at optimum
water content and at a
dry
density
corresponding to 98%
or
103%
relative
compaction
for
a
standard Proctor effect.
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𝑀𝑟

𝑘3

(low plasticity)
ML

Sawangsuriya
et al. (2009)

𝑀𝑅𝑜𝑝𝑡 =

𝑀𝑟𝑠
𝑀𝑟𝑠;𝑜𝑝𝑡
=𝑐
+ 𝑑 log 𝜓𝑚

D2.2

IP=24.0%;



GS=2.69;



Sand
=8.9%;



Silt
content=63.8%;



c and d are model
parameters;

Clay
content=27.3%;



pa is the atmospheric
pressure (101 kPa);

Fines
content=91.1%;



Wopt=22.0%;



Maximum
dry
unit weight=15.8
kN/m3.



Mrs is the modulus at
certain suction (or
moisture)
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MRopt is the modulus
ratio;



+ 𝑘5 )

WL=42.0%;



𝜃 − 3𝑘4 𝑘2 𝜏𝑜𝑐𝑡
= 𝑘1 𝑝𝑎 (
) (
𝑝𝑎
𝑝𝑎
QS1



Mrs,opt is the modulus
at optimum moisture
content;

ki
are
parameters.

fitting
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Model developed based
on four tested finegrained soils;



This model demands
significate regression
parameters and several
combinations
of
parametric values to fit
laboratory tests;



The test specimens
were initially saturated
and then subjected to
desorption until the
matric suction was 154
or 350 kPa.



All the test soils were
prepared at optimum
water content and at a
dry
density
corresponding to 98%
or
103%
relative
compaction
for
a
standard Proctor effect.

content
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Ng
et
(2013)

al.

ML

𝜃𝑛𝑒𝑡 𝑘2 𝜏𝑜𝑐𝑡
) (
𝑝𝑎
𝑝𝑎
𝑘4
𝑘3 𝜓
𝑚
+ 1) (
+ 1)
𝜃𝑛𝑒𝑡
= 𝑘1 𝑝𝑎 (

QS1
(low plasticity)

Drumm and
Pierce (1990)

𝑎′ + 𝑏′𝜎𝑑
𝐸𝑟 =
𝑓𝑜𝑟𝜎𝑑 > 0
𝜎𝑑



a’ and b’ are material
parameters:

ML

GA H2020 730841

WL=43%;



WP=29%;



IP=14%;



Gs=2.73;



Sand
content=24%;



Silt
content=72%;



Clay content=4%;



Cu=4.55;



Cc=0.61;



Wopt=16.3%;



Maximum
dry
density=17.26
kN/m3.



WL=36.2%;



WP=34.1%;



IP=2.1%;



GS=2.66;

𝑀𝑟

QS1
(medium
plasticity)



D2.2
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The model is similar to
Cary and Zapata (2011)
model;



The last term related to
the suction parameter
is normalized with the
net bulk stress instead
of the atmospheric
pressure;



The model does not
consider the effect of
the
pore-water
pressure
under
saturated conditions.



The hyperbola predicts
excessive values of Er
when d is close to zero
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𝑎′
= 318.2 + 0.337(𝑞𝑢 )
+ 0.73(%𝑐𝑙𝑎𝑦) + 2.26(𝑃𝐼)
− 0.915(𝛾) − 2.19(𝑆)
− 0.304(%𝑓𝑖𝑛𝑒𝑟#200)



Clay
content=18.0%;



Passing
sieve
#200=80.0%;

𝑏 ′ = 2.10 + 0.00039(1/𝑎) +
0.104(𝑞𝑢 ) + 0.09(𝐿𝐿)
0.10(% finer #200)



Maximum
dry
density=13.14
kN/m3.



WL=37.1%;



WP=27.0%;



IP=10.0%;



GS=2.67;



Clay
content=35.0%;



Passing
sieve
#200=68.0%;



Maximum
dry
density=14.91
kN/m3.



