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Executive summary

This deliverable investigates a number of topics related to track operations and maintenance.
Section 5.1 focuses on rail grinding. The rail–wheel interaction mechanism is initially
investigated because of its importance in determining the rail grinding procedures. The second
subsection is about types of rail grinding and the factors affecting grinding. There’s also a
subsection about grinding interval since it is very important especially for preventive grinding.
Lastly, information about grinding practices of TCDD is presented, too.
Section 5.2 sets out with a brief introduction to root causes of rail cracks and fracture. Since
there exist several general such overviews in the literature, the section focuses on those relevant
for the investigated maintenance strategies. These are influences of rail material deformation
and anisotropy formation, of surface defects, and of subsurface defects. With this background,
the topic of optimizing maintenance by mitigating the most detrimental surface defects is
investigated. This relates to the direction and growth rates of surface initiated RCF cracks, which
is investigated. In particular, a computational framework for prediction of the RCF crack growth
direction and comparison towards experiments is being developed. Simulations of a twin-disc
fatigue crack growth experiment from the literature are carried out. Predictions of crack growth
directions are found to be in close agreement towards the experimentally found crack growth
directions. Finally, the topic of repair welding, which is an option if surface defects are too severe
is investigated. Special focus is put on the introduction of tensile residual stresses by repair
welding and the influence these have, especially in combination with material defects stemming
from the repair welding process.
In section 5.3, the overall market development of light rail systems as well as their future
perspective are investigated. Furthermore, the technical and operational constraints for the
application of rail grinding are assessed and underlined by the findings from a market survey
conducted among network operators. The minimization of harmful noise emissions is essential
for public acceptance and successful integration into urban spaces. Rolling noise is the main
source of sound emissions from light rail systems. Preventive rail grinding will increase the
availability of the asset and reduces the impact of noise and vibration by delivering a higher rail
surface quality.
Section 5.4: Using Plain Line Pattern Recognition (PLPR) as an example system Network Rail has
focussed on the management of rail head conditions and surface treatments, covering:


The application of PLPR and how it fits into an asset management plan.



How PLPR is used to identify and monitor the deterioration of rail head faults



Details on the operational and safety limits of faults



How inspection/monitoring techniques are enhanced.



Links to optimal maintenance methods/determine appropriate treatment.

Section 5.4 builds on from D3.1, particularly Section 9.2: demonstrating how one of the trainborne systems being used on the UK infrastructure can identify rail defects and help improve
maintenance regimes. Where the identification of key monitoring areas and inspection methods
were identified in D3.1, using Network Rail’s practise as example, this section covers how Plain
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Line Pattern Recognition (PLPR) is applied and where it fits into an asset management plan. The
section concludes with the future direction for where PLPR is moving towards and makes
recommendations. The PLPR system was developed to identify track defects (broader than just
rail): within that there are photographic images which could be used to go along side identified
rail head conditions, but is not a parameter which is recorded or feasible due to the speed of
the train a PLPR system is mounted on, within the UK (See D3.1 Section 5.4 – “Analysis of rail
failure data”). The current application in an asset management strategy related to track
geometry recording is discussed in depth and a recommendation going forward for rail head
condition monitoring will be exemplified, as well as recommendation to improve the current
PLPR system should it be more widely implemented in Europe.
In terms of maintenance there are some parameters that should be taken into account in order
to assess the maintenance technical and economic viability before the design phase of new slab
track system. Section 6.1 covers this topic and addresses how maintenance and renewal should
be scheduled on the basis of control data from measuring systems, visual observation,
maintenance history and financial-economic data.
In section 6.2: A modular slab track system has been defined. Modularity is the degree to which
system components may be separated and recombined. In construction, it means that modules
are a bundle of redundant components that are produced in masse prior to installation.
Section 6.3 describes the preliminary studies to design a continuously supported modular track,
in which the use of cement-based mortars reinforced with steel and/or polypropylene fibers
increases the bonding durability, as well as facilitates the debonding process whenever the
replacement of one or several modules is needed.
As an alternative to replacing whole sections of rail during maintenance, materials with higher
hardness and wear resistance can be welded using lasers onto critical areas such as welded joints
and narrow bends. This is expected to save cost and time, thereby optimizing the service life. In
sections 6.4 and 6.5 it is described how two different wear layers were welded onto the base
rail materials and tested for weldability, crack formation and mixing with the base material. The
layers welded using lasers were subjected to wear characterization tests and checked for crack
initiation and fatigue – specifically rolling contact fatigue (RCF). Standard twin-disc tests
conducted on the base materials with laser-welded layers showed that cracks occur at the
transition from the weld seam to the base material.
Monitoring is becoming increasingly more used in the railway sector. The development in
sensors and data processing provides large possibilities. However, it also stresses the
importance of developing strategies to avoid being overwhelmed by data of little use. Section
7.1 provides a very brief overview of work that has been carried out to this end in Capacity4Rail
and in In2Track D3.2. The topic will be further investigated in In2Track2.
Section 7.2 describes how a new technology of tonnage sensor is tested, both in laboratory and
in track. The MEM’s based technology is described together with the possible advantages for
railway. The section reports about extensive laboratory testing to evaluate the precision of the
sensor. In track test are then reported. The section concludes about the present state of the use
of this technology in railways and on-going work to achieve the stated objectives.
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Preventive maintenance strategies set the focus on urban rail networks and there especially on
tramway tracks. This is investigated in section 7.3. As corrugation as a source for noise and
vibration is a very important factor in urban environments next to higher strain on vehicles and
track itself, corrugation has been measured network-wide with an experimental method. As a
next step, a model for maintenance strategies has been built with focus on costs and
comparisons between possible maintenance methods (mainly focused on personnel costs),
which simulates in a simple way a tramway network (Loop Model). Based on this model,
parameter studies for possible maintenance methods have been made, which show that
oscillating grinding could be a good maintenance method for preventive grinding in tram
networks. In addition, general requirements taking into account environmental factors,
especially in the area around the embedded track of tramways have been analysed as a basis
for further developments for urban rail grinding methods.
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Terms, Acronyms and Abbreviations

2.1 Terms
Candidate: This is an item that the PLPR identifies as a potential defect. It requires human
verification before the candidate is actioned upon by the local maintenance
engineer
CEN: COMITÉ EUROPÉEN DE NORMALISATION manages several regional and national
Technical Assistance programmes financed by the European Union i.e. European
Standard (EN).
Defect: For the purpose of this report, a defect is validated candidate from a PLPR system
that requires intervention of some form from the maintenance engineering
fraternity. It may involve missing rail clips, insufficient ballast etc.
Geometry fault: This is widely known in Europe as an Isolated fault. This is an irregularity
that exceeds the stipulated Intervention Limit or Immediate Action Limit of a track
geometry measured parameter, as defined in EN13848-1
Infrastructure manager is the organisation responsible for the management of railway lines
and related structures. (Use style Definition, mark the term in bold and write the
explanation as continued text.)
S&T: A discipline in Network Rail which are responsible for the moving switch components
and telecommunication assets along the railway or within S&C.

2.2 Acronyms and abbreviations
AI .............. Artificial Intelligence
BVI............ Basic Visual Inspections
CEN .......... European Committee
NORMALISATION)

for

Standardization

(COMITÉ

EUROPÉEN

DE

CTOD ........ Crack-Tip Opening Displacement
CTSD......... Crack-Tip Shear Displacement
CWR ......... Continuous Welded Rail
DALY......... Disability-Adjusted Life-Years
EI .............. Examination Inspector
EMGTPA ... Equated Million Gross Tons Per annum
FE ............. Finite Element
HEDG........ High Efficiency Deep Grinding
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HSG .......... High Speed Grinding
IM............. Infrastructure Manager
JU ............. Joint Undertaking
LCC ........... Life Cycle Cost
LRT ........... Light Rail Track
MGT ......... Million Gross Tonnes
MRR ......... Metal Removal Rate
MSS .......... Maximum Shear Stress
NR ............ Network Rail
OTPS......... Off-Train Processing System
OTT .......... On Train Technician
PLPR ......... Plain Line Pattern Recognition
RCF ........... Rolling Contact Fatigue
RTM ......... Railway Technology Magazine
RTPS ......... Real time positioning system
SDM ......... Senior Delivery Manager
SIF ............ Stress Intensity Factor
S&C .......... Switches and Crossings
S&T........... Signals and Telecoms
TEF ........... Track Engineering Form
TG............. Track Geometry
TGMS ....... Track Geometry Measuring System
TMMS ...... Track Maintenance Management System
VCTD ........ Vector Crack-Tip Displacement
WHO ........ World Health Organizaion
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Background

The current report relates to Task 3.3 “Enhanced track maintenance and operation” of In2Track.
The main objective of this task is to consider how track structures function under operations
and to investigate the related maintenance requirements. This can be translated to two topics:
The development of highly efficient maintenance practices, and to establish a scientific and
technical foundation for robust and efficient monitoring, inspection and mitigation practices.
The limited scope of In2Track has required the research and development to focus on some key
topics. As detailed in chapter 4, the maintenance practices investigated include grinding,
methods to prevent and mitigate cracking, and the use of pattern recognition technologies. In
addition, rapid maintenance methods are investigated, with applications to slab track systems
and to surface coating.
The report puts a special focus on urban networks and the special challenges and demands these
networks provides when it comes to operation and maintenance.
To bring the development further, existing knowledge is extensively used and expanded. This
includes the partners' competence and not the least experience gained in EU projects such as
INNOTRACK, Capacity4Rail, and In2Rail. The research focuses on selected key areas and is
intended to leverage future research, development and implementations e.g. in In2Track2.
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Objective and aim

The research in WP3 aims to significantly improve the performance of the track structure. This
relates to costs (in a life-cycle sense), robustness (in a RAMS-sense) and performance (e.g. load
carrying capacity). To this end, innovative solutions in the form of methods (e.g. whole system
technical evaluation framework), products, processes (e.g. track status assessment evaluation
for maintenance planning purposes and maintenance execution) and procedures (e.g.
establishment of technical requirements) will be required. Details of how these innovative
solutions will be derived, and focus areas of IN2RAIL (as the first part of the MAAP fulfilment)
are presented below.
To approach the challenges in a structured manner, WP3 invokes three Tasks, presented in
Figure 1. Each task relates to a Deliverable, and has as a first action to translate the description
of work below to a detailed skeleton of the deliverable. For all items in the task (and related
sections in the deliverable) responsible partners are identified. This provides transparency and
allows for a highly efficient WP management.

Figure 1

Contents of the three Tasks in WP3.

In the Grant Agreement, the following five sub-tasks are pointed out for Task 3:
1. Identification of optimal maintenance actions in key areas based on mechanical
engineering principles and deterioration on material level.
In the current Deliverable report, the topic of rail grinding with focus on practices around the
world is reviewed in section 5.1. Rail grinding is also investigated in section 7.3 with focus on the
use of grinding in urban networks where noise generation is a common cause for grinding.
Maintenance actions to prevent rail cracks and fracture are investigated in section 5.2; this work
includes the ability to assess the severity of existing rail cracks, which is a requirement if
maintenance planning should be possible. An in-depth investigation in optimal maintenance
actions for urban networks is presented in section 5.3.
2. Mechanical and material engineering effects from rapid maintenance methods with a
focus that includes fast grinding and employing modularity of track solutions
Experience of fast grinding is presented in section 5.1. In section 5.2 a method for rapid repair
rail welding developed in In2Rail is investigated in terms of increased risks for subsequent rolling
GA H2020 730841
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contact fatigue initiation. Potential of modular solutions with focus on maintenance of modular
slab track solutions are investigated in sections 6.1, 6.2 and 6.3. The potential of surface coating
in decreasing wear is investigated in sections 6.4 and 6.5.
3. Interpretation of efficient health monitoring strategies and techniques.
As described in the Grant Agreement, this includes a continuation of the efforts in Capacity4Rail
on identifying core operational parameters that should be monitored. As discussed in section
7.1, this links significantly to work in Tasks 3.1, 3.2 of In2Track, and also to previous work in e.g.
Capacity4Rail on identifying and quantifying the influence of key parameters. Research to this
end is presented in section 5.2, which investigates root causes maintenance to prevent rail
cracks with a focus on targeting root causes and identify methods to predict maintenance needs.
More specific investigations of monitoring techniques are presented in section 5.4, where
pattern recognition technologies are investigated, and in section 7.2 where in-track tests of
tonnage sensors are presented.
In general, the work in this Deliverable report is tightly linked to previous In2Track deliverables.
In particular, combining the work on operations and maintenance with detailed simulations of
the influence of the modified operational characteristics on subsequent deterioration, noise
emissions etc (virtual testing and assessment), as has been researched in D3.1 and D3.2 will form
a "maintenance feasibility evaluation framework" that can be employed to evaluate potentials
and benefits of different maintenance strategies and techniques. A concrete example of this is
the evaluation of the repair weld solutions developed in In2rail that was virtually evaluated in
section 5.2 (see also Annex 5).
The main report is supported by detailed assessments in seven annexes, most of which have
been or are published in peer-reviewed scientific journals or conference proceedings to enhance
quality assure and impact.
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Optimal maintenance actions in key areas

The chapter covers identification of optimal maintenance actions in key areas based on
mechanical engineering principles and deterioration on material level. This relates to T3.1 and
targets key deterioration phenomena, how these evolve, when maintenance should be applied
and includes identification of operational and safety limits. This also includes the most efficient
maintenance methods to obtain the aim – in IN2TRACK the focus on methods will be on rail
surface treatment from a material level point of view.

5.1 Optimized rail grinding maintenance method
Within this section the current research about grinding is investigated. The main aim with this,
is to investigate possible improvements for better grinding practices with lower cost. In other
words, to be able to contribute to grinding optimization studies.

5.1.1 Introduction
With the globalisation, the railway sector has been turning its face to interoperability and has
become a strong competitor to other transportation types in terms of sustainability. Providing
more flexibility, high quality and less-costly services bring some problems in itself. As a nature
of high usage, more utilization leads to more wear and damage to the railway system. Thereof,
the railway infrastructure has to be updated and maintained regularly so that all the services
can be given safely, efficiently and effectively and the quality can be sustainable.
The infrastructure managers (IMs) have been using rail grinding to maintain the optimal rail and
eliminate the surface defects for more than thirty years. At the beginning, the rail grinding was
used with only the aim of removing corrugations however it is currently a high-tech multipurpose maintenance activity. A basic demonstration of a wheel/rail interface before and after
grinding is given in Figure 2.

Figure 2

(a) Damaged wheel/rail interface; (b) Corrected wheel/rail interface after
grinding (Candemir (2005))
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Both rail grinding practices and requirements have changed in years. In the past years, all rail
grinding procedures like selecting the sites, defining the number of grinding passes and
determining the end time of a program were performed by railway personnel however
nowadays many of the on-site tasks are performed by the grinding contractor. This change
provided developments in both specifications and procedures (Schoech (2014)). The IMs have
their own standards for these procedures and specifications. The acceptance criteria for rail
grinding work are defined in EN 13231-3 (EN 13231-3) however, as stated also in the Innotrack
project, there are no grinding specifications accepted European-wide (Innotrack Project D 4.5.3
(2009)).
In the Innotrack project, the grinding practices of some European IMs (DB, SNCF, NR, Prorail)
and also the grinding strategy documents of BV and OBB were investigated and it was concluded
that the grinding strategies applied by the IMs in Europe are not specific and harmonized. In
many countries, grinding is mainly executed for RCF problem. However, it is also used to control
corrugation and related noise problems. Nowadays, grinding work is utilized in programmed
shorter intervals by some IMs (Innotrack Project D 4.5.3 (2009)).
Within the scope of this section, firstly the rail wear and rail–wheel interaction mechanism are
investigated because of their importance on the understanding of the rail grinding procedure.
The second subsection is about types of rail grinding. The factors affecting grinding are
investigated, too. There’s a subsection about grinding interval since it’s very important
especially for preventive grinding. Lastly, information about grinding practices of TCDD is
presented, too.

5.1.2 Rail wear and rail–wheel interaction mechanism
To understand the rail grinding procedure and its effects on the railway sector, first of all, wear
of rails and dynamics in the wheel/rail contact should be understood.
Wear is determined as the separation or cutting of rail and occurs on the head of rails because
of the abrasion of rolling wheels over rails, heavy loads, metal corrosion and slipping action of
wheels briefly (Engineeringarticles (2018)). The severity of the wear changes according to the
location of the rail, rail wear increases on rails laid on curves (Dirks (2015)).
It is common knowledge that wheels are set on the rails. Thereof, identification of contact
regions has vital importance to decide which type of grinding procedure fits on the system very
well.
According to Lundmark (Lundmark (2007)), the contact region between wheel and rail can be
divided into three regions as can be seen in Figure 3.
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Wheel/rail contact regions (Lundmark (2007))

1st Region demonstrates the area where the rail and wheel interact in low rail in sharp curves.
In this region, the hollow worn wheels may increase the contact stresses. 2nd Region
demonstrates the areas that the contact occurs when the vehicles are going on the straight
sections of the track or in mild curves. The contact is between the central region of the rail crown
and the wheel thread (Lundmark (2007)). Finally, the 3rd Region is the region that contact occurs
between the gauge corner of the rail (inner edge of the track) and wheel flange, happening in
sharp curves. This region has great importance to determine the life of the rails and wheels
(Sarejian (2005), Salehi and Farahi (2012)).
As determined above the defined contact areas also show the possible wear/damage that can
occur during the operation on the rail.
To eliminate the possible wear and damage-mainly in the form of corrugation, railhead
deformations and rail profile deterioration; rail grinding has vital importance and has to be
performed based on the internal procedures by taking into account the design and operation of
the existing infrastructure (Lundmark (2007)).

