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Executive Summary
This report presents the results of Tasks 1.1 and 1.2 within Work Package WP1, aimed to identify
and assess the existing and emerging technologies, methods and solutions in relation with the
developments targeted by INNOWAG work streams, and analyse the compatibility between the
technologies and methods identified by the benchmark, with respect to further integration in a
single concept, which is the intelligent lightweight wagon.
The work within Task 3.3 was organised into three stages: i. ‘Overview of market drivers and
trends’, which overviewed the freight railway market with respect to the current demands; ii.
‘Survey of existing and emerging technologies and relevant solutions’, which identified the most
feasible state-of-the-art solutions; and, iii ‘General assessment of potential solutions’, which
evaluated the feasibility of identified technologies with respect to existing technical and regulatory
limitations and boundaries.
After a brief introduction showing the main WP1 activities, the scope of Tasks 1.1 and 1.2, and
the relations with further work in INNOWAG, the next Section §2 presents the results of the
overview of market drivers and trends. The review focused on recent relevant studies carried out
within both EU funded and national projects. The analysis also considered valuable data and
information provided by EU stakeholders.
The following Section §3 includes 10 distinct sub-sections, which focus on the different
technologies and/or technical topics related to INNOWAG’s work streams. For each topic, the
dedicated sub-sections tackled 1. Specific market drivers; 2. In-depths survey of existing and
emerging solutions; and 3. Assessment and recommendations resulting from the analysis of
identified solutions.
Section §4 overviews and assesses the integrated solutions which have not been considered and
included in Section §3. It has a similar structure as the sub-sections of Section §3, as shown
above.
Finally, Section §5 draws the conclusions of the study. It includes both general conclusion related
to drivers and trends in freight railway market, which determine the development of the nextgeneration rolling stock, and specific conclusions related to technologies and technical solutions
in each of the project’s topic/work stream.
The final conclusions highlight the results achieved and show the way forward for the next
INNOWAG work packages.
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BIC

Bureau International des Containers
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GPS

Global Positioning System
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IoT

Internet of Thing
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Logistic Service Provider
Machine-to-Machine

MEMS

Microelectromechnical System
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OTN

One Stop Shop
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PAN

Personal Area Network

PM

Preventive Maintenance

PdM

Predictive Maintenance

PTN

Planned Train Number

PZT
RCS

Lead Zirconate Titanate
Radar Cross Section

REX

Return Of Experience

RF

Radio Frequency

RFID

Radio Frequency Identification

RU

Railway Undertaking

SNS

Satellite Navigation System

SPC
SWL

Single Point of Contact
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International Union of Railways

WILD

Wheel impact load detector

WSN

Wireless Sensor Network
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1. INTRODUCTION
The INNOWAG project aims to work towards increasing rail freight competitiveness by enabling
the increase of capacity and logistic capability, improve reliability availability, maintainability and
safety, and lower life-cycle costs.
This will be achieved through the development of the next generation of lightweight and intelligent
freight wagons; the development is divided into three work streams:




Cargo condition monitoring;
Wagon design, and
Predictive maintenance.

The scope of Work Package 1 is to outline the foundation and terms of reference of the project
for the three areas of investigation in the project’s work streams, and the integration of the work
in those areas.
This report presents the results of activities carried out within Tasks 1.1 and 1.2, in order to
achieve the first two specific objectives of WP1, i.e.:


Identify and assess the market drivers in rail freight, particularly in relation with the
three areas envisaged by the INNOWAG work streams;
 Provide a benchmark of the current technologies, technical solutions and
procedures in the three areas envisaged by the INNOWAG work streams;
Task 1.1 aimed to overview the market drivers and trends and survey the existing and emerging
technologies and relevant solutions. These were further analysed and assessed with respect to
existing technical and regulatory limitations and boundaries, which have been identified within
Task 1.2.
The report has the scope to provide the foundation and inform the direction of the work towards
an integrated lightweight and intelligent freight wagon design that meets the current and future
rail freight industry requirements, which will be carried out in the following work packages. To
meet these aims, detailed analysis of industrial and academic sources has been carried out to
determine both the external factors and drivers within the rail freight industry towards the adoption
of intelligent and lightweight freight wagons, and the enabling technologies, technical solutions
and procedures. The report also assesses the technologies, technical solutions and procedures
with respect to their suitability for integration into a lightweight and intelligent freight wagon
solution. In addition, it proposes potential viable solutions for each aspect of the wagons systems
and design, and suggests the research topics to be studied within the project work streams in the
subsequent work packages to enable the development of a viable integrated solution.
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2. OVERVIEW OF MARKET DRIVERS AND TRENDS
The freight market drivers of change are multi-faceted. Some of these are external and, therefore,
beyond the control of those managing the activities and who also have the responsibility to adapt
to them. A number are also internal and contribute to the rejuvenation of the business.
INNOWAG did not aim to carry out an in-depth analysis of freight rail market, as this is not within
the project objectives, and such valuable analyses have been already carried out by recently
completed projects. Therefore, the outcomes of recent research have been reviewed for
identifying and highlighting the key drivers and subsequent trends that effect innovation in rail
freight area. The understanding of mechanisms how the market drivers impact on technology
development is crucial for determining the focus of further work in INNOWAG work streams.
This section overviews external and internal market drivers identified by recent relevant research
and briefly discusses the trends determined by them.

2.1 Freight market drivers
2.1.1

External freight market drivers

The transport industry innovations focusses around themes that are driven by market trends and,
in few cases, determined by specific customer requirements. For the European railway
marketplace, factors such as economics, changing demographics, regulations, sustainability,
mobility and ICT evolution impact on the future of railways. The figure below reproduces in a
schematic way the external freight market drivers that will impact on freight mobility in the years
to come.

Figure 1 External freight market drivers (Source: Spider Plus project)

As a result of these external market drivers, the extension of the EU to 28 member states led to
a chain of changes which influenced the freight market. Delocalisation took place with industrial
production shifting to eastern EU countries helped by elimination of trade restrictions, lower wages
and continuing infrastructure upgrades. At the same time, the production delocalisation increased
the differences in transport demand between the old and new member states, enlarging the freight
distribution. The globalisation and demographic evolution caused a general growth in freight
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transport in the German market as illustrated in Figure 2 overleaf. Germany was selected as a
benchmark in this research due to its geographical position, its links to China via both the TranSiberian and TransAsia and its economy which has a driving effect on Europe.

Figure 2 Major trends in logistics, in Germany (Source: BVL study on trends and strategies in logistics
2008)

At the same time, due to this continuous transport evolution, there has been an increase in total
freight transport performances, as shown in Figure 3 below.

Figure 3 Development of freight transport performance EU27 (Source: EU Commission/DG TREN: EU
energy trends to 2030)

The EU model gives equally high priority to the building of new vehicles and to future infrastructure
building. Both elements play an important role in ensuring the attractiveness of business locations
and their ability to support logistics. However, the European rail freight development is mainly
dependent on the modal split and a clear shift to rail. Although the rail freight transport volume is
increasing substantially, the modal split stays more or less the same. This situation indicates that
rail freight must improve considerably its total performance. The long-term sustainability and
environmental considerations impose a greater use of rail for reducing the carbon footprint of
transport mobility. In this respect, wagon designs and technologies suitable for better serving the
customers’ needs are an important component of the service profile. Likewise, information
technology, cargo monitoring, track and tracing features and the reduced costs of maintenance
become major market drivers for achieving the desired objectives of shifting cargo to rail from
competing modalities.
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Within the EU 27, the modal split for rail freight in 2012 was 17.2 %. If this figure is compared with
results achieved in other markets outside Europe, such as the USA, where the modal split shows
a 43.3%, the huge unexploited potential of rail freight becomes evident. Although the USA market
is not directly comparable to the European one because of different infrastructure and historical
records, the challenge for Europe is to achieve in the medium/long term a better use of its capillary
infrastructure extracting from it a much higher degree of productivity and efficiency thereby
achieving the objectives in the European Commission White Paper. Despite this, there is a long
way to go, and the European Commission (EC) and Member States must be committed to
implement rules and regulations capable of facilitating this modal shift to rail. One example is the
achievement of a common and recognised rail freight space unlike the situation prevailing today
of 27 individual systems still conforming to local priorities. This situation must be overcome if the
White Paper objectives are to be fulfilled.
2.1.2

Internal freight market drivers

The transport scenario for freight is evolving faster than anyone expected. The economies of
scale generated at Sea are not coherent with the transport organisation on land. Likewise, the
traditional rail traffic which is today differentiated in two categories – conventional and intermodal
- requires an innovative approach to rail transport management. Rail freight rejuvenation passes
through the adoption of clear strategic choices where customer needs-services, cost reduction,
sustainability, operations and transport simplification, technology utilisation are the major drivers
of change. Additional transport capacity is needed immediately however, one of the constraints
impeding rail freight rejuvenation is inadequate rail infrastructure and the extended time to market
for any new rail lines to produce their beneficial effects. This implies that the rail system must find
a way to transport more cargo with the resources available. Rolling stock modernisation and the
technologies to manage them are currently fulfilling this requirement.
Customers’ needs and services
Customers’ needs and services are driven by supply chain requirements. Managing global supply
chains over time has become longer and more complex. The value of the products transported is
influenced by time and space which affects their availability at the time and the location required.
The service offered must be tangible and available for the customers to purchase them. This is
the offer-driven approach which rail freight has failed to exploit.
Logistics services imply real time information availability and direct connectivity for tracking and
tracing cargo during transit. This is fundamental both for managing the corporations’ traffic flows
but also for preparing the emergency response in case of need.
The ICT C-ITS technology and data management represent the new tools for dealing with the
challenges of a modern society and rail freight has not been a frontrunner in introducing and
applying them. These information technologies are connected to the hardware ones applied to
equipment, trains and wagons capable of monitoring in real time the cargo conditions, the wagons
position and their running performances ricocheting on maintenance programs.
Other important requirements of the customer services are cost competitiveness, tariff
transparency, accessibility, One Stop Shop (OSS) or Single Point of Contact (SPC),
service/product branding, service segmentation, market orientation, e-freight, B2B and B2C. The
cost itself has significance when combined with the service quality provided and the customers’
expectations. To this effect, service segmentation is very important for delivering to the customer
a cost which is linked to the service level (Spectrum project). An exception is made for intermodal
companies who have been more reactive towards the customers’ needs whilst traditional rail
services have been very slow to satisfy this market evolution. In a modern service driven society,
efficient timetabling is essential since it will satisfy a basic requirement for managing time by the
user. This is even more important for freight which must satisfy production lines, high street
markets, proximity shops and final consumers. Rail freight has not managed yet to provide a
satisfactory answer to this market requirement. In the past rail freight was transporting raw
materials and basic commodities, the market has moved towards the satisfaction of more
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sophisticated consumer needs which has produced a substantial modification of the goods to be
transported involving services’ categorisation and speed of information.
In the figure below 24% is represented by cargo categories having a total share under 1%. This
indicates a variety of products and components of high value/low density goods requiring
advanced and sophisticated services which today’s rail freight cannot satisfy. Should rail freight
be able to refine both service profiles and information flows, this vast market could become a
target for growth.

Figure 4 Intra EU land traffic per product category in 2050 (Source: BG Group for NewOpera)

Cost reduction
The rail freight industry has neglected the fact that it is asset based. This asset rotation implies
the adoption of a transport industrialisation business model similar to other transport modes such
as air and sea, it has to exploit economy of scale. In order to fulfil the paradigm of transporting
more with the available resources at substantially reduced costs, it should undertake the direction
of managing longer, commercially faster and heavier trains on existing infrastructures. The
Marathon project proved this to be a realistic operational possibility implementable with a short
lead time delivering cost reduction in the region of 30%. The rolling stock utilised for achieving
the desired result was of the last generation. The logic prevailing in such an approach is guided
by “capacity optimisation and capacity generation”, being the driving force for cost reduction per
unit transported.
One of the major advantages of rail freight on long hauls is the reduced cost per unit transported
according to longer distances whereas the road transport cost linked to fuel and driver has an
opposite trend. Rail freight has a production cycle based on 24 hours round the clock and 365
working days per year allowing the exploitation of resources to the maximum time extension. The
elements that in the past decades have contributed to interfering with the above basic philosophy
are an inadequate modernisation of the wagons park which is more than 35 years old, no longer
fulfilling the customers’ needs. The inability to apply modular design, new construction methods
and innovative materials towards standardisation and more economic multi use wagons,
generated and continues to generate high positioning costs, empty running and high
15 / 168

Deliverable D1.1

maintenance. The management of the wagons park represents a critical issue. In particular, the
intelligent systems capable of implementing the predictive maintenance such as diagnostic
equipment and remote control tools for cost reduction objectives and the wagons’ efficiency and
needs to find greater applicability. Strategic choices and policy guidelines are the necessary
ingredients for making predictive maintenance on the various wagons components a realistic
opportunity. The European Commission itself through a long-term policy has imposed the
implementation of the ERTMS system on 6 rail corridors. This advanced technology, in addition
to improving considerably the safety aspects, will also produce a cost reduction through increased
infrastructure productivity. The full effects of both the safety and economic aspects will be
achieved in the third phase of implementation targeted at around 2030.

Figure 5 Rail corridors concepts
(Source: NewOpera)

Figure 6 Freight train value chain
(Source: Spider Plus)

Sustainability
Rail freight is an environmentally friendly transport mode since it contributes to the reduction of
the carbon footprint. This beneficial effect will be further increased when the various EU member
States have a greater energy mix from renewable sources. This makes rail more sustainable over
a long period of time. Rail has a very extensive network, which is extremely dense in central
Europe, spanning towards the East over to Russia and China. Its connecting reach is formidable.
In recent times these Eastern connections. Tran-Siberian and TransAsia are being valued and
more regularly utilised. For this reason, EU policies are promoting modal shift to rail in an effort
to re-balance the excessive dependence on road transport. Furthermore, in terms of accidents
rail is by far the safest transport mode. For this reason and due to the fact that rail operates in a
closed system, it has the structural ability to manage risks. It is not commonly known that
radioactive products associated with nuclear power, including waste, are transported strictly by
rail and in more than 50 years no accidents have ever been reported.

Figure 7 The sustainable paradigm (Source: Newopera)
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It has also been demonstrated that rail freight is energy efficient and through the operation of
longer, commercially faster and heavier trains substantial economic advantages can be obtained
reinforcing a transport system that due to its nature is already sustainable. In fact, with reference
to densely populated areas, noise and vibrations are dimensions which need to be addressed
and for this reason they are receiving the necessary attention.
To reduce external societal costs, rail freight has been in the public eye in recent decades. This
has not been a sterile exercise since major global corporations responsible for substantial traffic
flows such as chemicals, food, commodities, raw materials, etc. have issued internal policies for
utilising rail as a more sustainable transport mode.
Operations and transport simplification
This aspect is affected by more than one driver. Although it is not part of this research, it is worth
mentioning that a harmonised genuine single European rail space is far from being achieved.
Individual member states commitment towards achieving such harmonisation leaves much to be
desired with the result unlike road, air and sea, that rail is a combination of 28 separate systems.
Rail freight liberalisation, as proven by the four issued rail packages is still a work in progress.
The European Commission’s continued efforts towards achieving interoperability despite
progress has a long way to go. In recent years, the much larger diffusion of logistics and supply
chain management, freight villages, nodes, hubs and dry ports have assumed a much greater
relevance. They have enlarged the original concept of rail terminals by having the objective of
servicing a geographical cluster represented by traffic attractions zones. In terms of costs, the
maritime industry through the deployment of ultra large container vessels has decoupled them
from the geographical distance. The only way to maintain on land the cost benefits achieved at
sea through the economy of scale is to utilise through the corridors the internal nodes which are
fulfilling the cargo bundling and the freight multiplier function into the clusters. Cargo bundling
requires that the operators adopt a collaborative approach and by so doing minimise the costs
and share the benefits. The increased services offered through the clusters provide wider
accessibility to all transport modes enlarging considerably the competitive reach both for the
consumers at large and for the industrial districts of gravitational reference. The easiness to utilise
co-modal solutions together with the greater accessibility both physical and virtual through the
internet, are leading to transport simplification. Rail freight by exploiting the nodes’ capabilities
combined with its extensive network, has a large role to play. The formidable development of B2B
and B2C are a demonstration of this business evolution.

Figure 8 Traffic industrialisation graphic impression for wagons load (Source: Newopera)

Hardware/Software technologies applied to trains, wagons, rolling stock
The other driver within the INNOWAG project scope is represented by the hardware and software
technologies together with the operative organisation involving connectivity, information and data
process management. Despite technologies being available, rail operators have not applied them
extensively generating a gap that need to be filled. Likewise, intelligent boxes and sensors for
cargo condition monitoring and wagons operating efficiency and equipment positioning, must be
utilised as regular tools for improving services to customers and simplifying operations. Wireless
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communication interfaces with these tools are necessary for managing the data. Another gap to
be filled is to re-launch conventional traffic which still represents about 50% of rail freight. This is
last mile management that involves both the integration of terminal operations with the transport
upstream activities and the downstream distribution to the end customer. For the new generation
of wagons, the design, new materials and new production have been fulfilled by private
specialised stakeholders. Likewise, hardware technologies for monitoring the wagons’
performances, their running and cargo conditions together with their maintenance records are
fulfilled by private operators interested in providing the services required by their customers.
Consequently, the exploitation of the cluster concepts in the nodes as described above allows the
integration of the upstream transport activities with the downstream flows maintaining along the
chain the principle of transport industrialisation. The hybrid electric-diesel locomotors for terminal
manoeuvring in the nodes provide a satisfactory solution reducing transport complexities, costs
and transit time (Viwas project).

Figure 9 Representation of sensors data management. Dual power loco (Source: Newopera reelaboration from Viwas)

2.2 Trends and opportunities in railway freight market
2.2.1

Global Market Trends

A modern freight mobility concept must deal with the dimensions of environment, quality of life
and economic sustainability.
With regard to the environment, approximately 20% of total CO2 emissions come from the
transport sector – with one third of this generated by road freight transport alone. More than 70%
of total traffic depends on the availability of fossil fuels. Rail freight transport can substantially
contribute to improving this situation. Decisions are already being taken to provide traction energy
on electrified lines increasingly from renewable energy sources. The goal of the European
Commission is to cut CO2 emissions in the transport sector by 20% by 2030 (compared to 2008)
and by 60% by 2050 (compared to 1990) as well as to considerably reduce energy consumption.
Regarding the quality of life, noise emissions, transport congestion and accidents are the most
relevant problems to be solved. Noise reduction has become a major challenge in order to satisfy
the needs of the population living in the vicinity of rail tracks. Furthermore, noise reduction is a
pre-requisite for making new investments in rail more acceptable to the population at large. Data
on the assumed cost of transport congestion expressed in billions of Euro have been elaborated
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by the European Commission. Likewise, despite the trend that road accidents have been on the
decline for many years, the numbers in absolute terms are still unacceptable and this justifies the
policies for shifting to rail the portion of the traffic carried by road.
Concerning Economic sustainability, freight wagons represent one of the central resource for
achieving results. They are the tools for linking rail freight transport to logistics. Rail freight wagons
are the core elements and equipment for putting together the services required by the customers.
The rail freight network in its three components, TEN-T, core and comprehensive network has a
capillary extension. The wagons are comparable to the trucks and when they respond to the new
market needs they become acceptable and competitive. Moreover, due to the increased
sophistication of supply chains, the logistics dimension becomes relevant. The wagons
modernisation is part of this evolving process.