WL=46.4%;



WP=28.8%;



IP=17.6%;



a’ and b’ are material
parameters:

′

QS1
(low plasticity)

Drumm and
Pierce (1990)

𝑎′ + 𝑏′𝜎𝑑
𝐸𝑟 =
𝑓𝑜𝑟𝜎𝑑 > 0
𝜎𝑑

ML

𝑎
= 318.2 + 0.337(𝑞𝑢 )
+ 0.73(%𝑐𝑙𝑎𝑦) + 2.26(𝑃𝐼)
− 0.915(𝛾) − 2.19(𝑆)
− 0.304(%𝑓𝑖𝑛𝑒𝑟#200)
𝑏 ′ = 2.10 + 0.00039(1/𝑎) +
0.104(𝑞𝑢 ) + 0.09(𝐿𝐿)
0.10(% finer #200)

QS1
ML

GA H2020 730841

Parreira and
Goncalves
(2000)

𝑘

𝜎 d is the deviator
stress;



𝜓 m is the matric
suction level;

𝑘

𝑀𝑟 = 𝑘1 𝑝𝑎 𝜎𝑑 2 𝜓𝑚3

D2.2
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The hyperbola predicts
excessive values of Er
when d is close to zero



The model does not
take into account the
effect of the confining
stress;
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(medium
plasticity)

GA H2020 730841

D2.2

ki are the regression
parameters.
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GS=2.66.



Clay
content=38%



Passing
sieve
#200=52%;



Wopt=19.5%



Maximum
dry
density=16.28
kN/m3.



It is only valid for a
limited
range
of
moisture content;



When the soils get
saturated and matric
suction is equal to zero
(high moisture content)
the resilient modulus is
close to zero;



Low moisture content
values lead to high
(unrealistic)
resilient
modulus;



The
suction
was
determined
through
the paper filter method.
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Table 47: Models that describe resilient modulus of granular soils – sands
UIC and
ASTM
classification

Author’s
model

Equation
model

Variables
Constants

and

Empirical Parameters
characteristics



QS1
(low
plasticity)
SM-CL

Drumm
and Pierce
(1990)

𝑎′ + 𝑏′𝜎𝑑
𝐸𝑟 =
𝑓𝑜𝑟𝜎𝑑 > 0
𝜎𝑑

a’ and b’ are material
parameters:
11 𝑎′ = 318.2 + 0.337(𝑞𝑢 ) +
0.73(%𝑐𝑙𝑎𝑦) + 2.26(𝑃𝐼) −
0.915(𝛾) − 2.19(𝑆) −
0.304(%𝑓𝑖𝑛𝑒𝑟#200)
12 𝑏 ′ = 2.10 + 0.00039(1/𝑎) +
0.104(𝑞𝑢 ) + 0.09(𝐿𝐿)
0.10(% finer #200)



QS1
(low
plasticity)
SM

Drumm
and Pierce
(1990)

GA H2020 730841

𝑎′ + 𝑏′𝜎𝑑
𝐸𝑟 =
𝑓𝑜𝑟𝜎𝑑 > 0
𝜎𝑑

D2.2

a’ and b’ are material
parameters:
13 𝑎′ = 318.2 + 0.337(𝑞𝑢 ) +
0.73(%𝑐𝑙𝑎𝑦) + 2.26(𝑃𝐼) −
0.915(𝛾) − 2.19(𝑆) −
0.304(%𝑓𝑖𝑛𝑒𝑟#200)
14 𝑏 ′ = 2.10 + 0.00039(1/𝑎) +
0.104(𝑞𝑢 ) + 0.09(𝐿𝐿)
0.10(% finer #200)
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and

WL=21.0%;
WP=14.1%;
IP=6.9%;
GS=2.65;
Clay
content=16.0%;
Passing
sieve
#200=36.0%;
Maximum dry
density=18.04
kN/m3.
WL=20.7%;
WP=19.0%;
IP=1.7%;
GS=2.60;
Clay
content=17.0%;
Passing
sieve
#200=20.0%;
Maximum dry
density=17.55
kN/m3.

Observations



The
hyperbola
predicts excessive
values of Er when
d is close to zero



The
hyperbola
predicts excessive
values of Er when
d is close to zero

IN2TRACK
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QS1
(low
plasticity)
Cary and
SC
Zapata
(the fines are (2011)
classified as
CL)

QS1
SC
(clayed sand)
(low
plasticity)

Shackel
(1973)


𝑀𝑟

𝜃𝑛𝑒𝑡 − 3Δ𝑢𝑤−𝑠𝑎𝑡 𝑘2 𝜏𝑜𝑐𝑡
= 𝑘1 𝑝𝑎 (
) (
𝑝𝑎
𝑝𝑎
𝑘4
𝑘3 𝜓 − Λ𝜓
𝑚
𝑚
+ 1) (
+ 1)
𝑝𝑎

𝑛
𝜎𝑜𝑐𝑡
𝑀𝑟 = 𝑘 𝑚
𝜏𝑜𝑐𝑡






QS2
SP
(poor-graded
sand)