5.1.3 Types of rail grinding
Some information about principle types of rail grinding is presented in this heading.
Preparative grinding:
Preparative grinding is the grinding performed on the newly-laid rail to clean the mill scale and
remove the construction damage. It is applied after the new rail is integrated into the
infrastructure. It enables to provide a homogenous surface of the rail head and to remove any
other external parameters on the rail caused by site operations, to process joint welding and to
eliminate possible rust. By this way, defects born at the origin of the rail can be minimized and
rail life can be extended (L&S (2018)).
Corrective grinding:
Corrective (reactive) grinding works are grinding works which are not a part of the scheduled
preventive grinding activities and utilized at long time intervals to eliminate rail defects which
are detected during inspections and which require removal of softer surface decarb layer and
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correct transverse profile. The main aim of corrective grinding is to eliminate all rail surface
defects. If this is not possible, the size of the defects should be reduced, and further grinding
should be planned to maintain the rail condition within limits. The metal amount removed in
corrective grinding is remarkably high, minimum 0.5 mm, and of course, determined according
to the size and importance of the defect (Documentportal (2018)).
Transitional grinding:
Transitional grinding is used for a partial corrective grinding with the objective of preparing the
rail for preventive grinding. The metal amount removed in transitional grinding is not as much
as corrective grinding however more than preventive grinding (Documentportal (2018)).
Preventive (cyclic) grinding:
The main objectives of preventive grinding are firstly to remove the rail defects or to control the
defects so that the rail surface can be maintained and the rail profiles are within the preferred
limits. By contrast with corrective grinding, preventive grinding is applied at more frequent and
controlled time intervals. The metal amount removed in preventive grinding is small compared
to corrective grinding (Documentportal (2018)). Further information about preventive grinding
and its advantages are presented in 5.1.8.
Preventive-gradual grinding:
The preventive-gradual grinding technique is a grinding process by which the rail is translated
from a corrective condition to a preventive condition. The main difference of preventive-gradual
grinding from the preventive grinding is that the cleaning of the rail surface is done gradually
with preventive-gradual grinding, it translates the rail to the preferred profile and crack-free
state step by step. The difference of this technique from the preventive grinding is the amount
of removed metal, additional metal removal each pass. After some single-grinding passes, the
rail surface is cleaned and the work-hardened layer is renewed (AREMA Project (2011)).
A survey study was carried out by AREMA (American Railway Engineering and Maintenance of
Way Association) in North America in 2011 with the aim of preparing a guideline for railways for
implementing a preventive grinding strategy. The preventive-gradual grinding strategy is
described as the most economical way of changing the corrective grinding strategy to the
preventive grinding in this guideline. This strategy does not aim to clean the rail surface of all
fatigue damages. It suggests to modify the rail to the optimal profile and crack free state
gradually (AREMA Manual (2011)).
Special grinding:
Special grinding is utilized for specific needs, for example for making the rail contact surface
smoother to be able to reduce wheel/rail contact noise (Documentportal (2018)).
A new grinding strategy developed in Japan by Aoki et al. can be given as an example for special
grinding. This strategy is called “Acoustic Grinding” and specialized for noise reduction. It is a
combination of grinding pressure and train-set speed by which the trace of grinding on the rail
surface can be decreased with.
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Grinding rail surface using grindstones and removing rolling fatigue layers is the main purpose
of this method, as well as being one of the efficient methods for rolling noise reduction since
rail surfaces are smoothed by rail grinding. In this study, the authors desired to grasp the noise
reduction effect quantitatively and to optimize the rail grinding operation (Aoki et.al. (2016)).
They evaluated the noise reduction effect of the present grinding method by measuring wayside
noise and rail surface roughness. Experimental measurements and data analysis were
conducted for developing better grinding methods for noise reduction.
According to this study, at the specific frequency band, noise level corresponding to the
wavelength of grinding traces increases and tend to increase wayside noise after grinding.
Additionally, the effect of grinding traces of grinding lasts for a long time, so, for noise reduction,
more than several months are required.
In order to reduce roughness on rail heads caused by grinding an improved method was
invented in this study. In this method, different grinding speed and grinding pressure are used.
The wayside noise is concluded to reduce by decreasing the speed and pressure of grinding in
other words by the reduction of roughness. Wayside noise is reduced by 2 dB a month after
grinding at the distance of 25 m away from tracks (this is a representative evaluation point of
noise for Japanese Shinkansen). The case for reducing the roughness is that the contact time
among rails and wheels is longer and the wavelength corresponding to grinding traces is shorter
(Aoki et al. (2016)).
High speed grinding:
Tawakoli made a common definition for High Speed Grinding (HSG) according to the surface
speed of grinding wheel, the wheel speed is more than 60-80 m/s (Tawakoli (1993)). However,
there’s no definition for the exact value of wheel surface speed for HSG. For all that, operations
having wheel surface speeds of more than 50 m/s (the maximum speed for traditional grinding
processes) are classified as HSG. The decreasing size of the metal chip produced by each abrasive
grain is the most important merit of HSG (Singleton et al. (2015)).
In his book of “The Art and Science of Rail Grinding” Zarembski emphasized the advantages of
HSG. According to him, by dint of HSG trains the disruption, caused by the grinding process, to
rail operations and the related costs have decreased and this fact makes HSG more
advantageous for especially rail lines having high-density (Zarembski (2005)). According to this
study, the only advantages of the new generation high speed grinding trains is not their speed
capabilities, they can also fine tune the metal removal so that small amounts of metal are
possible to remove per pass. As a result, the rail grinding process can be performed more
effectively thanks to all these advantages by this way (Zarembski (2005)).
A project was carried out about HSG on Deutsche Bahn tracks in Germany between 2007 and
2009. The HSG was tested for a two-year period on a new high-speed line, with preventive rail
maintenance approach and the results have been evaluated. The crack growth was avoided by
a specified maintenance cycle. A metal removal rate of 0.1 mm every 4 months was chosen
based on DB experiences with other high-speed lines (Arema Project (2009)). This means a
grinding cycle after each 4.5 MGT of traffic in order to control corrugation and reduce RCF
problems through consistent removal of fatigued material which leads to improved quality and
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lower costs for Deutsche Bahn. According to DB research and scientific investigations, the metal
removal rate of 0.1 mm per treatment was chosen which shows that 0.1 mm is the surface layer
thickness where RCF starts to propagate.
For verifying the results of HSG a detailed inspection program was established including the
grinding operations. This program covered eddy crack detection gauging, profile measurements
and metallurgical analyses. To obtain a track section for comparison, all results were contrasted
with the results from the reference track sections that were left underground after the initial
grinding which was carried out at the beginning.
The result of the inspection program mentioned above revealed the effectiveness of HSG. While
ground sections in otherwise identical conditions had no signs of RCF and displayed a smooth
longitudinal profile, the reference sections which were left underground showed growing RCF
problems. Before and after grinding passes cross and longitudinal profile measurements were
conducted and resulted that the rail profile is maintained with no indication of degradation and
total removal of approximately 0.5 mm, even after 4 grinding cycles. Finally, a section of the rail
was cut out by DB in order to detect its metallurgic condition. There were no abnormalities and
it was especially remarked that HSG does not cause any uncontrolled negative effects on the rail
such as cracks.
It is concluded in the report that this project’s results indicated the non-linear development of
rolling contact defects and the need for preventative rail maintenance. According to the results
of the study, the costs to remove developed defects after 12 months, in comparison with pricing
the engaged effort to maintain a crack-free rail show a 40% cost saving with the HSG approach
compared to a corrective grinding strategy. Additionally, a 50% saving of metal removal was
stated (Arema Project (2009)).
A comparison of highspeed grinding and conventional grinding was done on LCC costs, track
possession time and some other features in the AUTOMAIN project and it’s concluded that track
possession time can be decreased by long maintenance windows for grinding (Automain D 4.2
(2013)). Another conclusion is that a decrease of up to 50 % can be achieved in track possession
time by using the improved conventional grinding with 64 stones. In this study, HSG is concluded
to decrease the track possession time over 67%. Track replacement cost is declared to be the
highest cost for the railways in this study. The improved conventional grinding machine and high
speed grinder cost are concluded to be almost the same however the rail can be replaced in
longer periods with high speed grinder so the total cost of high speed grinder is less than
conventional grinding (Automain D 4.2 (2013)).
High efficiency deep grinding (HEDG):
HEDG is the improved form of HSG. HEDG has the same properties as HSG except the amount
of the removed metal. The amount of removed metal is very high in HEDG. This increase occurs
due to the high temperatures in the contact zone (wheel-work piece) (Stephenson (2011)). The
main aim of HEDG is to improve preventive re-profiling operations. The improvements that can
be made about current grinding operations were concluded in the work of Singleton et al.
(Singleton et al. (2015)) and according to this study, the train speed can be increased up to 100 %
for preventive re-profiling by HEDG. According to this study, the HEDG technology which
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requires high train speed for reducing maintenance costs provides the best opportunity for an
increase in performance in preventive re-profiling operations. As a result of this study, there are
opportunities for increasing the train speed and improving the productivity of grinding operation
through the use of more advanced grinding technologies (Singleton 2015).

5.1.4 Efficiency of grinding
Effectiveness and efficient scale of rail grinding depends on the damage type, scale, track
situation and also the operational procedures determined by IMs. However, the terms of “magic
wear rate” is used to determine the optimum amount of metal should be removed whether by
natural wear or artificially removal of material by grinding. The logic behind is to foresee the
optimization point in terms of grinding and estimate the levels of wear. To achieve the magic
wear rate, lubrication and a preventive grinding strategy are necessary, and factors dominated
the system have to be identified. These factors are axel loads, annual tonnage, lubrication,
material of rail/wheel, temperature, humidity etc. (Lundmark (2007)).
A general description of the magic wear rate is presented in Figure 4. However, it should be
remembered that the levels stated in Figure 4 can be changed depending on the mentioned
factors. As seen in Figure 4, grinding has been applied several times to get an acceptable rail
surface and head profile. It depends on the preferred grinding stones types and number as well
as the classification of the rail damages. Therefore, although the procedure is the same, the
preference for the used materials can change depending on IMs decision. It is possible to
determine the magic rate by monitoring the system continuously and performing observations
under certain conditions, and, in this way, grinding procedures can be optimized efficiently.

Figure 4

Magic wear rate (Lundmark (2007))
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5.1.5 Factors affecting rail grinding
Although the technical and economic concept of analyses were gained importance, in terms of
process, the effectiveness of the materials used and applied processes still protect their role in
rail grinding.
Type of grinding stone
Kanematsu and Satoh (Kanematsu and Satoh (2011)) examined grinding stone types and new
grinding stones were developed and evaluated in this study. The tests were performed on the
prototype grinding stones. The bench test conditions (rotation, speed, pressing load) were
determined after a series of preliminary test where the rotational speed was arranged as 200,
500, 1000 rpm, pressing load was applied as 200, 500, 1000 N. The grinding time is 4 sec/cycle
and intervals were set up as 60 sec. The cycles were performed 3 times. Following the
completion of each test, a remaining sample was gathered, and metallographic analyses were
performed. Although types of grinding stones were not identified clearly, seven grinding stones
demonstrated different behaviour in terms of the size of the abrasive grain, binding material
and hardness.
The grinding performances of grinding stones were compared and the prototype grinding stones
are stated to demonstrate a higher grinding performance compared to the current grinding
stone. Among them, the prototype stone using a different type of abrasive material had the best
performance which was expected to improve grinding capability. The effects of the prototype
grinding stones on the rail were also examined in that study and it is declared that the wear
effect of the prototype grinding stones on the rail specimens was less in spite of their grinding
performance.
As a result of this study, the grinding efficiency of the seven developed grinding stones was
stated to be better compared to traditional grinding stones (Kanematsu and Satoh (2011)).
Speed of the grinding stone
Gu et al. (Gu et al. (2015)) analysed the effects of rotational speed of grinding stones. In this
study, a rail grinding friction test equipment was developed to assess the effects of rotational
speed of grinding stones.
The rail grinding contact involves a round, flat grinding stone and two test specimens made from
Mn-steel rails. By this way, removal behaviour of the grinding stones was examined as well. This
study demonstrated that when grinding wheel rotation speed was increased, the friction
coefficient of interaction and surface roughness of rail was decreased.
The grinding force between the grinding stone and the rail specimens is related to the grinding
rotational speed with Equation (1) (Ren and Hua (2011), Zhen (1988)).
F = Aνs-aνwbapc

(1)

In the equation above vs is the grinding rotational speed, vw is the work piece speed and ap is the
feed speed of rail specimens. According to this equation, the grinding force decreases with the
higher grinding rotational speeds (a is positive). This can be considered as a decrease in the
grinding friction coefficient. According to the results of this study, it is concluded that the
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efficiency of rail grinding can be increased by choosing the appropriate grinding rotational speed
(Gu et al. (2015)).

5.1.6 Grinding interval
It’s a known fact that determining the optimised intervals for all maintenance activities and of
course for grinding has vital importance for reducing the maintenance cost. Determination of
grinding interval is one of the major points to optimise grinding operation.
Magel and Kaousek (Magel and Kaousek (2002)) examined the relationship of contact mechanics
by taking into account the contact stress, creepage, conicity, conformity and curving for
understanding the rail profile changes. By this way, optimised wheel and rail profiles were tried
to be developed which will result in less rail grinding activities. In this study, the authors
developed a quasi-static curving programme that enables to evaluate the interaction between
wheelset and pair of rail profiles. The result of this study demonstrated that rail grinding
management has a significant impact on the maintenance procedure. As a result of modelling,
the appropriate rail grinding interval was found to be an interval of 8-12 MGT (280-300 BHN
standard carbon rail) and 12-25 MGT (360-380 BHN premium rail). Of course, these rail grinding
intervals can be highly affected by axle loads, fasteners types, track curvature and rail metallurgy
of rail line.
Between 2001 and 2005, three different grinding policies were studied in terms of the economic
aspects of grinding periodicity by Girardi et al (Girardi et al. (2005)). The details of the different
grinding policies can be seen in Table 1.
Table 1


Details of 3 different grinding strategies (Girardi et al. (2005))


Description



Observations



Grinding
Strategy
(1)



No grinding





(2)



Light grinding



Defects grow up
until retrieval
No surface defect
initiation
Grinding
operations
frequently
No surface defect
initiation
Grinding
operations less
frequently





(3)



Deep grinding




With respect to the results of this study, the most effective grinding strategy is the third one in
terms of LCC evaluations in which the grinding operations have longer periods but higher
amount of metal removal (Girardi et al. (2005)). For determining the grinding interval the
prediction of crack growth is an important issue. Hyde and Fletcher (Hyde and Fletcher (2010))
carried out a study about the prediction of crack growth and its effect on rail grinding planning
in 2010. In this study, they have used a model which predicts the surface breaking cracks growth
for the aim of investigating the optimum grinding strategy for different conditions. According to
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their study, the grinding strategy should be defined according to all traffic of the line. They have
modelled a mixed traffic case to be able to show the potential effect of different vehicle types
on maintenance.
According to Hyde and Fletcher (Hyde and Fletcher (2010)), defining the aims of the grinding
programme is crucial and the first step of determining the optimum grinding strategy. It is also
important for avoiding unnecessary grinding. They make a conclusion that the optimum grinding
strategy is identified considering the priorities of the IMs and any optimum can’t be suitable for
all cases. To identify the optimum grinding strategy the disruption of traffic and the efficient use
of both grinding machines and other maintenance equipment should be taken into account as
well (Hyde and Fletcher (2010)).

5.1.7 Investigation of grinding from an economic aspect
Although rail grinding is an effective solution to eliminate various rail defects, it is an expensive
maintenance procedure. Therefore, the majority of studies has started to include economic
perspectives. These studies are important since all IMs want to decrease maintenance cost and
make maintenance activities in the most cost-effective way.
A study performed by Jianxi et al. (Jianxi et al. (2014)) examined the factors affecting the
economic efficiency of rail grinding. In this study, they have set up a model for analysing the
total cost of grinding after identifying the model parameters which are the costs of grinding,
crack detection, derailment and railway access. According to this study, the rail utilization cost
firstly decreases with the increasing grinding interval but it increases afterwards as can be seen
in Figure 5.

Figure 5

Comparison of total rail utilization cost for different grinding intervals (Jianxi
et. al. (2014))
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From the economic aspect, the optimum grinding interval is determined as 29 MGT and the rail
life is determined as 664 MGT, in this study. However according to Jianxi et al.’s study, it is
better to determine the optimum grinding interval as 23 MGT-26 MGT and the rail service life
as 620 MGT-668 MGT since increasing grinding interval can cause deep cracking and the
required metal removal rate should increase so that the grinding operation can be more difficult
(Jianxi et al. (2014)) .
One of the studies is also focused on the economic and technical decisions in rail grinding (Reddy
et al. (2008)). The focus points are an analysis of rail degradation process and the development
of a mathematical model by taking into account economic and technical decisions. During
modelling, real-life data was used. Inspection, rail grinding, and rail replacement were
summarized. The importance of this study is to welcome the developing of a new methodology
for the assessment of rail grinding and also for performing optimized maintenance (Reddy et al.
(2008)). Assessment of the methodology is shown in Figure 6.

Figure 6

Assesment methodology (Reddy et al. (2008))

As seen in Figure 6, the methodology is developed according to rail grinding procedures. To
develop the mathematical modelling, field data from Sweden and Australia were used. The
annuity cost/meter for grinding risk (risk cost caused by rail breaks and derailments), downtime,
inspection, replacement and lubrication were examined. The analysis showed that IMs can save
4,58% with grinding intervals of 12 MGT comparing to 23 MGT for a curve radius of 0-300 m and
9,63% for a curve radius of 300-450 m. Although the study presents specific decision-making
criteria, because of the boundary of the data limited to countries, the results cannot be
generalized (Reddy et al. (2008)).
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5.1.8 Advantages of preventive grinding
The aim of preventive grinding is to extend the life of the rail by reducing the rate at which the
rail defects progress and controlling the sizes of defects on the rail surface, within safe limits.
Preventive rail strategy is stated to be highly successful in extending the service life of the rail
by Zoeteman (Zoeteman and Dollevoet (2011)).
An effective preventive grinding programme extends the life of the rail, improves the condition
of the rail throughout its life and provides a balance between extending the life of the rail by
treating rail defects which would limit rail life, the wear produced by rail grinding activities and
the cost of rail grinding and other maintenance activities. The main target should be to obtain
the maximum economic life from the rail while maintaining safety with the preventive grinding.
Benefits of performing preventive grinding on the rail are as follows:


It helps to prevent the development of critical RCF (Rolling Contact Fatigue) cracks on
the rail, prevents formation and further development of other rail defects.



It keeps the transverse profile of the rail within specified limits.



It helps to prevent the formation of longitudinal irregularities such as corrugation and
maintains the rail's longitudinal profile within limits.



Maintenance of the rail profile reduces wear, slows the growth of defects on both the
rails and on rolling stock wheels, and maintains vehicle ride quality.

According to Popovic (Popovic (2014)), preventive grinding must be a standard activity of the
rail maintenance plan.
There are several studies reporting relative merits and demerits of corrective grinding compared
to preventive grinding in the literature. The rail service life can be increased by preventive
grinding and also with the reduced amount of removed metal. The rail surface has no cracks
after preventive grinding however it may not be possible after corrective grinding (Lundmark
(2007)).
The preventive grinding decreases the occurrence of rail breaks since it is applied at controlled
and frequent time intervals. High cost unplanned maintenance activities decrease owing to
preventive grinding. Preventive Grinding makes possible to replace the rails after getting worn
beyond a foreseeable specific limit. Replacing the rails in occurrence of any defects like fatigue
etc. is unpredictable and is an unplanned maintenance activity. Unplanning replacement of rails
is an important problem for the lines having heavy traffic since it hinders the traffic. occurrence
of rail breaks can also cause very important problems like derailment (Lundmark (2007)).
Preventive grinding has one more benefit for the grinding cost since machines with fewer
grinding stones are enough for preventive grinding due to the amount of the removed metal
(less than corrective grinding). Nilsson (Nilsson (2002)) carried out some tests on a heavy-haul
system and declared that the preventive grinding strategy increased the rail life up to three
times compared to a corrective ground rail.
Germany can be given as an example for countries translating the grinding strategy from
corrective grinding to preventive grinding. DB grinding strategy has evolved in years from
corrective maintenance to preventive maintenance as seen in Figure 7.
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Grinding in Deutsche Bahn (Vossloh (2014))

5.1.9 Grinding optimization studies in the Innotrack project
Another important study about grinding optimization is the Innotrack project which provides a
great source to understand the grinding and its best practices. The Innotrack project aimed to
propose suggestions to reduce costs, decrease disturbances and increase availability.
The main constituents of the railway sector, IMs, supply industry and research bodies
collaborated for this project.
A survey was carried out asking the IMs (DB, SNCF, NR and Prorail) about grinding practices
problems and improvement requirements. The results obtained by compiling the gathered
information is summarized below (Innotrack Project D 4.5.1 (2007)):


The types of grinding work are preparative, preventive and corrective work.



The specifications for rail grinding differ for each railway and the target profiles are
determined specifically in order to struggle with gauge corner fatigue.



The grinding cycles are specified by some railways.



Grinding is utilized to deal with corrugation, Rolling Contact Fatigue (RCF) or vehicle
stability.

The improvement requirements stated within the Innotrack are presented below (Innotrack
Project D 4.5.1 (2007)).:


Theoric specifications are sometimes not applied because of budget constraint and track
possession.
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The vehicle effects like wheel profiles, primary yaw stiffness should be reduced.
Optimizing rail maintenance is related to a good detection and maintenance of wheel
profiles.



Grinding cycles are needed to be redefined by taking into account the traffic and line
characteristics and also rail grade.



The most suitable composition of metal removal, intervention method and target profile
should be specified and grinding cycles should be prolonged accordingly.



The maintenance cost can be reduced by effective planning of maintenance work.
Higher working speeds, longer track possession intervals and longer working shifts lead
to increasing productivity and decreasing cost.



Long term plannings are necessary



There has to be a transition from corrective grinding techniques to preventive strategies

Several guidelines about managing rail grinding and the needed changes towards a preventive
cyclic grinding strategy have been prepared within the scope of the project. One of the
guidelines includes very important suggestions for the IMs for finding the proper solutions to
optimise their maintenance work. This guideline includes technical specifications and target
profiles in addition to logistical and strategic considerations (Innotrack Project D 4.5.5 (2009)).
Another guideline includes a transition strategy proposal from the corrective grinding to
preventive grinding considering RCF. The summary of the proposal can be seen in Figure 8
(Innotrack Project D 4.5.5 (2009)).