Figure 10 The sustainable freight mobility concept (Source: TIS, 2011)

A study conducted by SCI (2017), assessed in detail 30 core markets and 8 world regions. It also
analysed the main drivers of transport performance and points to the latest trends, including
historical data since 2005 and forecasts of market development up to 2025. Overall, rail transport
has had positive growth from 2005 to date. Although the freight rail segment has also been
increasing, it has faced challenges in the recent past which has resulted in an absolute reduction
in 2015.
The main factors for growth are positive economic development linked to the political will to extend
rail as a mode for rail freight transport and to implement new and improved rail infrastructure.
Examples are shown below:
Saudi Arabia: political will is the main driver to increase the importance of rail as a mode for
freight transport. This results in large infrastructure projects connecting mining activities in the
north of the country with the port of Dammam in the east.
South Africa: Infrastructure improvements also play a crucial role, where important coal and
iron ore railway lines have reached their capacity. Extending these capacities will unlock future
growth potential. This is related to the positive economic developments in South Africa, but also
to the demand of mining products in the global market.
Iran: the lifted trade sanctions are determining the economy development, also influencing the
domestic rail freight market. Iran has already started renewing its rolling stock by purchasing
massive amounts of wagons and locomotives.
Israel: rail freight transport does not play an important role, but the National Government has
shown sympathy to strengthen the modal shift to decongest highways, especially through
container transport by rail. At the moment, rail transport focuses on the transport of chemicals.
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2.2.2

EU Market trends

Despite efforts by the EC to promote rail freight, market demands have led to an increase of road
freight in the past two decades due to factors such as internationalisation, globalisation, online
shopping, home delivery and information systems. During the same period the share of rail freight
has declined from 20.3% to 17.2%. Flexibility, reliability, customer tailored and door-to-door
service characteristics are behind the successes in the road freight transport sector. There is,
however, political will on the part of the EC demonstrated through the European Union (EU)
Transport White Paper 2011 which has set targets to significantly increase the use of rail freight
transport in the future. This is in recognition that within the freight transport domain, rail freight
transport makes an important contribution to economic prosperity. Particularly, its perceived
environmental friendliness, and energy efficiency, ensures that it is within the focus of policy
makers who would like to see rail play a greater role in European transport than it currently does.
Rail can, nevertheless, be competitive through increased productivity, using longer, faster and
more frequent trains. These operational requirements have the potential to change the wagons
trends towards those fulfilling these needs. Appropriate wagons should therefore be designed to
meet real market demands.
An analysis carried out by Islam (et al, 2015) and D-Rail project (2012), it is apparent that three
NSTR commodity types: crude, manufacturing and building materials; solid mineral fuels; and
machinery and transport equipment will be the most significant commodity types in 2050. These
goods will drive or determine the tending types of wagons by 2050; these being




Open Top Wagons
Flat Wagons or Covered Wagon
Flat Wagon (ordinary)

It is also important to note that there is an increasing utilisation of swap bodies, which has a
corresponding increase in the use of flat wagons. Conversely, there is a small but steady
decrease of transporting semi-trailers and rolling road via rail. With the findings so far and
consulting the UIC leaflets on wagon type, Islam et al (2015) deduced from their study that more
flat wagons will be required in 2030 and 2050. The research finds that flat wagons, covered
wagons and covered hopper wagons will form a significant part of the railway rolling stock in 2050.
A study conducted as part of the EU Capacity for Rail project (C4R, 2017) showed that the most
utilised freight wagon types are: Tank wagon; Ordinary flat wagons with bogies; and Special flat
wagons with bogies.
Figure 11 shows the results of the responses from interviews of railway stakeholders in the EU.
Clearly, flat wagons are leading the way in wagon utilisation, which requires that the demand for
intermodal cargo is playing a major role in the increase of flat wagons. This finding is consistent
with the outcomes of the market analysis conducted under the SPECTRUM Project (SPECTRUM,
2012). The same C4R also found that most operators are promoting lightweighting of wagons,
and flat wagons present one of the best opportunities for lightweighting.
The SPECTRUM project highlighted another driver for increasing flat wagons – the demand for a
freight offering that provides higher speed services for time sensitive, high value and low density
goods (time sensitive LDHV-goods) with the performance characteristics resembling those of a
passenger train (SPECTRUM, 2012).
From the environment point of view, the project aimed to contribute to a shift from road trucks to
rail for LDHV goods. The wagon performance requirements to achieve this were beyond those of
existing wagons. Therefore, a new wagon was designed with the following characteristics:





Lightweight
Improved dynamic performance (acceleration, top speed of 160km/h, and deceleration)
Improved suspension system to cope with increased speed and potential vibrations.
Improved bogie to allow for better steer ability and braking
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In this instance, the driver for the new wagon was economic (transport of LDHV goods) high value,
although there are clear spin-off benefits from the environmental point of view.

Figure 11 Utilisation of wagons (Source: TU Berlin)

A study conducted through the SUSTRAIL Project (SUSTRAIL, 2011), indicated that flat wagons
are increasingly being utilised in Europe. This trend is mainly due to their utilisation for intermodal
freight and to the alternative freight possibilities (wood, steel, auto, etc.) offered by the special
models. This confirms the findings of the study under the C4R project mentioned above.
SUSTRAIL noted that open high-sided wagons have the major share of freight in New Member
States, but with a decreasing trend of their utilisation.
The business evolution as indicated in the previous paragraphs generates a change in the rail
transport market as the volumes and tendencies of rail freight transport in Germany are
evidencing as shown in Figure 12 below.
The goods structure effect provokes a change in the type and composition of transported goods
from heavy bulk commodities that are well suited for rail transport, e.g. coal and ores, to more
lightweight, high-value goods in smaller consignment volumes and requiring high quality services
consistent with the findings of the SPECTRUM project.
The service sophistication, widespread awareness of the environmental benefits delivered by the
rail system, the societal requirement of reducing the carbon footprint of freight transport and the
TEN-T corridors implementation with the core and comprehensive network utilisation should
permit the ambitious achievement of the White Paper targets for rail freight transport.
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Figure 12 Shares of rail freight volumes in Germany (Source: Institute for mobility research, Federal
statistical office: traffic actual 11/2011)

Figure 13 Goods structure effect in Germany (Source: The future of mobility-Scenarios for the year 2025)
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Figure 14 Rail transport planned evolution according to White Paper vision (Source: Spider Plus Project)

Figure 15 Rail target volumes (billion t*km) (Source: ERRAC - Rail Route 2050: the sustainable backbone
of the Single European Transport Area)

The above targets should be achievable by introducing a new generation of rail freight wagons
as indicated above constructed with new materials, innovative design and technologies to better
suit the evolving market needs towards more sophisticated services required by the marketplace.

Figure 16 Development of selected shares of modal split EU27 until 2030 (Source: EU Commission/DG
TREN: EU energy trends to 2030)

A very important infrastructural element of the new services required by the market is represented
by the nodes, hubs, dry ports, freight villages which represent the access points to the rail
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infrastructure. The nodes are fundamental for generating the traffic bundling and the economies
of scale necessary for the European rail system to produce services at competitive costs. In the
following figures a graphic impression of the traffic density in 2050 is reproduced together with
the nodes’ traffic attraction zones representing the access points. This research was produced by
the Spider Plus project.

Figure 17 Inland non-bulk traffic OD in 2050 with core rail network nodes accessibility (Source: BG Group
for Newopera)

Freight vehicles
The project CAPACITY4RAIL (C4R, 2017) has put forward an argument for a complete wagon
redesign. For rail to be better for pallet parcel and roll-cage movements, the key is the loading
platform, with bogies/axles being of minor significance. A study conducted under the C4R project
indicated that the greatest design opportunity to meet the market needs is lighter wagons with
lower tare and higher payload, followed by the installation of detectors for predictive maintenance.
This was closely followed by the need for a track friendly running gear to achieve higher axle
loads and higher speeds whilst causing less track deterioration and wheel damage. Others are
automatic couplers with an electrical connection, end of train device to reduce the duration of
safety checks prior to departure and installation of EP brakes to allow for faster brake applications
& support longer trains.
The SPECTRUM project also developed new technologies and service concepts aimed at
improving the rail transport services in ways that would allow rail to enter market segments (LDHV
goods) in which it could not compete with road transport using orthodox technology or business
systems. Also, in those segments in which rail already has a share, but where it can improve its
competitive position in the market (SPECTRUM, 2012). The greatest design opportunity lay in the
design of a lightweight wagon for improved dynamic performance.
Although LDHV goods pose a great opportunity for promotion of a shift from road to rail, it is also
key to remember that very heavy cargo cannot be economically transported by road. That is why
24 / 168

Deliverable D1.1

projects such as the SUSTRAIL Project were advanced. In as much as the project indicated that
(lower axle load) flat wagons are increasingly being utilised in Europe (SUSTRAIL, 2011), it also
found that other types of wagons (some flat ones included), tended to carry high tonnage cargo.
Subsequently, for these high-density goods (e.g. bulk and aggregates), there is a need to design
wagons with higher axle load (25t to 30t). Inevitably, the new wagon solutions would have a
tendency to be heavier, thereby increasing undesirable consequences such as impact on the
infrastructure and noise. This presents an opportunity for development of innovative solutions; for
example, for lightweighting and noise reduction. In addition, there could be a potential reduction
in reliability from the maintenance point of view, in which case an opportunity exists for the
assessment of application of condition based maintenance (CBM).
From the wagon productivity perspective, current European wagon fleets are non-flexible. To
improve the load factor and ultimately to achieve higher productivity, the development of flexible
(e.g. modular) designs of wagons is expected to contribute to the solution of this problem by
providing much greater flexibility (Islam et al, 2015). For example, such wagons could be used for
a wide variety of commodity types ranging from bulk traffic to inter-modal with options to change
the application through the life of the wagons. This would be an innovative step forward and the
rail sector would be required to take radical steps in design and certification if it were to achieve
such ambitious goals. However, modular design alone could incorporate a range of cargo
loading/discharge options in terms of apertures/door designs and cargo loading/securing
systems. Islam et al (2015) observe that commodity and application dependency needs to be
considered as part of the design process to maximise commercial competitiveness. For safety
and security, installation of monitoring system through ‘tracking and tracing’ would be a desirable
feature increasing rail freight competitiveness.
The VIWAS project proved that the above desired flexibility can be achieved. Flat wagons can be
easily converted to carry not only containers and swap bodies but also general cargo such as
forest products, building materials, metal profiles and steel. This is possible by using a removable
steel platform to be placed on the flat wagons having the characteristic of movable iron posts
which once the transport has been executed become stackable to facilitate an easy and cost
effective repositioning of the platforms. Likewise, another type of platform can be utilised for flat
wagons carrying containers to handle them inside warehouses for accessing them by forklifts.
Superstructures are also available for using flat cars in transporting other cargoes. These
innovations deliver an increased flexibility to the use of wagons. Lack of flexibility has been for
decades the major obstacle for competing with trucks.
Cargo Monitoring
The SPECTRUM project also considered tracking and tracing system for remote monitoring and
management of refrigerated containers. Generally, each manufacturer has its own container
imbedded system that is not necessarily compatible with others. A real-time container tracking
and tracing solution is a system that incorporates data logging, satellite positioning and data
communication to a back-office application. Container telematics are intended to help
stakeholders comply with regulations and meet the high demands on security, information
visibility and transport efficiency that comes with global supply chains (SPECTRUM, 2014).
The information collected via the tracking and tracing module and GPS antenna are
communicated via GSM/GPRS/CDMA communication module. The main features are:


Monitoring of key parameters (i.e., temperature, temperature set point, alarms, status)



Key indicators for preventive maintenance (run hours, fuel level,)



Localisation of the container



Interfacing at ISO 10368 standard



Remote access via web-based application

Considering the division of responsibility between the transport companies and shippers the
tracking and tracing of the refrigerated containers operate independently from any other tracking
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and tracing system that may be installed on the transport. In addition, the refrigerated containers
are transported by multiple modes of transport. This means that the tracking and tracing system
is operated though-out the journey irrespective of the transport mode.
This study conducted for refrigerated containers can be applied to any other cargo of value.

2.3 Concluding remarks
In conclusion, with regard to the essence of the market drivers and trends, the following issues
seem to be determinant for supporting and developing the wagons design and innovation
evolution, the cargo and vehicle monitoring and the predictive maintenance which are work
streams of this research:
 The external drivers of change affect the whole structure of the freight market and rail freight
must adapt to it to remain competitive. Demographics, globalisation, technology,
sustainability, economic competitiveness and regulations are ingredients of the new cargo
mobility needs. Supply chains have become more complex and sophisticated.
 The internal drivers of change are attributed specifically to the rail freight market community.
Time and space dimensions have become vital for production and consumers preferences.
The increased demand of logistic services is driven by the above complexity and
sophistication of supply chains. Innovative services must satisfy the increased customer’s
needs whilst the cost reduction has to satisfy the demand of competitiveness. The awareness
of environment protection suggests production systems capable of remaining sustainable
over time in a greener perspective. The rail freight system including intermodality is more
complex and less flexible than road therefore, to achieve a modal shift to rail it is necessary
to simplify rail transport operations or through an OSS approach make it appear to the end
customer that simplification has been achieved. All the above requirements need to be
fulfilled by the hardware and software technologies applied to equipment and the
management of information. These technologies, being the object of this research, require
more detailed evidence.
 The capillarity of the European rail network should be complemented and supplemented by
a vehicle fleet capable of satisfying the most advanced customers’ needs. Today, the average
age of the European wagons’ fleet is about 35 years. The wagons’ rejuvenation is mostly
fulfilled by private wagon owners or rental companies rather than the rail operators
themselves. This represents a tangible opportunity for modernisation. The new wagons will
be more standardised and based on a modular design, built with lighter materials for carrying
more cargo and have characteristics of flexibility to be adaptable for different goods
typologies.
 The track and trace of both cargo and equipment is a vital component for satisfying the supply
chain and service requirements if the shift to rail is to become effective. The hardware
technology is available for making this objective possible and the software and Cloud
computing allows the incorporation of data into intelligent systems capable of real time
management.
 The cost and competitiveness element is present in the above two bullet points. Greater
attention is to be given to the maintenance elements of the rolling stock not only for the cost
reduction itself but for making the maintenance predictable to maximise the wagons
productivity and avoid loss of time together with service interruptions in case of wagons
breakdown. The maintenance cost is an issue which infrastructure managers are tackling
with determination. The predictive maintenance on rolling stock must go hand in hand with
the action undertaken by the infrastructure managers so that the maximisation of the desired
results is achieved.

26 / 168

Deliverable D1.1

3. OVERVIEW AND ASSESSMENT OF EXISTING AND EMERGING
SOLUTIONS
3.1 Sensors
This section analyses the market drives for the application of sensor technologies in the railway
sector, especially taking cargo condition monitoring on freight wagons into account. In this
respect, the key parameters to be monitored are proposed and the relevant sensing technologies
are presented, however it does not intend to provide detailed technical explanations of sensing
technologies or an exhaustive review thereof. It focuses on the commercial off-the-shelf and
emerging monitoring systems and sensors which are applicable on rail freight vehicles, containers
or the like.
3.1.1

Specific market drivers and trends

Sensor applications in the railway domain
Over the past years, increasing demands for safety, comfort, automation and industry intelligence
lead to the rapid development of sensor technologies. They have been widely deployed in diverse
industrial application domains such as transportation, construction, food and agriculture. In the
railway industry, sensor technologies are used throughout the whole rail system, where
measurements have to be done. According to the structured demonstration activities within the
Shift2Rail framework, sensors could be a necessary part of the various systems which are listed
below, the list being divided into categories according to application area within a rail
transportation system:
Rolling Stock:



Train control and monitoring system

Signalling:









Automatic train operation
Moving block
Safe train positioning
Train integrity
New laboratory test framework
Virtual Coupling
Smart radio-connected all-in-all wayside objects

Infrastructure:






Enhanced switch & crossing system
Proactive Bridge and Tunnel Assessment, Repair and Upgrade
Dynamic Railway Information Management System
Railway Integrated Measuring and Monitoring System

Freight:






Freight Electrification, Brake and Telematics
Novel Terminal, Hubs, Marshalling yards, Sidings
New Freight Propulsion Concepts
Autonomous train operation

It can be seen that sensors are mostly used to take measurements of the train operation status
or the condition status of trains and infrastructure with the purpose of helping operation,
maintenance, management and research & development. Hence, it has to be said that condition
monitoring will be the most important aspect in the railway sector in terms of sensor applications.
Condition monitoring is referred to as a process of monitoring the condition of the objective where
the relevant parameters are measured in order to determine the significant changes which is
indicative of a developing fault. Considering the railway system, the objectives to be monitored
could be
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Vehicle components such as wheels, axle bearings and brake pads,
Infrastructure such as the track, rail beds and bridges or
Passengers / goods within train cars.

The key parameters to be measured and the corresponding applicable sensors differ according
to the monitored objectives. The INNOWAG project aims to develop an intelligent cargo
monitoring system integrated on a freight wagon. Therefore, the focus is put on sensor
technologies for cargo condition monitoring systems on freight wagons.
Cargo monitoring on freight wagons
It is commonly accepted that the rail freight transport is more appropriate for bulk cargo and heavy
goods like coal and ores. However, the type of transported goods is changing over the past years.
High-value goods with low density have been gaining share in contrast of bulk cargo with high
density. These low-density high-value (LDHV) goods are mainly represented by consumer goods,
food products, machines, manufactured, semi-manufactured goods and parts thereof. The
logistics and market analysis were carried out in the SPECTRUM project to define the market
opportunities for the time sensitive LDHV-goods to be transported by using innovative rail freight
vehicles (SPECTRUM, 2015).
When it comes to LDHV-goods, the requirements become particularly crucial for transport service
providers. The requirements for railway transport of LDHV-goods were proposed in SPECTRUM
with respect to customers’ needs, logistic chains, service operation, etc. Amongst them,
monitoring and controlling cargo condition is regarded as a high-priority requirement to improve
reliability and safety of transport systems especially for special cargo.
The transport of dangerous goods such as flammable liquids and chemical products is in the
same situation where safety and security are the fundamental requirements. In this case, the
continuously monitoring the vital parameters of the cargo, such as the pressure and temperature
inside the tank, make it possible to prevent potentially dangerous situations.
According to different types of cargo, condition monitoring system could include







Temperature sensors for refrigerated cargo,
Humidity sensors for flowers, chemical and pharmaceutical products,
Vibration and shock sensors for electronic and high value products,
Gas leakage sensors for hazardous products
Weighing sensor to obtain loading states,
Intrusion detection sensor to ensure the cargo integrity.

Table 1 below presents the key measurands, the most common fundamental measurement
principles thereof and the corresponding sensors.
Table 1 Measurand and measurement principles thereof

Measurand
Weight

Integrity

Measurement principles
Electrical resistive
Piezoresistive
Inductive
Capacitive
Fibre optic sensing
Vibrating wire (VW)
Magnetic force restoration
(MFR)
Light sensing

Sensor types
Metallic foil stain gauge
Semiconductor strain gauge
Inductive sensor
Capacitive strain gauge
Fibre Bragg grating (FBG) strain gauge
VW strain gauge
MFR load cell
Photo-voltaic
/emissive/conductive/junction sensors
RFIDs / optical fibre seal
Door opening sensor

Electronic seal
Reed switch
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Temperature Fibre optic sensing
Bimetallic
Negative electric resistive

Humidity
Vibration &
shock

Gas leak

Thermoelectric effect
Positive temperature resistive
infrared
Capacitive
Resistive
Piezoelectric
Piezoresistive
Capacitive
Ultrasonic
Fiber optic sensing
Catalytic/ semiconductor

FBG sensor
Bimetallic thermostat
Electronic and semi conductive
thermistor
Thermocouple
Resistance thermometer
Infrared sensor
Capacitive humidity sensor
Resistive humidity sensor
Piezoelectric accelerometer
Piezoresistive accelerometer
Capacitive accelerometer
Ultrasonic strain gauge
FBG accelerometer
Catalytic/semiconductor sensor

Infrared absorption

Infrared gas detector

Technical drivers and trends of sensor technologies
It can be seen from the table that each measurand can be obtained in several ways through
different mechanisms. For instance, the cargo weight can be determined by measurement of the
strain on the bogie frame which is induced by the gravity force of goods. In this case, the
measurand, i.e. weight which is in the form of mechanical energy, generates another mechanical
energy, namely strain. Measurement of strain can be conducted using different approaches, but
by means of creating an electrical signal from strain in common. A strain gauge made of metallic
material is based on the principle in that the electrical resistance of the metallic material changes,
as the material is deformed. Compared with foil gauges, strain gauges made of semiconductor,
i.e. piezoresistors, are more sensitive to the deformation. In addition, an inductive or capacitive
effect can also be employed to measure the charge related to the strain and the deflection. Hence,
the development of sensing technologies is driven by advancements in materials science and
engineering (National Research Council, 1995).
It has to be noted that sensing technologies are merely part of sensor technologies. Generally, a
sensor consists at least of



A sensing element made of specific material that can interact with objectives to be
measured, i.e. measurands, and convert the energy induced by measurands into another
form of energy,
Physical packaging and connections.