Karasahin
(1993)

GA H2020 730841

𝑝𝑚 𝐵 𝑝𝑢 𝐶
𝑀𝑟 = 𝐴 ( ) ( )
𝑝𝑢
𝑝

D2.2






𝜃𝑛𝑒𝑡 is the net bulk stress
(𝜃𝑛𝑒𝑡 t= -3ua);
3uw-sat is the pore-water
pressure build-up in a
saturated
condition
𝜓𝑚 =0);
Λ𝜓𝑚 is the relative
change in matric suction
with respect to the initial
matric suction in an
unsaturated
condition
( uw-sat=0)
𝑛
𝑚
𝜎𝑜𝑐𝑡
and 𝜏𝑜𝑐𝑡
are the
octahedral normal and
shear stresses

qm is the mean value of
deviator stress;
pm is the mean value of
mean normal stress
p mean normal stress
pu – unite pressure (1 kPa)
A, B and C are constants.
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WL=22%;
WP=18%;
IP=5%
GS=2.71;
Passing
sieve
#200=47%
Wopt=12.1%
Maximum dry
density =18.73
kN/m3.
WL=26%;
WP=17.6%;
IP=8.4%;
60% sand and
40% kaolinite by
weight.

GS=2.64;
Cu≈2.5;
Cc≈1.5.



The model is
based on the
Universal model
with an additional
term
that
includes
the
matric
suction
effects into the
resilient modulus



This model is
difficult to apply
(Li and Selig,
1994).



This model is
based on the
triaxial
tests
carried out in six
aggregates;
The model is
based
on
laboratory triaxial
testing (constant
and
variable
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QS2
SP
(poor-graded
sand)

Karasahin
(1993)

𝑝𝑚 𝐵 𝑝𝑢 𝐶
𝑀𝑟 = 𝐴 ( ) ( )
𝑝𝑢
𝑝







QS3
SP
(poor-graded
sand)

Karasahin
(1993)
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𝑝𝑚 𝐵 𝑝𝑢 𝐶
𝑀𝑟 = 𝐴 ( ) ( )
𝑝𝑢
𝑝

D2.2






qm is the mean value of
deviator stress;
pm is the mean value of
mean normal stress
p mean normal stress
pu – unite pressure (1 kPa)
A, B and C are constants.

qm is the mean value of
deviator stress;
pm is the mean value of
mean normal stress
p mean normal stress
pu – unite pressure (1 kPa)
A, B and C are constants.
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GS=2.64;
Cu≈2.0;
Cc≈1.04.




GS=2.61;
Aggregate
abrasion
value=1.9;
Cu≈28;
Cc≈0.54.




confining
pressure)
15 (Lekarp et al., 2000b).
 This model is
based on the
triaxial
tests
carried out in six
aggregates;
 The model is
based
on
laboratory triaxial
testing (constant
and
variable
confining
pressure)
16 (Lekarp et al., 2000b).
 This model is
based on the
triaxial
tests
carried out in six
aggregates;
 The model is
based
on
laboratory triaxial
testing (constant
and
variable
confining
pressure)
17 (Lekarp et al., 2000b).
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QS3
SP
(poor-graded
sand)

𝑝𝑚 𝐵 𝑝𝑢 𝐶
𝑀𝑟 = 𝐴 ( ) ( )
𝑝𝑢
𝑝

Karasahin
(1993)








QS3
SW
(well-graded
sand)

Kolisoja
(1997)

𝜃 0.5
𝑀𝑟 = 𝐴(𝑛𝑚𝑎𝑥 − 𝑛)𝑝0 ( )
𝑝0
𝑀𝑟

𝜃 0.7 𝑞 −0.2
= 𝐵(𝑛𝑚𝑎𝑥 − 𝑛)𝑝0 ( ) ( )
𝑝0
𝑝0
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D2.2

qm is the mean value of
deviator stress;
pm is the mean value of
mean normal stress
p mean normal stress
pu – unite pressure (1 kPa)
A, B and C are constants.

is the sum of principal
stresses;
p0 is the reference stress,
100 kPa;
n is the porosity of the
material;
no is the theoretical
maximum
value
of
porosity when Mr=0
A is a material parameter.
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GS=2.24;
Wopt= 8-12%;
Permeability
index=0.0002
m/s;
Cu≈30;
Cc≈0.5.