Figure 8

Transition strategy from corrective grinding to preventive grinding (Innotrack
Project D 4.5.5 (2009))

The first thing to do is revealing the actual RCF situation of the track by doing measurements
and documenting the measurement results. After this, the track sections should be categorized
considering if the preventive grinding is enough or if there is a need for corrective grinding or
replacement work. The third step is prioritising the needed corrective actions, taking into
account the budget and grinding opportunities. The last step of the proposal is sustaining the
preventive grinding. After providing the required initial condition for preventive grinding, cyclic
measures should be done to sustain the situation (Innotrack Project D 4.5.5 (2009)).
According to the results of the studies of Innotrack; it is declared that although some exceptions
exist, the grinding strategies are not harmonized and specific around Europe. There is a lack of
European wide specifications (Innotrack Project D 4.5.3 (2009)).
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5.1.10 Grinding practices in TCDD
Grinding works are usually done by contractors in Turkey however TCDD has internal standards
and technical specifications as other IMs for grinding processes. TCDD employee makes controls
after each grinding work using control forms to check if the process is compatible with the
specifications. These controls include; transverse rail profile measurements, longitudinal rail
profile measurements, surface roughness measurements and removed metal (thickness)
measurements. The limit values are determined so that the profile of the rail is compatible with
the rail tolerances specified in EN13231-3. The limit values for all rail profile, surface roughness
and removed metal are presented at the end of this section. Recently TCDD uses both corrective
and preventive grinding.
The primary method of carrying out preventive grinding is to use train mounted grinding
machines in order to keep the profile and the development of rolling contact fatigue defects
under control via a single pass of the grinding machine.
The aim of the grinding operation is to maintain the specified transverse and longitudinal profile
of the rail, whilst ensuring that a certain amount of material is removed from the running surface
of the rail. The minimum metal removal for each grinding operation is 0.1 mm for preventive
grinding. In order to achieve this minimum metal removal specification from all locations around
the rail profile, and achieve the target profile, then removal of more material from other
locations around the rail may be necessary. The preventive grinding frequency of TCDD can be
seen in Table 2.
Table 2

Preventive grinding frequency at the TCDD network

Tracks

Conventional
lines

Track geometry

Frequency

Curve radius ≤ 2500 m

At every 15-20 million tons

Curve radius > 2500 m

At every 40-60 million tons

Tangent/Straight

At every 40-60 million tons

Curve radius ≤ 2500 m

At every 10-15 million tons

High
Speed
Curve radius > 2500 m
Train lines
Tangent/Straight

At every 15-20 million tons
At every 20-30 million tons

The above specified frequencies shall be extended or shortened depending on rail surface
defects and corrugation values. Where preventive grinding at the frequencies shown above is
insufficient to maintain rail profile or defects within acceptable limits; more frequent grinding is
performed.
For corrective grinding, the intervention limit is normally 1.5 mm. Where the rail requires
removing more than 1.5mm of material from any location around the transverse profile in order
to achieve the specified rail profile, it is unlikely that restoration of the profile by grinding would
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be economically viable. That is, the cost of removing the required amount of material would be
greater than the value of the residual life of the rail gained by restoring the profile by grinding
to allow the rail to continue to be in service. In this case, either the rail should be monitored
until it requires replacement, or rail milling should be considered as an alternative treatment to
restore the correct profile more efficiently.
Grinding is also used for profile alignment following installation and replacement of rails.
Installation grinding is carried out by TCDD before the concerned track section is opened to
general traffic. Grinding after rail installation improves the rail surface condition, reduces
dynamic loads and extends the time before maintenance action is required. The minimum
material removal is around 0.1 mm from the running surface of the rail for installation grinding.
Grinding tolerances of TCDD
Longitudinal profile
Longitudinal profile (measured along the rail, at a distance of 15 mm from the rail crown) is
measured and the control form is filled in immediately after each grinding (or at the latest within
8 days, or before the passage of 500,000 tons of load, whichever is sooner).
The digital profile is filtered into four wavelength ranges, and peak-to-peak values should not
exceed the values specified in Table 3 below. The sum of distances which exceed the limits must
not exceed a certain percentage of the total distance measured (also stated in Table 3).
Table 3 Limit values for the longitudinal profile
Wavelength range(λ)

10-30

30-100

100-300

300-1000

± 0.010

± 0.010

± 0.015

± 0.075

(mm)
Peak-to-peak limit (mm)

Percentage of length permitted for exceeding the limit
Operating speed V≥160 km/h

5%

Operating speed V<160 km/h No specific
requirement

5%

5%

5%

10 %

10 %

No specific
requirement

Transverse profile
The transverse profile is measured and the control form is filled in immediately after each
grinding (or at the latest within 8 days, or before the passage of 500,000 tons of load, whichever
is sooner) at least three locations on each rail at each re-profiling site, and at least once every
500 m. Table 4 shows permissible deviations (mm) for measured transverse profiles for each
speed class and tolerances for exceeding limits for all transverse measurements.
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Table 4 Acceptance criteria for transverse profile
Operating speed

Deviation Range (mm)

Permissible (%) for exceeding
the limit

V≤160

± 0.5

25

160<V≤280

± 0.3

15

V>280

± 0.2

10

V (km/h)

Surface roughness
A gauge that complies with EN ISO 3274 is used for the measurement of surface roughness. At
least 6 neighbouring measurements are made and the average roughness of 6 measurements
should be less than 10 µm.
Removed metal
Removed metal thickness is very important for especially preventive rail grinding. The specified
limits for the thickness of the metal removed are presented below:


In order to eliminate the defects on the rail surface, at least 0.1 mm of metal is removed
in addition to the measured depth of the defect.



Preventive grinding of new rails is 0.3 mm on average.



Preventive grinding of rails in service is minimum 0.1 mm.



The maximum economically viable thickness of removed metal is approximately 1.5 mm
for corrective grinding, depending on the rail defect.

If any of the measurements above exceed the related limit values the grinding work is rejected.

5.1.11 Conclusion
Within the scope of this section, the factors affecting grinding and different grinding practices
were investigated. On the other hand, grinding is investigated from an economical aspect as
well.
Optimising the grinding operation is very important for all the IMs since grinding is one of the
high-cost maintenance activities. All IMs try to decrease the overall maintenance cost and of
course the grinding cost. However, the important point is to sustain the quality of the service
while decreasing the maintenance cost.
Determining the grinding interval is one of the most important points for optimising grinding
and the other important point is the optimised grinding depth. Mathematical model studies
concerning both technical and economic aspects are important for optimisation of grinding. This
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type of studies, supported by field tests, aiming to evaluate the optimum grinding interval and
grinding depth can give a valuable contribution to grinding optimisation studies.
The most important challenge about determining a standard optimum grinding strategy is that
the “optimum” term differentiates according to conditions and requirements of different IMs.
The aims of grinding program are also important to determine the optimum strategy. For
example, the density of the line and the line characteristic should be considered to determine
the grinding interval.
According to the studies which are investigated within the scope of this study, the grinding depth
is mostly determined by their own experience by IMs. At that point, the guidelines prepared in
Innotrack project include valuable suggestions.
To optimise the grinding process evaluating the effectiveness of the materials used and applied
processes are important so that the cost can be decreased.
The high cost of grinding operation is the major reason to prefer corrective grinding instead of
preventive grinding which is required to repeat periodically. However, preventive grinding has
a lot of advantages and in long term, it can have a decreasing effect on maintenance cost.
Preventive strategies should be popularised for optimum grinding. Determining the frequency
of preventive grinding has vital importance for IMs. The IMs should determine the grinding
interval before translating from corrective grinding to preventive grinding and they have to
perform the grinding operation at the determined intervals otherwise they may have to turn
back to corrective grinding.
Preventive gradual grinding should be thought as an alternative to translate from corrective
grinding to preventive grinding. However, the merits and demerits should be investigated more
detailed.
A group study (consist of different IMs) should be done like in Innotrack project to be able to
present a proposal of the optimal European Grinding Strategy. A workshop can be organized on
this matter with the broad participation of IMs all around Europe in the future.

5.2 Maintenance actions to prevent rail cracks and fracture
The assessment focuses on the influence of surface defects on squat initiation, and how to
establish suitable intervention limits for cracks from a safety perspective. The work builds upon
studies in INNOTRACK and D-RAIL, as well as input from D3.1 and D3.2.

5.2.1 Brief introduction to root causes
Description of root causes to rail cracks and fracture may be found in the literature, see e.g.
(Magel et al, 2011), (Ekberg and Kabo, 2005). The topic is also discussed in (In2Track D3.1, 2018),
section 5.1. Possibilities for prediction crack formation, growth and fracture are discussed in the
literature (e.g. (Ekberg, Åkesson and Kabo, 2013)) and in (In2Track D3.2, 2019), chapters 8–11.
For this reason, this introduction will be kept short and focus on some aspects of special
importance to maintenance.
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Influence of rail material deformation and formation of anisotropy
When subjected to frictional rolling contact, the rail material will plastically deform. The plastic
deformation will induce damage in the rail material that will subsequently (if the loading
progresses) lead to fatigue cracking. The rail material will also show hardening due to the plastic
deformation (Magel et al, 2016). This hardening is due to a combination of material hardening
(that may initially be softening, see (Ahlström, Kabo and Ekberg, 2016)) and the formation of
residual stresses. The highly directional loading of the (frictional) wheel contact will causes
hardening and formation of residual stresses to also be directional. This will cause a formation
of anisotropic material properties at the surface of the rail material1. To be able to quantify the
anisotropic properties is important since these will relate to the resistance to additional plastic
deformation, the amount of damage induced in the material, and the direction of crack growth.
It could also have an influence on the wear resistance and the crack growth rate in the material,
but to the author's knowledge this has not been studied for rails.
The topic of anisotropy has been extensively studied in (In2Track D3.1, 2018). Since the
finalisation of that report, the work in In2Track has continued and the results are presented in
two papers. The first paper investigates how the yield surface of a rail steel is influenced by
directional loading. In particular, it is investigated how different amounts of pre-deformation
through compression and shear affects the yield surface. The result is presented in Figure 9.
Here, PD3 implies that the test specimens have been subjected three times to a pre-deformation
consisting of a compressive load of –600 MPa combined with a 90-degree rotation of one end
of the specimen. The full report is given in Annex 1 "Characterization of yield surface evolution
due to large plastic shear strains in pearlitic rail steel".
With respect to maintenance, an understanding of (plastic) deformation of rail steel in general
and its implications on anisotropy in particular is important since plastic deformations will cause
geometry changes of the rail head. During maintenance, the rail head is then typically ground to
restore the required geometry. This introduces some important features that will affect rail
deterioration: The rail head geometry will deviate from the ideal geometry and will be subjected
to surface damage due to the grinding. These are aspects that have been discussed e.g. in
(In2Track D3.1, 2018) and will be further discussed below. In addition, the grinding removes the
heavily deformed surface material and exposes a more virgin material. To understand how this
affects deterioration rates etc, a knowledge of the effect of anisotropic plastic deformation is
required. With the ability to predict the evolution of plastic deformation and formation of
anisotropy that is outlined in Annex 1 "Characterization of yield surface evolution due to large
plastic shear strains in pearlitic rail steel" it will also be possible to assess how the restoration of
plastic hardening (and related formation of damage) will progress for different materials and
under different operational conditions.

1

Note that the rail material may be anisotropic already at installation due to the manufacturing process.
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Anisotropic yield surface for a test specimen subjected to various levels of
pre-deformation (PD0–PD6) and then loaded by various combinations of
shear stress () and normal stress ().

Influence of surface defects
Surface defects on the rail head are important in the sense that they commonly trigger
maintenance actions in the form of grinding, milling or rail replacement. However not all surface
defects are equally detrimental. As discussed in (Deuce, Ekberg and Kabo, 2018) and (Ekberg et
al, 2014), moderate wheel indentation damage resulting from sand and grit usage does not
cause RCF crack growth, but tends to wear off. However, if indentations are more severe they
may act as crack initiators. This is especially the case if the indentations are sharp. Naturally, an
extreme case of this are initiated cracks. These typically will not wear off – the occurrence of
macroscopic surface cracks is in itself a sign that the wear rates are too low to wear off incipient
cracks 2 – and will therefore require grinding and/or milling. Since grinding and milling are
expensive procedures that cause traffic disruptions, benefits from understanding exactly which
surface defects that are detrimental (i.e. that are likely to cause crack initiation and growth) are
very high. This is especially the case for the formation of so-called squats that occur on the rail
crown. The reason is that these are isolated defects that occur in locations where "spontaneous"
crack initiation is not likely. To investigate this issue, a study on the severity of different forms
of surface defects has been carried out in In2Track. This is discussed further in section 5.2.2 and
in Annex 2 "Integrated analysis of dynamic vehicle-track interaction and plasticity induced
damage in the presence of squat defects".
To optimise surface treatment in the form of grinding and milling, it is also important to know
how fast and in which direction any initiated rail surface cracks will grow so that they can be
removed before they move too deep, but not so early that grinding procedures will be
unnecessarily frequent. To predict crack growth direction and rate is complicated by the fact

2

Naturally, an exception is if altered operational conditions will increase wear rates in relation to the
circumstances when the cracks were initiated.
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that current predictive models for crack growth cannot readily predict neither of these for rolling
contact fatigue cracks. The reason is that these cracks grow in a severely multiaxial stress field
dominated by high compressive forces. To improve the situation, research in In2Track has as a
first step been aimed at improving the prediction of crack growth direction under various forms.
This task is described in detail in section 5.2.2, in Annex 3 "Finite element procedures for crack
path prediction in multi-axial fatigue" and in Annex 4 "Evaluation of mixed-mode crack growth
criteria under rolling contact conditions"
An especially aggressive form of surface defects is those caused by over-heating. Such defects
are commonly seen as so-called "white etching layers". The severity of such defects is due to the
tensile residual stresses that form due to the over-heating. In addition, if the high temperature
causes martensite formation, the increased volume of the martensitic steel will induce
additional stresses. Further, the martensite is brittle and thus may break-off, leaving a rail
surface irregularity that will cause increase dynamic loads. This topic has been investigated in
(In2Track D3.1, 2018) and in (In2Track D3.2, 2019).
An extreme form of over-heating is the use of welding. For mounting of continuous welded rails,
welding is currently necessary. However, to use welds for repair, it needs to be ensured that the
potential pitfalls related to the heating does not cause more harm than the benefit resulting
from the repair. To this end, repair welding has been extensively investigated in In2Track, as
reported in section 5.2.2 and in Annex 5 "Rolling contact fatigue assessment of repair rail welds".
Subsurface defects
In cases of low-friction rolling, the risk of surface initiated RCF decreases. Instead, subsurface
initiated RCF may be an issue. This form of RCF relates to initiation at material defects. Details
on the topic can be found in (Ekberg and Kabo, 2005), and possibilities to predict the occurrence
are presented in (Ekberg, Kabo and Andersson, 2002) and (Ekberg, Åkesson and Kabo, 2013).
In addition to the formation of residual stresses and phase transformations, repair welds may
lead to the formation of material defects (e.g. in the form of pores) that may trigger the initiation
of subsurface RCF. The growth of such cracks is further promoted by tensile residual stresses.
For this reason, the In2Track study on repair welding focused also on the residual stress
formation below the surface and included and analysis on the risk of initiation of subsurface RCF.

5.2.2 Optimised use of mitigation actions
The most common mitigating action with respect to rail cracks and fracture is grinding. This topic
is discussed in section 5.1. Here the focus is on an optimisation with respect to which surface
defects that need to be mitigated with special focus on the risk that they develop squats. This is
discussed below and in Annex 2 "Integrated analysis of dynamic vehicle-track interaction and
plasticity induced damage in the presence of squat defects".
The second topic that is investigated is the ability to quantify the growth of rail surface cracks in
terms of rate and direction. This is a key knowledge if grinding intervals are to be optimised, in
particular when operational conditions change. The topic is discussed below and in Annex 3
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"Finite element procedures for crack path prediction in multi-axial fatigue" and in Annex 4
"Evaluation of mixed-mode crack growth criteria under rolling contact conditions".
The third topic that is being investigated is the possibility for repair welding. If repair welding
can be employed, it will reduce the need for rail replacement. However, it then needs to be
ensured that the repair weld does not significantly increase the risk of RCF formation. This aspect
is discussed below and in Annex 5 "Rolling contact fatigue assessment of repair rail welds".
Mitigation of surface defects – the severity of surface defects
As discussed above, it is important to understand the severity of different surface defects in
order to optimise related maintenance actions. To this end, studies have been performed in
In2Track. These set out from the studies in Andersson et al (2015) where maximum contact
pressures in the vicinity of a dimple were extracted. Although there is no clear link between
maximum contact pressure and fatigue damage, it is reasonable to assume that it can act as
some sort of “RCF impact measure”. The dimples were parametrized in terms of their lengths:
8, 12 and 16 mm as well as their depth: 0.5, 1 and 1.5 mm. Three different velocities were
considered: 100, 150 and 200 km/h. The results indicate that the maximum contact pressure is
more or less independent of the velocity. The dimple geometry does on the other hand play an
important role. The longer the dimple, the higher the maximum contact pressure. The maximum
contact pressure seems to be rather insensitive to the dimple depth for the two shorter dimple
lengths. It is however seen that the maximum contact pressure increases with depth for the
longest dimple. Although more research is needed, the results imply that long rail surface
irregularities should be prioritised when doing maintenance work.
A study in In2Track on the influence of rail surface dimples as well as friction conditions on RCF
initiation Andersson et al (2016) is presented in Annex 2 "Integrated analysis of dynamic vehicletrack interaction and plasticity induced damage in the presence of squat defects" (it was also
mentioned in D3.1). In contrast to Andersson et al (2015), the analyses feature finite element
simulations and subsequent fatigue assessments using the Jiang—Sehitoglu fatigue parameter
(Jiang and Sehitoglu (1999)) as well as accumulated strain. Three different dimples sizes are
considered: 8 mm long and 0.5 mm deep, 12 mm and 1 mm deep and 16 mm long and 1.5 mm
deep. The results indicate that the RCF impact increases with the size of the surface dimples and
that clusters of surface dimples are specifically detrimental. Although more research, including
field tests, are needed, the results indicate that it could be more important to prioritise the
removal of dimple clusters before individual dimples when planning rail grinding strategies.
Furthermore, the results show a significant increase of the RCF impact when the friction
coefficient is increased from 0.2 to 0.4. More research is again needed to gain more confident
conclusions, but the results indicate that if rail grinding is not possible, friction modifiers could
help to reduce the RCF initiation rate. It should however be noticed that if macroscopic cracks
already exist, the friction modifier might lubricate the crack faces and promote crack
propagation.
In In2Track2 the intention is to continue the study by including the influence of pre-existing
macroscopic cracks in the vicinity of rail surface dimples to establish if surface defects will
increase the growth rate of these, and if so, how large this effect is.
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Mitigation of surface defects – direction and growth rates of surface initiated RCF cracks
As mentioned above, it is vital to remove surface cracks before they grow too deep. To this end,
it is important to understand the direction of growth under different circumstances. Current
models to predict crack growth under multiaxial conditions generally presumes the crack to
propagate in the plane of the largest shear stress or in a plane perpendicular to the maximum
normal stress. In rolling contact fatigue, the cracks typically deviate from a mainly shear stress
driven growth to a normal stress driven growth, see e.g. (Ekberg och Kabo, 2014). This cannot
be predicted by current criteria. More in detail, stress intensity factors (SIFs) are typically
employed in the literature to formulate criteria for prediction of the RCF crack growth direction.
Due to large elastic–plastic deformations at the rail surface and primary compression induced by
the wheel load passage over the crack mouth, SIFs are however doubtful. Alternative quantities
to quantify the crack loading in the RCF crack growth setting are examined in Floros (2018), see
also D3.1, Section 5.1.3. Examples are the relative Crack-Tip Displacements in Opening and Shear
modes, CTOD and CTSD, respectively. In contrast to the SIFs, these quantities are not bound to
linear elastic material response. Elastic–plastic simulations of pre-cracked tubular specimens
subjected to combined cyclic and static axial and torsional loading are conducted in Floros et al
(2016). Shakedown and ratcheting phenomena in the CTOD and CTSD are compared against
trends in fatigue crack growth rate curves from experiments in the literature. It is concluded that
it is possible to qualitatively assess crack growth via the CTODs and CTSDs.
Furthermore, a framework for prediction of the RCF crack growth direction and comparison
towards experiments is currently being developed, as briefly described in Floros (2018). The
framework is based on simulations of fatigue crack growth experiments from the literature at
different instances of the crack propagation. Results from the simulations are used for evaluation
of a multitude of crack growth direction criteria. The framework is implemented in Floros et al
(2018) on simulations of a twin-disc fatigue crack growth experiment, see Fletcher and Beynon
(1999). Of the evaluated criteria, the Vector Crack-Tip Displacement (VCTD) and Maximum Shear
Stress (MSS) criteria seem to accurately capture the shear-mode growth observed in the
experiment. However, simulations of more experiments featuring tensile-mode growth and/or
shear-mode growth are required. The analysis is described in detail in Annex 4 "Evaluation of
mixed-mode crack growth criteria under rolling contact conditions"
The onset of a framework for prediction of the RCF crack growth rate is also described in Floros
(2018). Predictions of the crack growth rate are based on quantities that were previously
evaluated for prediction of the RCF crack growth direction as described above. This essentially
means that minimal extra computational effort is required for prediction of the rates, since a
rather unified framework for predictions of the direction and rate of RCF crack growth are
proposed in Floros (2018). Early assessments towards rates from a tensile-mode growth
experiment show that the crack-driving forces that are currently under consideration correlate
well against the rates from the experiment. The study will continue with more thorough
evaluations of the developed framework towards RCF crack growth rates from experiments.
The topic of predicting crack growth directions and rates under RCF conditions is investigated in
detail in Annex 3 "Finite element procedures for crack path prediction in multi-axial fatigue".
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The investigation will continue in In2Track2 and is foreseen to provide means for improved
planning of maintenance with respect to rail cracking.
Repair welding
If rail head cracks have grown deep, the common mitigation action is to carry out grinding with
multiple passes, milling, or to replace the rail. All of these actions require modification of the rail
along a fairly long section to avoid abrupt changes in rail geometry. For head check cracks that
occur in curves, this is a minor problem since usually head checks are present along longer
stretches of the curve that the mitigating actions must address. However, for local forms of rail
damage, reprofiling or replacement is not an ideal option. Ideally, it should instead be possible
to repair the damage. Preferably, it should be possible to automate the repair procedure (to
improve repeatability and limit work place hazards), and it should have as limited detrimental
influence on the rail as possible. To this end, a novel repair weld method was investigated in
In2Rail (In2Rail D3.1, 2017). The investigation in In2Rail focused on the evolution of the
temperature field in order to assure that martensite formation was avoided. In In2Track further
analyses of the repair method have been performed. These have focused on the
thermomechanical stress field, and in particular how these stresses are influenced by
subsequent wheel passages.
The investigations feature FE simulations. Initially, the repair weld process is simulated.
Evaluated temperatures are compared to temperatures measured in a full-scale test to verify
the model. The residual stress field resulting from the repair welding is investigated. It is found
that high residual stresses are formed. In particular, high tensile stresses are formed at the rail
surface. This may promote the formation of RCF cracks. To further investigate whether this is
the case, the influence of subsequent wheel passages on the residual stress field is investigated.
The rolling contact decreases the tensile stresses in the rail. However, a zone of high tensile
residual stress at the bottom of the repair weld remains. To assess the influence on subsurface
initiated rolling contact fatigue, an analysis using the Dang Van criterion was performed. The
influence of the residual stress on the Dang Van equivalent stress is on the order of 100 MPa. If
this residual stress magnitude would appear at the depth of maximum shear stress (some 3 mm
below the surface), the risk of subsurface initiated RCF would be imminent even for material
defects smaller than a millimeter. However, the design of the repair weld causes the high tensile
residual stresses to occur at a depth of around 10 mm. At this depth the operational stress is
lower and subsurface initiated RCF is not predicted due to the presence of 1 mm material defects.
It should however be noted that material defects cannot be allowed to be much larger than
1 mm. Further, the margins to sustain increased load magnitudes is decreased. This means that
the repair weld geometry (especially in the longitudinal level) needs to be properly maintained.
Details of the investigation is presented in Annex 5 "Rolling contact fatigue assessment of repair
rail welds".
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5.3 Rail maintenance actions for urban networks
5.3.1 Worldwide evolution of light rail transit (LRT) networks
This part of In2Track examines the potential of rail guided urban transport systems and the
specific rail maintenance challenges raised within urban networks. Overall, it should provide a
comprehensive overview of rail maintenance focusing in the special demands of urban networks,
light rail transit (LRT) in particular.
In general, rail guided urban transport systems that do not operate on regular mainline
superstructure or subway superstructure are divided into three different basic systems:


Old tramway systems



New tramway systems



Light Rail Transit (LRT)

Historically, tram systems were built on the streets in urban environments and shared their
space with pedestrians and later cars. After the decline of the tram in the middle of the last
century, new systems were established, starting in the 1970ies in Western German cities, such
as Düsseldorf. These systems combined characteristics of subway systems, such as tunnels
through crowded city-centres, with those of tram systems, for example level crossings. In
German, these hybrid transport systems were called Stadtbahn whereas for English, the term
Light Rail Transit was found. (Thompson 2003)
Although the boundaries between both systems are fluent, major differences can be identified
regarding the following parameters, as identified in (Vuchic 2007) and (Kehrer 2013):


Right of Way & Reliability: There are three different types of right-of-way for track
formation, depending on their interfaces with other road users. While level C refers to
a track that is equally used by other road users (mixed traffic), level B describes a track
that is longitudinally separated from other road traffic. However it still has level
crossings and is therefore not entirely independent from other traffic. Level A describes
tracks that are entirely independent from all other means of transport and therefore
lead to stable operation. Trams traditionally mainly operate on Level C-infrastructure,
while LRT systems are operated on Level B and Level A infrastructure. Since newly built
tram infrastructure is usually designed as Level B and existing alignment is separated
from other traffic if possible, the boundaries are fluent. Due to their greater
independence from other road users, LRT systems have a higher reliability than tram
systems that are often affected by outer influences such as congestion or parking cars.



Speed & Capacity: Since LRT systems are usually relatively new (compared to grown
tram networks), their alignment allows operation at higher speeds. Also, the distance
between stops is generally longer than between tram stops. This leads to higher travel
speeds and therefore higher capacity, since the vehicles’ capacity similar one to another.
Furthermore, LRT systems usually serve longer lines than trams due to their increased
travel-speed.
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The boundaries between the systems are fluent and the challenges they are faced with are
similar (Annex 6 "GrooveGrind"). Due to simplification, in this report the wording LRT is used as
synonym for all of them. In a first step, a database of every important existing tramway system
worldwide was set up in this project to analyse recent developments in LRT networks worldwide.
This database clearly shows that after the millennium shift, the number of new light rail systems
has rapidly increased, especially in growing economies outside Europe, like in Turkey, North
Africa, USA and China. A detailed analysis of the existing networks in Europe demonstrate that
most of them will be significantly expanded in the next couple of years. The implementation of
modern tram systems along with a reduction of car traffic has become recognized practice for
urban planning.

Figure 10 Number of newly implemented networks after 2000
Taking into account, that the urbanization both in relative and in absolute figures is a global
phenomenon and believed to significantly progress from 54% of the world’s population living in
urban areas in 2014 to more than 66% in 2050 and a total growth of people living in urban areas
of 50% in the same period (United Nations, Department of Economic and Social Affairs,
Population Division 2014). Consequently, the demand for efficient and high capacity
transportation systems will further increase. Light rail systems and their ability to be
implemented into well-grown urban structures at a relatively low cost are predestined for
another century of success. As the evaluation of the database of light rail systems worldwide
shows, the average of the 443 worldwide light rail networks have an accumulated network
length of more than 13 000 kilometres at an average of around 47 km, ranging from less than
one kilometre to up to around nearly 300 km. Track gauges vary a lot. The standard gauge of
1435 mm is predominant all around the globe with a market share of more than 53 percent,
followed by the Russian standard gauge of 1575 mm at less than 20 %.

5.3.2 Key network data of LRT networks
LRT networks show a different characteristic and behaviour compared to conventional rail
networks. The identification and understanding of these specific challenges are essential to
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increase the capacity and sustainability of LRT. As part of the present research project, a market
survey was conducted among European operators of light rail networks in cooperation with the
UITP (Union Internationale des Transports Publics). In total there were 25 elaborate answers of
100 invited operators. The created sample include a widely representative collection of LRT
networks with varying parameters and network length (Figure 11). Exemplarily, the total
network length of the in the survey attending LRT networks corresponds quite well with the
worldwide distribution.

Figure 11 Network length of the networks attending the survey
The market survey was structured into different sections:


Track design and alignment



Maintenance of urban rail infrastructure



Noise and vibration

5.3.3 Light rail track design
Track design in LRT networks differs mostly form conventional railroads and varies between
different cities driven by the lack of a need for harmonization. Urban networks have grown and
developed isolated from one another, which results in a variety of superstructure designs.
Chapter 3 of the full project report in Annex 6 (GrooveGrind) attempts to give an overview of
these different designs and their fundamental parameters.
In the market survey, superstructure designs were classified concerning the used rail profile type
(Vignol rails or grooved rails) and the type of covering. Figure 12 shows the average distribution
of principle superstructure designs by operators taking part in the survey. Obviously, embedded
track using grooved rails is the predominant superstructure design, while Vignol rails are mainly
used for open track sections. Green track, covered by a layer of vegetation, which is regarded as
the most attractive for urban areas, is applied for about one fifth of total network length. Overall,
for around 72% of total network length grooved rails are used while Vignol rails are used on 28%.
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Figure 12 Distribution of superstructure designs by total network length

5.3.4 Alignment of light rail tracks
In contrast to conventional rail systems, LRT-systems have hardly any universal legal constraints
concerning track alignment and geometrical limitations. The Technical Specifications of
Interoperability (TSI), issued by the European Union, as well as the European Standard EN 13803,
are only applicable for conventional rail networks. However, national laws like the
Straßenbahnverordnung in Austria or the BOStrab in Germany contain certain limitations
concerning passenger comfort (lateral acceleration) and are the basis for guidelines for track
alignment. Since tram networks are usually isolated from each other, there are no operational
needs to adapt alignment guidelines one to another. Usually, operators have their own
guidelines which are based on national laws like those mentioned above (Table 5).
Table 5

Guidelines for alignment of specific networks

All relevant parameters from these guidelines are displayed and the different operators’ specific
thresholds are compared within the investigation. This comparison is exemplarily show in Table
6 considering the applied horizontal alignment parameters. Depending on the right-of-way, (in
mixed traffic, Category C), some operators raise the thresholds for lateral acceleration. While
the centrifugal force is generally limited to around 0.65 m / s² in all networks, although this limit
for category C is raised to up to 1 m / s². The individual systems’ differences are striking when
comparing the minimum radii of curvature. While traditional tram systems have radii of up to
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18 or 15 m, the minimum for the newly constructed tram systems examined is 25 m, and for the
LRT system in Edmonton, the minimum is even at 180 – a dimension comparable to mainline
railway alignment. However, there seem to be no system-related differences in the longitudinal
alignment parameters. The analysis of alignment guidelines of different operators illustrates
that traditional tram systems are operated at lower speed and overall performance than other
systems (Table 6).
Table 6

Applied horizontal alignment parameters

Horizontal parameters filled in by operators taking part in the survey included minimum radius,
minimum sag and crest radius as well as maximum gradient and the distribution of elements
regarding their horizontal alignment. The average distribution of radii is displayed in Figure 13
and shows that on average more than 60 % of total network lengths consist of straight sections.
However, more than 3 % of total network length consist of curves with radii lower than 50
meters. That means, that there is an average of more than 2 curves of that category in every
kilometre of a light rail network. Differences can be recognized regarding the types of network.
While newly built networks avoid narrow curves of radii much lower than 50 meters, the
absolute minimum radius in traditionally evolved networks is at a minimum of 17 meters.
The distribution in Figure 13 shows, that half of the networks have 0.14 to 0.52 such curves per
km with the median being 0.31 while some networks have none and some have up to 2.1. The
overall minimum radius of all operators are 13 and 17 m, while two recently established
networks have the biggest minimum radii of 29 and 30 m. Maximum gradients go up to 11.3 %.
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Figure 13 Distribution of horizontal alignment elements by total network length (left)
and number of curves R<50 m per kilometre track (right)

5.3.5 Rail maintenance of LRT networks
In this subchapter (see Annex 6 GrooveGrind chapter 5), the types of rail damage that occur
most commonly at tram and LRT tracks are described and illustrated by pictures. Any
information considering for instance deterioration rates and strategies can be found in TD 3.1.
of this report.
When asked to name the most frequent defects to the rail surface occurring in their networks,
operators attending the survey named wear and rail corrugation 17 times each. Squats –
depressions on the rail surface, see In2Track deliverable report D3.1 – occur in 12 cases. Wheel
burn caused by wheel slip due to large vehicle-accelerations during operation, was named by 5
operators. Figure 4 gives an overview of the most common rail defects.

Figure 14 Occurrence of the most common rail defects named by light rail network
operators
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The occurrence of rail wear and different rail defects significantly influence the service life of
the rail and consequently the life cycle costs of the whole system. Especially in cases of
embedded rails, an unplanned and early rail change caused by any kind of defect leads to
reduced capacity and high costs. Therefore, it is necessary to monitor the rail condition and
maintain it in an efficient and proper way. Although there are different technologies for rail
maintenance in LRT networks, rail grinding and repair welding (build up welding) are mainly used.
This report elaborates on different grinding technologies used in LRT networks as they can be
described as followed:
Grinding with grindstones is the basic technique for rail grinding. Grindstones are pressed on to
the rail’s head with a certain pressure and are pulled along the track by a vehicle. This technique
is environmentally friendly since there are hardly any dust or noise emissions generated.
However, only very little material can be removed on a single operation. Since the grindstones
are only pressed onto the rails head and due to the minimal material removal, it is therefore not
possible to change the rail profile’s geometry with this technique.
Oscillating rail grinding is a further improvement of the method using grindstones. In order to
increase the maximum removal of material, the grindstone oscillates in the direction of the rail
axis. Since chatter marks on the freshly grinded rails lie in the direction of travel, noise
generation of passing vehicles is reduced to a minimum (Hartleben, Schienenschleifen als
Maßnahme der Lärmvorsorge und Lärmsanierung 2003). Due to geometrical constraints, this
method has not been applicable to tram tracks with small radii so far. Other advantages of this
technique are the very homogeneous removal of corrugation and waves, and other surface
irregularities. It can further be applied in both directions and there are no problems at the
beginning or end of a treated section. (Auer und Wöhnhart 2015)
Grinding with rotating disks or wheels is a method where usually 6 to 8 rotating abrasive wheels
can be aimed towards the rail head in different angles. This technique produces fairly high
emissions such as flying sparks and dust. It is also relatively loud. The rail’s surface after the
application of grinding with rotating disks or wheels is relatively rough compared to the other
techniques which leads to increased rolling noise emissions of passing vehicles. With the right
choice of angle and contact pressure of the abrasive disks, the noise emissions of vehicles
running on the newly grinded rails can be reduced.
A special form of grinding with rotating disks is the recently established high speed grinding
where the grinding disks are not externally powered. It is a special technique where the grinding
disks are accelerated by their contact with the rail’s head only. Therefore, its effect decreases
with decreasing speed. When used during regular service, it is expected that the vehicle has to
stop behind other trams near stations or at intersections while these sections (with frequent
acceleration and braking) are expected to have relatively high rates of wear and rail damage.
When asked about the applied techniques, all operators stated they use rotary grinding
techniques, at least for punctual treatment and reprofiling. However, more than 50%
additionally apply sliding grinding stones that require many passages in order to cause an effect
(Figure 15). Oscillating grinding is carried out only in a few networks that have a large share of
open track using Vignol rails. It is so far not applicable for grooved rail sections with narrow
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curves. No correlation between the applied techniques and geographical location could be
found.

Figure 15 Usage of grinding techniques by network operators

5.3.6 Noise and vibration
Exposure to noise has an effect on the human body. Depending on the form of exposure, of the
duration and the occupation while being exposed, there are different effects on human health.
The World Health Organisation (WHO) calculated that in the European Union and Western
European countries alone, one million disability-adjusted life-years (DALY) are lost every year
due to environmental noise. (World Health Organisation 2011)
Due to the setting in densely populated urban areas, noise emissions of tram and LRT vehicles
affect lots of residents during day and night hours. The EU Directive 2002/49/EC on
environmental noise (European Parliament 2002) which was issued in 2002 obliged member
states to create so called noise maps in order to assess how many people are affected by
environmental noise of various origins (Figure 16)

Figure 16 Section of a noise map along showing emissions by a tram system in Austria.
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Generally, more than 40% of the operators state that noise and vibration emission by network
operations are no issues for them. 75% of the operators claim they follow a preventive strategy
to avoid emissions in the first place while 25% operators also follow a reactive approach – that
means they react to complaints and exceedances of thresholds posed by national legislation.
Although only 40% of operators see noise emissions as a problem to their company, 75% of the
operators react to complaints by residents by taking a measure to reduce emissions.

Figure 17 Measures for Emission reduction and avoidance
When asked about the measures to avoid or reduce noise and vibration emissions, the most
common measure – that all operators use – is rail grinding (see full report in the Annex 6
GrooveGrind). Rail grinding smooths the rail’s surface and therefore reduces the rolling noise.
The second most popular measure that is applied by all but one operator is rail conditioning.

5.3.7 Conclusion
In the present study, the overall market development of light rail systems as well as their future
perspective are investigated. Furthermore, the technical and operational constraints for the
application of rail grinding are assessed and underlined by the findings from a market survey
conducted among network operators. After the decline in the 20th century, light rail systems
have boomed in recent years. They have become the way to go to provide high-quality public
transport systems in urban areas. The lack of harmonisation within urban networks will lead to
future challenges containing LCC and the sustainability of the whole rail borne urban system.
Considering that the urbanization both in relative and in absolute figures is a global
phenomenon and believed to significantly progress within the upcoming decades, the need for
efficient and high capacity transportation systems will further increase. However, the
minimization of harmful noise emissions is essential for public acceptance and successful
integration into urban spaces. Rolling noise, the main source of sound emissions from light rail
systems, is significantly influenced by the rail’s surface and its specific damage patterns.
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Preventive rail grinding will increase the availability of the asset and reduces the impact of noise
and vibration by delivering a high rail surface quality.

5.4 Plain line pattern recognition (PLPR) in track management
This section aims to build on from D3.1, particularly Section 9.2: demonstrating how one of the
train-borne systems being used on the UK infrastructure can identify track defects and help
improve maintenance regimes. Where the identification of key monitoring areas and inspection
methods were identified in D3.1, using Network Rail’s practise as example, this section will cover
how Plain Line Pattern Recognition (PLPR) is applied and where it fits into an asset management
plan. Similar systems are used throughout Europe but will not be compared due to commercial
constraints. An article from Railway Technology Magazine explains how PLPR is being developed
in European countries like Switzerland, and across the globe also, see RTM (2013). Examples of
how PLPR identifies, monitors and reports defects and how its use enhances inspection and
monitoring methods will be demonstrated. Using NR’s case to define the significance of using
PLPR for managing track assets, recommendations to consider moving forward and the current
potentials that NR are looking into will be identified within the conclusion.

5.4.1 Background and overview to PLPR system

Figure 18 The safety significance of Basic Visual Inspections (BVIs) (from D3.1, section
9.2: originally sourced from NR (2015a)).
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The PLPR inspection system is a combination of OmniVision (an automated solution for track
inspection) and the Track Geometry Measurement System (TGMS); to reduce the need for Basic
Visual Inspections (BVIs). The defects identified by PLPR system are inherited from the BVIs and
are discussed in 5.4.5. The safety significance of BVIs can be found in NR’s NR/L2/TRK/001
standard and exemplified in Figure 18. The key focus on PLPR is to enhance the safety of staff
by reducing the need to find defects whilst standing on or near the lineside during live traffic,
remove the discrepancy of an individual’s subjectivity, and to provide a digital auditable record
of any candidates found. PLPR provides a repeatable and reproducible output of candidates
that a trained staff member validates in the comfort of an office environment away from live
traffic.
Upon validation of a candidate, the PLPR system will record the suspected defect. A member of
staff will then notify the relevant area maintenance engineer to conduct their own verification
of the suspect PLPRs. The maintenance engineer will then scope (as appropriate), plan and
request track access to rectify the defect. Requirements of identifying the defects are set by the
operators of the train-borne system, along with any additional local engineer’s requirements i.e.
the alert limits for dip angles could be set to 20mrad, instead of 30mrad.
NR’s PLPR system operate using:


The Omnivision system which recognises the pattern of specific track components and
determines their state based on pre-determined failure modes. Specific track
components include:
o Temporary rail clamps; Robel, Fasetta, G clamp, rail joints
o Rail Clips: Pandrol PR 401, e-type clips and Fastclips.