To obtain a useable output from the output energy, signal processing hardware like amplifier and
filter is required which is either in the same package of the sensor or discrete from the sensor
itself. Sensors with these basic components can measure a wide range of measurands.
With the technological development in the fields manufacturing, computing and communication,
sensor technologies has been rapidly changing. Over the past years, smart sensors have become
the focus of sensor technology development. The basic characteristic of a smart sensor is that its
subsystems, e.g. primary sensing elements, amplification, analogue filtering, data conversion,
digital communications processing, power management, are integrated into one chip (National
Research Council, 1995). This is facilitated by the great advances of microfabrication
techniques, which makes micro-electromechanical systems (MEMS) possible. Therefore, smart
sensors as a type of MEMS benefit from miniaturisation, low power consumption, easy integration,
high performance etc. MEMS sensors are widely and successfully used in industry sectors such
as aerospace industry, automotive industry and consumer electronics industry. The available and
emerging types of MEMS sensors are illustrated in Table 2.
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Furthermore, smart sensors also benefit from its integration system. For instance, smart sensors
typically have self-calibration, since the calibration data can be stored in the integrated memory.
A smart sensor may contain more than one sensing element, which enables the multifunctional
measurement within a single “sensor”. It could be said smart sensors are good candidates for
monitoring application (American Industrial Hygiene Association, 2016).
Table 2 Types of MEMS sensors available and emerging (American Industrial Hygiene
Association, 2016)

Category

Basic
Sensing

Emulating
Human
Sensing

Purpose

MEMS/Micro format*

Force

Accelerometer

Pressure

Pressure sensors

Temperature

Thermocouple

Light

Photodetector

Inertia/Orientation

Inertial device, gyroscope

Touch

Haptic, touch sensors

Hearing

Microphones

Vision

Image sensors

Speech

Micro speakers

Smell

Gas sensors

Taste

Moisture/humidity

Infrared

Micro-bolometer, IR sensors

Ultrasonic

Microphone

Radio frequency

Oscillators, tuners, switches

Chemistry

Micro-fluidics, micro-pumps, biosensors

Electrical

Electrode sensors

Energy

Energy harvesting, micro-batteries

*Key

Established

3.1.2

E-compass

Micro-mirrors/lenses, micro
displays, auto-focus

Early Commercial

e-nose

RFID

Emerging

Overview of existing and emerging solutions

This part presents current sensor technologies for each proposed measurand respectively and
focuses on the commercial off-the-shelf sensors or systems including sensors and other
peripheries.
3.1.2.1 Weight
Loading status of freight wagon is usually inspected by wayside monitoring systems which is
referred to as Axle load checkpoints (ALC). ALC were described in detail in the SUSTRAIL project.
The sensors employed in an ALC to measure the vertical force as vehicles pass over could be
(SUSTRAIL, 2015):



Strain gauges: An array of strain gauges is used to measure the strains in the rail web and
foot to analyse bending and twisting of the rails.
Load cells: These can be placed, e.g., between rail and sleeper to measure the vertical
force. (The load cells usually have internal strain gauges.)
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Laser systems: Rail deflection can be analysed using lasers. These have the benefit that
they can be placed away from the track infrastructure.
Accelerometers: These are placed on the rails and the motion of the rail is used to
determine the applied forces.

Therein strain gauges and load cell are more suitable regarding on-board weighing system. As
mentioned, strain gauges could be based on different energy transduction mechanisms. The
mostly common strain gauges use metallic foils of which electrical resistance changes as it is
deformed. Therefore, the strain can be estimated by measuring the resistance change. A typical
strain gauge is designed as shown in Figure 18, which is particularly sensitive to strain in the
horizontal direction.

Figure 18 Strain gauge (SUSTRAIL, 2015)

A load cell can convert the mechanical energy caused the external force to be measured into an
electrical signal. A common type of load cells is the strain gauge load cell which usually comprises
four strain gauges in a Wheatstone Bridge arrangement.
When we have a look at trucks in the road industry, strain gauges and load cells are widely used
for on-board weighing applications. For instance, strain gauges are glued on the front axle in order
to measuring the bending of the front axle which is caused by load of the vehicle. Furthermore,
load cells are applied especially in steel-sprung suspensions between the main chassis of the
truck and its car body (Todts, 2013).
In the recent years, on-board weighing solutions also become commercially available in the rail
freight industry. A survey of currently on-board weighing systems on the market has been
performed. Two different solutions are presented below as an example.
Cargo weight system for Y25-Bogie
Manufacturer:

Franz Kaminski Grippe
(Germany)

Application:






Sensors:





Measurement
principle:




Determination of cargo netto
weight
Detecting overloading
Max. Load: 65000 kg
Min. Load: 1000 kg
Strain
gauges
on
2
measuring station per bogie
Source: http://www.kaminskiTolerance: 1%
Installation: welded at side hameln.de/index.php/zuladekontrolle
.html
rail of bogie
Detecting the deflection of (accessed: 08.02.2017)
the longitudinal beams due to
loading
Automatic calibration through
detecting whether a load
already exists. If on load is
present, the measured value
is set to zero
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IONX Asset Monitoring System
Manufacturer:

Amsted Rail (USA)

Application:




Determination of the wagon’s
payload
Detection of load imbalances

Sensors:




4 sensor nodes per bogie
Installation: embedded in
axle bearings

Measurement
principle:



Measuring the load through
sensors mounted on the
upper surface of an adapter
pad which seats in turn on
each axle bearing (LeFenvre,
2014)

Source:
https://www.amstedrail.com/ionxsensors
(accessed: 08.02.2017)

It can be seen that the measurement principles of two systems clearly differ from each other. The
first solution derives the vehicle load from the deformation of the longitudinal side frames of bogie,
whereas the second solution directly reads the vertical load transmitted by each axle bearing.
However, it is not mentioned in the second solution which type of sensor is applied.
There is emerging Radio Frequency Identification (RFID) strain gauge sensor at ultra-high
frequency, provided by Phase IV Engineering Inc. (Patent pending). Such a sensor can be read
through materials with a range up to several metres, which is ideal for condition/structural health
monitoring. On-board temperature sensor for strain gauge temperature compensation is also
included. A number of this type of RFID strain gauge sensors and an RFID reader could work as
a wireless sensor network providing both sensing and communication function.
UHF RFID Passive Wireless Strain Gauge
Manufacturer:

Phase IV Engineering Inc. (USA)

Application:

 Determination of strain, stress,
shear or load
 Strain range: +/- 1000 microstrain

Sensors:

 RFID Strain gauge
 Temperature sensor

Key feature

 High Strain Sensitivity and
Range: +/- 1000 micro-strain,
15 micro-strain resolution.
 On-board temperature sensor
can be used for strain
compensation.
 Wireless communication
allows for multiple embedded
installation options: Metal
mount, inside wall, under
concrete
 Battery-free sensor allows for
long life with no maintenance.
 Read multiple tags with one
reader.
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3.1.2.2 Integrity
On the one hand, the term “integrity” is understood as the safety of goods, which means the
transported products are protected against theft. On the other hand, vibration and shock damage
affect the integrity of the freight as well. In this case, shock and vibration sensors can be applied
to ensure freight integrity with respect to the potential hazards. This is addressed in Subsection
3.1.2.5 Vibration & Shock.
Generally, existing solutions for cargo integrity focus on detecting door opening, several
commercial solutions are presented below.
CarLoc
Manufacturer:

FELA Management AG (Switzerland)

Sensors:

Open/Close Sensor

Description:

Switches can only be opened when
 The dispatcher gives the command
through the CarLoc® Portal.
 The driver presents the right RFID card
at the lock.
 The driver enters the right code
 The vehicle is in a safe geographical
zone.
 There is a combination of the previous
items. Otherwise, an alarm will be
triggered.

Source:
http://www.fela.biz/en/carlocR/l
ogistics-industry/transportsafety/
(accessed: 08.02.2017)

CargoObserver
Manufacturer:

CargoMon (Austria)

Sensors:

Open/Close Sensor and intrusion
sensor (using passive infrared)

Description:




Multisensor system to avoid false
alarms
Mounted on containers

Source:
http://cargomon.com/?page_id=188&
lang=en (accessed: 08.02.2017)

ZONER™ RELAYER™
Manufacturer:

AVANTE International Technology (USA)

Sensors:

Optical fibre seal and RFID based sensors such
as light, infrared, heat, air pressure, sound and
gas sensors

Description :





Using redundant sensors and quantitate
measure of combined signals to minimise
false alarm
RFID tags placed inside containers and
RFID reader attached outside of containers
Using optical fibre for sealing all of the
access openings of the tanker container or
wagon. Any tampering of the seal triggers
instant alert
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It can be seen that various solutions for theft protection exist on the market in terms of freight
transport. They are designed to protect containers against intrusion through both mechanical and
electronic sealing systems where sensor technologies are used to detecting intrusion and trigger
alarms. The mostly common types of intrusion sensors are light sensors, open / close sensors
and E-seals.
Light sensors convert photons into electrons and hence generate electronic signals from light
rays. They are also based on different physical effects and can be categorised into several types
which are presented in Table 1. However, there are no available information on which type of light
sensors are used in commercial intrusion detecting systems. Instead a digital light sensor with
low power consumption is given in the factsheet below as an example.
OPT3002
Manufacturer:

Texas Instruments (USA)

Package:




Measurement:




Plastic Ultra-Thin Small Outline No-lead
package (USON)
Small Form Factor: 2.0 mm × 2.0 mm × 0.65
mm




Optical spectrum Range: 300 nm to 1000 nm
Measurement Levels: 1.2 nW/cm2 to 10 Source: Texas
mW/cm2
Instruments, 2013
Operating Temperature: –40°C to +85°C
Resolution: 0.06°C

Application:





Intrusion and Door-Open Detection Systems
System Wake-Up Circuits
Lighting Control Systems

Electrical
Characteristics:




Supply voltage: +1.6 to +3.6 V
Operating current: 1.8 µA (type)

An open / close sensor consists of a reed switch and a permanent magnet creating a closed
electrical circuit. If the container door is opened, the magnet is pulled away from the switch, which
breaks the circuit and triggers an alarm (Giaimo, 2013), see Figure 19.

Figure 19 Working principle of open / close sensors (Source: http://simplisafe.com/blog/door-sensorsecrets )

Some security systems combine several sensors such as accelerometers, temperature sensors,
infrared sensor, etc., placed inside containers for analysing irregularities. The multi-sensor
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solutions can also minimise false alarms and thus improve the reliability of security monitoring.
Mechanical seals are commonly used to prevent container door opening during transport.
However, this method requires significant man-power to recognise tampering by checking the
integrity of seals, and thus slows down the flow of goods. To overcome this issue, e-seals
commonly equipped with RFID tags or optical fibre enable automatic recognition of tampering
with the help of ground querying systems. With additional onboard electronic devices such as
power supply, communication, locating and processing equipment, it is feasible to real-time detect
tampering, record the tampering event with a time and location stamp, and immediately trigger
an alert (Daschkovska, 2015).
Two examples of different types of passive RFID seals are shown in the below factsheets.
FastGrip 500 RF
Manufacturer:

Allied Seals Europe (Luxemburg)

Sensors:

Passive RFID tag

Description:






Applications: intermodal containers –
railway wagons – truck trailers
8-digit alpha-numeric serial number or
barcode
5.0mm diameter x 250mm or 1200mm
standard lengths
Embedded RFID chip: 13.56, 433 or 902
MHz frequency range
Source:
http://www.alliedseals.eu/cg
ibin/shop.pl?shop=1&extlink
=1&sw=detail&id=41&tree=
22&lg=1

Transbolt II RF 500 RF
Manufacturer:

Allied Seals Europe (Luxemburg)

Sensors:

Passive RFID tag

Description:






Applications: intermodal containers –
railway cars –truck trailers
8-digit alpha-numeric serial number or
barcode
Carbon steel pin moulded with AS plastic
(78mm long, 7mm diameter)
Embedded RFID chip: 433 or 902 MHz
frequency range
Source:
http://www.alliedseals.eu/c
gibin/shop.pl?shop=1&extlin
k=1&sw=detail&id=41&tre
e=22&lg=1
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Furthermore, a combination of RFID and GPS technology for tracking goods indoor and outdoor
is another solution to protect goods from thefts. RFID centre, UK, (http://www.rfidc.com/) provides
such a solution using RFID for indoor goods tracking and GPS for outdoor tracking. A RFID tag
is attached to each of the goods, which can communicate with a reader installed indoor or on the
wagon. The movement and location of the goods inside the wagon is aware by the system. When
the goods with such a tag goes out of the RFID reading range (normally several meters), the
disappearance of goods can be detected by the RFID reader. Then GPS start to track the location
of the goods. More techniques for tracing and tracking will be discussed in Section 3.3 in details.
3.1.2.3 Temperature
Temperature sensors are usually combined with several sensors integrating into the telematics
devices which measure the outdoor ambient environment and transmit measurement data to back
offices. When it comes to transporting either temperature sensitive goods carried by container
wagons or hazardous goods by tank wagons, additional temperature sensors have to be
employed for monitoring indoor temperature of containers or tanks.
Several commercial telematics devices for different application fields are presented in the table
below regarding temperature measurement.
Table 3 Telematics devices with integrated temperature sensors

Measurement

Devices

Measuring range
−40 °C to +75 °C

Outdoor temperature

AMRA (Bosch)

Temperature inside
tanks for dangerous
cargo

CargoTrac-ExR (Savvy) −40 °C to +85 °C

Temperature inside
containers

Wagon Tracker ADV
(PJM)

−20 °C to +70 °C

Temperature for
refrigerated cargo

CarLoc® (Fela)

Monitoring of up to three different
temperature zones using PT1000
temperature sensor

The following factsheets give the quantitative information on two digital temperature sensors used
in telematics devices. More detailed specification is found in the manufacturer literatures
respectively (Hygrosens, 2003) (SENSIRON, 2011).
Dallas DS 1820
Manufacturer:

Maxim Integrated Products (USA)

Package:

3-pin plastic header-style package (TO-92)

Measurement:





Range: −55 °C to +125 °C
±0.5°C Accuracy from 0°C to +70°C
Resolution: 0.06°C

Electrical
Characteristics:







Supply voltage: +3.6 to +5.5 V
Active current: 1.5 mA
Data Pin sink current: 4 mA
Standby current: 750 nA
Digital 1-wire communication interface
Source:
(Hygrosens, 2003)
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SHT75
Manufacturer:

SENSIRION (Switzerland)

Package:

Single In-Line Package

Measurement:






Silicon bandgap temperature sensor
Range: −40 °C to +124 °C
±0.3°C Accuracy at 25°C
Resolution: 0.01°C




Supply voltage: +2.4 to +5.5 V
Power consumption: sleep 2 µW, measuring 3
mW, average 90 µW
Digital 2-wire communication interface

Electrical
Characteristics:



Source:
(SENSIRON, 2011)

As noted, smart sensors consist of sensor elements, signal processing, A/D converter, data
memory and communication interface in one electronic chip. This type of temperature sensors
allows for easy integration and facilitates the combination with other sensor such as humidity
sensors. As an example, both temperature and humidity sensor are packaged in SHT75 digital
sensor, as well as combination of temperature, speed and vibration sensor is designed in
CombiCODER sensor provided by Lenord, Bauer & Co. GmbH. Such a combination can acquire
the operation status within vehicles. Its integrated solutions include




Using Compact, robust platinum resistance thermocouples as temperature sensor for
temperature range from -40 °C to 250 °C
Combining the temperature sensor with any speed sensor using a cable harness. The
connection via a common connector significantly reduces installation effort
Using acceleration sensor with a measuring range ± 700 m/s2 (70 g) and resolution ± 0.01
m/s2, and frequency range 0 to 3kHz

3.1.2.4 Humidity
Humidity measurements are usually combined with temperature measurements for monitor the
ambient or storage environment. With help of microfabrication techniques, a complete humidity
and temperature sensor system can be packaged on a single semiconductor chip which is even
smaller than SHT75 with pin-package. The factsheet below presents a product of Sensirion as an
example. Detailed descriptions are available from the product brochure provided by the
manufacture.
SHTW2
Manufacturer:

Sensirion (Switzerland)

Sensor type:




Capacitive relative humidity sensor
Silicon bandgap temperature sensor

Package:




Ultra-small flip chip package
1.3 x 0.7 x 0.5 mm3

Interface:

A
digital
communication
supporting I²C fast mode

Measurement
range:




Humidity:
0 to 100 %RH
Temperature: -30 °C to +100 °C

Electrical
Characteristics:




Supply Voltage: 1.8 V
Power consumption: 8.6
measurement per second)
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3.1.2.5 Vibration & Shock:
Generally, vibration and shock are important issues both for structural train health monitoring and
for shipping containers monitoring.
The mechanical properties of trains deteriorate over time due to exposure to environmental
influences. As time passes, reduction of structural strength and stiffness can result in the
degradation of a train’s structural performance. From the freight transport point of view, vibration
and shock can cause physical damage to sensitive goods transported by rail freight vehicles,
especially to electronic products and components thereof. In the case of truck and air shipping,
package vibration environment is assessed by vibration testing. In comparison railway transport
is expected to have a harsher acceleration environment. Hence, monitoring vibration and shock
is of great importance for shipping containers with high-value goods such as electronic products.
On-board sensors have been actively developed to provide broad applications range with the
implementation of integrated sensor-based for health and operation management. In particular,
accelerometers can be mounted on bearings, bogies or containers to acquire the vehicle vibration
level, which is important information to detect bearing damage, wheel defects, and derailments
by identifying their signal characteristics respectively. Different types of accelerometers and
measurement principles can be found in Table 1. In the following factsheets are the
accelerometers employed in industry.
KS74C100
Manufacturer:

MMF (Germany)

Sensor type:



Piezoelectric vibration sensor

Package:





Rugged stainless steel case
Protection grade IP67
Mounting thread M5

Interface:



IEPE/ICP

Measurement range: 
Electrical
Characteristics:



± 60 g
Constant power supply: 2..20 mA

Source:
http://www.mmf.de/pdf/110.pdf
(accessed: 14.02.2017)

Integrated Electronics Piezo Electric (IEPE) accelerometers contain built-in microelectronics that
convert the piezoelectric sensing element's high-impedance charge signal into a low-impedance
voltage signal that can be readily transmitted over long distances using ordinary two-wire or
coaxial cables. The Integrated Circuit Piezoelectric (ICP) accelerometer's electronics require
excitation power from a constant-current dc source, typically 2 to 20 mA and 10 to 30 Vdc. In
addition to providing the required excitation, power supplies may also incorporate additional signal
conditioning, such as gain, filtering, buffering, and overload indication.
High-sensitivity MEMS accelerometers provide broad measurement capabilities. The use of a
single, micro-machined sensing element lets MEMS devices provide accuracy and stability not
found in older silicon sensor designs. They can also provide very low-level measurement
capability and stability by using an on-board electronic temperature correction circuit. MEMS
accelerometers are also robust. Built-in mechanical stops protect the sensing element during
normal handling and mounting events where damage typically occurs, and a low-profile case
design enables mounting in restricted areas on automotive suspensions and within tight bulkhead
spaces on aircraft assemblies and test rigs.
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ADXL345 – low power 3-axis digital accelerometer
Manufacturer:

Analog Devices (USA)

Sensor type:



Unknown

Package:



3 mm × 5 mm × 1 mm LGA
package

Interface:



I2C/SPI

Measurement
range:




±2 g/±4 g/±8 g/±16 g
10000
g
high-shock
survivability

Electrical
Characteristics:



Source:
Operating voltage supply: 2 - http://www.analog.com/media/en/tech
3.6 V
nical-documentation/user-guides/UG065.pdf (accessed: 14.02.2017)

Shock is regarded as extreme acceleration. Shipping containers sometimes carry critical cargo
that can be exposed to high shock levels during loading and unloading or during train service e.g.
in shunting yards. It has become necessary to monitor shock to prevent damage and provide a
record of these events.
Existing solution foresees the use of embeddable miniature accelerometers in conjunction with
other geographical logging devices that provide vibration and shock signals to logging devices
creating a dock to dock record of events occurring during the shipment cycle.
H3LIS331DL - low power high g 3-axis digital accelerometer
Manufacturer:

ST (USA)

Sensor type:



MEMS

Package:



TFLGA 3x3x1.0 mm3 16L

Interface:



I2C/SPI

Measurement
range:




±100g/±200g/±400g
10000 g high-shock survivability

Electrical
Characteristics:




Source:
Operating voltage supply: 2.16 V to 3.6 V http://www.st.com/resource/e
16 bit data output
n/datasheet/h3lis331dl.pdf
(accessed: 14.02.2017)

3.1.2.6 Gas leak
Tank wagons are designed to transport liquid and gaseous commodities which could be
petrochemical products, chemical products or pressurised gas. Most of them are considered as
dangerous goods so that monitoring internal conditions in tanks is an effective measure to avoid
safety threats. Regarding the potential risk of gas/liquid leak during transport, the following
monitoring measures can be carried out:




Monitoring internal pressure (Application example: PJM Waggon Tracker ADV)
Monitoring Liquid level
(Application example: Savvy CargoTrac-ExR)
Detecting combustible gas (Prototype mentioned by Valente (2009))

A pressure sensor and a gas detector respectively are presented below.
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TR Series pressure transducer
Manufacturer:

MERIT SENSOR (USA)

Sensor type:

Piezoresistive pressure sensor

Package:

Standard face seal or ferrule

Measurement:






Absolute or gage pressure
Range: up to 35.5 bar
Operating Temperature: –40°C to
Source:
+150°C
Accuracy: error band of less than https://meritsensor.com/prod
ucts/tr-series/
1.0%
(accessed: 09.02.2017)

Application:






Water level and pressure monitoring
Air-conditioning (refrigerant systems)
Transmission fluid pressure
Exhaust gas pressure

Electrical
Characteristics:




Supply voltage: +4.5 to +5.5 V
Operating current: 10 mA (max.)