Cu≈5.9
Cc≈1.2

This model is
based on the
triaxial
tests
carried out in six
aggregates.
 The model is
based
on
laboratory triaxial
testing (constant
and
variable
confining
pressure)
18 (Lekarp et al., 2000b).
 This model is
based
on
laboratory triaxial
testing (constant
confining
pressure)
19 (Lekarp et al., 2000b);
 The model is
based on tests
carried out in
several types of
coarse-grained
granular
materials
typically used in
unbound layers of
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QS3
SW
(well-graded
sand)

Kolisoja
(1997)

𝜃 0.5
𝑀𝑟 = 𝐴(𝑛𝑚𝑎𝑥 − 𝑛)𝑝0 ( )
𝑝0
𝑀𝑟

𝜃 0.7 𝑞 −0.2
= 𝐵(𝑛𝑚𝑎𝑥 − 𝑛)𝑝0 ( ) ( )
𝑝0
𝑝0






GA H2020 730841
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p0 is the reference stress,
100 kPa;
n is the porosity of the
material;
no is the theoretical
maximum
value
of
porosity when Mr=0
A is a material parameter.
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Cu≈16
Cc≈1.0

road and railroad
pavements;
 The density was
incorporated in
the model by the
porosity
parameter;
 Materials
classified
as
natural gravels;
 The study also
includes
the
crushed
gravel
and crushed rock.
 This model is
based
on
laboratory triaxial
testing (constant
confining
pressure)
20 (Lekarp et al., 2000b);
 The model is
based on tests
carried out in
several types of
coarse-grained
granular
materials
typically used in
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QS3
SW
(well-graded
sand)

Kolisoja
(1997)

𝜃 0.5
𝑀𝑟 = 𝐴(𝑛𝑚𝑎𝑥 − 𝑛)𝑝0 ( )
𝑝0
𝑀𝑟

𝜃 0.7 𝑞 −0.2
= 𝐵(𝑛𝑚𝑎𝑥 − 𝑛)𝑝0 ( ) ( )
𝑝0
𝑝0
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D2.2

p0 is the reference stress,
100 kPa;
n is the porosity of the
material;
no is the theoretical
maximum
value
of
porosity when Mr=0
A is a material parameter.
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Cu≈50
Cc≈1.0

unbound layers of
road and railroad
pavements;
 The density was
incorporated in
the model by the
porosity
parameter;
 Materials
classified
as
natural gravels;
 The study also
includes
the
crushed
gravel
and crushed rock.
 This model is
based
on
laboratory triaxial
testing (constant
confining
pressure)
21 (Lekarp et al., 2000b);
 The model is
based on tests
carried out in
several types of
coarse-grained
granular
materials
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QS3
SW
(well-graded
sand)

Gomes
Correia et
al. (2001)

GA H2020 730841

𝐸𝑣 = 𝐶𝜎′𝑣

𝑚

D2.2

C is a parameter that
depends
on
the
mineralogy
of
the
particles, shape of the
grains, particle size curve
(in case of granular
materials. In case of the
cohesive materials, it also
depends
on
the
percentage of fines and
Atterberg limits.

Page 382 of 400






D50=3.5 mm;
Gs=2.71;
Cu=28;
Cc≈1.0.



typically used in
unbound layers of
road and railroad
pavements;
The density was
incorporated in
the model by the
porosity
parameter;
Materials
classified
as
natural gravels;
The study also
includes
the
crushed
gravel
and crushed rock.

The
vertical
Young’s modulus
is independent of
the lateral stress.
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Table 48: Models that describe resilient modulus of granular soils – gravels
UIC and
Author’s
Equation
ASTM
Variables and Empirical Constants
model
model
classification



𝑀𝑟

QS2
GP-GM

𝜃𝑛𝑒𝑡 − 3Δ𝑢𝑤−𝑠𝑎𝑡 𝑘2 𝜏𝑜𝑐𝑡
Cary and
= 𝑘1 𝑝𝑎 (
) (
Zapata
𝑝𝑎
𝑝𝑎
𝑘4
𝑘3 𝜓 − Λ𝜓
(2011)
𝑚
𝑚
+ 1) (
+ 1)
𝑝𝑎



𝜃 net is the net bulk stress
( net= -3ua);
3Δ𝑢𝑤−𝑠𝑎𝑡 is the pore-water
pressure
build-up
in
a
saturated condition ( m=0);
Λ𝜓𝑚 is the relative change in
matric suction with respect to
the initial matric suction in an
unsaturated
condition
(Δ𝑢𝑤−𝑠𝑎𝑡 t=0)

Parameters and
Observations
characteristics







IP=NP;
GS=2.71;
Passing
sieve
#200=7%;
Wopt=7.2
%
Maximum
dry
density
=22.16
kN/m3.