Semi-automated solution to identify areas of concern. This is achieved through using
raw geometry data which triggers images to be presented (from the OmniVision
system) 5 yards (4.6 metres), either side of the geometry issue.



Ballast laser sweep cameras, to record an image, used to provide an assessment of the
ballast profile



Real Time Positions system (RTPS), for candidate positioning alignment.

During the PLPR inspection a On Train Technician (OTT) is responsible for the operation of the
PLPR recording system, including the transfer of raw data to the off-train processing via the
nominated courier. Currently a major drawback with the system, is the large quantity of data
(10 Terabytes per 708 km, see NR (Website) for details) which can only be transferred through
physical hard drives. The OTT transfers the data at the end of every shift and notifies any
recording failures with the recording run to the nominated Examination Inspector (EI) and the
Senior Delivery Manager (SDM). The EI and SDM are independant of the maintenance fraternity
and carrying out the data processing with the Off-Train Processing System (OTPS) where:


Within 24 hours of the completion of the recording run the EI transfers the data into
OTPS



Within 48 hours of the transfer of data into the OTPS, the EI inspects the PLPR output
patrol and then distributes validated Defects to the relevant maintenance
engineers/managers.
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All defects that the EI has validated or is unsure of will be sent to the local maintenance
engineers/managers for validation through NR’s relevant Track Engineering Form (TEF) 3225.
Prioritisation and remedial work are inputted into a work bank scheduling tool known as Ellipse;
and the local engineer assigns priority, as per their role’s mandated requirements under the
PLPR inspection regime.
If the PLPR raw data is expected to exceed the 48 hours’ time scale, the SDM informs the relevant
Engineer within those 48 hours. This is to determine the associated risk of any section of patrol
not covered by inspection, so an agreement is reached concerning a revised delivery time of the
missing data coverage.
In summary the EI shall identify the candidates as:


Defects



Rejected



Unsure (which will then go to the local engineer or section manager to validate and
classify)

and send them to the relevant local engineer who will then action the TEFs within 72 hours of
receipt. This includes:


Reviewing the images to
o Confirm priority classification
o Investigate unsure candidates by desk or site visit inspection
o Confirm EI commentary



Identifying remedial works to be carried out

As part of implementation of the PLPR system both PLPR Patrols and BVI Patrols are run in
parallel so that the PLPR system and the BVI staff’s output have registered the “same” defects.
This provides assurance that all faults identified by a BVI patrol are also recorded by PLPR and
that the level of coverage (localisation) adequately covers the BVI patrol. It is well understood
that PLPR reports more faults, and thus enhances the BVI’s patrol. How the overlap between
them is managed is discussed in section 5.4.2.

5.4.2 Localisation risk management
A visual Inspection of the track is termed in the UK as a patrol. Both PLPR patrols and BVI patrols
require overlaps at the interfaces. This reduces the risk of not achieving full coverage of the
infrastructure due to either patrol missing small sections of track at the interface due to
localisation issues. In the UK, the NR standard NR/L3/TRK/1015/02, NR (2017), covers the
management and introduction of PLPR. As explained in D3.1 – Section 9.2, the patrol diagrams
are updated and managed by the local Engineer who, when implementing PLPR patrols can
demonstrates the overlap of PLPR and BVI patrols is documented and managed. The overlap
between BVI and PLPR is required to be 30 sleepers, or 20 yards (18.3 metres). This is included
for adjustment switches (isolated), and S&C. Examples can be seen in the two figures below, one
for non CWR plain line and another for S&C.
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Figure 19 Diagram from NR/L3/TRK/1015/02 (page 14) demonstrating the 30 sleepers
overlap in plain line, NR (2017)

Figure 20 Diagram from NR/L3/TRK/1015/02 (page 14) demonstrating the 30 sleepers
overlap within S&C, NR (2017)

5.4.3 PLPR patrol inspection frequency
With manual inspection different remedial time scales are applied based upon track category in
NR. How track categories are assigned can be seen from Figure 21 and Figure 22, where Table 1
of NR/L2/TRK/001/mod02, NR (2015a), was explained in D3.1, Section 9 “Key areas for
inspection and monitoring”. The same table, Figure 22, shows how across all “categories” the
same nominal frequency is applied for PLPR inspections: 4 weeks.
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Figure 21 EMGTPA graph for track categories from NR/L2/TRK/001/mod02, NR (2015a)

Figure 22 Table 1 from NR/L2/TRK/001/mod02 showing the minimum frequency of
BVIs, NR (2015a)
As part of the implementation of PLPR, parallel running of PLPR and BVI, yielded an optimised
frequency of 4 weeks. The main reason was an improved confidence with PLPR reports as they
detected more defects than the subjective findings of a BVI patrol. Further studies with risk
based maintenance established that category 1A, 1 & 2 track are constructed of more resilient
components (e.g. concrete sleepers and CEN 60 CWR rail) as per construction standards. The
resulting project determined that PLPR patrolling could therefore relax patrols to a 4-weekly
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basis for all track categories, while having a reliable and enhanced accuracy for identifying and
recording the same faults a BVI patrol would. This is demonstrated in Figure 22, where nominal
inspection frequency (e.g.) of Cat 5 & 6 Track Categories was once per two weeks: which instead
can be once per four weeks with PLPR, allowing more time for the maintenance workforce to
focus on other areas requiring attention.

5.4.4 PLPR fault identification and prioritising intervention
Figure 23 provided below demonstrates the PLPR generated output. The data captured is
synchronized with both the real-time track geometry data and the positioning system to enable
analysis by an on-train inspector. As shown, any track geometry data stream can generate a
candidate. However, for a valid patrol a minimum of two data streams (dip angle & curvature)
must be present. The red vertical line appearing on the track geometry charts is synchronized
with the horizontal one displayed on the PLPR real-time images to visualize the defect.

Figure 23 Example of a PLPR output: track geometry data stream and PLPR imagery
side-by-side
By combining both digital systems it enables the EI to identity defects with synchronised data in
both position and time and accurately positioned on the network.
This enables the local maintenance engineer to schedule a scoped rectification plan in the right
location. Overall, this allows for greater efficiency compared to aligning non-digital BVI report
with track geometry data, which are commonly of different media types (e.g. paper), subject to
localisation issues (discrepancy in opinion) and time consuming to carry out the cross analysis.
This is particularly onerous if the BVI patrol and the track geometry recording are not in time
sync e.g. the recording train had to be reprioritised.

5.4.5 PLPR defect prioritising and intervention
Defects identified are assigned to condition reports (TEF’s) and the EI assigns a predefined
priority to the confirmed defect, adding commentary to the relevant report. The defect priorities
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are defined in track standards, an example for rail fastenings (Network Rail) is below in Figure
24. There are two classes of reports, high priority requiring less than 1 month to rectify and
lower priority which are 3 months or more to rectify. If the defects are not rectified within the
required time scales and do not show improvement on the subsequent PLPR run, then they are
re-reported.
An example of one of the defects detected and appropriate priority aligned with track category
are shown below:

Figure 24 Table B.5 from NR/L2/TRK/001/mod11 demonstrating an example defect; rail
fastenings, NR (2015b)
Table 7

Table created to explain the codes used in Figure 24, which are used in the
UK
Priority Code

Time scales (to resolve)

M0

Inspection & measurement; fix within 10
days

M1

4 weeks

M3

13 weeks

M6

26 weeks

M9

39 weeks

M12

52 weeks

M24

104 weeks
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The full suite of PLPR fault types are illustrated in Figure 25 below.

Figure 25

Table 1 from NR/L3/TRK/1015/mod02, showing the defects identified by PLPR, NR
(2017)

5.4.6 Inherent benefits of PLPR frequency aligned to track geometry (TG)
recording frequency
According to consultation with the European Standard working group CEN/TC/256/SC1/WG28
for track geometry quality, the general frequency of measurement of track geometry can be up
to 12 months for low speed lines (freight) and for high speed lines from 1 to 3 months. The
standard nominal frequency for track geometry in the UK is illustrated below (Figure 26):
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Figure 26 Table 1 from NR/L2/TRK/001/mod11, NR (2015b)
Since PLPR patrol inspections are every fourth week, the subsequent parallel track geometry
recording frequency is now enhanced for all track categories to be the equivalent of cat 1A track.
I.e. recording more frequently than previously assigned, should PLPR be implemented on the
lower category (low speed) line. This enhanced frequency can assist with monitoring
degradation of track geometry parameters, establishing the effectiveness of repairs to track
geometry faults (e.g. ballast formation) and aligned with PLPR patrol defects. This provides
greater assurance of the track assets on lower speed lines than before and provides greater
visibility of degradation, potential to predict degradation and allows more effective remedial
work to be carried out by the maintenance teams. Further enhancing the inspection frequency
therefore provides a better understanding to root cause (should remedial works be ineffective) ,
rail head defects (in relation to TG, not specific rail head faults), components and formation (in
particular ballast); further allowing for more effective remedial works through more efficient
scoping/planning with the results of the work being verified (through TG parameters) after a
PLPR run.

5.4.7 Conclusion / recommendations for future implementation
Replacing BVIs with a combined TG and PLPR system (or similar systems) has significant benefits
to the maintenance management of track assets. The PLPR information is digitised which
removes subjectivity and previous manual or paper processes. PLPR also provides more
consistent repeatable asset condition information (for track geometry) which helps with
monitoring deterioration trends and faults arising. The safety of staff is significantly enhanced
by being isolated from a live railway, and the amount of track access can be significantly reduced
(where PLPR does cover).
Some drawbacks can be identified as:


Human validation of the recorded data by an EI, that requires specific training

GA H2020 730841

D3.3

Page 58 of 120

IN2TRACK


D3.3 – Enhanced inspection, maintenance and operation of track

Large quantities of data when recordings are done, which need to physically be
transferred

Currently systems are only for plain line rail as S&C is presently too complicated, and hence,
pattern recognition cannot replace all BVI patrols along the infrastructure.
Continuous development of the PLPR system, with advancing technology can potentially remove
these drawbacks. For example:


The need for human validation can be reduced through machine learning / AI
development or improving the current algorithms & offset current levels of false
positives



Cloud technology could potentially remove the need to physically transfer the data on
hardware, and instead the data is uploaded through telecommunication networks (e.g.
5G)



Introducing integrated data systems to align different datasets to assist with
degradation modelling and prediction.

The current PLPR data capture has significant coverage of non-compatible track elements, such
as jointed track, adjustment switches and S&C etc. This digital captured data remains ripe for
exploitation. Proposals considered for exploitation could be:


Asset component confirmation. i.e. that the track asset register data conforms with
the pattern recognised components on the ground.



Confirmation of the current network component rail map, i.e. where S&C starts and
terminates



Potential rail flaw recognition such as corrugation



Exploiting the positioned digital pictures with other data sources such as ultrasonic
and eddy current data to visualise other rail flaw issues such as squats, cracked
crossings, lipping, rolling contact fatigue



Aligning geometry features with rail features and other track structural features (e.g.
transition zones at underline bridge structures).



S&C inspection such as damaged switch blades and S&C component condition such as
stretcher bars



Validation and effectiveness of maintenance treatments with before and after pictures



Examination of the running band (the area of contact on the rail from the train wheel)
to determine discontinuities in the band as a precursor to rail flaws such as cracked or
broken rails with no gaps supported on a sleeper
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Rapid maintenance methods

As discussed in chapter 4, the limited scope of In2Track requires focus on some areas regarding
rapid maintenance methods. In particular, this chapter will present developments regarding
expanding the potential of modular solutions with focus on maintenance of modular slab track
solutions (sections 6.1, 6.2 and 6.3). In addition, a first study of the potential of surface coating
in decreasing wear is discussed in sections 6.4 and 6.5.

6.1 Introduction
Although most of the current railway tracks are still made of a traditional ballasted type, it is
worth noting that operational experience accumulated thus far is that non-ballasted track is
emerging as the track of choice due to its better performance characteristics. The major
advantages of slab track are: low maintenance, high availability, low structure height and low
weight. In addition, recent life cycle studies have shown, that from costs point of view, slab
tracks might be very competitive.
There are numerous advantages and drawbacks of both ballasted and slab track, but it is
generally recognised that ballasted track needs more maintenance. Due to local discontinuities
such as S&C and rail expansion joints, changes of support stiffness (viaducts, under track
crossings and tunnels), hard spots caused by cross track drains, culverts and so on. In addition,
by ballast particle flight at high speeds. Ballast flight can be caused by aerodynamic turbulences
under the train or by melting ice falling from the undercarriage of the train hitting the track
under high speeds conditions. This phenomenon can cause damage to both infrastructure and
rolling stock and therefore will impact on system performance and reliability.
As a result, many slab track have been designed and tested throughout the years but few of
them have continued to improve and are increasing being applied on new high speed tracks.
Despite this, there are still many aspects to be improved like: reducing the high construction
cost, increasing the vibration attenuation and reduce the time and effort in case replacement of
components by considerations of wear or fatigue, or repairing consequences of a unpredictable
event, (for example vandalism facts or derailment) to promote widespread use of slab track for
main lines
There are, however, ways to mitigate these issues and the modular concept of slab track could
play and important role. The modularity offers the following benefits.
•

Reduce installation time: the use of modular slab track with precast elements allows
improve construction performance due to high quality and mechanization. There is also
the possibility of applying the modular slab track on top of a layer of asphalt-concrete
to increase high construction productivity. Asphalt does not require hardening and can
be subjected to loading immediately after cooling.

•

Improvement in noise & vibration reduction: the modular track increase vibration
attenuation by the possibility to used elastic elements within the track structure.
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•

Replacement of track components: prefabricate track systems such as Shinkansen, FF
Bögl, and ÖBB Porr have successfully applied an approach to modularity to the precast
concrete slabs. Nevertheless, in case of structural defects the slabs have to be replaced
as a whole. This does not happen with modular system because it shall allows
replacement of isolated elements.

•

Repair on unforeseeable events: repair work is complicated, expensive and timeconsuming. The closure of a line due to uncertain events like failure of the slab track or
the derailment of a train following failure of rolling stock are very high and difficult to
be calculated today.
The slab track system based on modular elements can contribute both the cost
reduction and time-consuming.

6.1.1 Track Maintenance Management System (TMMS)
Track maintenance means the total process of maintenance and renewal required to ensure
that the track meets safety and quality standards at minimum cost.
Maintenance and renewal are in principle scheduled on the basis of control data from measuring
systems, visual observation and financial-economic data.
In order to manage track maintenance properly, a vast amount of data is needed. Types of data
to be collected for computer-aided Track Maintenance Management System (TMMS) are
summarized in Figure 27. For an efficient analysis of the track, the data should be divided into
segments. In fact, all information is linked through the track segment to which it refers.
This information is by no means restricted to just data from automatic recording systems. Other
data, such as from visual inspections, various layout and operating data, data about speed
reductions, spot maintenance, replacement of track components, and, particularly,
maintenance history and costs should be taken into consideration as well.

Figure 27 Types of data to be collected for computer-aided Track Maintenance
Management Systems. (Esveld 2014)
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6.1.2 Track maintenance cost
Maintenance costs are very variable. Beside the variations of supplying and labour costs
according to countries, maintenance costs depend on the one hand on the traffic supported by
the track (speed and tonnage) and the other hand on the objectives followed by the
infrastructure manager for the comfort, the reliability and the availability of the line.
Maintenance cost of slab track against ballasted track can be calculated only from the increased
maintenance expenses required for ballasted track. The maintenance of ballasted track
nowadays is, however, mechanised and automated to a great extent and cheap in comparison
to the operation expenses.
Long-term experience in Japan reveals that maintenance costs in slab track sections versus the
ballasted track are from 18 to 33% (Esveld 2014). But repair costs for the slab track are
complicated, cost-intensive and time-consuming. The operation hindrance cost in case of longer
closures of slab track lines due to important damage or derailment are extremely high and
difficult to calculated or predicted today. Therefore, in the case of repairs, a modular system
that allows a faster and cheaper reparation procedure is required, which will help to keep the
maintenance costs and increase the availability of the track.

6.1.3 Maintenance parameters
Although the overall performance of the slab track have been excellent in terms of maintaining
good track geometries and reduction of track maintenance costs, some problems were detected
in the Shinkansen slab tracks such as: damage to cement asphalt mortar (CAM) layers, cracking
in the slab track due to alkali-silica reaction (ASR), and warping of slab in tunnels (Tayabji 2000,
Xie, y otros 2009) That they tried to solve in the last lines but they have continued appearing
(Ando, Miura y Watanabe 1994-2).
This slab track design made possible that several countries across the world developed and
adopted ballastless system as an alternative to the ballast track. Many different types of systems
as compact, baseplate, block, embedded rail and prefabricated slab have been developed and
depending on the application (tracks, tunnels or bridges), the local circumstances, the
construction requirements these can ensure maximum track availability and minimum
maintenance needs. Nevertheless, in some of these systems have also presented problems such
as:
The Rheda Slab track presented quality problems of the width of the track, which can be solved
with a reasonable cost of time.
The Züblin system has presented problems in the evolution of alignment and longitudinal
leveling, mainly due to its special laying system. Also it has been cracking in the slab.
The Sleepers on Top of Asphalt-Concrete Roadbed for example BDT and Walter slab track
systems have little experience. Its main advantages are the ease of assembly, repair and renewal,
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but its disadvantage is the system of fixing the sleepers to the support layer, the possible
breakage of the steel dowel, the formation of cracks in the slab and its plastic deformation if it
is asphalt (Fendrich 1995 )
The systems of blocks or sleepers with a resilient pad and encased in a rubber boot have
presented problems in the pad, due to the lack of total sealing of the elastomeric coatings, that
in case of freezing of the infiltrated water has considerably reduced the lifetime of the
elastomers (Estradé P 1998).
These developments have allowed to gain experience and it has showed demonstrated that
following parts of ballastless track systems may need maintenance works during lifetime of the
system.


Correction of long-wave alignment irregularities



Rails: grinding or milling, repair of welds, exchange of rails



Rail fasteners: adjustment works, exchange of angled guide plates, exchange of elastic
pads, exchange of clips, exchange of screws, exchange the elastomeric material



Drainage system: cleaning of pipes, trenches

To identify the defects and irregularities and to maintain the required quality levels of the slab
track, the procedure followed by the Japanese railways could be take into account.

Figure 27 Flow of the inspection and repair operations

6.1.4 Slab track system maintenance
The slab track systems have high durability and needs considerably less maintenance work than
ballasted track. However, the experience shows that the following parts of ballastless track
systems may need maintenance works during the lifetime of the system:


Rails: grinding or milling, repair of welds, exchange of rails
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Rail fasteners: adjustment works, exchange of angled guide plates, exchange of elastic
pads, exchange of clips, exchange of screws



Drainage system: cleaning of pipes, trenches

Long-term experience shows that the maintenance needs for rails and rail fasteners are lower
compared with ballasted tracks. There exist many reasons for that but one of the most
important ones is the significantly better track geometry of ballastless track over the whole life
cycle.
Regarding to replacement of elements, due to the duration of life of slab track systems about
40 to 60 years (UIC, 2002), it is expected to replace at least one time the track components
subjected to the highest stress, i.e. rail, fasteners and elastomers, so the procedure to exchange
these elements shall be considered in the design phase.
For instance, rails are subjected to (UIC 2002):


The fatigue as all metal working cyclically.



The wear by wheel contact (possibly accelerated by grinding operations).



Repair activities on punctual defects or breaking, notably welding.