MSGS-3000i
Manufacturer:

MICROSENS (USA)

Sensor type:

Semiconductor gas sensor

Package:




standardised metal semiconductor
package TO5
ø 9mm x 12.5mm, 4 pins







CO: 1 – 1000ppm
C2H5OH: 10 – 500ppm
H2: 1 – 1000ppm
NH3: 1 – 500ppm
CH4: >1000ppm

Application:






Indoor air quality
Combustion control
Environmental monitoring
Security: Toxic gases and Explosive gases

Electrical
Characteristics:






Low power consumption
Continuous mode at 400degC: 120 mW
Pulsed mode: 1 mW
Fast response time (90% signal level) : < 30 sec

Measurement:

Source:
http://microsens.ch/products/
MSGS.htm
(accessed: 09.02.2017)

3.1.2.7 Passive RFID sensor
Essentially, the sensor technologies descripted above are dedicated to the individual
measurands. In comparison, RFID-based sensor technology can be regarded as an integrated
solution for taking various measurements.
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On the one hand, passive RFID technology is promising to monitor cracks/strain as so on
parameters in a large-scale infrastructure instead of other technologies with wire and battery for
embedded or surface mounted applications. Among the passive RFID sensor systems, ultra-high
frequency (UHF) RFID antenna based sensor systems provide the benefits of ultra-low-cost with
an enhanced communication range up to several meters. The RFID technologies can also be
integrated into a wireless sensor network (WSN) (Liu et al. 2008). On the other hand, the
operational principle of RFID antenna sensors mounted on conductive surfaces is the same as
eddy current technique (Chen et al. 2008), the conductive loss of which is proportional to the
operating frequency. With increased operating frequency, the spatial resolution is able to enhance
according to scale down wavelength (Dobmann et al. 2012) as well as to geometry of the antenna
sensor (Nadakuduti et al. 2006) for monitoring applications. Furthermore, some properties of
these passive antenna sensors based on RFID technology can be summarised as the follows
(Zhang et al. 2017):











Simple configuration: The antenna itself can serve the dual function of communication and
sensing. Therefore, no external sensor is needed. For chip-less tags, there is even no
electronic device. The sensing information is directly encoded into the antenna backscatter
behaviour. For this reason, the sensor may function in an extreme environment, e.g., high
temperature.
Passive operation: The tag chip has its own energy harvesting module, as such, no battery
is needed.
Medium read range: The read range for a general passive tag can be up to 10 m, however,
the read range largely depends on the frequency, antenna gain, and tag chip’s sensitivity.
Low cost: The cost for each dipole tag is ~$0.10–0.20 for mass production. The antenna
sensors can be fabricated on inexpensive substrate materials, such as paper, PVC, using
low-cost fabrication techniques, such as inkjet printing.
Unique identification: Each tag has its own UID, which is used to identify the location of the
defect as well as connect the things into internet. This sensor multiplexing capability enables
densely distributed passive WSNs and parallel interrogation of multiple sensors with anticollision algorithms.
Multimodality: The antenna can be designed to be sensitive to various
physical/mechanical/chemical things in a real-time or periodic.
Planar or flexible: The antenna sensors can be fabricated on low-profile, flexible substrates
that completely conform to the surface they attached to.
Cover Penetration: The surface of the metal may be covered with paint, cladding, or a similar
compound, and the defect may still be detected because microwaves can penetrate dielectric
materials.
RFID tags as sensors:

The configuration of a two-layer passive RFID sensor system is shown in the Figure 20 below
(Zhang et al. 2017).

Figure 20 Configuration of a two-layer passive RFID sensor system (Zhang et al. 2017)

In the RFID sensor system, the defect directly or indirectly changes the electric property of the
antenna sensor, corresponding to its impedance variation. The reader (interrogator) can actively
send out a continuous wave (CW) and wirelessly measure the antenna parameters via
41 / 168

Deliverable D1.1

communication based on radar cross section (RCS), or RF signals. Then, features are extracted
from the tag’s backscattered signal and used to detect and characterise defects in the application
layer. It is worth noting that the middleware is designed for the potential integration of a
heterogeneous Internet of Thing (IoT) sensor network, while the internal data is for seamless
access to a Cloud Computing system. An example of commercial RFID-based strain gauge is
summarised in the Section 3.1.2.1 above. The emerging progress in RFID tag antenna based
sensors, mainly as strain, humidity, chemical or displacement sensors (crack and corrosion are
not discussed here because of not the project purpose), can be summarised in Table 4 below.
Table 4 List of RFID sensors

Physical
parameter

Principle

Sensing data

Feature

Comments

Refs.

Strain

Deformation
(patch)

Turn on power

Read
distance:
2.1m

(Yi et al. 2013)

Strain

Deformation
(dipole)

RCS

Strain and
pH

pH buffer
mounted on
RFID tag

RF signal

Resonant
Frequency
shift
Peak
frequency
shift
Impedance,
bandwidth

Humidity

Ohmic
losses when
water
presence

Backscattered
power

Resonance Passive UHF
RFID
frequency
shift

(Yi et al. 2008)

Chemical
sensor

Coated with
a chemically
sensitive film
to sense
frequency
spectrum
variation

Complex
impedance

Peak
frequency,
resonant
frequency,
power

Detection of
ethanol,
methanol,
acetonitrile
and water
vapours

(Potyrailo et al.
2006)

Displacement

Structure
deformation

Backscatter
power,
minimum
reader transmit
power

Power

(Bhattacharyya
Dynamic
displacement et al. 2009)
range of
40mm

(Hasani et al.
2013)

Carbon
nanotube
thin film
based RFID

(Log et al. 2008)

Integration with other types of sensors as wireless sensor network
RFID tag and reader can work as a sensing system. In addition, they can also be integrated with
other sensors to provide passive/semi-active wireless communication. Such a passive/semiactive UHF RFID transponder with rewriteable FeRAM and other types of sensors can operate
passive mode or semi-active mode. When RF power is sufficient to operation the tag operates in
passive mode. Battery can be recharged in passive mode, if RF-generated voltage is higher than
battery voltage. When the tag receives commands from readers but the RF-power is not sufficient,
the tag operates in the semi-active mode. A brief summary of developed research in integrated
RFID sensor system is drawn in Table 5.
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Table 5 Integrated RFID sensor system

Physical
parameter
Temperature

Acceleration

Location,
temperature
and
acceleration

Principle

Powering

Comments

Ref.

FeRAM
(Ferroelectric
Random access
memory) RFID
and embedded
PTAT
(proportional to
absolute
temperature).
temperature
sensor
Fusion of RFID
sensor and
accelerometers

Passive/
semi-active

UHF RFID

(Kim et al.
2007)
(Shenghua
et al.
2007)

Passive

UHF RFID to track objects
and accelerometers to
measure the movement of
human beings

(Im et al.
2008)

Integration of GPS
chip, temperature
sensor and an
accelerometer,
produced by
Iotera

Batterypowered

(Swedberg
et al.
2014)

Power issue
Unlike traditional cabled or wireless sensing systems, the passive RFID sensor does not require
a constant power source for the tag, thereby rendering it ideally suited for embedment within
structures without any energy harvesting unit. On the reader side, a power supply from either
cable or energy harvesting unit is required to continuously communicate with tags. For active
RFID tags, they require battery or other source to power the tag for the communication with
readers. Typically, active RFID tags are powered by a battery that will last between 3 – 5
years, but when the battery fails, the active tag will need to be replaced. The selection of
depends on the requirement of operation frequency and communication range. The
communication range for passive/active RFID at varied operation frequency are listed in Table 6
below.
Table 6 Communication range for passive/active RFID at varied operation frequency

Passive

Low frequency (LF)
125-134 kHz
1-10 cm

High frequency (HF)
13.65MHz
1-100 cm

Active

NA

NA

Type of RFID

3.1.3

Ultra-High Frequency
(UHF) 865-960 MHz
5-6m (30m+ in ideal
conditions)
100m+

Assessment and recommendations for further work

The survey results indicate that all key parameters in terms of cargo condition monitoring can be
obtained by the existing measurement systems on the market. Moreover, various solutions and
corresponding sensors are available for each measurand, a summary of the sensor types
applicable to each measurand is given in Table 7 below.
Given the impressive diversity of sensors it is of great importance to focus on the application
thereof in the rail freight industry and especially insights which are adaptable to cargo condition
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monitoring systems based on wireless sensor networks on freight wagons. The selection of the
applicable solutions and adaptable sensors should meet:




The requirements in terms of wireless sensor network,
The regulative requirements and technical specifications for railway application and
The harsh environment application requirements.

Table 7 Summary of existing solutions and used sensors for the potential measurands

Measurand

Applicable sensor types

Weight

Strain gauges
Light sensors
Open / close sensors
Other auxiliary sensors like infrared, gas sensor
Temperature sensors
Humidity sensors
Accelerometers
Accelerometers

Integrity
Temperature
Humidity
Vibration
Shock

Infrared or Catalytic/semiconductor gas detectors
Gas leak

Liquid level sensors
Pressure sensors

The prices of sensor technologies vary in a very broad range, from several to hundreds of Euro,
depending on the required sensor specifications, such as accuracy and measurement range. For
instance, a performant industrial analogue accelerometer for field measurements in railway
environment could cost around five hundred Euro. Such an example may be suitable for scientific
research, however, its implementation in commercial monitoring systems for freight transport is
not feasible due to its high price. In contrast, MEMS digital accelerometers such as ADXL345 cost
less than ten Euro and, therefore, are commonly used for vibration monitoring in industrial
environment. They can be integrated along with smart sensors, RFID sensors and other electronic
components into specific applications.
Therefore, smart sensors, MEMS sensors and RFID based sensors are good candidates for the
envisaged INNOWAG applications. Particularly, passive RFID tags can work as strain, humidity,
displacement, pH and chemical sensors individually and require no additional power supply to the
sensors due to self-powering feature.

3.2 Energy harvesting technologies
Energy Harvesting is the term given to a range of technologies that convert ambient energy
sources of energy into alternative types of energy that can be directed to achieve a specific task.
Ambient energy in this case means some physical property of the environment that can be used
to drive an energy conversion process. Common examples of these properties are; movement,
temperature, light or level/altitude. In this case movement could be cyclic movement of a massive
object (vibration or waves) or continuous movement of a fluid (wind, tidal or river water flow). The
most common energy output of these devices is electrical energy, and this is the output that this
introduction is focussed on.
3.2.1

Specific market drivers and trends

Needs for energy harvesting systems
After the opening of European Union borders and the beginning of free movement of convoys
with the related commercial benefits, a dramatic reduction of traveling information about
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circulating vehicles, their maintenance conditions, and safety has been experienced. In this
context, the real-time monitoring for diagnostic and prevention becomes more and more important
and strategic. In addition, monitoring cargo condition is regarded as a necessary measure in order
to improve the reliability and safety of rail freight transportation. This has already been addressed
in section 3.1. Hence, the need to develop on-board monitoring systems that are suitable to
applications and convenient for the industrial development and diffusion (which means low cost,
good reliability and highly capable of being integrated) emerges.
Within the rail environment, with significant amounts of energy being expended to push a large
object at high speed over a metal to metal interface, there are many opportunities for energy
harvesting of vibration, heat, airflow or solar sources. There are also significant challenges to
adding instrumentation in this environment, particularly when power is required at the sensor,
since the vibration, contamination, ballast strikes and other factors have a major impact on
component life causing wire fatigue, seizure of connectors, water ingress and corrosion. These
difficulties have driven the development of high reliability cabling systems for rail that are
expensive and time consuming to fit. As a consequence, every sensor that is added to a rail
vehicle that requires any significant wiring, particularly on the outside of the vehicle, is expensive
and is not fitted unless absolutely critical for vehicle safety. Instrumentation that is necessary for
reducing maintenance costs is not fitted – both because of the cost and because maintenance of
the instrumentation then becomes a major contributor to maintenance costs. Especially in the
case of freight train, there is no power supply on the individual freight wagons. The adoption of
batteries is the simpler solution, but it is affected by many drawbacks: Firstly, the batteries
discharge strongly accelerates with low temperatures. Then, the replacement of batteries causes
high maintenance costs and environmental problems connected to their disposal. Therefore,
there is a need for self-contained sensors with a purely mechanical interface to the train and
without the need of extern power supply.
Benefits of energy harvesting systems
Wireless, energy autonomous sensor systems are considered as the most adequate solution to
overcome the main obstacles of wiring and power supply. Applying energy harvesting
technologies to wireless sensor modules in a machine-to-machine (M2M) wireless sensor
network will eliminate the need for grid-based power and primary batteries and create new value
in the form of battery-free and cable-free operation.


cable-free

The attraction of energy harvesting systems in any system is the ability to add sensors to locations
where it is difficult or uneconomical to run a wire. The combination of energy harvesting, low
power sensors and radio communication is combined in these inaccessible locations to implement
autonomous sensing solutions, returning information to a back office for further data processing.


battery-free

Instead of batteries, energy harvesting gathers energy such as sunlight, artificial light, vibration
and heat from machinery to obtain electric power. In order to make an energy harvesting system
effective, a storage device is essential to make an efficient use of the small amount of power
generated by an energy-harvesting device. The approach taken to achieve a power-supply
platform that combines an energy-harvesting device and storage device is key to the development
of a wireless sensor module. This is because a whole series of operations including sensing and
radio transmission must continue even if the energy-harvesting device stops generating power
because of environmental factors. A power-supply platform that combines an energy- harvesting
device and storage device makes it possible to control generated power and provide a stable
supply of power regardless of the type of sensor.
3.2.2

Overview of existing and emerging solutions

Recent studies demonstrated the possibility to generate directly on-board the electric power.
Table 8 below provides a brief overview of the energy harvester opportunities.
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Table 8 Energy harvesting technologies on railway vehicles

Harvester
technology

Vehicle
location

Solar PV

Roof
sideframe

Airflow
(wind)

Vehicle
mounted
(underbody)
Vehicle
mounted
(on body)
Axle
box,
bogie.

Airflow
(wind)

Energy
available (high,
medium, low)
High
(100mW/cm2 for
a modest panel)
High (unknown)

Use example (if any)

Contamination
and dirt, daylight
hours only,
fragile.
Vibration stress,
contamination of
rotating parts
Accessibility, train
speed

Tracker modules for
freight.

Contamination,
vibration stress,
accessibility

Axlebox bearing
diagnosis and for
telematics systems

None known

Vibration
(piezo)

Any

Vibration
(Giant
magneto
resistive)
Axle
generator

Any

Several examples from
academia, potential for
use on wagon.
Medium (up to Vibration
levels Vibration monitors fitted
100mW)
>150g
to several fleets, used for
condition monitoring.
Low (<1
Impact
RFID tags widely used.
µW/cm2)
Can be used for
temperature or strain
measurements.
Low
High vibration
Used in the motor
industry for tyre pressure
monitoring
Not known
Vibration levels
Not known

Axlebox

Medium (5W)

Vibration
(electromag
netic)
RF
(Electromag
netic)

Any

Unknown

Environmental
challenges

Several conversion strategies have been explored, the most promising ones with respect to
efficiency enhancement and duty cycle reduction being further presented.
3.2.2.1 Vibration (piezo)
In the ESZüG (2016) project a self-powered smart sensor was developed for monitoring the
axlebox vibration in order to detect wheel flats on freight wagons. The dedicated energy harvester
is based on the piezoelectric effect and converts the mechanical energy induced by the axlebox
vibration to electric energy. Considering conversion of the mechanical energy, piezo ceramics is
primarily employed as the piezoelectric material, such as lead zirconate titanate (PZT) and barium
titanate (BaTiO3). In addition, polyvinylidene fluride (PVDF) is also one of the most studied and
utilised piezoelectric polymer and is particularly suitable for the manufacture of thin and regular
piezoelectric films. The coefficients “d” are obtained by measuring the density of charge
(Coulomb/m²) which appears on the surfaces of the film (direction 3 = thickness) when a
mechanical stress of 1 Newton/m² is applied (PiezoTech, 2017).




Depending on the thickness: d33
In the plane of the film, in the direction of the machine: d31
In the plane of the film, in the transverse direction: d32

In this project PZT is used as the piezoelectric material and the transversal effect (d31) is used for
realisation of the piezoelectric generator in the form of a bending oscillator, see Figure 21 below.
The harvester is excited by the vibration at the foot point. Due to the mass inertia, the head mass
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is deflected to the foot point. Thus, the electric energy is created from the mechanical strain of
the PZT film.

Figure 21 Principle of the piezoelectric energy harvester (Koch et al. 2016)

The used energy harvester is provided by the manufacturer INVENT GmbH. The selected product
series has different configurations and nevertheless is composed of a piezoelectric transducer,
an electrical circuit of type LTC3588 and an energy storage of the AVX BestCap series, see Figure
22 below.

Figure 22 Energy harvesting generator (Koch et al. 2016)

The amount of available energy in an energy harvester is significantly affected by the operation
state. Therefore, it is necessary to perform a sophisticated characterisation of the vibration source
on the freight wagon. The analysis of operating state is carried out by analysing acceleration data
measured on a tank wagon operating in different scenarios. The acceleration data is considered
as the excitation on the foot point of the piezoelectric bending oscillator mentioned above. The
harvested energy can be subsequently estimated by modelling the whole piezoelectric generator
including the bending oscillator, the electrical circle and the energy storage (Koch et al. 2016).
The vibration energy harvester developed by INNOWAG partner Perpetuum and commercially
available is presented below.
VPerpetuum vbration energy harvester
Manufacturer:
Perpetuum Limited (UK)

Maximum
power output:




5V model: 5.5mA
(27.5mW)
8V model: 3mA (24mW)

Source:
https://perpetuum.com/wpcontent/uploads/2016/09/perpetuum-ltdvibration-energy-harvester-data-sheet21october2013.pdf
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Features:










Designed to power high performance Wireless Sensor Nodes.
High power output up to 27.5mW l High reliability design, including
hermetically-sealed stainless steel case.
Intrinsically Safe for use in Hazardous Areas: ATEX, IECEx, FM and
cFM Certifications.
Stabilized harvesting frequency and bandwidth over full industrial
temperature range -40 to +85 ºC.
Two-pin IEC-standard connector.
Two standard voltage outputs, nominally 5V and 8V.
Current drive output independent of load up to nominal voltage.
Center thru-hole for straightforward installation, with other mounting
options available.