QS2
GP
(poor-graded
gravel)

Karasahin
(1993)

𝑀𝑟 = 𝐴 (

QS3
GW
(well-graded
gravel)

Karasahin
(1993)

𝑝𝑚 𝐵 𝑝𝑢 𝐶
𝑀𝑟 = 𝐴 ( ) ( )
𝑝𝑢
𝑝

GA H2020 730841

𝑝𝑚 𝐵 𝑝𝑢 𝐶
) ( )
𝑝𝑢
𝑝

D2.2








qm is the mean value of deviator
stress;
pm is the mean value of mean
normal stress
p is the mean normal stress
pu – unite pressure (1 kPa)
A, B and C are constants.

qm is the mean value of deviator
stress;
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GS=2.69;
Cu≈5.3;
Cc≈4.7.




GS=2.69;
Aggregate
abrasion

The model is based
on the Universal
model
with
an
additional term that
includes the matric
suction effects into
the resilient modulus

This model is based
on the triaxial tests
carried out in six
aggregates;
 The model is based
on laboratory triaxial
testing (constant and
variable
confining
pressure)
22 (Lekarp et al., 2000b).
 This model is based
on the triaxial tests
carried out in six
aggregates;
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QS2-QS3
GP
(poor-graded
gravel)

Gomes
Correia et
al. (2001)

𝐸𝑣 = 𝐶𝜎′𝑣

𝑚

pm is the mean value of mean
normal stress
p mean normal stress
pu – unite pressure (1 kPa)
A, B and C are constants.
C is a parameter that depends
on the mineralogy of the
particles, shape of the grains,
particle size curve (in case of
granular materials. In case of
the cohesive materials, it also
depends on the percentage of
fines and Atterberg limits.











≥QS2
Rahim and
(based
on
George
AASHTO
(2005)
classification)

𝑘2
𝜃
𝑀𝑟 = 𝑘1 𝑃𝑎 (1 +
)
1 + 𝜎𝑑





Mr is the resilient modulus
(MPa);
𝜎𝑑 is the deviator stress (kPa);
Pa is the atmospheric pressure
(kPa);
k1 and k2 are model
parameters.
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D2.2
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value=5.1
;
Cu≈61;
Cc≈2.11.

D50=8.5
mm;
Gs=2.71;
Cu=53;
Cc≈4.5;



The model is based
on laboratory triaxial
testing (constant and
variable
confining
pressure)
23 (Lekarp et al., 2000b).



The vertical Young’s
modulus
is
independent of the
lateral stress.



k1 is dependent on
dr, wcr, #200 and Cu,
where dr and wcr are
the density and
moisture
ratio,
respectively;
k2 is dependent on
dr, wcr, #200 and Cu

d=16.07
3

kN/m
dr=1.02
wc=16.3%
wcr=1.05
Optimum
wc=15.5%
Maximum
dry
density=1
5.7 kN/m3
Passing
sieve
#200=11
%
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≥QS2
Rahim and
(based
on
George
AASHTO
(2005)
classification)

𝑀𝑟 = 𝑘1 𝑃𝑎 (1 +

𝑘2

𝜎𝑑
)
1 + 𝜎𝑐






Mr is the resilient modulus
(MPa);
d is the deviator stress (kPa);
is the bulk stress (kPa)
Pa is the atmospheric pressure
(kPa);
k1 and k2 are model parameters.
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D2.2
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d=18.04
3

kN/m
dr=1.10
wcr=1.15
wc=17.32
%
Optimum
wc=15.0%
Maximum
dry
density=1
6.7 kN/m3
Passing
sieve
#200=34
%





k1 is dependent on
dr, wcr, #200 and Cu,
where dr and wcr are
the density and
moisture
ratio,
respectively;
k2 is dependent on
dr, wcr, #200 and Cu

IN2TRACK

Core S&C Issues

Table 49: Properties of the materials
UIC and ASTM
Information
Materials
Classification

Puppala et al. QS1
(2009)
Lean clay (CL)