In the case of elastomers, these suffer from ageing linked to the damping and the high level of
solicitation existing in the proximity of the rail. Rail pads, baseplate pads and sleeper pads should
be replaceable in easy conditions because their service life cannot be demonstrated on periods
about 40 to 60 years (UIC 2002).
In systems with rubber booted sleepers (stedef, Wallo, Sonneville-LVT and sleepers on top of
asphalt (BTD, ATD) sleepers and elastomers remain as replaceable components. Precast slabs
can also be replaceable, but in this case of structural defects or upgrading needs the slab have
to be replaced as a whole and the replacement procedure shall be defined from the design phase
by manufacturers. Figure 28 shows the replacement procedure defined by ÖBB PORR.
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Figure 28 Replacement procedures for ÖBB PORR Slab track base plates (Pichler y Fenske
2013)
In addition, in the regular train operations, it has to be considered that extraordinary situations
can occur. For example, the derailment of a train may lead to severe damage on the track system.
Therefore, in the case of repairs, minimum time is required to conduct the works. This ensures
maximum availability of the track. In these cases the modular designs can play an important role
because due to the ease of replacing elements can contribute to increase the availability of the
track. The Figure 14 shows the replacement procedure for a block in the modular track.
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Step 2

Step 4

Figure 29 Replacement procedures for block in a modular slab track
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6.2 Enhanced maintenance for modular track system
6.2.1 Modular concept
Modularity is the degree to which system components may be separated and recombined. In
construction, it means that modules are a bundle of redundant components that are produced
in masse prior to installation.
Besides reduction in cost and flexibility in design, the use of standardized construction elements
allows a high degree of prefabrication and therefore assembly process quality.

Figure 30 Multi-modular block slab track (Capacity4Rail (2014) s.f.)
Modularity is allowed by elastic components between precast concrete elements. Furthermore,
modularity offers other benefits during the service life of the system such as adaptability to
changing traffic demands. The system can be upgraded just by plugging new improved modules.
The modular blocks are assembled on the main slab track through steel pin connectors in order
to be replaced easily during maintenance phase (in case of damage), once these steel pin
connectors are unscrewed.
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Figure 31 Modular blocks assembled on the slab track through screwed steel pin
connectors.

6.2.2 Modular maintenance research
The purpose of this research is focused on researching, developing and designing innovative
track maintenance and renewal methods regarding modular track systems.
This maintenance research should include mainly:


Study of optimal control of structural damage



Study of optimal track maintenance and innovative track renewal methods

In terms of study of optimal control of structural damage, the most easily replaced elements
should be designed to act as a “fuse”, consequently the modular blocks have been designed in
order to be subject to the highest stresses of the whole slab track system, guaranteeing that in
case of structural damage, the highest stresses shall concentrate on these elements. Blocks have
been calculated assuming their dimensions and load distribution cause them to behave as Dregions. Thus, their structural integrity has been checked by ensuring all concrete struts were
subject to acceptable compressions, while steel rebar presented acceptable tensions. In
addition to that, there is an elastomer between the block and the slab track (which is in charge
of distributing the loads to the slab track) and a visco-elastic bituminous layer that supports the
slab track and disperses the loads transferred.Concerning the study of optimal track
maintenance and innovative track renewal methods, the modular slab track system aims at
achieving fast and easy maintainability through the use of easily replaceable component and the
compliance with the following requirements:


Standard easily replaceable elements due to a design that is completely modular



Every single element should be replaced separately



Elements designed to act as a fuse should be replaced easily without elevation of the
rail, which would avoid the need for restoring the track geometry. . (The modular
blocks could be replaced easily once steel pin connectors are unscrewed).



Adaptation to post-constructive settlements. System design with shorter slabs allows
adaptation to settlements after construction avoiding bending failures and breakages
that are a common problem in other existing slab track systems (slab track in
comparison to sleepers let perpendicular flexion to the track, longitudinal flexion and
torsion) In addition, sub-base and base slab should be designed to adapt better to
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possible terrain settlements without compromising structural integrity. The possible
problems related to geometry should be mitigated owing to geometric adaptability
provided by the fastener mortar, allowing top-down alignment. The rail fastening
system should be connected to the modular blocks through plastic dowels embedded
in mortar, poured in situ in the rectangular block cavities prepared to that effect.

Figure 32 Block cavities for mortar poured.


Installation process (construction or renewal) should be highly mechanized, which may
increase laying speed of track.



Track realignment after a soil settlement episode does not require base slab
replacement. Bituminous sub-base and base slab have been designed to adapt better to
terrain settlements without compromising structural integrity, owing to the structural
behaviour of the slab track (flexibility owing to the reduced height of the beams) and
the visco-elastic properties of the bituminous subgrade that provides adaptability to
terrain settlements and disperses the loads transferred by the base slab.



Due to the reduced size and weight of the reinforced concrete modules (1120x580x200
mm), maintenance and repair operations do not require the use of heavy machinery
whichwould be suitable for tunnels.



Precast elements to provide high quality and assembly-disassembly time reduction.



Maintenance costs and track possession time should be drastically reduced.

In terms of the development activities of this maintenance research, the following points
should be highlighted:
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Torsional resistance of the steel pin connector:
Finite element models have been developed focused on checking the torsional resistance of the
steel pin connectors subjected to the forces of the screwing/unscrewing phase by a pneumatic
pistol.

Figure 33 Finite element model. Steel Pin Connector.
Replacement process of the block (in case of damage) without elevation of the rail
An optimal way to replace the block in case of damage without elevation of the rail, which would
avoid the need for restoring the track geometry, has been carried out. It consists of the following
phases:


Unscrewing the steel pin connectors.

Figure 34 Unscrewing the steel pin connectors


Unscrewing the sleeper screws of the fastening system and removing it, clips, angled
guide plate and rail pad. (DFF21 fastening system from Vossloh)
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Figure 35 DFF21 fastening system from Vossloh

Figure 36 Removing the rail pads


Removing the base plate.

Once the sleeper screws have been unscrewed and clips, angled guide plate and rail pad. have
been removed, the base plate can be removed.

Figure 37 Removing the base plate


Replacement of the damaged block without elevation the rail

Finally the block can be replaced easily (laterally), without elevation of the rail, which would
avoid the need for restoring the track geometry.
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Figure 38 Replacement of the block

6.3 Rapid maintenance of continuously supported modular
track
The maintenance needs of the proposed new design will be reduced to a minimum. The
proposed continuously supporting modular ballast-less track design will involve high durability
supporting elements, avoiding ballast tamping and preventive maintenance along with the
reduction of common maintenance labours, such as geometric corrections, or higher magnitude
hazards, such as lateral instability, etc.
On the one hand, a proper connection to the layers below should be ensured for the same
reasons. The connection between slab and hydraulically bounded layer (HBL) should be strong
enough to ensure a proper behaviour during its service life, reducing the maintenance cost
related to the debonding of the cement-asphalt grouts used at present (Liu, Zheng et al. 2015,
Qi, Ren et al. 2015, Dai, Su 2016, Liu, Liu et al. 2016, Ren, Li et al. 2016).
On the other hand, the continuously supported modular track will be conceived for a fast
placement, but also a fast replacement in order to reduce disturbances. The procedure for the
removal and restoration of the supporting structures will be defined for cases of derailment,
deformation of subgrade, etc., that provoke the complete rupture of the supporting element.
The precursors include: accidents, earthquakes, floods, large settlements, etc. which may lead
to rupture of the supporting element detectable by the naked eye. At any time, bonding grout
will also be easily removable during the maintenance operations to reduce the time required for
the slab to be replaced. In case of partial rupture, the option to repair the structural element
without replacing it will be sought. The aim is to reduce the time needed for such task and
reduce the period the transit is interrupted.
In this way, the study of the use of cement-based mortars reinforced with steel and/or
polypropylene fibres is in process with two different goals:


As a mortar reinforcement, fibres will increase the bonding durability and toughness,
ensuring a more continuous support for the precast slab.
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As a debonding precursor, fibres will only be activated to deteriorate the bonding
interfaces when replacement is necessary. For the activation, microwave heating is the
option under study.

As a result, the following aspects have been elucidated:


Adequacy of any of the mortars for the use proposed in terms of durability and
bonding strength.



Microwave heating potential as a mortar adherence damaging method. If the results
are positive, apart from separating the slab, the use of the studied mortar could be
incorporated on the design on parts of the system that are likely to be replaced more
frequently:



Mortar could also be used to hold the fastener embedded parts, easing its
replacement when it is fatally damaged.



Stoppers or dowels (if included in the new design) could also be fixed to a lower layer
with mortar to be easily replaced when deteriorated.

A preliminary analysis was carried out based on three different mortars:


Non-reinforced mortar.



40 mm long, 0.2 mm diameter steel fibre reinforced mortar.



40 mm long, 0.2 mm diameter polypropylene-fibre reinforced mortar.

Figure 39 shows the appearance of the mortars after 10 min of heating with 700 W microwave
heating power.
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a) Reference mortar: when previously oven dried, no visual damage was detected.
Flexural strength is similar to that of unheated mortar.

b) Steel fiber reinforced mortar: Explosive spalling occurred at approximately 8 min of
heating time, similar to that usually observed due to fire exposure. However, damage
is mainly local, as flexural strength is similar to that of unheated mortar.

c) Polypropylene fiber reinforced mortar: More homogeneous damage is observed,
which is also reflected on the flexural and compressive strength of the probe.
Figure 39 Damage observed on specimens after microwave heating.
A further study has been performed with a commercially available high strength mortar. Three
different mortars have been studied with fibres shorter than in previous cases, as commonly
used for mortars:


Non-reinforced mortar, which has been the one taken as a reference.



13 mm long, 0.1 mm diameter steel fibre reinforced mortar.



12 mm long monofilament polypropylene-fibre reinforced mortar.

For each mortar, physical, thermal and mechanical properties have been evaluated prior and
after the microwave heating. Figure 40 shows the mortar flexural strength evolution as a
function of the microwave heating time, when a 700 W microwave heating power is applied to
all of them. Figure 41 shows the appearance of each mortar after heating them for 600 s. Before
microwave heating, the high flexural strength of 15 KN obtained (23 MPa according to EN-101511) indicates that the non-reinforced mortar would be sufficient for most of the slab parts and
for the slab to hydraulically bonded layer binder. Furthermore, a progressive decrease of the
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mechanical strength is observed until its sudden collapse occurred in circa 300–400 s microwave
heating time interval, which is attributed to the pore pressure increase caused by the remaining
water present in the mortar non-connected pores.
Neither the monofilament polypropylene-fibres nor the steel fibres have contributed to ease
this controlled damage. Regarding steel-fibre reinforced mortars, steel fibres tend to
concentrate the heat on the specimen’s surface, rising its temperature more than that of the
non-reinforced mortar (see Figure 41). However, steel-fibre contribution avoids the damage
even in the higher heated surface.
For the monofilament polypropylene-fibre reinforced mortars, flexural strength has not been
affected by the heat applied. Temperature distribution is homogeneous on all the probe, with
maximum temperatures similar to that of the non-reinforced mortars. In this case, fibre-melting
created volume gaps have been sufficient to resist pressure increments caused by the inner
water pore pressure increases. Nevertheless, the additional gaps created have not reduced the
mortar posterior mechanical properties significantly.

Broken
before
testing

242ºC

251ºC

Figure 40 Flexural strength as a function of the microwave heating time applied for
different mortars.

242ºC

251ºC

a) Reference mortar after 300-400 s. Left: Mortar just after sudden collapse occurred,
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b) Steel fibre reinforced mortar: After 600 s, no visual damage was observed for any of
the microwave heating times applied.

283ºC

275ºC

c) Polypropylene fibre reinforced mortar.
Figure 41 Damage observed on specimens after microwave heating.
According to the results obtained so far, it is more appropriate to use a non-reinforced mortar
for the layer between the reinforced precast slab and the HBL, which has shown to be more
effective than mortars with different types of reinforcing fibres. This concept assumes the
presumption that the damage caused to the mortar due to microwave heating will allow the
replacement of the reinforced precast slab in case of severe settlements.
The study also shows the need for future work. Regarding monofilament polypropylene fibre
use, this study has tested the probes once the material is cooled down to ambient temperature.
In that case, no damage has been observed due to the microwave heating process. However,
flexural strength should also be studied when the mortar is still hot to observe the mortar
behaviour while the fibres are melted. With respect to the steel fibre addition, the fibres act as
crack bridging elements maintaining the load bearing capacity. This improves its strength, but
also makes the replacement process more difficult. However, the heat reflecting effect observed
could be used to focus the microwave heating effect on weaken non-reinforced areas in order
to promote separation. In case the steel fibre reinforcement is interesting for structural
purposes, other damaging method should be studied for the replacement of the mortar.
Different physical principles were tested to find the most effective method to achieve this
separation. As a first step, tests have started with a particular method, for which specific
machinery is necessary and some samples have been sent to a German company, to know the
degree of viability of this physical principle for the application sought, as well as the viability of
industrializing the procedure.
As a result, an article has been recently published in Construction and Building Materials Journal,
which is open access and available at:
https://www.sciencedirect.com/science/article/pii/S095006181831780X?via%3Dihub
A condensed version regarding this analysis is also available in Annex 7 "Rapid maintenance of
continuously supported slab track".

GA H2020 730841

D3.3

Page 76 of 120

IN2TRACK

D3.3 – Enhanced inspection, maintenance and operation of track

6.4 Laser applied surface coating
6.4.1 Introduction
Laser metal deposition (LMD) is a process for treating highly stressed surfaces that exhibit
increased wear, fatigue and corrosion. Laser hardfacing and laser cladding are commonly used
in agricultural, piping and mining applications, power supply industry, and in materials handling
technology [RIP2016, NOR2018, VAR2010]. The advantage of laser cladding is that high quality
metals and alloys with better mechanical and tribological properties can be applied on the
original substrate material. Thus, the laser cladding process offers the possibility of a wide range
of beneficial materials - alternative steels or hard alloys - locally on surfaces of rails, S & C and
other rail components. The goal is to produce new premium track components with significantly
improved performance and service life.
In the case of rails, damage occurs in different areas which can be repaired by laser welding
without having to replace the rail section.
This could be done in the following areas:


In the case of welded rail joints, the weld seam has a similar hardness as the rail of type
R260. When using hardened rails such as R350HT and R400HT, the weld seam is much
softer. This results in increased plastic deformation and wear of the weld seam.



In areas with higher loads, such as in narrow bends and in railway station areas due to
starting and braking processes, increased wear and cracking occur.

6.4.2 Methods – laser coatings
The aim is to weld layers onto rail repair spots [Patent US4236453, Patent US5605283] using a
direct diode laser system (Coherent Highlight 10000D) with a variable focus from 6 x 1 mm to
36 x 12 mm. The cladded repair spots will have improved tribological performance and wear
resistance.
Laser cladding by coax feeding of cladding powder is a widely used deposition technique. In this
process, a high energy laser is passed over the surface of the substrate material while a coating
material is supplied. The surface of the substrate and the coating material are melted by the
laser and solidified as thick cladding. Low dilution rates can be obtained by optimized process
control. Figure 42 shows a schematic representation of the laser cladding process, in which the
laser beam is focused on the surface of the metal to be coated and scanned.
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Figure 42 High power direct diode laser cladding process
The high heat input of the laser creates a thin melt pool on the surface of the substrate material
which is fed by heated powder particles. This creates a single trace of the surface on the surface.
Individual tracks are created side by side to disguise entire surfaces. Residual stress may be
generated in the cladding and substrate due to differences in thermal expansions. The thickness
and weld quality of the cladding layer is controlled by the adjustment of the laser process
parameters. The current technology allows the production of layers in the range thickness of
0.1 – 3 mm in a single pass. Thick layers can be achieved by recoating on previously deposited
layers. An advantage of building multiple layers over the previous one is that less substrate
material is present in successive layers. The entire thickness of the cladding is also important
when considering peak stresses that can occur in sub-surface regions.
Laser cladding should therefore reduce the economic efficiency and time required. First tests in
the laboratory with a CO2 spot laser [Lew2016] show that different materials with different
properties can be welded on to optimize the service life.

6.4.3 Results and further steps in connection with IN2TRACK2
Different wear layers were welded onto a 10 mm thick plate (made of R260 or R350HT). The
following wear layers were selected as shown in Figure 43:


Fe base FeCrCoMo



Fe base FeCrNi
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Figure 43 Different wear layers.
In order to characterize the various coating materials with regard to: weldability, cracking,
mixing with the base material (rail material R260, R350HT, etc.), micro structures (Figure 43) and
hardness profiles (Figure 45) were prepared.

Figure 44 Micro structure of wear layer (FeCrCoMo, FeCrNi).
In order to avoid cracks in the welding process, several samples were made with different
welding parameters. The energy input by the laser was adjusted during the welding process. For
both wear layers (FeCrCoMo & FeCrNi), no cracks were found on the surface as well as in the
transition region. Therefore, these two layers were selected.
FeCrCoMo alloy consists of a dendritic microstructure with phases of martensite and ferrite. Due
to high content of alloying elements a high level of hardness can be achieved by precipitation
hardening. The cobalt content reduces the risk of cracking due to the deposition process and
improves the metal-metal friction behaviour.
FeCrNi is a martensitic chromium stainless steel which contains precipitations of carbides. The
carbides are formed at the grain boundaries. Small fractions of ferrite phase can be found,
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depending on solidification conditions from the cladding process. The FeCrNi alloy produces
coatings that combine impact strength, corrosion resistance and appropriate wear resistance.

Figure 45 Micro structure of wear layer (FeCrCoMo, FeCrNi).
Both wear layers have a much higher hardness than the rail base material. The dilution depends
on the process parameters. FeCrNi shows a higher mix than 16604.

6.5 Wear and RCF performance of wear layers applied by using
a diode laser
6.5.1 Introduction
After the weldability of the two layers is known, the layers must be characterized for contact
fatigue and wear resistance.

6.5.2 Methods
For the characterization of the wear resistance, sliding tests were carried out. The coating layers
were sanded off. The counter-body used was a C60 - cylinder. The experimental setup is shown
in Figure 46.
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Figure 46 Experimental setup
The following parameters have been set:


Pressing: 0.06 MPa



Stroke (tip-to-tip): 40 mm



Speed: ~ 0.08 m/s



Duration: 7200 cycles

Figure 47 Wear of different wear layers in sliding contact
Due to the sliding tests, the two layers were also selected for two disk tests to characterize crack
initiation and fatigue. Figure 48 shows the test sample for the RCF tests (two disc tests). From
the rail head, a rod with a diameter of ~ 51 mm is worked out. Then 4 grooves with 6 x 4 mm
are milled in the longitudinal direction at 90 ° intervals. In these grooves, the wear layer is
welded with the laser. Thereafter, the round bars are milled with different wear layers to a
diameter of 50 mm. From the round bar, the individual disc samples are then removed with a
thickness of 10 mm. The test disc has a heel and thus the contact length is 5 mm.
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Figure 48 RCF test sample (2 disc sample).

6.5.3 Results and further steps in connection with IN2TRACK2
To characterize crack initiation and crack growth (fatigue properties), a two-disc test rig is used.
The following parameters for the two-disc test rig have been set:


Pressing: 880 MPa



Slip: 1 and 11 %



Revolutions per minute: 1000 rpm

The first two-disc tests show that the cracks initiation occur at the transition from the weld seam
to the base material (see Figure 49). The base material shows significantly larger deformations
than the laser layer. As a result, the roundness of the sample is no longer present and the
experiment must be stopped. The lead test stop shows only crack initiation on the surface in the
transition region. Due to the difference in hardness, there are different plastic deformation and
thereby unevenness is generated in the transition region, which is not desirable. Future laser
coatings must be adapted to the base material in terms of hardness, but nevertheless have a
higher wear resistance. Therefore, further laser coatings and process parameters are developed
and tested in the follow-up project In2Track 2.
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Figure 49 RCF test sample after tests. Crack initiation occur at the transition from the
weld seam to the base material
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Efficient health monitoring strategies and
techniques

Establishment of efficient health monitoring strategies sets out from an identification of core
operational parameters that should be monitored. Work to this end has been carried out in
Capacity4Rail and continued in In2Rail and previous work in In2Track by extending the
knowledge of key mechanisms and influential factors.
This identification of monitoring targets is a pre-requisite for developing monitoring technology
which is done partly here (see e.g. section 7.2), but mainly in the parallel Shift2Rail project
IN2SMART. The monitoring data then need to be employed, e.g. for prediction of how changes
in key parameters further influences operational conditions (e.g. increases deterioration rates
and noise levels). Work to this end is reported in D3.1 and D3.2, and also in this report (see e.g.
section 5.2). This knowledge also includes the establishment of maintenance and safety limits.
The final step is to analyse the efficiency of different maintenance actions. Work towards this
end is presented in this report.
In combination, the research mentioned above will provide means to identify and evaluate
innovative solutions in a more formalised manner that fully utilize potentials for virtual testing
and assessment (the "feasibility evaluation framework" in the Call).
This chapter will present an overview of monitoring strategies for rail cracks with focus on what
has been performed in Capacity4Rail and additional work in In2Rail and In2Track. This is
followed by testing of equipment to measure the tonnage, which is an important feature in
deterioration monitoring and pertinent maintenance planning. The final section discusses
maintenance strategies in urban network where monitoring is an important ingredient.