3.2.2.2 Solar
The classic solar energy harvesting technology is based on the photovoltaic effect, i.e. generates
voltage in a photovoltaic cell when it is exposed to light. In the case of outdoor deployments, solar
energy harvesting can generate the most power comparing to other energy harvesting
technologies. Such technologies have been already implemented in commercial applications of
telematics, as shown in the following examples.
X-RAYL® SOLAR POINTER Serie 17
Manufacturer:
DOT Telematik (Austria)
Applications:






Containers
Railway vehicles
Trailers
Construction machines

Features:






Solar powered
ATEX Class 1
Remote accessible
Train-to-Ground
communication via GSM /
GSM-R
Data transmission every 5
minutes



Source: https://www.dottelematik.com/en/loesungen/logisticsindustry/x-rayl-solar-pointer-serie-17-2/

Measurements:





GPS localisation
Mileage tracking
Door opening detection, motion detection and payload measurements
with additional sensors via wireless connection

Solar panel
Characteristics
(patented
version):




Dimension: 160 x 110 mm
Output: 12V, 220 mA

VTG-Connector
Manufacturer:

Nexiot (Switzerland)

Applications:





Containers
Railway vehicles
Trailers

Source: http://nexiot.ch/globehopper
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Features:








Solar powered
ATEX Class 1
Protection Class IP67
Train-to-Ground communication via GSM
Data transmission every 5 minutes
Over-the-air updates

Measurements:





GPS localisation
Impact/shock detection alarm, acceleration +/- 16 g along 3 axes
Ambient temperature sensor

Solar panel
Characteristics:




Rechargeable lithium-ion cell
Power enough for high frequency data transmission

3.2.2.3 Electromagnetic
RFID is an example of electromagnetic energy harvest. There are three main classes of RFID tag
power sources: active, semi-passive, and passive. Active tags have their own source of power,
such as a battery, and may initiate communication to a reader or other active tags. Because they
contain their own power source, active tags typically have a much longer operating range than
passive-tags. Large asset and livestock tracking applications often use active tags, since the
items they are attached to (e.g. railcars, shipping containers, or cattle) are high in value and have
physical space for a bulkier, rugged tag.
A key feature of active tags is that they are able to initiate their own communication with readers.
Advanced active tags, or “smart dust”, might even form ad hoc peer networks with each other.
By contrast a semi-passive (or semi-active) tag have an internal battery, but are not able to initiate
communications. This ensures that semi-passive tags are only active when queried by a reader.
Because semi-passive tags do have an internal power source, they do offer a longer reader range
than passive attacks, but at a higher cost.
Passive tags have neither their own power source, nor the ability to initiate communication.
Passive tags obtain energy by harvesting it from an incoming RF communication signal. At lower
frequencies, this energy is typically harvested inductively, while at higher frequencies it is
harvested through capacitance.
3.2.2.4 Wind
Wind power is the use of air flow through wind turbines to mechanically power generators for
electric power. Small wind turbines are considered as good candidates for energy harvesting in
INNOWAG due to the ease and availability of installation on the wagon. There is no such product
designed for wagon or train cabin in the market, however, there are still some products having
the potential to be implemented in this project.
A potential product for wind energy harvesting on the track is shown below.
T-box wind power generator
Proposer:

 Qian Jiang (China) and
Alessandro Leonetti
Luparini (Italy)

Features:

 2.5 meter rotor system
 Generator 35cm in
diameter.
 58 kilogram wind turbine is
rated at 2000 watts at 12.5
m/s wind

Source:
http://tboxwindpowergenerator.blogspot.co.uk/2014/12/tbox-wind-power-generator-report.html
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Two potential products for implementing on the vehicle body are presented below:
Small Wind Turbine Generator Windmil
Manufacturer:

PacificSkyPower (USA)

Features:







Startup wind speed: 8 mph
Survival wind speed: 40 mph
Rotor type: Horizontal axis
Rotor diameter: 15″
Generator type: Brushed DC
motor
 Battery charging: 12 volt DC
 Charging rpm: 500 to 2000
rpm
Source:
https://www.etsy.com/listing/277695808/sm
 Output: 15 watts
all-wind-turbine-generator-windmill

Mini Wind/Water Turbines/Hydraulic Generator Dual Purpose LED Display Toy Kit
Manufacturer:
Source
energy

Features:

China

of 










Wind
Water

Wind/water powered
Fan diameter: Φ26 mm
Output voltage: 0.01~15 V
Output current: 0.001~0.2 A
Rated wind speed: 3 (m/s)
Rated speed: 3000 (rpm)
Power generation mode:
AC
Source: http://www.ebay.co.uk/itm/MiniWind-Water-Turbines-Hydraulic-GeneratorDual-Purpose-LED-Display-Toy-Kit/282269364940

3.2.2.5 Axle generator
Another common approach for power generation on railway vehicles is the axle generators, using
the rotation of wheelset axles. The generators are commonly integrated into axleboxes, and
custom designed for a particular axle end assembly, such as the one of the standard Y25 bogie.
Axle generators usually have similar construction. The permanent magnet rotor is fixed on the
axle, while the coils are mounted in the housing cover as the stator. A typical low power axle
generator is presented below.
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FAG Axle Generator
Manufacturer:

Schäffler (Germany)

Applications:

Supplying power for axlebox
bearing diagnosis and for
telematic systems

Power: 5 W
Electric
characteristics: Current: 0.4 A DC
Voltage:12 DC
Speed range: 150 … 1000rpm
Temperature range: -40 … 85°C

3.2.3

Source:
http://www.schaeffler.com/remotemedien/
media/_shared_media/08_media_library/0
1_publications/schaeffler_2/publication/do
wnloads_18/wl_07518_de_en.pdf

Assessment and recommendations for further work

Of the many different technologies listed above, preference for further development of
technologies must be given to harvesters with the intrinsic ability to achieve a 20-year service life.
In order to achieve this, there must be little or no opportunity for surface contamination, impacts
or other cumulative environmental factors to affect operation of the device. If this is possible, the
damage must be occasional, not systematic (for example accumulation of grime is systematic,
impacts are occasional and it is possible to protect against them). Damage from vibration can
clearly accumulate if the technology is not robust enough.
Power output must be high enough to achieve radio communication over a reasonable range (550m, depending on the network architecture) of enough data to communicate useful information
(this could be as little as a byte value every half hour in some cases, or hundreds of bytes over
the same period).
Experience of Perpetuum and others has demonstrated that of the technologies listed above,
solar, vibration and RF powered sensors have the intrinsic properties necessary for energy
harvesting on rail vehicles.
The initial investment costs are very low for RF harvesting units and solar panels. Vibration-based
energy harvesting systems, which have been already implemented on passenger trains, have a
higher price that significantly depends on the number of deployed devices with respect to the
current commercial and operational modes. From these options, solar harvesting is best suited
to being located on the upper part of the vehicle (where there may be contamination). Access for
cleaning and the use of self-clean materials are available and impacts from ballast or other debris
unlikely.
For parts of the bogey with higher likelihood of mechanical damage and contamination, vibration
harvesting devices offer the opportunity to house the device in a physically strong and protected
container, which can be designed to withstand the harsh environment without compromising the
effectiveness of the equipment (within certain weight limits). In the most demanding location on
the bogey, on the axle box, it is possible to mount a 0.5kg harvester and achieve an energy output
of a few mill watts at low speeds (~20kph), but also withstand 150g impacts at 90mph whilst
harvesting ~100mW or more. This range of energy output is enough to power electronics with
significant sensing, processing and radio transmission capabilities with some energy left over.
This excess (spare) energy can potentially be used to interrogate RF powered sensors in the
vicinity of the axle box, on parts of the bogey that are lightweight or subject to less vibration (brake
pads, gearboxes, bogey structure etc.). Smaller harvesters can be used to monitor other
components at a lower data rate. Moreover, vibration energy harvesters are designed to be
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subject to vibrations and, therefore, have rugged housing. These devices require low
maintenance and have a long life time.
RF powered sensors have the capability of being extremely robust (small, self-contained) but
require a local RF source to produce small quantities of data. In the presence of “high” power
large vibration energy harvesters or solar power, it may be possible to locate RF powered sensors
close enough to other energy harvesters to be capable of gathering additional critical information
(temperature of the cargo perhaps) intermittently. However, it is already known that their
performance is highly affected by RF interferences due to proximity of metal structures, which
results in shorter communication range. This issue will be further investigated within WP2.

3.3 Identification and tracing technologies
Aim of identification and tracing & tracking (T&T) technologies is to support transport planners in
supply chain planning and to achieve supply chain visibility for shippers. Moreover, infrastructure
managers and train / vehicle owners can also benefit from the identification of loading units and
the information of real time geolocation thereof.
This section analyses the market drivers of identification and T&T technologies from the
perspective of users’ needs. Subsequently, state of the art in identification and T&T technologies
is presented.
3.3.1

Specific market drivers and trends

Users’ needs.
In the lighthouse project SMART2RAIL of Shift2Rail a stakeholder’s survey and a comprehensive
business analysis were carried out, which identified and quantitatively analysed their common
interests and the values that is expected to deliver by freight railway transportation:










Profit;
Capacity utilisation;
Reliability of service;
Flexibility of service;
Visibility of service;
Cost of participation in rail enabled CT concepts (related to business processes redesign,
IT related investments);
Cost of service provision;
Mental shift (for example, unwillingness for information sharing);
Lead time.

Considering the expecting values listed above, availability of the real-time information is of great
importance to improve transport service operations. In order to obtain the information of the
transported cargo, identifying and tracking & tracing the cargo are the necessary functionalities.
In Section 2.1 Freight market drivers it is also mentioned that the track and trace of both cargo
and equipment is a vital component for satisfying supply chain and service requirements if the
shift to rail has to become effective. The hardware technology is available for making this objective
possible. The software one and the cloud computing allow the incorporation of data into intelligent
systems capable of real time management.
Loading units in identification
The objective of identification is to correctly recognise a specific loading unit in terms of rail freight
transport. The definition of the loading unit depends on the kind of shipments and corresponding
transport services. In European rail freight transportation, the loading unit can be (SMART2RAIL,
2016) (VEL-Wagon, 2011):
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Train

In trainload services a whole train is operated as a loading unit. Typical goods of European
trainloads are bulk goods such as coal, ores, building materials, etc. In this case, only the train
number has to be identified and is often assigned by the infrastructure managers.


Wagon

In single wagonload (SLW) traffic a wagon or a couple group thereof are loaded and marshalled
to form trains. Typical goods transported by SLW are the same as trainloads but in smaller size.
Wagon identification is assigned by the railway undertaking.


Container

Containers are usually employed in intermodal transportation, where multiply containers are
carried by one wagon. Containers’ identification is given by logistic service provider (LSP) or
assigned to wagons.


Palette or parcel

A Palette or parcel is used in the less than container load traffic which is a minor segment in rail
freight transportation. In this case, the transported goods are often required for (strict) given time
conditions, such as mail and parcels. They are defined by the LSP. It has to be mentioned that
the container is the smallest loadable and identifiable unit during an intermodal freight
transport.

The customers’ requirements of identification technologies may differ according to the loading
unit. For the customers of trainloads, the identification of goods can be regarded as the
identification of the train. When it comes to e.g. container identification, each container can be
independently identified and tracked by using the electronic device integrated in the container.
The information of the identified container is directly sent to the customer. Otherwise, an
assignment of the whole containers in the train may be made and held by the train driver. The
status of each container / container group needs to be sent to the operator and then handled to
further communicate to the corresponding customer.
UIC wagon numbers and Container numbers
With respect to identifying wagons, it is worth mentioning the term, “wagon numbers”, which are
regarded as identities of wagons. The system of wagon numbering was originally laid down by
the International Union of Railways (UIC) in their obligatory Leaflet 438. Today, the wagon
numbers are defined in TSI OPE (2011/314/EC Decision). Nevertheless, the definition of wagon
numbers is kept unchanged.
A wagon number comprises a 12-digit number, its meaning is presented in Table 9 below in terms
of the individual digits:
Table 9 Meaning of digits in UIC wagon numbering system

Digit(s) within Meaning of digit(s)
number
Digits 1-2

Type of vehicle and indication of the interoperability capacity
(on multiple units, type)

Digits 3-4

Country Code (Owner before 2006)

Digits 5-8

Vehicle type information

Digits 9-11

Individual running number (serial number)

Digits 12

Self-check digit

In a similar manner to wagon number, the Coding, identification and marking of intermodal
containers is defined in the ISO 6346 international standard, managed by the International
Container Bureau (BIC) (SMART2RAIL, 2016).
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Needs for real-time localisation
Corrective identification of the cargo is the prerequisite for further obtaining cargo status.
However, identification technologies do not provide any up-to-data status information of the cargo
by itself. Therefore, additional sensors are usually combined with identification devices to
measure the demanding parameters. The up-to-date geolocation is one of the key parameters
which is independent of the type of the transported cargo. It facilitates the predictability of the
transport arrival time and thus enables an optimisation of the fleet management. From the
customers’ points of view, they have the greatest demand for “visibility” of the real-time position
of their shipments.
Tracking and tracing is referred to as localisation technologies which determine the cargo position
throughout the whole transport process. Considering the rail industry, there is usually no
electronic tracking and tracing equipment available on trains. Instead, location of trains currently
relies on track signalling technologies like track circuit, axle account, balise, etc. These devices
have to be installed along the track and thus only provide location within discrete track sections.
Moreover, tracking and tracing trains is sometimes done by human inspection at workplaces like
the loading / unloading stations and the marshalling yards or by train drivers equipped with a
traceable electronic device. The position information of the trains is subsequently reported to
operators and recorded manually. This way is obviously obsolete and cannot meet the today’s
logistic requirements.
Nowadays, a number of trains, especially passenger trains, are fitted with standard global
navigation satellite systems (GNSS). For freight trains, numerous commercial tracking and tracing
devices are available on the market. As mentioned, the T&T module is often joined with integrated
sensors, the remote wireless communication module and the timestamp to form a so-called
telematics device which monitors the asset condition and communicates in real time to the
operators and / or customers.
3.3.2

Overview of existing and emerging solutions

3.3.2.1 Identification technologies
Automatic wagon number recognition using cameras
The obvious way to identify trains / wagons / containers is to recognise their numbers by “reading”
either through the human eyes or cameras. At present, there are various vendors providing
automatic number recognition devices which are based on digital cameras by means of image
processing and are usually integrated with various recognition systems dedicated to different
numbering systems, such as UIC wagon code number and container code number per ISO 6346.
Figure 23 illustrates the recognition result of a UIC wagon number.

Figure 23 Automatic wagon number recognition using camera (Source:
http://www.ocrtech.com/uic_recognition.html)
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Table 10 gives an overview on the system features of two commercial solutions as examples.
Table 10 Overview of features of two commercial wagon number recognition systems

IDENT

TREX-WAGON

Manufacturer:

Hastema (Switzerland)
(source: http://www.hastema.com/wpcontent/uploads/2016/09/ident_en.pdf)

Functionality:






Technical
Data:










Detection of UIC wagon number or
RFID number
Alarm system e.g. opened doors or
faulty bottom
Recognition of danger goods or
other labelling
Register the time and the direction
of each wagon
Wagon type, number of axles
Speed: unlimited
Recognition rate >95%
Recording rate 10-100fps
Temperature Limit: -40 to +60°C
Control zone width: 5 – 10 m
LED lighting: > 100lx
Hardware state alert: watchdog

Nestor Technologies (France)
(source: http://www.nestortech.com/files/File/en/products/tre
xagon/trex_wagon_brochure_en.p
df)
 Detection of UIC wagon
number
 Detection container number
per ISO 6346
 Register the time and the
direction of each wagon






Speed: up to 20 km/h. Option
for convoy speeds up to 160
km/h possible.
Lighting: visible or infrared
Max. distance of system from
the railway track: 3 m.
Data storage in a SQL
database

RFID technology
Each of RFID tag has its own digital identification code, when a reader sends request to tag, the
tag will response with this digital code. In this case, RFID can identify the object attached with a
tag. The communication range between a reader and tag depends on the types of RFID and the
operational frequency, summarised in Table 6. The advantages of RFID over a barcode for
identification application are:
 Can read RFID tags from a greater distance than barcodes.
 RFID tags don’t need to be positioned in a line of sight with the scanner.
 RFID tags can be read at a faster rate than barcodes; as approximately 40 RFID tags
can be read at the same time.
 RFID tags can work within much greater distances; information can be read from a tag at
up to 100m.
 RFID tags are read/write devices.
 RFID contain high levels of security; data can be encrypted, password protected or set
to include a ‘kill’ feature to remove data permanently.
 RFID tags carry large data capabilities such as product maintenance, shipping histories
and expiry dates; which can all be programmed to the tag.
 Once these are set up; it can be run with minimal human participation.
 RFID tags are more reusable and rugged as they are protected by a plastic cover.
Identification methods in the real operation
There are several identification methods available in the real operation of rail traffic which are
used by different stakeholders. The more detailed descriptions of these methods are found in the
project SMART2RAIL (2016).
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Identifying using mobile devices

The train driver who gives the train identification registers all necessary information on the loading
units in his or her mobile device possibly via a dedicated mobile app.


Rail traffic identification

In the railway traffic, each train is identified uniquely by its operative number which is given by the
IM.


Planned and operational train number

The operational train number (OTN) is defined together with the planned train number (PTN) in
TSI TAF. The PTN is used in the planning phase to identify a train during communication between
IM and RU, whereas the OTN is used in the operational phase.
3.3.2.2 Tracking & tracing
Discrete localisation based on track signalling equipment
As mentioned, conventional localisation of trains is primarily based on wayside devices. A train is
positioned solely when it passes over the signalling equipment mounted on track. Hence, it can
be said that the train is discretely located throughout its route. The localisation accuracy can be
improved only by increasing the number of devices used, which results obviously to higher
investment. The typical track signalling equipment can be (Cardenas, 2014):


Track circuit

A typical rack circuit has power applied to each rail and a relay coil wired across them. The
presence of a railway vehicle will short out the track circuit through connection of the two rails by
its wheels and axle and then lead to the drop of the current through the relay coil. The event is
then reported.


Axle counter

An axle counter is an electro-magnetic device detecting the train presence in a section of track.
At each end of the section a detector is installed for counting the number of train axles passing
by. As there are two independent counters, the direction and speed of the train can also be
obtained.


Balise

A balise is an electronic transponder placed between two rails along the track. In comparison with
other two device types, the balise is an essential wayside component of the modern track
signalling system. Essentially, the balise can either transmits information to the train-side
mounted transceiver or receives information from the train by radio frequency energy broadcast.
GPS technology via satellite navigation
Satellite navigation systems (SNS) are widespread used localisation systems, which can be used
for providing position, navigation and calculating the current local time. Essentially, a SNS
measures the distance to a satellite by calculating the amount of time it takes to receiver a
transmitted signal from the satellite. With distance measurements according to several satellites,
its position will be determined. Therefore, the prerequisite of satellite-based localisation is that the
SNS or the electronic device equipped with a SNS can receive the transmitted signal from several
satellites along a line of sight.
A SNS with global coverage is referred to as a “global navigation satellite system (GNSS)”. So far
there are three GNSS available, being the U.S. NAVSTAR Global Positioning System (GPS), the
European Galileo, and Russian GLONASS. Nowadays, GNSS can be found across the transport
sector, namely on a variety of air-borne, marine as well as land-based vehicles, like trucks, cars,
boats and aircraft. In the railway industry, the GPS technology is gaining in significance for realtime T&T. However, it brings additional problems due to different transport services and
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corresponding various loading units in freight railway transportation. For the trainload traffic, it is
simply to install one GPS unit to track the whole train. In comparison, the SWL traffic requires
each wagon to be equipped with a GPS unit, which results to high investment, since, for instance,
each device with the GPS unit should be separately powered on a freight wagon without any
power supply system and protected in a robust housing against harsh environments. Otherwise,
it is difficult to track an individual wagon without its own GPS unit, as the wagon can be frequently
marshalled and assembled into different trainsets.
As mentioned, numerous vendors provide individual automatic T&T solutions based on the GPS
technology for rail freight transport. The electronic devices are referred to as telematics devices
in which several sensors dedicated for e.g. measuring temperature, humidity and / or detecting
shock, intrusion is integrated besides the T&T modules. These telematics devices are usually
mounted on the outside of the wagons or the inside of the containers. The following table gives
an overview on the T&T solutions used in several commercial telematics devices from different
manufactures.
Where the number of channels indicates how many satellites it can monitor simultaneously, AGPS
stands for Assisted GPS that improves start-up performance of a GPS-based positioning system
and ublox LEA-6 is a GPS module with low power consumption and low costs and is independent
of which satellite constellation is applied.
Table 11 Commercial telematics devices and their T&T solutions

Devices

Tracing and tracking

Bosch AMRA

High sensitive GPS, AGPS ready, 56 channels

CargoMon CargoObserver Rail

GPS 20 channels accuracy: <10 m

Sercam Rail Solid II

Multi-GNSS (GPS, GLONASS, QZSS)

aJour Telematics

Multi-GNSS (GPS, GLONASS, Galileo, QZSS)

FELA CarLoc AT-Rail/ATCargo

GPS, 50 channels

Savvy CargoTrac

GPS, 56 channels A-GPS GLONASS

Cognid TrackCube Ex

GPS A-GPS

Franz Kaminski LLZ V3

GPS

PJM Waggontracker ADV

GPS ublox LEA-6

It can be seen that GPS is the most “popular” GNSS used in the telematics devices, whereas
multi-GNSS module is used in two devices. AJour Telematics is a device developed in the EU
Project ViWaS. It is equipped with a low power multi-GNSS circuit which has following
specification (ViWaS, 2014):