3.4.2.1

QS1
CL - ML

3.4.2.2

QS1
Low plasticity
CL-ML

3.4.2.1

QS1
SM

GA H2020 730841

Properties

Observations

WL=28.19%;
IP=12.55% (low plasticity);
Gs=2.63;
Passing #200 =80%;
Silty clay
Maximum dry unit weight = Compacted at optimum compaction – standard Proctor
17.10 kN/m3;
Wopt=17.11%;
c=60 kPa;

=18o.
Silt
Compacted at field conditions and saturated
 WL=35 %;
 WP =24 %;
 IP =11 % (low to
medium plasticity);
Gs=2.67;
Cu=2.51;Cc=1.32;
Maximum dry density =15.89
kN/m3;
Hydraulic permeability =
5.3×10-7 m/s;
c’=11.7 kPa; ’=16.4o.
Silt-lean clay
 WL=27.8%;
 The effect of the matric suction will be included in the effective
stress;
 WP=19.8%;

The triaxial tests following the AASHTO T307-99 procedure were
 IP=8%;
conducted on both materials
Silty
Sand Cu≈28;
Compacted at optimum compaction – standard Proctor
(42.2% fines)
Cc≈0.54;

D2.2
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QS1
SM

Puppala et al. QS1
(2009)
Silt (SM)

3.4.2.1

QS2
SP

GA H2020 730841

Gs=2.68;
Fine content=42.2%;
Maximum dry density =19.6
kN/m3;
Wopt =10.1%.
Silty
Sand Cu≈33;
Compacted at optimum compaction – standard Proctor
(27.4% fines)
Cc≈0.75;
Gs=2.67;
Fine content=27.4%;
Maximum dry density =20.3
kN/m3;
Wopt =7.6%.
Silty
clayed
Compacted at optimum compaction – standard Proctor
 WL=16.70%;
sand
 IP=7.50%
(low
plasticity);
Gs=2.70;
Passing #200=38%;
Maximum dry unit weight
=16.9 kN/m3;
Wopt=19.3%;
c=103 kPa,;

=35o.
Well-graded
Compacted at optimum compaction – standard Proctor
 Cu=2.10;
Sand
 Cc=1.05;
 Maximum
dry
Density = 16.90
kN/m3;
 Wopt=12.5%;
 c=5.60 kPa; =48.2 ;
D2.2
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QS2
SP

Puppala et al. QS2
(2009)
SP

3.4.2.2

QS2/QS3
SW/SM-ML

3.4.2.1

QS3
SW

GA H2020 730841

Sand

Gs=2.66;
Cu=4.8;
Cc=0.62;
Maximum dry density =20.69
kN/m3;
Minimum dry density =15.89
kN/m3;
Hydraulic permeability =
3.2×10-5m/s;
c’=0 kPa; ’=33o.
Poorly graded WL=26.40%;
sand
Gs=2.71%;
Passing #200=0.70%;
Cu= 1.79;
Cc=0.89;
Maximum dry unit weight
=15.70 kN/m3;
Wopt=13.70%;
c=20 kPa;

=42o;
Sand
Cu=20
Cc=0.8-1.1
(PImin=NP; PImax=6)
WL;máx=25
W=7.7%
WOMC =7.7%
Poor-graded
 Cu=10.5;
Sand
 Cc=1.25;

D2.2

Compacted at field conditions and saturated

Compacted at optimum compaction – standard Proctor

Granular material used as based and sub-base in the flexible pavement
sections;
The target moisture content and densities were selected on the basis of
AASHTO T99 test results and field-measured values (Garg and Thompson,
1997).
Compacted at optimum compaction – standard Proctor
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3.4.2.2

QS3
GW

GA H2020 730841

Well-graded
gravel

D2.2

Maximum
dry
Density = 17.21
kN/m3;
Wopt =10.5%;
c=8.68 kPa;



=50.2 .
Cu=27
Cc=2
(PImin=NP; PImax=6)
WL;máx=25
W=6.3%
WOMC=6.8%

Granular material used as based and sub-base in the flexible pavement
sections;
The target moisture content and densities were selected on the basis of
AASHTO T99 test results and field-measured values (Garg and Thompson,
1997).
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8.2 Annex 2 – University of Huddersfield/ AFL Ltd. Switch study
results
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UoH/AFL Switch study: cumulative contact pressure plots
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UoH/AFL Switch study: cumulative wear/RCF plots (weighted Tγ)
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