7.1 Monitoring strategies for rail cracks
Investigation of monitoring targets and related costs and benefits were investigated in
(Capacity4Rail D4.1.2) and (Capacity4Rail D4.1.3).
The objective of (Capacity4Rail D4.1.2) was to identify suitable monitoring targets. These targets
should relate to parameters that affect the operational performance. However, in many cases it
is not possible to directly measure these influential parameters. Instead they need to be
deduced from parameters that are possible to monitor. To investigate this in detail, the report
went into details on monitoring of vehicles and wheel/rail interaction, the status of the railway
corridor, track condition, support and structures, signalling systems, and catenary and power
supply. For most of these areas key parameters regarding operational performance were
presented. From these suitable status indicators were identified and it was discussed how
measurable data could be translated into the desired key parameters. This included the current
use of monitoring (which is also discussed in (Capacity4Rail D4.1)) where it was also observed
that there exists a major heterogeneity in purposes, use, maturity and challenges between
monitoring in the different areas.
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The work in (Capacity4Rail D4.1.2) was taken as the starting point for (Capacity4Rail D4.1.3).
Here the “ideal” monitoring and maintenance targets as identified in (Capacity4Rail D4.1.2) are
contrasted towards existing monitoring and maintenance practices as presented in
(Capacity4Rail D4.1.1) with the overall aim to provide a framework for (enhancing) a strategy
for efficient data collection and analysis. To this end, a cost–benefit analysis is performed where
“costs” and “benefits” are taken in a broad sense and divided into the four categories each.
The overall “costs”


Purchase costs – the cost of buying and installing the equipment



Maintenance costs – the cost of running the equipment



Potential non-availability – the cost if the equipment is not functioning; this could e.g.
be generated by the need to stop trains



Potential cost of erroneous measurements – the cost generated by actions due to false
alarms

were contrasted to the “benefits”:


Improve safety – the benefits from avoiding accidents



Improve maintenance planning – the benefits from being able to predict maintenance
needs



Operational control – the benefit from e.g. stopping trains that would cause problems



Environmental control – the benefit from avoiding deteriorating the environment

To visualize the evaluation results “radar charts” (or “spider charts”) were used. The analyses
were performed for all fields, but since they should represent a “generic European railway” the
resulting quantifications naturally represented rough representations of the situation at any
specific railway.
The work in Capacity4Rail concerned track structures in general. A more focused look on rail
crack formation and growth was presented in In2Track D3.2 (section 12.2). That overview
considered monitoring targets: Besides the cracks in themselves, monitoring should also
consider important factors that promote crack initiation and propagation.
The work in In2Track has also progressed the understanding of rail crack initiation and growth.
This research is presented in Deliverables D3.1, D3.2 and D3.3 and also with focus on switches
and crossings in D2.1, D2.2 and D2.3. The intention is that this knowledge should be employed
to improve the ability for enhanced monitoring strategies for rail cracks (and other parts of the
railway track structure). This study will be continued in In2Track-2 and In2Track-3.

7.2 In-track test of tonnage sensor
7.2.1 Motivation and methodology
Load and wheel–rail contact force measurement stations implemented today on the French
network are based on robust, precise, intrusive and costly technologies. They have been
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developed in order to accurately characterize the harshness of each rolling stock unit and each
wheel passing by over the stations.
Within the scope of a better knowledge of track asset use, in order to be correlated with their
time-evolution trends, load monitoring stations should be distributed more broadly on the
network. This requires easy-to-install and relatively inexpensive measurement solutions.
We report about one option that consists in using an existing measurement device already
developed in other industrial fields, for cumulative strain assessment, and to adapt it to wheelrail load measurement purposes. The measurement devices use is the ChronoMEMS© sensor
technology developed by SILMACH, a French SME located in the “Micromechanical Valley” of
Besançon in the Bourgogne Franche-Comté Region.
Since this sensor type is new to railway industry and rely on a particular measurement
technology, we seek to evaluate his potential through the investigation reported in this section.
The main questions are:


Where to place the sensor on the rail to optimize the measurement in terms of
precision?



Does the sensor can sustain the harsh environment of the rail? Notably in terms of
vibration?



If yes, does the sensor is precise?

After presenting the ChronoMEMS© sensors, we present a numerical study to determine the
best location. We then present laboratory tests to evaluate the precision of the sensor when
attached to the rail. We finally report about in track tests.

7.2.2 ChronoMEMS© sensors: a SILMACH patented technology
The so-called “ChronoMEMS©“ system from SILMACH is a unique technology using very precise
silicon micromechanisms that are manufactured in specialized cleanroom facilities similar to the
one used for the microprocessors industry. The technology is a special branch of the so-called
“Micro-Electro-Mechanical Systems” or “MEMS” which is referring to the emerging technology
of microscopic devices, particularly those with moving parts.
Created in late 2003, SILMACH is a spin-off of the French National Research Labs “CNRS”. Its core
business and very unique speciality is to offer technical solutions that bridges MEMS unique
designs with conventional micromechanics. The final product, a ChronoMEMS© sensor for
example, is thus combining (better say ‘hybridizing”) MEMS silicon parts (wheels, anchors,
cantilevers etc.) with classic machined micromechanical parts (axis, frames, pins, covers etc.).
The sensor technology. ChronoMEMS® solutions is a completely new generation of hybrid
MEMS sensors that function without any electronics or energy source. They are capable of
counting and memorizing mechanical incidents, such as deformations, vibrations, impacts and
accelerations over periods lasting several decades. In the present study, the sensor is designed
to count the cyclical load/deformation resulting from the circulation of the train axle on the rail.
Very basically, the principle is to use the elastic deformation of the rail during the loading for
engaging the rotation of a ratcheting silicon wheel. The size of the wheel teeth as the order of
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magnitude of the elastic deformation thus, even if the elastic deformation is very small (few tens
of micro-strain or µstrain) the mechanism of the sensor is able to follow it and engage its
rotation. The angular position of the wheel gives directly the number of loading cycles. Figure
50 and Figure 51 give an illustration of the principle. One has to notice here that the
ChronoMEMS sensor can be compared to an on/off operating sensor since the deformation has
to reach a “strain threshold” in order to enable the wheel to rotate.

Figure 50 Strain mechanical measurement principle in the ChronoMEMS© sensor.
Green and red arrow illustrate the elastic deformation (tensile stress). The
sensor corpus is a one single continuous part with two sections (red and
green) connected by two thin elastic arms. The sliding displacement of the
two section engage the rotation of the wheel via the contact with the silicon
cantilever anchored in the red section

Figure 51 Ratcheting wheels principle used in ChronoMEMS© system. Part n°1 is the
wheel linked to the green section. Part n°2 is the cantilever anchored in the
red section. Part n°3 is the sensor corpus (in this illustration, the rotation of
the wheel is obtained by a compressive loading).
The ChronoMEMS® technology has been originally developed for the monitoring of military
equipment submitted to severe operating condition (cyclical load close to the elasticity limit:
oligo-cyclical fatigue). Fielded in 2012 in the French Army, the simplicity of the solution has
generated a huge interest in the industry, especially where there is a need for very pragmatic
and simple solution for the monitoring of equipment. SILMACH is currently adapting the
ChronoMEMS® technology in numerous applications in the defence and commercial sectors:
aeronautics, nuclear, industry, naval, infrastructures etc.
Due to its characteristics and principle, the ChronoMEMS® sensor has to be adapted to each use
case, in the present study, to the cumulative railway tonnage measurement. The preliminary
work carried out consists in studying the two following open points:


Where to place it in track (as it is not a punctual device)?
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Can it work in a harsh environment (vibration) such as the one corresponding to
railway track?

7.2.3 Location of the sensor
The ChronoMEMS® sensor mainly differs from usual sensor by the fact that it is clearly not a
punctual device, as can be considered a strain gauge or an accelerometer. Thus, the provided
measurement will reflect the behaviour of a small-scale structure (few centimetres of rail length)
rather than the behaviour of a point/section of the rail. The sensor location must be then
carefully chosen to mainly satisfy two conditions:


Mainly uniaxial load with very small off-plane and shear strain of the sensor



Amplitude of strain highly dependent and sensitive to the train load

The candidate locations are illustrated on the Figure 52. Based on previous work, we have
discarded the rail web due to complex deformation mechanism involved. Aligning the sensor
with the longitudinal direction of the rail, the selected positions are:
a) On the rail foot
b) Under the rail foot
c) Under the rail foot and centred

Figure 52 Candidate sensor location on the rail
To perform numerical simulations we use ANSYS, a well-known Finite Element Analysis tool. The
model used is similar to the one used and described in In2Track D2.2 section 3.3.4. The simulated
system, shown in Figure 53, consists of a 4.8 meter long UIC60 rail lying with railpad, rigid
sleepers and a homogenous layer of ballast. The train load is represented by the force exerted
by a unique wheel on the running surface through discretised contact points. The maximum
force is 112.5 KN. The mesh is composed of nearly 40 000 nonlinear hexahedral elements and
80 000 nodes.
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Figure 53 The simulated system is composed of a rail subjected to discrete variable
forces to represent a train passage
To evaluate the strain experienced by the sensor, we follow the absolute position of two sets of
A,B,C points (according to Figure 52) in two rail section separated by 12 cm, which correspond
to the typical sensor length. The sensor length can be adjusted to amplify the strain.

Figure 54 Illustration of point used to compute the sensor strain
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Figure 55 Longitudinal position difference as a function of time for the different sensor
locations (A,B,C)
The Figure 55 shows the longitudinal position difference for the different candidate locations.
All the curves are similar and we clearly observe the wheel passage. The maximum displacement
difference is obtained under the foot. It is remarkable that the exact location under the foot
does not impact the results since the wheel load is not purely vertical, in other words the
beneath surface of the rail foot propose a quite homogeneous strain behaviour. We have run
multiple simulations varying the position of the wheel on the running surface and have
confirmed the preceding results. Moreover, thanks to previously acquired experimental data,
we have confirmed that the best location of the sensor is under the rail foot because the relation
between load and strain is nearly linear (simple but strong dependence) with a significant slope
(sensitivity). To confirm these results, we have tested the sensors in laboratory.

7.2.4 Laboratory testing
Support bracket
(clamped or glued)

Strain gauge
ChronoMEMS© sensor

Figure 56 Scheme of the instrumented rail. Strain gauge and ChronoMEMS® sensor are
represented respectively in red and blue
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Figure 56 illustrates the experimental setup that corresponds to a quasi-static simple bending
test of the rail. The ChronoMEMS© sensor has been screwed on 2 support brackets glued or
clamped to the foot of an UIC60 rail. Two ChronoMEMS© sensors have been tested: the first one
is 123mm long whereas the second one is 151mm. Each sensor has 3 strain thresholds
(corresponding to 3 detection and count wheels). The aim of the test is to check if the two
sensors work properly. In other words, we determine the loads to apply on the rail in order to
trigger the sensor thresholds. To evaluate the performance of the ChronoMEMS© sensors as
good as possible, we have installed a strain gauge under the foot rail just below the centre of
the sensor. The gauge measures the strain of the rail in the zone where the ChronoMEMS©
sensor is fixed. The sensor works properly if the gauge measured strain required to trigger one
threshold corresponds to the expected value. Of course, slight difference between expected
(nominal) value and experimental value can occur due to the fact that ChronoMEMS© “measures”
the displacement between two points (and thus the deformation with respect to the initial
position) while the gauge measures the deformation of a very small patch. Besides, the strain
gauge has to be perfectly angled in the direction of the sensor.
Table 8 shows the results of the lab tests. From left to right, the columns indicate in microstrain
(1µm/m) the theoretical strain thresholds of each ChronoMEMS© sensor, the strain thresholds
measured by SilMach test bench (piezo electric test bench) and the strain thresholds measured
by the gauge fixed on the rail. While the gauge strain values are continuous over time, we only
report here the recorded values corresponding to the instant of ChronoMEMS© wheel
increment (strain threshold reached). Each line corresponds to a threshold/wheel of a tested
ChronoMEMS© sensor. As mentioned before, the ChronoMEMS© sensors have been tested on
a piezoelectric test bench before shipping from the factory. We observe slight differences
between the two measurements (columns 3 and 4) probably due to the fact that strains are
measured by two totally different methods (experimental conditions, calibrations etc are not
identical). Nevertheless, we can see that both measurements are very close and fit pretty well
with the theoretical values. Moreover, whether fixing the ChronoMEMS® with a pair of clamps
or with glue does not have an influence on the values. According to these results, we assume
that the sensors work properly and are sufficiently accurate to test in an operational
environment.
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Strain measurements results expressed in microstrain

Configuration

ChronoMEMS L
123
(glued on the
rail)
ChronoMEMS L
151
(clamped on the
rail)
ChronoMEMS L
151
(glued on the
rail)

Theoretical
threshold
(µm/m)

ChronoMEMS
threshold - factory
measurement
(piezoelectric test
bench)

ChronoMEMS
threshold measurement with the
strain gauge

Threshold
Validation

S1 : 130

S1 : 112

S1 : 120

Ok

S2 : 220

S2 : 201

S2 : 223

Ok

S3 : 350

S3 : 324

S3 : 348

Ok

S1 : 105

S1 : 91

S1 : 112

Ok

S2 : 180

S2 : 164

S2 : 167

Ok

S3 : 285

S3 : 264

S3 : 278

Ok

S1 : 105

S1 : 91

S1 : 112

Ok

S2 : 180

S2 : 164

S2 : 185

Ok

S3 : 285

S3 : 264

S3 : 286

Ok

+/- 25 µdef

(on the rail)

7.2.5 In-track testing
We have installed 3 ChronoMEMS© sensors on a mixed traffic line near Paris during spring 2018.
The sensors have been clamped or glued to the rail to assess the robustness and the installation
complexity on track, as shown in Figure 57. Strain gauges have also been installed under the foot
rail to validate the ChronoMEMS© sensor measurements.

Figure 57 Clamped CRM (left: view of the rail clamping, right: detail of a ChronoMEMS©
sensor)
The results were inconclusive and do not merit to be quantitatively analysed. Globally, we have
damaged some of the counting systems and the undamaged wheels have not properly evaluated
the tonnage. These observations can be explained by the high level of vibration to which the rail
and the ChronoMEMS© are submitted. The main identified reason for that is the high sensitivity
of the ChronoMEMS© to the rail vibration. Indeed, thanks to high and off-plane (here the
reference plane is horizontal) vibration, the cantilever can be moved out of his equilibrium
position and then impact the wheel when returning. The consequence of this kind of event can
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be damage of the cantilever and/or of the wheel teeth. The same event can also generate an
artificial counting by allowing the wheel to temporary rotate freely. Thus, the conclusion is that
the present design of the ChronoMEMS© is not robust enough to sustain the harsh vibrational
environment of a railway track.

7.2.6 Conclusion and perspective
Railway operational conditions are very specific in terms of vibration. The study helped to
evaluate the actual tri-axial environmental vibration/acceleration pattern induced by the
operation of a train on the rail. In other terms, by improving this knowledge, we will be able to
better define the specifications in correlation with the environmental operation condition (like
in aeronautics or military environments). It will be then possible to take these specifications and
improve the design of the sensor in order to make it compliant with the cumulative railway
tonnage measurements.
SilMach evaluates, in self-financing, sensor configurations that should make it possible to
eliminate the effects of the vibrations on each threshold without modifying the sensitivity.
Tests on electrodynamic shaker are programmed to evaluate highest vibration intensity that the
new sensor configuration can sustain. Following these results, a new test campaign with real
operational conditions will be planned in agreement with SNCF to verify if the new configuration
robust enough to sustain the harsh vibrational environment of a railway track.

7.3 Preventive maintenance strategies with focus on rail
grinding in urban networks

Figure 58 Basic actions and environmental structure in urban rail networks. Tracks are
often seen as a source of noise and vibration. This is especially true for tram
tracks since they often are in close vicinity to residential buildings.
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Urban rail operators are often up against Complaints because of noise & vibration. Necessary
investigations carried out by the operator show that often the source is caused by rail with
corrugation. Even if the root cause of corrugation is found out and directly linked to the track
itself, due to the lifetime of track between ten to fifty years, the challenge to remove corrugation
will be present for a long time.
The main reasons for corrugation removal in tram tracks are:


Noise & vibration and corresponding Complaints



Higher strain on vehicles and track

Complaints are an important factor as urban rail operators are in focus of politics and general
public, so that corrugation has to be removed, when Complaints are filed. Higher strain is
assumed based on physical principles as well as dynamic measurements of acceleration at the
axle box of metro and tram vehicles.
To correct this deficiency, rail grinding is an established form of maintenance work. Most often
corrective grinding with rotating grindstones is used, which is a form of corrective maintenance.
Alternatively, regular work with a kind of rubbing blocks can be used as a preventive
maintenance method.
The main reason to take new technologies into account is, to reduce the overall costs of rail
grinding or to improve the network wide track condition without raising the necessary funds. As
a side effect, it is assumed that with regularly improvement of the rail condition the overall noise
& vibration level will be reduced, in contrast to reactive maintenance.
A second reason to use preventive grinding is, that is should be possible to do this maintenance
work during the day while operation on tramway is still running. This helps to prevent
Complaints about the noise in context with reactive grinding, which is only possible during
closing hours during the night.
Usually the focus of research regarding corrugation and removal of corrugation are main lines.
This section shifts the focus on urban rail networks (especially trams) taking the environmental
differences into account.
Important differences between main line tracks and tram tracks are:


Different track layout



Use of grooved rail



Tracks embedded into streets with no obligation to segregate between tram and
individual transport



Tracks with pavement



Clearance

Due to the fact that maintenance usually takes place during the night, even the maintenance
itself (especially corrective grinding) is perceived as a disturbance by local residentials.
As such there is an urgent need in finding different maintenance strategies and methods to
overcome this obstacle in terms of:
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Availability of the transport service



Reduction of noise and vibrations



Optimize the costs of maintenance actions



Ensure safety of employees during work on streets with heavy traffic

To achieve a solution for this need, the following action plan has been created:

Figure 59 Basic action plan

7.3.1 Identify parameters as basis for maintenance decisions
Based on available measurement methods three possible ways of detecting corrugation have
been identified.
There are:


Direct measurement of the geometrical surface of the rail



The reaction (acceleration) of the wheel axle of a vehicle



The emitted noise beneath a running vehicle

The direct measurement is a common method described in European standards, but is usually
only available for vignol rails. There are approaches to have them available on grooved rail, but
especially with mechanical devices (usually the least expensive) one can encounter problems
with grooved rails.
The reaction of the wheel axle of a vehicle is an indicator for the waviness of the surface of the
rail. It can be measured with simple accelerometers. Because of the dependence of the speed
of the vehicle and suspension effects, this method is not as reliable as direct measurement. On
the other hand it is rather cost efficient to implement and allows to assess large amounts of
track within rather short time.
The measurement of emitted noise beneath a running vehicle is also speed-dependent.
Nonetheless it allows analysing the signal for significant information to identify corrugation. As
a side effect is also gives an impression about the overall track condition.
Due to an available test system and test software, as well as measured data in national scientific
projects, the method using emitted noise is used. (Dr. Ömer 2012), (Dipl.-Ing Wehr 2015). To
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find limit values for maintenance actions, local measurements have been done and been linked
to visual inspection on sight.