Receive type: 56-channel engine
GNSS signals: GPS/QZSS L1 C/A, GLONASS L1 FDMA
Correction SBAS: WAAS, EGNOS, MSAS
Navigation rate: up to 10 Hz
Accuracy GPS: 2.5 m
Accuracy GLONASS: 4.0 m

Another two EU projects under FP7, i.e. GaLoROI and EATS, have conducted researches on the
usage of Galilea for train localisation.
Radiolocation
In a similar manner to GPS technology, radiolocation is also based on measuring time it takes to
communicate between the on-board devices and a number of fixed stations via radio signal. The
communication can use the existing global communication systems such as GSM.
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Localisation by dead reckoning
The term, dead reckoning, refers to a process of calculating one’s current position based on a
known fixed point. For railway vehicles, odometers, tachometers, Doppler radar systems and / or
inertial systems are employed to computer the travel distance. The used sensors and
corresponding measurands are shown below.
Table 12 Devices used for dead reckoning on railway vehicles

Device

Sensor
Pulse counter
Eddy current sensors
Radar
Accelerometers
Gyroscopes

Odometers
Tachometers
Doppler radar systems
Inertial systems

Measurant
Wheel rotation
Speed
Speed
Acceleration
Angular rotation

RFID technology
Automatic tracking and identification of loaded wagons is an important task in the asset
management and production chain from pit to port. One example of an RFID reading system is
the SICK RFU63x, SICK's RFID readers offer the ruggedness and range necessary for the
provision of reliable track-and-trace data, the principal features of the system are:
Train wagon RFID tracking RFU63x
Manufacturer:

SICK

Sensor type:

RFID

Housing:




Aluminium and
polycarbonate
238.6*238.6*64.3mm

Application:

Train wagon tracking
Car body identification in
automotive manufacturing
Track and trace of reusable
containers
Toll collection
Identification of trains and
railway cars

Interface:

RS-232, 422/485, Ethernet,
CAN

Frequency band

865-870 MHz (Europe)

Temperature
range:

−25 °C to +50 °C

3.3.3

Source:
https://www.sick.com/gb/en/productportfolio/software-products/sickappspace/rfu63x/c/g420467
(accessed: 19.02.2017)

Assessment and recommendations for further work

3.3.3.1 Identification technologies
The automatic identification technologies are nowadays commercially available on the market.
They rely on wayside devices, being either digital cameras or RFID reader. In comparison, other
identification methods are used in rail traffic management to identify a train and rely heavily on

58 / 168

Deliverable D1.1

human resources. Considering INNOWAG will develop a wireless monitoring platform, the RFID
technology would be more suitable for identifying loading units.
3.3.3.2 Tracking & tracing
The available approaches for train localisation are based on either wayside instruments or onboard devices. The former provides discrete geolocation of the train, the localisation accuracy is
solely dependent on the distance between two detection instruments. RFID technology could be
considered as a good candidate in INNOWAG, since it could also be employed for identification
of loading units and as a communication medium to transmit train-born measurement data.
The latter, i.e. on-board devices, can continuously monitor the position of the train and be joined
together with other sensors to form an on-board monitoring platform. The advantages and
disadvantages of the individual tracking and tracing technologies are given in the lists below
(Cardnenas, 2014):
GPS technology via satellite navigation
Advantages:

Advantages:

 Worldwide coverage
 Mature technology: low costs
 Used by all commercial telematics
devices
 Relative high accuracy
 Easy integration
Radiolocation

 Unavailability in e.g. tunnels, dense
forests, etc.
 Reliability influenced by e.g. interference
like weather conditions and train speed.

Advantages:

Disadvantages:

No extra hardware investment when radio
communication technology is selected as the
data transmission medium

 Unavailability out of the base station
coverage
 Less accuracy than the GPS technology
 Less application

Localisation by dead reckoning
Advantages:
 Less influenced by weather conditions
 Availability across the route
 Easy integration

Disadvantage:
 Low accuracy over long track due to
cumulative errors
 Higher costs due to the individual
sensors

RFID
Advantages:
 Low costs for tags
 Less influenced by weather conditions
 Tags can be self-powered

Disadvantage:
 Limited communication range (300 feet)
compared with other technology
 Easily disrupted by other device working
at the same frequency
 RFID tags can be read without
knowledge

The GPS technology is the most widespread localisation technology used in the transport sector.
However, the greatest issue thereof lies in its unavailability in “dark areas”. In contrast, dead
reckoning methods can avoid “dark areas”. On the other hand, they cannot be used alone for
positioning due to their low localisation accuracy, but be applied as a complement for the GPS
technology. Therefore, numerous studies have proposed various solutions to address these
drawbacks primarily by combining different technologies.
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The selection of technologies depends on the required positioning accuracy. The accuracy of the
actual GPS technology appears to be adequate enough for the purpose of tracking and tracing.
The measured position data can be corrected by algorithms and digital maps. However,
technologies for the purpose of mileage tracking would require further investigation. According to
experience of wagon owners and/or operators that have equipped their wagons with commercial
telematics devices, their performance on mileage tracking vary significantly, although all of them
contain both GPS modules and accelerometers.
Considering the state-of-the-art technologies, GPS is adequate for continuous tracking of
wagons, while RFID technology is used for the purpose of identification rather than tracing and
tracking, due to the reduced number of RFID readers currently deployed on railway networks.
Radiolocation and dead reckoning could be also used to enhance the positioning accuracy, if high
positioning accuracy is required.

3.4 Data communication technologies
In the railway domain communication systems are mostly used for train / vehicle control, operator
oriented services and customer oriented networks (Unterhuber et al, 2016). The transmitted data
range from control & status data, sensor data, diagnostic data & parameter setting, passenger
information data to streaming voice & multimedia data of e.g. passenger entertainment and
CCTV. Regarding measurement data communication, this section is focused on the potential
communication technologies for transmission of measurement data from the on-board sensors to
the gateway and further to the control centre. Both inside train communication and outside train
communication are involved.
3.4.1

Inside train communication

The term “inside train communication” is referring to on-board communication networks, which
are commonly based on the bus network and were standardised by defining “Wire Train Bus” and
“Multifunction Vehicle Bus”. Apart from train / vehicle buses, a local sensor bus can be used to
connect sensors and actuators to equipment of a vehicle bus. Sensor bus specifications are not
covered by standards (InteGRail 2010). The bus network based technologies were summarised
and presented in the EU project InteGRail (2010) under FP6 in detail. Furthermore, the real-time
Ethernet technologies (RTE) were considered to replace the classical fieldbuses technologies
since the 2000s. RTE has been standardised for the railway applications as well, such as Ethernet
Train Backbone or Ethernet Consist Network (Unterhuber et al, 2016).
INNOWAG aims to develop a wireless sensor network within a freight train. However, wireless
communications in the railway domain are mostly used for outside train communications. A typical
application of wireless communication within a train is internet service for passengers onboard.
In recent years, due to the increasing demands for on-board condition monitoring, WSN
technologies will experience important developments in the railway domain by adapting the wellestablished WSN for other industrial applications, such as wireless data acquisition, wireless
condition monitoring or process monitoring and control systems.
A range of the off-the-shelf WSN will be presented in Section 4.2.2 in detail, since WSN is
regarded as a partial integrated solution including more than communication technologies which
are referred to as the communication protocols within WSN. By way of example, wireless
standards like ISA100.11a, WirelessHART and 6TiSCH are frequently employed as networking
technologies within WSN in industry.
In rail freight transport WSN technologies jointed with communication technologies have been
introduced by means of telematics devices in recent years. Several commercial telematics
devices and their communication technologies are presented in Table 13. The major telematics
devices act as data concentrators using wireless communication channels to gather
measurement data from sensor nodes. The networks involved are based on Personal Area
Network (PAN) such as ZigBee. In some cases, the RFID technology is used to form the local
wireless network.
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Table 13 Commercial telematics devices using wireless communication technologies

Devices

Communication technologies

aJour Telematics
Savvy CargoTrac
Franz Kaminski LLZ V3
AIS VarOBU
LENORD+BAUER GEL2510
Avante ZONER-Seal

WPAN 868 MHz
ZigBee IEEE 802.15.4 >100m LoS 2.4 Hz/18dbm
Zigbee IEEE 802.15.4
wireless radio transmission between wagon and locomotive
on-board RFID-tag and reader
on-board RFID-tag and reader

Amsted IONEX

Zigbee

Roll2Rail (2015) gave a comprehensive overview on the state of the art in radio technologies
respectively in railways, aeronautics, industry and automotive. Especially, LAN and PAN-based
technologies in industry and automotive can be considered for intra-train communication links.
The relevant technologies are listed in Table 16. The further selection should take the
requirements in freight train environment into account.
3.4.2

Outside train communication

Outside train communications are obviously based on wireless communication technologies,
especially radio technologies. Two applications including different use cases respectively are
primarily related to outside train communication:
Train-to-Train (T2T) communication
The T2T communication is referred to as communication between trains. A typical use case is a
disable train, out of range of a communication network that will transmit information to another
train passing nearby. Beside this, it can also be deployed for collision warning systems, where
the real-time information on position and train speed is interchanged between nearby trains. The
potential collision risk will be evaluated accordingly. This application was addressed by the project
Railway Collision Avoidance System. Moreover, for wireless coupling of two vehicles (or train
consists), the T2T commination interconnects two networks embedded on both vehicles
(Unterhuber et al, 2016).
The employed radio technologies for T2T communication can be found in the project Roll2Rail
(2015).
Train-to-Ground (T2G) communication
In this case, the signal is transmitted from the train to infrastructure which can be a remote-control
centre or a wayside instrument. The T2G communication is most relevant in the INNOWAG
project and thus will be addressed below in detail.
Nearfield communication: RFID
As mentioned, RFID technologies could be employed for designing WSN, identifying loading units
and / or tracking trains. In this case, measurement data are transmitted from the on-board sensor
nodes to the wayside RFID reader.
RFID stands for radio frequency identification which is a method for wireless data transmission.
Compared to other wireless technologies, its transmission range is limited (in the range of a few
meters), so that the term Near Field Communication is also used. A special feature of this type of
data transmission is that the energy required for the transmission of the data is also transmitted
by induction. The system is most widely used for the unidirectional transmission of fixed data, e.g.
identification numbers, between a tag and a reader. Bidirectional communication with variable
data is also possible. The passive transponders derive their energy from the magnetic field of the
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reader. For larger ranges and / or more complex data transmissions, active transponders with
their own power supply in the form of a battery are also available. The data transmission can take
place in many different frequency ranges. Table 14 shows some typical frequencies (SBB Cargo,
2013).
Remote communication
In most cases, measurement data are directly transmitted to a remote-control centre. Remote
communications in the railway domain are often based on open standards like Global System for
Mobile Communications (GSM) and General Packet Radio Service (GPRS), which are originally
standards for mobile communication networks. Alternatively, remote communication systems
could be based on open standards, but have slight modifications on some layers. As an example,
Global System for Mobile Communications-Railway (GSM-R) is the most famous T2G
communication system based on existing GSM standard with major modifications in adaption to
the railway domain. Apart from the technologies already employed for railway applications,
satellite communication is assumed to be a very suitable technology for remote T2G
communications. In recent years, Low Power Wide Area Network (LPWAN) technologies are
targeted at IoT applications. LPWAN is characterised by long range, low power consumption and
low bandwidth and thus is suitable in rolling stock environment.
Table 14 Typical frequencies for transponder systems and their applications (SBB Cargo, 2013).

Frequency
< 135 Hz
6.78 MHz
13.56 MHz
27.125 MHz
860-930 MHz


Application

Feature

Low cost/ low speed:
Animal identification
Medium speed:
Goods identification
High speed (100 kBit/s):
Goods identification
High speed (100 kBit/s):
Special application
Goods identification with
Electronic Product Code



Short range










ISM radio bands
Relative high performance
ISM radio bands
Longer range
Short range
Lower performance than 13.56 MHz
ISM radio bands
Long range

Mobile communication systems

There are various mobile communication systems available on the market, such as GSM, GPRS,
UMTS (Universal Mobile Telecommunications System), LTE (Long-Term Evolution), etc.
Theoretically, all of them can be applied for the remote T2G communication. Amongst them, GSM
is the mostly widespread solution for remote data transmission in the telematics application on
freight wagons. GSM is originally a standard for mobile communication to describe the protocols
for second-generation (2G) digital cellular mobile phone networks.
As GSM is a cellular network, which means that user equipment connects to GSM-network by
searching for cells, which are regarded as base stations with antenna, in the directly vicinity. If
user equipment is not covered by any base station, it cannot be connected to the network. The
coverage range can be several kilometers, but depends on the surrounding area. The base
stations and the additional communication infrastructure belong to the network operators, so that
the transmission of data is subject to remuneration. In Europe GSM covers a wide area, which
make it possible for data transmission via GSM.
Most 2G GSM networks operate in the 900 MHz / 1800 MHz bands. Instead of these bands, the
850 MHz and 1900 MHz bands can be available in some countries, where the 900 MHz / 1800
MHz are already allocated.
Regardless of frequency bands, data rate of transmission is divided into timeslots. In GSM, the
original maximum data rate is 9.6 kbit/s per time slot. By changing coding, it reaches 14.4 kbit/s.
In order to increase data rate, it is possible to use several channels at the same time (HSCSD,
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high-speed circuit switched data, 57.6 kbit/s), which is not offered by all network operators. A
further possibility is the use of General Packet Radio Service (GPRS), where data are divided
into individual packets and there is no permanent connection. As a result, a transmission rate of
up to 171.2 kbit/s can be achieved. This can be further increased by applying an extended data
modulation (EDG) method (SBB Cargo, 2013).


GSM-R

GSM-R is based on existing GSM mobile standards, using the 876 - 880MHz (uplink) and 921 925 MHz (downlink) bands that are compliant with the European Frequency Committee (CEPT)
for the operational communication of railway companies in accordance with current mobile
technology (IDATE, 2015). GSM-R is a part of the European Rail Traffic Management System
(ERTMS) standard and is dedicated for voice and data communication between railway
operational staff, including drivers, dispatchers, shunting team members, train engineers, and
station controllers. As usable frequency bands and transmission channels are limited, GSM-R is
mostly used by national railway operators in passenger trains at present.


Satellite communication

In contrast to terrestrial communication mentioned above, satellite communication systems
transmit data via communication satellites and thus are independent from base stations. A
Communication satellite functions as a repeater station which provides a communications link
between two geographically remote sites. It relays and amplifies radio telecommunications
signals via transponders.
In the aeronautical domain satellite-based communication is aimed at future air traffic
management, 4D trajectory management and complementary communication links (Roll2Rail,
2015). Due to the amazing coverage area of a communication satellite, satellite communication
systems are very effective at data transmission over large geographic locations. In addition, they
can reach remote locations lacking in terrestrial communication infrastructure, i.e. base stations.
However, satellite communication link has more degradations and delays in comparison to
terrestrial communications link.


Low Power Wide Area Network (LPWAN)

LPWAN is deployed mainly in an IoT context. By contrast to the conventional mobile networks,
LPWAN based technologies enable the remote communication within a range of kilometres using
ultra narrow band technology. They are characterised by low power consumption, low data
transmission rate and low costs, and thus are suitable to transmit small amounts of data over a
long distance, such as remote asset monitoring. Several LPWAN technologies are introduced in
Water-M Project (2016) as potential communication technologies for the application of automatic
water meter reading: IEEE 802.15.4k, WI-SUN, Wireless M-Bus, SigFox, LoRa, Weightless,
Wavenis, Dash7 and LTE-M. Furthermore, the feasibility of LPWAN technologies for asset
tracking and monitoring of goods in logistics will be demonstrated in a pilot project “WiN4track” in
logistics industry. In the railway domain, SigFox and LoRa technology are tested by SNCF for
different monitoring systems mounted both on rolling stock, such as monitoring water level in the
tank and infrastructure, such as monitoring track temperature.
By analogy with cellular networks, LPWAN also rely on the base stations which are mostly set up
in urban areas. Hence, it is still impractical to employ LPWAN based technologies in the rail freight
transport with respect to the current coverage of the base stations.
Communication technologies used in commercial telematics devices
Table 15 presents an overview on communication technologies used in commercial telematics
devices offered by different manufacturers for freight wagons. It has to be said that the major
telematics devices transmit measurement data gathered by on-board sensor systems to the back
office via GSM/GPRS. RFID technology is mostly used for railway vehicle identification by
installing RFID-readers on track sides.
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Table 15 Communication technologies used by commercially available telematics devices for
freight wagons

Devices

Remote communication

Bosch AMRA
CargoMon CargoObserver
Rail

Quadband GSM/GPRS class 10
Quadband GSM/GPRS
850/900/1800/1900 MHz
Quadband GSM/GPRS Multi-slot
class 12
GSM Optional WPAN 868 MHz
Funk
Quadband GSM/GPRS Multi-slot
class 10
Quadband GSM/GPRS
Quadband GSM/GPRS
Quadband GSM/GPRS class 10
Quadband GSM/GPRS DualBand HSPA
GSM
GSM/GPRS

Sercam Rail Easy
aJour Telematics
FELA CarLoc ATRail/ATCargo
Savvy CargoTrac - Ex
Cognid TackCube Ex
Franz Kaminski LLZ V3
PJM Waggontracker ADV
AIS VarOBU
Avante ZONER-Seal

Nearfield communication

Wayside RFID-reader
Wayside RFID-reader

TagMaster HD Track Reader
Scirocco A100
Other potential communication technologies

Roll2Rail (2015) has summarised state of the art in radio technologies for railway applications
and suitable technologies used in other domains such as aeronautics, industry and automotive,
which are illustrated in Table 16.
Table 16 Summary of the suitable technologies (Roll2Rail, 2015)

Technology

Train to ground

Consist to Consist and
Vehicle to Vehicle

Intra car

x

x

x

x

x
x

x
x

x
x

x
x

x
x

x

Zigbee
GPRS
EDGE
WCDMA/UMTS
LTE
TETRA
Wi-Fi
WiMAX
GSM-R
BLE

x
x
x
x
x
x
x
x

Milimetric
UWB
Marathon project
WirelessHart
ISA 100.11a
WIA-PA
WSAN/WISA

x

x
x
x
x
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Bluetooth
DECT
Magnetic induction
Industrial WLAN
Lobometrics
OneWireless
Phoenix contact
LDACS1
AeroMacs
VDL Mode 2
VDL Mode 4
LDACS2
ADS-B 1090ES
ADS-B UAT
ITS-G5
3.4.3

x
x
x
x

x
x

x
x
x
x
x
x
x
x

x
x
x
x

x
x
x
x

Assessment and recommendations for further work

The communication systems involved in INNOWAG are dedicated for measurement data
transmission and can be divided into the intra-train and the T2G communication system. The
former depends on the WSN design, whereas the latter relies on whether RFID technology is
deployed. In the case that RFID readers are installed in the vicinity of the track; the nearfield
communication will take place. Otherwise, only the remote communication module is involved as
a necessary part of the onboard monitoring system.
Amongst various technologies introduced above, mobile networks like GSM/GPRS are the mostly
common choice for data communication on freight wagons, while GSM-R is an international,
standardised communication system in the railway sector. In Germany, the GSM-R network
replaces almost all analogue radio systems of DB. The SIM cards can be ordered by DB for the
availability of the GSM-R network. Satellite communication is commonly used in the aeronautical
domain, being also suitable for the railway domain and already available on the market. However,
the cost of systems based on satellite communication is much higher than GSM/GPRS solutions.
Last but not least, LPWAN is a relative newer technology comparing to others. Especially, SigFox
and LoRa (specific type of LPWAN) are already deployed for monitoring applications. Their
applications in the railway domain can be found in the pilot studies of SNCF in urban transport.
LPWAN feasibility should be also tested for rail freight applications.