7.3.2 Measure data on rail surface
By using the acoustic measuring approach, tram track data obtained using a measurement car
and an automatic measurement system since mid 2016 have been assessed. Additionally, local
test measurements have been done to validate the outcome. In Figure 60 examples of these
local measurements are shown.

Figure 60 Example of individual local measurements of corrugation with corrugation
ruler
Figure 61shows a snapshot analysis of the whole network, differentiating measured data in
curves in contrast to straight lines. This has been taken as a first indicator that corrugation has
a relation to the curve radius. Different wavelengths couldn’t be taken into account, because
the acoustic measurement system does a detection and classification, so that this information
is not present in the available date.
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Figure 61 First test of comparison between measured corrugation in curves and
straight line

7.3.3 Degradation model for corrugation
Based on the information of the measured data, it is assumed that the following parameters are
relevant in terms of a degradation model concerning corrugation:


Curve radius



Total axel load per time unit

Additional parameters as the mix of the vehicles as well as their specific layout might be relevant,
but it is assumed, that this mix is in contrast to mainlines similar all over the network.
Based on this assumption a feature matrix of the whole network has been created. This matrix
consists out of:


Curvature



Annual load of the specific track



Specific track section



Difference of corrugation value between two measurement runs3



Difference in time between two measurement runs

3

The corrugation values are based on the classification of the acoustic measurement system, where each
value is assigned a timestamp and a location. The difference is the difference of two corrugation value at
the same location at different points of time.
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Based on this feature matrix4 a 2d-regression model has been applied. Figure 62shows the data
from the feature matrix as well as the resulting model.
As a result, the impact ratio between load and curvature is 1.33 to 1, using a linear model.
(curvature in 1/m; load in MGT/year.5
The method to use simple delta values of the measured corrugation is due to the rather short
time span of available data. Else a more stable method could have been used. Nonetheless, the
result is within anticipated boundaries, so that it can be used in the modelling for the
maintenance strategies.

Figure 62 Degradation model for corrugation on Wiener Linien tram-network

7.3.4 Model for maintenance strategies
Layout of the model
The model is designed in a way to be able to decide which maintenance strategy is most cost
efficient. This is done by calculating the needed workhours of the maintenance method. It
doesn’t consider the sum of noise and vibration reduction over time below an action limit. If
corporate policy does pay attention to these, a different model should be created or the model
could be expanded using this factor as a weighting.

4

It has to be assumed, that the feature matrix cannot be transferred to a different tram network, due to
different vehicles. Nonetheless, the result should have similar qualitative outcomes.
5

The detection algorithm for corrugation is currently in development, as such the results of the regression
are not satisfactory in a statistical way. Non the less, further improvements of the regression are planned
in in2track2 (the corrugation detection algorithm is created outside of in2track).
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Figure 63 Overview rail grinding - model and cost calculation
By using a modular approach the model for maintenance strategies is constructed by using
different modules. These are spilt into a technical part and an economic part. By doing so,
different input parameters can be separated accordingly.
As shown in Figure 63, the grinding model is the technical part in the overall view of rail grinding.
The technical part is only influenced by parameters directly bound to the grinding itself, whereas
the cost calculation is mainly influenced by secondary parameters. As such the grinding-model
covers only the technical part, streamlined to give an output parameter usable for cost
calculation.
The economic part called cost calculation is mainly shown as an additional part, but not done to
full extend because politics, law, and so on vary between different countries and even cities
inside the EU.
Input parameters
The following parameters are used in the model:


Amount of removal of corrugation depending on the maintenance method per pass



Difference of removal between curves and straight lines when applicable



Different working speeds of the maintenance method



Network track layout



Length curves



Length straight lines



Degradation



curvature



load on straight line and on curve



start point for intervention of corrugation removal (in this case, classification values
from the acoustic measurement system)

Output Parameters:
 Needed working hours of the specific maintenance method
Model limitations
The model compares three different maintenance methods:


Corrective grinding
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Preventive grinding without ability to adapt corrugation removal locally (in curves) –
simple preventive grinding



Preventive grinding with ability to adapt corrugation removal locally – oscillating
grinding

The starting point where intervention (corrugation removal is necessary) is considered the same,
for being able to compare these basically very different maintenance methods.
The so-called loop model simulated a fictive track loop. It is built in a way that it is the decision
of the user to calculate one loop with the average data of the corresponding networks, or to
calculate a bigger number of loops to increase the granularity of the simulation of the tram
network.
The basic needed working hours are calculated for the different working methods as follows:
Simple preventive:
Working along the loop, till every track section is considered below a corrugation
threshold level with an estimated average working speed
Oscillating:
Working along the loop, till every track section is considered below a corrugation
threshold level, considering different working speeds and removal rates in curves
and of straight lines
Reactive grinding:
Working along the loop, till every track section is considered below a corrugation
threshold level, according to experience of IM (for this maintenance action is at the
moment the methods done by Wiener Linien) resulting in working hours
The loop model also takes into account, if the degradation in curves or on straight lines is the
relevant factor regarding the corresponding maintenance method.
To calculate work hours with this loop model, in a first step the relevant degradation factor is
selected according to the maintenance method and the network layout. In a next step the
needed maintenance action is calculated (runs over the specific part of the track to remove the
corrugation until the lower threshold is reached). Depending on the working speed of the
maintenance method and the length of the loop, the corresponding working hour is calculated.
It also takes into account who many workmen are needed to carry out the specific maintenance
action.
In this case a single loop with the average relevant data corresponding with the Wiener Linien
Tram Network has been used (see Figure 64).
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Figure 64 Wiener Linien network as a loop model

7.3.5 Parameter studies and assumptions
For there are no available data for the performance of simple preventive and oscillating grinding
on tram networks, the removal rates of these two methods have to be estimated according to
tests of these methods on main lines.
The following assumptions have been done:
Simple preventive:


Removal rate of corrugation in a single pass 0.001mm



Working speed 6.94 m/s

Oscillating:


Removal rate of corrugation in a single pass on straight lines 0.001mm (without
oscillation)



Working speed on straight lines 6.94m/s (without oscillation)



Removal rate of corrugation in a single pass in curves 0.001mm (with oscillation)



Working speed in curves 1.11m/s (with oscillation)

Corrective:


An average of 250m grinding per hour is estimated based on experience

Based on this values parameter studies have been done using the loop model using the different
grinding methods.
Because working hours are the main focus of this comparison, additional information on when
and how the maintenance action can be carried out, is provided, which has to be adapted by
every IM according to the rules and regulations within the corresponding company.
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Figure 65 Parameter study of different grinding methods – influence of curve/straight
line ratio on normalised network
Figure 65 shows a parameter study on a normalised network where the ratio between curves
and straight lines is adapted. As a result, oscillating grinding demands less hours with an increase
of the curve ratio compared to simple preventive grinding.
For a network like the Wiener Linien tram network the ratio is about 30%, meaning that about
30% of the track are curves. As such oscillating grinding (adaptive grinding) appears to be
promising.
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Figure 66 Parameter study of different grinding methods – variation of degradation
rates in straight lines and curves
In case of the degradation rates as shown in Figure 66, the values can only be assessed by long
time monitoring of the specific network. They depend highly on the rail-wheel interaction, as
well as the track and vehicle design. The parameter study is done by varying the degradation
values in curves and straight. Its shown, that with low values of degradation the necessary
amount of working hours is similar between oscillating grinding and corrective grinding. Working
hours for simple preventive grinding grow fast with an increase of the degradations rate.
Working hours to costs
Working hours are the basis to calculate the costs necessary to remove corrugation on a network.
The model itself doesn’t cover the costs directly, because they are heavily influenced by the
network operations, national and/or international laws, costs for material and human resources.
As such a parameter study comparing the grinding methods is done. The study considers that
depending on the methods, different costs per working hour has to be included. (e.g. work only
possible during out of service times of the network, amount of necessary staff, …)
Additionally, the amount of corrugation removal and the grinding speed of the preventive and
oscillating grinding are variated. In Figure 67 the corrective grinding values are shown as a
benchmark value based on experience. It doesn’t include variation of speed.
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Figure 67 Comparison of grinding methods regarding cost effective working hours
The following hypothesis is made:


Corrective grinding is only possible during out of service times



Preventive grinding is possible during service times



Corrective grinding is in need for more employees due to traffic law restrictions (need
for traffic controls)



Preventive grinding is not in need for traffic controls (because it follows the driving
direction)



Corrective grinding is slower than average travel speed in tram networks



Preventive grinding is faster than average travel speed in tram networks

As a result, Figure 67 shows that it is necessary to reach an average speed of at least 2.23m/s
for oscillating grinding to be cost effective in comparison to corrective grinding. With simple
preventive grinding the necessary average speed is at about 3.5m/s. It is considered that
oscillating and simple preventive grinding is in need of 2 employees to operate the machinery,
whereas corrective grinding usually requires 3 employees. Corrective grinding work can also only
be done in out of service tracks (eg. during the night hours). In this comparison the boundary
conditions of Wiener Linien tram network are used.

7.3.6 Boundary conditions for rail grinding in tram networks
Urban rail networks and especially tram networks have different boundary conditions to be
taken into account, when doing maintenance work.
These are:
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Structure gauge



Track layout design parameters



Rail profile type



Individual traffic



Covered track

Structure gauge is different to main line operations and differs between most urban rail
operators. The basic solution is to keep the machinery as small as possible.
Track layout design parameters usually have small curve radii down to 17.5m (can be even lower
in some tram networks). Even considering wear effects, on tram networks wear doesn’t
dominate in such a way, that grinding is not necessary. (The lifetime of embedded grooved rail
track in such small radii can be consider between 10-15 years, whereas corrugation effects start
to take place after 3-6 years.)
For rail profile in metro networks usually vignol rails are used, whereas in tram networks a
mixture of vignol rail and different profile types of grooved rail is used. Due to historical reasons
some tram networks even have specific rail profiles only found in these networks.
In contrast to main line track and metro tracks, tram tracks are embedded or in close vicinity to
streets and as such to individual traffic and pedestrian traffic. This usually results in special needs
according regional laws and additional safety measures to prevent accidents. For example, in
rail grinding, it is imperative to prevent flying sparks.
It also enforces mono-directional working and/or blocking of streets, which usually can only be
achieved during night hours, when there is less traffic and no service on the track.
The embedded (covered track) usually used in streets also has a big impact on the design of
maintenance machinery, due to restricted access to the rail head. This area (near rail area) has
been specifically analysed to be able to provide valid data for designing tram grinding machinery.

Figure 68 Example for situation, with has to be considered during machinery design
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Figure 69 Raw measurement data transformed into a B&W image showing embedded
tram rails
Figure 69 shows measured raw data of embedded tram rails transformed into a B&W image.
The measurement is done with laser line scanning, with a sampling rate of one profile all 6.67mm,
basically providing a 3d-scan of the grooved rail. You can see the grooved rail, as well as the
cobblestones between the rails and the concrete slaps at the outer border of the image.
Using these raw data, an analysis has been done to provide statistics on how much the cover
height exceeds the rail head.
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Figure 70 Measured rail profile including near rail area
As an example, in Figure 70you can see the street cover on the track inner side that exceeds the
rail, whereas on the outer side it is still lower than the rail head.
Figure 71 and Figure 72 show the distribution of the surface cover according to the rail.
Especially the height on the field side is important, because on this side the rail head has to be
worked on. The measured result shows, that the difference between the surface and the rail
head exceeds 15mm, usually it is assumed that these height differences can be up to 30mm.
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Figure 71 Distribution of cover surface height next to the rail – rail height on gauge side
in mm
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Figure 72 Distribution of cover surface height next to rail – rail height field side in mm

7.3.7 Conclusion
Rail grinding is a very important factor in urban rail systems and especially on tram tracks
because of noise and vibrations. To handle rail corrugation usually corrective grinding or simple
preventive grinding is used. The technology of oscillating grinding is not established in tram
network. Due to developing of a corrugation degradation model and including the results in the
so-called loop model, a benchmark for oscillating grinding has been made. These show that
oscillating grinding is establish able with less working hours than the other grinding methods.
Additionally, it is possible to execute this maintenance during operation hours during the day,
reducing the noise output during night hours. Therefor oscillating grinding shows a lot of
potential at least for tramway networks with a similar layout like the tramway network in
Vienna.
Additional factors which have to be considered when designing a rail maintenance (grinding)
machine have been listed and statistical analysis of near rail obstacles have been made, which
in contrast to main line vignol tracks have to be considered.
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Conclusions and input to demonstrators

Section 5.1: Within the scope of this section the factors affecting grinding and different grinding
practices were investigated. On the other hand, grinding is investigated from economical aspect
as well. Optimising the grinding operation is very important for all IMs since grinding is one of
the high cost maintenance activities. All IMs try to decrease the overall maintenance cost and
of course the grinding cost. However, the important point is to sustain the quality of the service
while decreasing the maintenance cost. Determining the grinding interval is one of the most
important points for optimising grinding and the other important point is the optimised grinding
depth. Mathematical model studies concerning both technical and economic aspects are
important for optimisation of grinding. This type of studies, supported by field tests, aiming to
evaluate the optimum grinding interval and grinding depth can give valuable contribution to
grinding optimisation studies.
The most important challenge about determining a standard optimum grinding strategy is that
the “optimum” term differentiates according to conditions and requirements of different IMs.
The aims of grinding program are also important to determine the optimum strategy. For
example, the density of the line and the line characteristic should be considered to determine
the grinding interval. According to the studies which are investigated within the scope of this
study, the grinding depth is mostly determined by their own experience by IMs. At that point,
the guidelines prepared in Innotrack project include valuable suggestions. To optimise the
grinding process evaluating the effectiveness of the materials used and applied processes are
important so that the cost can be decreased.
The high cost of grinding operation is the major reason to prefer corrective grinding instead of
preventive grinding which is required to repeat periodically. However, preventive grinding has
a lot of advantages and in long term it can have a decreasing effect on maintenance cost.
Preventive strategies should be popularised for the optimum grinding. Determining the
frequency of the preventive grinding has vital importance for IMs. The IMs should determine
the grinding interval before translating from corrective grinding to preventive grinding and they
perform the grinding operation at the determined intervals otherwise they may have to turn
back to corrective grinding. Preventive gradual grinding should be thought as an alternative to
translate from corrective grinding to preventive grinding. However, the merits and demerits
should be investigated more detailed. A group study (consist of different IMs) should be done
like in Innotrack project to be able to present a proposal of the optimal European Grinding
Strategy. A workshop can be organized on this matter with the broad participation of IMs all
around Europe in the future.
Plastic deformation is shown to significantly influence the hardening behaviour of rail steel as
investigated in section 5.2. In particular, it was shown how a combination of shear and
compression will lead to a severely anisotropic yield surface of the rail material. Criteria to
predict crack growth direction under twin disc testing conditions have been developed from
criteria in the literature and validated towards experimental data. The sensitivity of repair welds
to RCF has been investigated and it is shown that the operational loading after repair welding
significantly reduces the risk. Related topics to be investigated and demonstrated in later parts
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of Shift2Rail to optimize maintenance include how restoration of plastic hardening (and related
formation of damage) will progress for different materials and under different operational
conditions. Prediction of crack growth under operational conditions will be further improved. If
interest exists from the industry to commercialise the method, repair welding will be further
investigated and demonstrated.
In the study in section 5.3, the overall market development of light rail systems as well as their
future perspective are investigated. Furthermore, the technical and operational constraints for
the application of rail grinding are assessed and underlined by the findings from a market survey
conducted among network operators. After the decline in the 20th century, light rail systems
have boomed in recent years. They have become the way to go to provide high-quality public
transport systems in urban areas. Considering that the urbanization both in relative and in
absolute figures is a global phenomenon and believed to significantly progress within the
upcoming centuries, the need for efficient and high capacity transportation systems will further
increase. However, the minimization of harmful noise emissions is essential for public
acceptance and successful integration into urban spaces. Rolling noise, the main source of sound
emissions from light rail systems, is significantly influenced by the rail surface and its specific
damage patterns. Preventive rail grinding will increase the availability of the asset and reduces
the impact of noise and vibration by delivering a good rail surface quality. Grinding for light rail
infrastructure has to meet both operational as well as infrastructural constraints, such as narrow
curve radii and of a high number of turnouts and crossings per track kilometre. These challenges
have to be solved by future developments In2Track.
Section 5.4 discusses how replacing BVIs with a combined TG and PLPR system (or similar
systems) has significant benefits to the maintenance management of track assets. The PLPR
information is digitised which removes subjectivity and previous manual or paper processes. The
safety of staff is significantly enhanced by being isolated from a live railway, and the amount of
track access can be significantly reduced (where PLPR does cover). Rail head faults are identified
through the Ultrasonic Test Unit (UTU) and Eddy Current (EC) systems, incorporating these to
be capable to run at the same speed as PLPR, would allow for an “all in one” recording system
with high definition cameras to identify the faults, bringing the benefits of PLPR and the other
systems together. Further enhancing the asset management strategy, providing improved
visibility of the degradation of the track system, assurance through digitised recordings and
potential to predict degradation of track assets through enhanced frequency of recording
I section 6.1 it is discussed how the maintenance parameters that should be taken into account
to assess the maintenance technical viability of new slab track systems are the following


Frequency of grinding regime.



Frequency and level of inspection.



Long component life.



Track quality retention.



Ease of minor alignment (line and level) adjustment.



Ease of minor component replacement.



Ease of major component replacement.

GA H2020 730841

D3.3

Page 111 of 120

IN2TRACK

D3.3 – Enhanced inspection, maintenance and operation of track



Easy in situ repair of major components.



Extent of maintenance resources/ plant required.



Ease of rail head repairs and in situ welds.

In section 6.2 research on the modular slab track concept has been carried out. The research
focused on:


Study of optimal control of structural damage. (The most easily replaced elements
should be designed to act as a “fuse”, guaranteeing that in case of structural damage,
it shall concentrate on these elements.)



Study of optimal track maintenance and innovative track renewal methods.
(Completely modular system, adaptation to post-constructive settlements, highly
mechanized installation process, heavy lifting machine no required, precast elements,
etc)
With regards to the continuously supported modular track, it is being conceived for a fast
placement, as well as for a fast replacement, in order to reduce rail traffic disturbances. In this
way, the study in section 6.3 on the use of cement-based mortars reinforced with steel and/or
polypropylene fibers has two different goals: As a mortar reinforcement, fibers will increase the
bonding durability and toughness, ensuring a more continuous support for the precast slab.
Whereas, as a debonding precursor, fibers will only be activated to deteriorate the bonding
interfaces when replacement is necessary. The preliminary results show that the microwave
application is a promising technique but needs to be further developed.
In sections 6.4 and 6.5 the method of welding layers with desirable wear properties on critical
sections of the track using a laser is proposed as an economical and time-saving maintenance
measure. Initial wear tests on the layers applied on standard track materials showed good wear
resistance and the fatigue tests showed the behaviour of crack formation. Different laser
coatings will be developed, and the influence of process parameters on wear and fatigue
behaviour will be tested in the follow-up project IN2TRACK2
In section 7.1 a very brief overview of the work in Capacity4Rail and In2Track regarding
monitoring strategies for the track structure in general and of rail crack formation and growth
in particular is presented. In In2Track-2 and In2Track-3 this work is intended to be taken further
towards establishing monitoring strategies for rail cracks (and other parts of the railway track
structure).
Train tonnage measurement is of major importance to evaluate the effective stress applied to
railway tracks. Having cost effective solutions is then required to perform such monitoring at
network scale. Section 7.2 repots the test of a new technology of sensor based on MEMS with
the main advantage to be totally passive and reliable in another field of application
(aeronautics). We show that the sensors are precise and reliable but not tough enough to sustain
the harsh condition (vibration) experienced when fixed to the rail. Way of progress has been
identified and already undertaken by the solution provider.
Rail grinding is a very important factor in urban rail systems and especially on tram tracks
because of noise and vibrations. To handle rail corrugation usually corrective grinding or simple
preventive grinding is used. The technology of oscillating grinding is not established in tram
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networks. Due to developing of a corrugation degradation model and including the results in the
so-called loop model a benchmark for oscillating grinding has been made. As a result, oscillating
grinding shows a lot of potential.
Additional factors which have to be considered when designing a rail maintenance (grinding)
machine have been listed and statistical analysis of near rail obstacles have been made, which
in contrast to main line vignol tracks have to be considered.
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