3.5 Big data management solutions
Big data is defined as high volume, high velocity, and/or high variety information assets. In the
railway sector, big data is often linked to monitoring of railway operations, where data collection
and analytics techniques are required for a better understanding of the current condition and the
predictive behaviour of rail assets including both infrastructure and rolling stock.
This section discusses the drivers of big data applications in the railway domain, notably in terms
of monitoring, and introduces the current practice in applications of big data technology.
3.5.1

Specific market drivers and trends

Big data in the context of monitoring is generated from three sources; the large number of railway
assets to be monitored, the number of sensors on infrastructures and vehicles, and the number
of indicators that can be derived from the combination of these data sources. In order for the
information produced by this system to be useful, the outputs must be available quickly, reliably,
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and from a variety of end point terminals. Hence, it requires collecting and analysing data in order
to turn it into usable information. The big data technology is considered as such a tool to help
improving data collection and analytics but also to reduce the human intervention in the reporting
systems (ERA, 2016).
Data collection and storage
Data can be collected either automatically through electronic equipment like sensors or manually
by humans, where technical equipment may be also applied, but the decision to report and
storage data is always made by humans. For example, a certain amount of data is generated in
maintenance processes for rolling stock. Failures of trains and / or components thereof can be
reported by train drivers or other railway operational staffs. These failure reports are subsequently
recorded in protocols or digitally in computers. During inspections, detecting and examining faults
on trains can be done by the visual methods, where the inspection results are also manually
recorded in protocols or in computers. In some cases, components can be inspected by technical
instruments. The result reports are automatically generated in the form of electronic protocols.
However, these protocols still require humans for saving it in a local database for a better
recording and management. In this conventional way of data collection, the volume of the
gathered data is relative small. Hence, a local server is sufficient to store these data.
When it comes to monitoring, the data acquisition is automatically triggered by heterogeneous
sensors. It results in that massive amount of real-time data should be handled for efficient storage
and easy access. From the point of view of economic efficiency, the conventional storage
methods are not suitable for handling such data, since additional hardware is needed for the
database server as well as more personnel resources are required to manage and maintain the
server. Moreover, users of the gathered data are widely distributed geographically, and reliability
is essential. The economical approach to selecting a hardware platform that can deliver reliability
through redundancy and geographic diversity with security and wideband connections is to share
a facility with many other users. The current approach (and the approach taken by Perpetuum
and others) is to run the software on hardware that is run by some large organisation, dedicated
to running large collections of servers and the supporting infrastructure. This solution is known
as running the system in the “cloud”. A number of different cloud solutions are available from
Google, Microsoft, Amazon and others. These offer duplications of the database and system at
multiple locations and in the same filesystem, such that having 12 independent copies of the
same database is not unusual. Single points of failure are rare, but in the last few years have
occurred due to poorly implemented software updates, or data communication system failures.
Other common features of these systems include the ability to increase the number of servers
running the software to match the requirements of the database size. Multiple parallel processors
can be dedicated to different customers, or the database hosted in a specific geographic area to
accommodate local laws and regulations. The effectiveness of these solutions is then determined
by the design of the database and structure of the processors and fileservers that communicate
and process the data. Performance can be enhanced by choosing to perform some functions in
a web browser based application, against processing detailed graphics in the cloud and
transmitting more data.
Data analytics
The traditional data analyse techniques are based on descriptive statistics, which summarises a
pattern from the existing data. In the context of the railway vehicles, the pattern may depend on
the operational status such as speed and ambient temperature. Different vehicle types or
parameters of components may have a great influence on detecting pattern. Therefore, it is
difficult to apply the traditional data analyse techniques, when data come from a variety of sensor
systems mounted on different vehicles and/or components.
In comparison, big data uses inferential statistics aiming at learning from historical data,
functioning on real-time data to predict outcomes and behaviours. The big data analyse technique
is not constrained by different data types and different data sizes (ERA, 2016).
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3.5.2

Overview of existing and emerging solutions

Big data has been mainly applied in domains such as healthcare, the public sector,
manufacturing, retail, finance etc. There are a number of suppliers offering solutions in area of
big data, see Figure 24.
In the transport industry, big data technology is essentially employed to manage the quality of
the service. ERA (2016) and Thaduri et al. (2015) have given an overview on big data
applications in area of private and public transport.


Calculating and Reporting up-to-date traffic status through using the position of the users
in private road transport;



Monitoring passenger journey in order to support planning of routes and connections in
public transport on light rail and buses;



Forecasting delays before they occur in railway transport;



Safety management in transportation system.

In addition, ERA is exploring the potential for big data to build risk models within the Single
European Railway Area.
Apart from the transport-related applications, effective utilisations of big data are expected to
optimise maintenance procedures and thus reduce operational costs in the railway domain.

Figure 24 Big data landscape (Source: https://de.slideshare.net/dorait/big-data-a-brief-overview/25)

 In the Dutch tracks, a massive amount of data from axle box acceleration measurements are
analysed by means of big data analytics to help making maintenance decisions (Nunez et al.
2014).
 Trafikverket (Swedish Transport Administration) has collected large amounts of data from
rolling stock, track, environmental data and human intervention for supporting in the future
maintenance decisions (Thaduri et al. 2015).
 Trenitalia has managed to improve it by analysing data coming from thousands of sensors
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installed aboard trains. The Dynamic Management Maintenance System (DMMS), built on a
SAP Hana platform, can predict failures before they actually happen. (Source:
http://www.europeanrailwayreview.com/28433/past-issues/issue-4-2016/big-data-trenitaliarolling-stock-maintenance/)
 SNCF is conducting data science and machine learning for predictive maintenance. Available
data contain surveillance data provided by on-board sensor systems, default history,
maintenance operations and railway assets. (Source: Rolling Stock Maintenance Summit,
2016)
 Perpetuum runs separate systems on a Microsoft Azure platform to handle millions of
messages every day from thousands of wheel, gearbox and motor sensors. Each message
contains over 150bytes of data which is analysed in real time to update information on both
rolling stock equipment condition and track condition. The robust network connections,
webserver, database and data processing services offered in the cloud infrastructure
combine to provide a robust and responsive platform that can be expanded as required. The
historical database is securely stored in multiple locations and is now many gigabytes.
Maintenance of the complete historical dataset provides the opportunity to develop and test
algorithms for improved indicators, as well as extracting useful information about asset
condition and degradation rates for expanding future services. If necessary, additional
processing power can be purchased for a limited time to explore a wider variety of data
processing approaches without having to copy or move the database to a separate platform.
This flexibility can have a significant advantage in the development cycle.
A key component of a condition monitoring database, requiring reliable internet connectivity and
many access points into the database, is the asset control database relating sensors to equipment
monitored. Part of the distributed interface of the system is used to configure hardware, so that
information is allocated to the correct asset. Management of this process and its associated
safeguards must be handled carefully and require the minimum possible effort on the part of the
operator.
Below (Figure 25 and Figure 26) are a selection of screenshots from the Perpetuum data services.

Figure 25 Screenshots from the Perpetuum data services for track monitoring: track condition
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It integrates data from every wheel passing over this section of the track. The bottom half of the
screen shows a surface plot of track condition.
Alternatively, based on the same dataset, by way of example, the individual rolling stock asset
condition can be displayed:

Figure 26 Screenshots from the Perpetuum data services for track monitoring: rolling stock asset
condition

3.5.3

Assessment and recommendations for further work

The data gathered within INNOWAG could be real-time monitoring data and records of
maintenance activities. For the purposes of demonstrating cargo condition monitoring and
tracking goods, a simple expansion of sensor and health indicator types can be applied to an
asset condition monitoring system. All sensor data can be received, archived, processed and
graphed in real time in order to provide an assessment of the asset monitoring sensors. All data
transmitted to the database is automatically geotagged and can be correlated with other data
sources on the train. This will permit the project resources to focus on less commoditised aspects
of the technology such as sensors and sensor power, condition monitoring objectives. Sensor
parameter specific algorithms can be applied to data received and the results published on the
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website – this applies to individual assets as well as parameters that may vary with location.
Different web-based platforms are commercially available. The usage costs depend mostly on
the data volume. E.g., the cost is a few hundred Euro per month for a medium deployment (a few
thousands of devices).
For the purposes of conducting condition-based maintenance, data obtained by wagon condition
monitoring should be fed into predictive maintenance programmes. This will be discussed in
Section 3.9 Maintenance management solutions.

3.6 Design solutions for lightweight vehicles
One of the main objectives of the technology demonstrator in this project is to achieve between
15% and 30% weight reduction for the primary structures, while maintaining the cost (or reaching
a competitive cost level) and meeting the performance of current metallic carbodies by
incorporating composite materials into a hybrid structure.
The integration of functions of other train subsystems will help to achieve these objectives and
contribute to the overall reduction of energy consumption of the rolling stock.
Targets for the industry are:


Between 15% and 30% weight reduction.



Energy savings in operation, resulting from the weight reduction.



Improvement of maintainability, coming from new concepts.



Introduction of a specific health monitoring system

Globally, the design of freight railway vehicles is increasingly giving significant attention to
lightweighting. This has been driven in the main by consideration for reduced emissions and
impact on the infrastructure. In addition, the potential introduction of mixed running of freight and
passenger vehicles requires that the former has similar dynamic characteristics as the latter. This
includes high acceleration and deceleration as well as higher top speeds. Such improved
performance could be achieved simply by increasing the locomotive power. However, this would
increase both emissions and track wear. Lightweighting therefore provides a viable means to
attain higher dynamic performance with either the same or reduced locomotive power (Matsika
and Grasso, 2016).
The measures of attaining lightweight constructions can be separated into three types as listed
below (Wallentowitz et al., 2003).


The first type of lightweight construction is to replace materials of high specific weight with
lower density materials without reducing stiffness and durability. Common lightweight
materials are, for example, metals such as aluminium, magnesium, high strengthened
steels or various types of unreinforced and reinforced composites.



Secondly, structural lightweight construction implies that load-carrying elements and
exterior attachments are optimised in their (geometrical) design so as to reduce their
weight without any loss in rigidity or functionality.



The third way of realising lightweight constructions is to optimise the production process.
For example, in the automotive industry, the reduction of spot welds should reduce the
body weight when replaced by new joining techniques such as laser welding or
manufacturing processes such as hydroforming.

This section discusses market drivers that promote development of lightweight materials, and
potential light weighting solutions that would be considered to achieve the project objective though
review of past research in wagon design and similar research carried out in other modes of
transport such as automotive and aerospace.
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3.6.1

Specific market drivers and trends

Within the EU, there are four main drivers to factors that are driving the agenda for lightweighting
of railway vehicles. Firstly, it is the need to improve operational agility of freight trains. This
includes the call for higher dynamic performance in terms of higher speed, acceleration and
braking. The spent off from this is the potential for freight trains to mixed run with passenger trains,
thereby allowing for quicker movement of cargo in a manner comparative to road transport. With
lighter weight wagons, it would take less energy to propel the train, hence reducing the energy
costs.
The second factor relates to the impact that heavier trains have on the permanent way or rail
infrastructure. There is also a negative effect on the train itself; increased wear on the braking
system, and also the unintended effect of noise. Overall, heavier trains have higher operational
costs due to increased maintenance costs.
Market demand is the third factor. For example, some customers may wish to transport Low
Density High Value goods, which requires improved operational agility mentioned above. On the
other hand, some customers wish to transport the traditional high density goods, which increase
the axle load. In both cases, lightweighting solutions would improve operations and reduce
operating costs.
The fourth factor is government policy, which is the result of governments (national or regional),
identify actions that would promote a particular transport agenda. Examples of targets include:




Increase energy efficiency, the use of renewable energy and electrification.
Progressing in the reduction of CO2 and other pollutants.
Noise reduction

In this case, lightweighting would help to meet all the three targets.
Composites have been used to great benefit in the rail industry for three decades, particularly on
passenger vehicles. Sandwich construction and monolithic laminate in exterior train fairings have
reduced train weight and drag and improved aerodynamics and aesthetics. Alstom, for example,
reports achieving a 15 percent reduction in fuel consumption and 70 metric tonnes (>154,300 lb)
in mass reduction on its AGV train, using composites.
Composites in structural railcar applications, however, have evolved more slowly in the
conservative rail industry by comparison with the aerospace arena. That said, there are notable
milestones: In the late 1990s, pultruded fiberglass profiles were tested in the SMART cargo
container and the 52,000-lb/26,000 kg load carrying “Glasshopper” freight car hopper, which was
filament wound. Today, upper and lower load-bearing composite floor sections in double-decked
passenger trains contribute to overall structural strength. By far the largest volume of composites
in rail is consumed in interior passenger coach components. These encompass ceiling and floor
panels, sidewalls, window surrounds and luggage stows, complete bathroom, kitchen and driver
compartment modules, and seating units. Composites provide the ability to moulding multiple
features that reduce part count and maintenance, as well as surface textures that deter graffiti. A
critical issue here is fire safety. Fire, smoke and toxicity (FST) properties in composite resin
formulations for rail interiors have been continually tested and upgraded. Suppliers of polyester
and vinyl ester resins for rail applications, including AOC LLC (Collierville, Tenn.), Ashland
Performance Materials (Dublin, Ohio), DSM Composite Resins AG (Schaffhausen, Switzerland),
Gurit (Isle of Wight, U.K.), Hexion Specialty Chemicals (Carpentersville, Ill.), Huntsman Advanced
Materials (The Woodlands, Texas) and Reichhold Inc. (Research Triangle Park, N.C.), use nonhalogenated fire retardant additives, fillers such as alumina trihydrate, and intumescents to make
their resins compliant with FST performance requirements. FST rules differ by country and
operational category (above or below ground). British standard BS 6853 is considered to be the
most stringent to date and has been adopted by countries outside the U.K. In the U.S., FST
standards are determined by the U.S. Department of Transportation’s Federal Railroad
Administration (FRA, Washington, D.C.). Ashland, which sells HETRON and DERAKANE
polyester and epoxy vinyl ester resins and MODAR modified acrylic into rail interiors, hopes to
introduce a new grade of MODAR by year’s end that boosts FST performance. But Thomas
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Johnson, Ashland’s industry manager for corrosion- and fire-resistant products, says meeting the
various international regulatory requirements is a daunting task and believes efforts that are
underway in the European Union to harmonize FST requirements will make life easier for
suppliers and fabricators.
The inherently fire-resistant chemistry of phenolic resins has earned them widespread application,
particularly in European rail interiors. In the U.S., San Francisco’s BART underground rail system
adopted phenolics for interior components in 1979, and Amtrak also uses phenolics for inside
components on the Acela Express in the U.S. northeast. Phenolic resin producers include Hexion
Specialty Chemicals (Louisville, Ky.), Huntsman Advanced Materials, Georgia-Pacific Chemicals
LLC (Atlanta, Ga.) and Gurit.
Pravin Kukkala, business manager for Hexion’s phenolic resins, says that water-release issues
during cure, which make priming/painting difficult, and the natural colour that limits resin
pigmentation “have been overcome to a large extent by novel systems from Hexion and other
suppliers [and] growing customer experience in using phenolics has expanded their application.”
The first all-aluminium freight cars were made in the US in 1931. They were hopper cars intended
for transporting bulk and granulated cargo with funnel-shaped bodies and unloading hatches in
the bottom. Today, hopper cars are produced primarily from 6xxx series alloys that have improved
strength and better than average corrosion resistance properties.
Today aluminium freight cars are used to transport coal, various rocks and minerals as well as
grain, while tanker cars made from aluminium carry acids. There are also special cars for
transporting finished goods such as new cars from production facilities to dealerships.
An aluminium freight car is a third lighter than a steel car. Its higher initial costs are recouped in
the first two years of operation because it can carry more cargo. At the same time, unlike steel
aluminium does not succumb to corrosion, so aluminium freight cars have longer service lives
and over 40 years of operation lose only 10% of their value on average.
Aluminium makes it possible to reduce the weight of such trains, which reduces the bends in the
rails that add to the friction resistance. In addition, a high speed train, like a plane, has to have an
aerodynamic shape and have a minimal amount of protruding parts, and here too aluminium helps
the designers out. High speed trains made from aluminium are used by France's TGV high speed
rail systems. Trains for this network began to be developed in the 1970s by Alstom (France) and
the first line connecting Paris and Lyon was opened in 1981. Today TGV is Europe's largest high
speed rail system and is planned to be used as the basis for a Europe-wide high speed rail
system. The first TGV trains were made from steel, but aluminium replaced steel in later
generations. Thus the latest model train called AGV is made entirely from aluminium alloys and
travels at speeds of up to 360 kph. Today AGV trains are only operated by Italy's Nuovo
Transporto Viaggiatori rail system. The body of Russia's first high speed train Sapsan is also
made from aluminium alloys.
Engineers in Chemitz, Germany unveiled a prototype high-speed train cab made with a sandwich
composite material earlier this year. The material is built like a sandwich: Between two pieces of
aluminium, each just two millimetres thick, is a 25-millimeter-thick layer of the “foam,” a lowdensity, sponge-like composite of magnesium, silicon, and copper, and aluminium. And like a
good sandwich, there’s no glue. The layers are held together by metallic bonding, the electrostatic
attraction of negatively charged electrons and positively charged ions.
The result is a material that is 20 percent lighter than traditional fibreglass, which is commonly
used on high-speed train cabs. That is a big advantage when the goal is to move faster and more
efficiently. Even better, it doesn’t come at the cost of a weaker train. “The outer shell is so stiff
that you need no ribs inside,” says Dr. Thomas Hipke, head of lightweight construction at the
Fraunhofer Institute for Machine Tools and Forming Technology, which helped to design the
prototype train cab. Peel tests of aluminium foam—in which force is applied to pull apart the layers
of the material—destroy the foam interior instead of breaking the bonds between the layers,
demonstrating the strength of the bonding. That strength matters a lot when travelling at 150 to
200 mph, fast enough to keep up with a jet at takeoff. While crashes are rare, high-speed trains
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are regularly hit by small objects, which can cause trouble. “Aluminium foam has a very high and
comfortable impact resistance, especially for small impacts like stones, bottles or just birds,” says
Ralf Uhlig of Voith Engineering Services, which was involved in the construction of the prototype
cab. Collisions with our feathered friends are relatively frequent and can pose real dangers to
passengers. In 2013, a high-speed train en route to Beijing was forced to stop after a bird strike
cracked the train’s exterior.
The comparably cushy substance makes the inside of the train safer in a collision, too. Crash
tests with human dummies have confirmed the material efficiently absorbs energy and protects
passengers from “secondary impacts”—i.e., slamming into the wall or a seat back when the train
lurches unexpectedly. Tests run by the Transportation Research Board in Washington, D.C.
showed packing seat backs with aluminium foam reduced head injury values by 80 percent in an
8g impact.
Aluminium foam was invented back in 1968, but the longstanding drawback for industrial
applications has been the difficulty of shaping the material without relying on expensive tooling.
Now, engineers at the Fraunhofer Institute and Voith Engineering Services have demonstrated
aluminium foam surfaces can be formed economically using embossing tools: The contours of
the material are set during the foaming process, rather than conventionally stretching the material
around a blank of the desired shape. “We save approximately 60 percent on tool costs,” says Dr.
Hipke. Train cabs assembled from aluminium foam are expected to be built within the next year.
Then we just need to build some real high-speed trains on American soil so we can reap the
benefits.
A consortium of German research groups has created a new sandwich-type material that they
claim offers strength similar to that of steel or aluminium, yet is significantly lighter and less
expensive. It consists of a honeycomb-structured paper core, with glass fibre-reinforced layers of
polyurethane on the outsides. To give an idea of how tough it is, it is about to be tested on the
diesel engine housing of a train.
The material is intended for a number of applications, but it was decided that the engine housing
would be a good test. The housing will be located on the underside of the train, where it will be
constantly subjected to track debris such as flying rocks. It must also contain engine fluids such
as oil, to keep them from leaking into the environment, while additionally serving to contain the
flames in the event of an engine fire – additives in the polyurethane ensure that it meets fire safety
standards.
The experimental housing is reportedly 35% lighter than a standard metal unit, and is
approximately 30% cheaper to produce. So far, it has done very well on mechanical stress tests,
performed on a laboratory rig. The next step will be to actually install it on a running train, and see
how it works in the real world.
Groups involved in the project include Bombardier GmbH, Krauss Maffei Kunststofftechnik
GmbH, Bayer Material Science AG, DECS GmbH, the DLR’s Institute for Vehicle Concepts, the
University of Stuttgart, the Karlsruhe Institute for Technology, and the Fraunhofer Institute for
Chemical Technology ICT.
3.6.2

Overview of existing and emerging solutions

3.6.2.1 Lightweight Wagon Design Solutions
Most of the freight wagon manufacturers currently use the steel grade S355 due to its ease with
welding and general manufacturing. However, some have ventured into application of high
strength steels (HSS), stainless steels and aluminium.
This section summarises some relevant rail vehicle designs using lightweight materials for both
structural parts and wagon bodies.
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Implementation of High Strength Steels in Lightweight Vehicle Design
Recently, the possible use of high strength steels (HSS) for the manufacturing of freight wagons
has been investigated.
Open box cars benefit from lower maintenance costs and a longer life when Advanced High
Strength Steels are used in vital areas. An example is the use of Domex made by SSAB of
Sweden (Figure 27).

Figure 27 Domex – high tensile steel by SSAB of Sweden (SAAB, 2012)

Another relevant option is the use of High-Strength Low-Alloy steels (HSLA). A good example
is offered by FreightRail, which used ultra-high strength steel (UHSS) to:


Lighten the wagon weight



Reduce maintenance costs of operators



Contribute to sustainability

An E71-type gondola wagon with the initial structure made of S235JR, a structural steel with good
corrosion resistance properties, was set as the benchmark. It had a tare weight of 27 tonnes and
payload of 80 tonnes (Figure 28).

Figure 28 E71-type gondola wagon (ArcelorMittal, 2011)
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The wagon was re-designed using HSLA steel with improved specifications, in two different
feasible versions. The outcomes of the new designs:


Reparability: Easy to weld and can be repaired with existing equipment.



Cost Reduction: Although the price of the advanced steels is higher than S235JR, less
steel is required. Industrial formability is also improved, leading to further cost reductions.
Material costs reduced by 34%.



Weight Savings: Laden weight remained the same, while tare reduced 33% for the same
volume of cargo.

Table 17 summarises the results of the two considered sustainable solutions involving HSLA.
Table 17 HSLA Sustainable Solutions

Specification

Reference

Sustainable Solution-1

Sustainable Solution-2

Material

S235JR

HSLA

HSLA

Tare

27

18t (-33%)

22.5t (-17%)

Gross

80

71t (-11%)

90t (+12.5%)

Load Volume

70m

Material Costs

-

3

70m

3

100m3

-34%

-5%

Implementation of Ferritic Stainless Steel in Lightweight Vehicle Design
Ferritic stainless steel is a utility, 12% chromium, stainless steels (ISSF, 2009). It can be applied
to manufacture containers (good for intermodal transport) and wagons (box, hopper).
In addition to being moisture-laden and carrying highly corrosive elements such as sulphur, coal
is highly abrasive to steels; galvanised mild steel and aluminium are often inadequate to such
demanding conditions (ISSF, 2009). Meantime, Ferritic utility steels proved to be a feasible
solution, being already implemented by coal operators (Figure 27). They also exhibit good
slidability properties in chutes.

Figure 29 Ferritic Stainless steel coal open box wagons
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Aluminium Applications
This section summarises some Aluminium applications currently being implemented by the freight
wagon manufacturers as a solution to reduce vehicles’ mass. Most of these are applied to other
types of wagons (e.g., box) but not flat wagons.


Aluminium application in Open Wagons

Development of all – aluminium hoppers took place in USA in 1931 (Skillingberg, 2007), followed
by all-aluminium passenger rail vehicles in 1933 (Langan and Buchta, 2003). Use of aluminium
has been driven by its light weight, corrosion resistance and overall durability. It is a proven metal
in rail construction. The open wagon in Figure 30 is specially utilised for coal transport services
for Datong-Qinhuangdao railways is made of an aluminium-alloy double boxes riveting structure
(CSRJ, 2014).

Figure 30 Riveted Coal Aluminium Wagon (CSRJ, 2014)



Aluminium application in Closed Wagons

General purpose closed wagons made of steel can be quite heavy due to the necessity to cover
the top of what should otherwise be an open wagon. Figure 31 shows an aluminium wagon from
Hungary. An alternative version has side sliding doors (Figure 32).

Figure 31 Aluminium wagon body - steel coal open box wagon (Vagongyar, 2014)
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Figure 32 Aluminium Closed Wagon with sliding doors (Vagongyar, 2014)

Amtrak in the USA achieved relatively low weight of the double deck AutoTrain through rational
material choice. Predominantly made of aluminium, the carriers in Figure 33 are significantly
lighter than Amtrak’s older carriers. Benefitting of the lighter weight, the AutoTrain consumes less
fuel and put less wear-and-tear on the equipment.

Figure 33 Aluminium Vehicle Carrier (National Corridors, 2014)



VTG Cement Wagon

In September 2009, Europe’s leading wagon hire and rail logistics company, VTG, won a top prize
at the 2009 Rail Freight Group Awards in Birmingham. The Technical Development Award was
for its aluminium JPA bogie cement wagons (Figure 34). The innovative aluminium bodied design,
fitted with the lightweight track friendly bogies, gives the JPA wagon a tare weight of
approximately 19.5 tonnes, a saving of eight to ten tonnes over some older steel bodied bogie
powder tanks, and an estimated five tonnes over a steel wagon of the same modern design for
transportation of cement.
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Figure 34 Aluminium Cement Wagon (VTG, 2009)

Implementation of ‘Smart’ Steel Sections (cold and hot rolled)
In recent years, manufacturers have been developing new section geometries for applications in
the building industry (Figure 35). These rely on the ductility of steel to either cold or hot form the
different shapes. The main advantage over ordinary sections is that they can be formed into
complex shapes. They are usually pre-fabricated by the steel manufacturer with minimal or no
joining required. Easily optimised for lightweighting applications, these section profiles provide an
opportunity for use in the manufacture of railway vehicles.

Figure 35 Pre-fabricated special section profiles

The next two sections discuss lightweight technologies in sectors or areas other than freight rail.
Emphasis has been given to these areas with lightweighting solutions that can potentially be
transferred to freight wagons.
3.6.2.2 Passenger Rail Vehicles
Increasing passenger requirements, including universal access toilets, more tables, power
sockets, air conditioning, tilting mechanisms, CET tanks, improved crash structures and crumple
zones, and changes to the seating regulations, are making trains heavier. For instance, compared
to a 1970’s Mk 3 rolling stock carriage, the year 2000 Bombardier Voyager train was 40% heavier.
The train weight could not continue to increase. Body shell, HVAC, external doors, bogies,
couplers, interior doors, drivers cab, interior linings, and passenger interior including seats are
the major areas for weight reduction using composites (Figure 36).
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Figure 36 Body shell, HVAC, external doors, bogies, couplers, interior doors, drivers cab, interior linings,
and passenger interior including seats are the major areas for weight reduction using composites

Current Successes in Weight Saving in Rail Vehicles
The mass of Bombardier’s new AVENTRA platform to substitute the Electrostar is in the range of
30-35 tons, a decrease of 17% to 28% when compared to earlier designs of 42 tons. Moreover,
the new platform consumes 50% less electricity than the Class 319 equivalent and facilitates
shortened journey times. The weight of new Desiro City platform from Siemens is 25% less than
the average current UK fleets and consumes 50% less energy using regenerative breaking,
energy efficient lighting and much more.
Another example is the new generation commuter train for the United Kingdom, Alstom X’Trapolis,
which claims to have a weight 28% less than the average UK fleet and 50% less energy
consumption through the use of and regenerative braking systems as well as by using energy
intelligently.
Options for Further Cost Effective Weight Savings in Rail Vehicles
Seats, cab fronts and body ends, composite doors using fibrous composites, ceiling panels, body
side panels, stand backs, and floors with increased functionality, including floor covering,
thermal/acoustic insulation, heating, and easier cleaning options, are the other areas to achieve
further cost-effective weight reduction in rail vehicles.
Alternative Lightweight Composites Materials to Meet Rail Industry Demands
The alternative lightweight composites materials to address the rail industry demands over the
coming years include phenolic SMC (sheet moulding compounds), modified epoxy glass pre-preg
that complies with the latest EN 45545 fire standards, fire retardant foam cores, carbon/phenolic
pre-pregs, and the latest thermoplastic materials with good FST properties. Compared to
monolithic composites, there are several lightweight core materials capable of providing stiffness
and lowering overall panel weight. Balsa, foam, aluminium honeycombs, Nomex honeycomb, and
cork composites are some of the examples for (Figure 37).
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Figure 37 A number of lightweight core materials can assist in providing stiffness and reduce overall
panel weight compared to a monolithic composite.

New Potential Advances in Composites for the Rail Industry
Although bio-resins and natural fibre reinforcements are in the nascent stage, they can address
the FST requirements for rail applications, according to early tests. The XMTM30 resin system
from Cytek is a bio-renewable sustainable source meeting the specifications of EN 45545
category HL3. It can produce a truly bio-sustainable system in conjunction with natural fibers.
Cytek MTM® 348FR is another product meeting the requirements of EN 45545 category HL2.
Cytek MTM® 348FR and XMTM30 are suitable to fabricate for both exterior and interior structural
and non-structural applications.
Lightweight aluminium honeycomb materials are lightweight alternative solutions to conventional
materials such as plywood. Longevity especially in wet areas, lower refurbishment costs, and
increased loading per sq./M for given support spacing are the key advantages of lightweight
aluminium honeycomb floors (Figure 38).

Figure 38 Lightweight aluminium honeycomb floors

Aluminium honeycomb bonded structures are lightweight alternative to conventional materials,
including plywood, metal fabrication, and aluminium casting, for use in internal and external doors
(Figure 39). Lower inertia during operation, recyclable at end of life, and less demands on the
operating mechanism due to lightweight are the major benefits of aluminium honeycomb bonded
structures.
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Figure 39 Aluminium honeycomb bonded structures are lightweight alternative to conventional materials,
including plywood, metal fabrication, and aluminium casting, for use in internal and external doors

Lighter trains and reduced load through the use of lightweight structures are advantageous to
have lower access charges because of minimized rail wear and infrastructure damage. Improved
corrosion resistance, lower running costs, reduced energy requirements, and faster journey times
are the other advantages. Furthermore, putting the mass in the right position can improve ride
and passenger comfort.
A number of measures have been implemented to reduce the weight of rail passenger vehicles.
Table 18 shows some of the relevant technologies and measures applied. They include
component/system innovations and low density materials. Light weighting has been achieved by
using steel, thin-walled structures, throughout the car body, or, alternatively, power-pressed
aluminium profiles. Sandwich composites have also been used. The focus is on reducing the
weight of the vehicles while simplifying the construction to reduce manufacturing costs and
assembly times (Wennberg, 2011).
Table 18 Summary of weight reduction options for passenger railway vehicles (Railwayenergy.org, 2000)
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Some passenger trains have applied efficient space utilisation as a means to carry the same load,
but shorter train rakes, thus reducing the overall weight for the same load. For example, the mass
per seat was reduced by fitting more seats into it by:


Increasing the vehicle height (double-decked stock);



Increasing the vehicle width (wide-body stock);



Extending seating to parts of the train previously reserved to other purposes (e.g.
eliminating locomotive by using MU stock or replacing restaurant by mobile bistro in the
train)

Figure 40 Increasing capacity through space utilisation (Andersson et al., 2001)

Table 19 summarises some of the technologies and strategies applied in passenger vehicles.
3.6.2.3 Automotive Industry
HSS have been applied vastly in the automotive industry due to the following reasons,


Weight reduction



Higher potential payload



Improved vehicle dynamic performance



Improved crash safety



Reduced total LCC cost



Longer life cycle (durability)



Improved environment (lower CO2 emissions)

Table 19: Space Utilisation in Rail Vehicles
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Steel makes up over 50% of road vehicles. Application of high strength steels (HSSs) as opposed
to mild steel has achieved high mass reduction. With freight wagons made up of over 90% steel
structure, the HSSs present a great potential for significant lightweighting.
Recent studies have shown that AHSS results in lightweight automotive designs that are cost
effective with low emissions that also provide unmatched safety performance (Dbusiness, 2012).
Below are some key advantages of using AHSS.
Safety and Durability Performance
 As shown in WorldAutoSteel’s recent FutureSteelVehicle (FSV) study, using today's design

optimisation tools, a steel body structure with 35 percent weight savings can meet or exceed
all safety requirements.
 Steel remains the dominant material for automotive bodies and safety cages.
 Consumers value the safety benefits of steel. When asked which automobile components

protect them most, the top three choices by consumers were seat belts, steel frames (the
steel safety cage) and steel side-impact beams (placed inside car doors to better protect
passengers in side-impact collisions).
Sustainability
 Steel is recycled more than all other materials on the planet combined, with an extremely

high overall recycling rate. Recycling of automotive steel can top 100 percent, as the cars
being recycled may be heavier than new models.
 Because it is 100 percent recyclable, steel used in today's cars can help automakers reduce

the carbon footprint of tomorrow's vehicles.
 Automobiles are recycled more than any other consumer product, with nearly 100 percent of

vehicles being recycled for their iron and steel content. In 2008, this resulted in more than
14.8 million tons of steel was recovered for reuse from scrapped automobiles.
Affordability
 In raw material costs, aluminium is three times more expensive than steel;
 In conversion costs, aluminium is two times more expensive than steel;
 In assembly, aluminium is 20 to 30 percent more expensive than steel; and
 In total, an aluminium structure is estimated at 60 to 80 percent more expensive than a

conventional steel design.
The general downside of high strength steels is that strength is achieved at the expense of
ductility. This, however, is not the case with TWIP and LI-P steels.
In passenger cars, lightweight production vehicle examples include the current all-aluminium
bodied Jaguar XJ and the 2013 Mercedes-Benz SL550 roadster (SAE, 2012).
The SL550 uses Novelis-supplied aluminium for the doors, hood, and various structural pieces,
including the transmission tunnel that is made from a new aluminium alloy, Anticorodal-300. At
254 kg, the aluminium body is approximately 136 kg lighter than the predecessor.
Examples of application of aluminium for heavy duty trucks exists. Mitsubishi in Japan used one
of the most extensive applications of lightweighting using aluminium. The main drivers were fuel
economy and increasing the loading efficiency of a tanker truck. AA6061-T6 was used to achieve
weight reduction. To minimise welds and joints of the chassis structure, a novel variable-section
extrusion technique was developed. This resulted in a frame that has comparable strength and
rigidity of steel (Figure 41 and Figure 42).
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Figure 41 Aluminium Heavy Truck (Karita et al, 2003)

The new design reduced weight and improved fuel consumption through:
1.

Adoption of aluminium chassis frame (weight reduction achieved: 320 kg)

2.

Adoption of super-single tires with aluminium wheels as well as other aluminium parts
including fuel tank (weight reduction achieved: 200 kg)

3.

Adoption of aluminium bulk tank: (weight reduction achieved: 1000 kg)

Figure 42 Aluminium Heavy Truck Chassis (Karita et al, 2003)

Composites have been playing an increasing role in construction of particularly high performing
vehicles. This includes roof and body panels. Sandwich and SMC/BMC components place a
major role. In future, carbon fibre composites are expected to account for 75% weight of upcoming
production vehicles (i.e., hood, fenders and roof).
One example of a high performance car is the Evora sports car (Figure 43). It employs a mostly
aluminium chassis along with a composite roof that serves as a stressed structural component
and stressed composite body panels that add to the car’s high stiffness (Stewart, 2009). ACA
research shows that using structural low-density composites in a one-piece moulding in trunk
compartments, for example, can reduce mass up to 50%. In one assembly, composites replace
up to eight metal stampings at a savings of up to 70% in tooling investment, the ACA reports.
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Figure 43 Evora Lotus 2009 (Stewart, 2009)

3.6.2.4 Lightweight Bogie Design Solutions
Different approaches to implementing light materials into railway applications, in particular vehicle
structure, have been considered and discussed by researchers since the 80s.
Batchelor and Wilson (1984) identified and described possibilities to use fibre reinforced plastics
in the railway industry. They considered various case studies, including seat shells, temporary
overhead structures, pantograph heads, cab fronts and doors, with respect to design criteria such
as stiffness, strength, flammability, durability and cost effectiveness. They also looked at future
developments, specifically the use of higher performance carbon and aramid fibres, including
structural applications in vehicle bodies and bogies.
“Applications of fibre reinforced plastics in bogie construction are being developed in Germany
(11) and investigations are in hand in the UK. The purpose of these studies is to reduce bogie
mass and, hence, to improve dynamic performance, reduce energy costs and minimize the
amount of track damage caused by unsprung mass. Composites are being used more widely
nowadays at stress levels associated with bogie applications and an assessment of their potential
in this critical area is feasible. A composite bogie frame could incorporate the primary suspension.
Preliminary studies indicate that first costs would be competitive, but fresh design concepts will
be needed if the full potential of composites is to be achieved in this application.”
Most research was carried out in Germany and the UK, with a high focus on light materials, in
particular polymer composites. More results have been reported consequently. A multilevel
approach to the optimisation of composite light structures in rail vehicles was developed and
discussed by Irish researchers (Harte et al., 2004). The method was subsequently applied to a
light rail (tram) vehicle bodyshell, but would be applicable for a bogie structure as well.
The priority for lower weights of freight vehicles was clearly highlighted by Hecht (2001) in his
position paper on the European freight vehicle running gear. Some particular technologies and
techniques for lightweighting a bogie structure were discussed.
A significant initiative aimed to develop a lighter and quieter bogie was the ‘LEILA DG’ project
(the acronym stands for “Leicht und LaermArm”, German for “light and low-noise”), which was
carried out in Germany since early 2000s (Hecht, 2002). LEILA DG (‘Development of a lightweight
low noise bogie of a rail freight vehicle’) was a joint German/Swiss project involving industry
partners, engineering offices, and the Berlin University of Technology (TUB).
The first prototype and running tests of LEILA bogie have been performed ('Advanced bogie,'
2004; Hecht, 2004; 'Leila: an innovative new freight bogie,' 2005). Innovative solutions and design
have been reported in more detail ('Leila: an innovative new freight bogie,' 2005; Hecht, 2009).
The initial tests used a combined "pocket" and container flat wagon, and these were followed by
one tear of in-service testing with Hupac, Switzerland ('Leila: an innovative new freight bogie,'
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2005). The LEILA freight bogie aimed to improve the freight bogie through an innovative
lightweight design (Hecht et al. 2004, 2009).

Figure 44: The LEILA bogie (Hecht et al. 2004; 2009)

The LEILA bogie has an internal frame which cuts about 1.5 tonnes off the weight of a wagon.
The wheelsets are cross braced to allow steering, therefore reducing wheel and rail wear. Overall,
significant weight reductions were achieved in the bogie frame and some weight reductions in the
axle itself.
Korean researchers have studied and reported (Park and Lee, 2006) another lightweighting
method to optimise weight, subject to a fatigue constraint; the method uses and artificial neural
network (ANN) to approximate a function for the fatigue constraint, and a microgenetic algorithm
(mGA) for the optimisation. FEM is used for simulating the standard fatigue test (UIC615-4) of a
bogie. The analysed bogie model comprises a welded frame (see Figure 27), bolster, self-steering
mechanism, primary and secondary suspension, and disc braking system.

Figure 45 Bogie frame model using shell and solid elements (Park and Lee, 2006)

After the optimisation was performed, the weight was reduced by 4.7 per cent against the initial
design. However, although the approximated model satisfies the design constraints, the analysis
result of the optimal design violates the design constraint because of the error between prediction
and analysis models.
Researchers from Korea Railroad Research Institute, Woram-don, and HANBAT National
University have focused on the use of composite materials and developed a bogie frame for a
light urban subway train vehicle (Jeon et al., 2011; Kim et al., 2011; Kim and Yoon, 2011).
A glass fibre reinforced polymer (GFRP) composite bogie frame has been designed and
manufactured using the autoclave curing method (Figure 46) (Kim et al., 2011; Kim and Yoon,
2011).
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Figure 46 The conventional steel bogie frame and the composite bogie frame for the urban subway train
(Kim and Yoon, 2011)

In other research, GEP224 glass fibre/epoxy 4-harness satin laminate composite materials were
used for the manufacturing of the bogie frame. The skin of side beam and cross beam was
composed of two different parts, an inner and outer skin. The side beam, which is the main
structural element of the bogie frame, has laminated composite ribs and reinforcement in the
vertical direction to ensure sufficient strength and stiffness. Additionally, PVC foam core was used
inside the side beam for improving the bending stiffness. Figure 47 shows the configuration and
design concept of a composite bogie frame.
The structural behaviour was evaluated through tests under the critical load conditions: vertical
loads and twisting load. The stresses at the connection region between a cross beam and a side
beam and the deflection were measured and used to assess the structural safety.

Figure 47 Configuration and design concept of a composite bogie frame (Jeon et al., 2011)

In addition, the overall stress distributions of the bogie frame were evaluated using the finite
element analysis (Figure 48). The comparison between the experimental and the numerical
results showed the similar trends.

Figure 48 Longitudinal stress contours: (a) vertical loading condition, (b) +twisting loading condition (Kim
and Yoon, 2011)
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The structural safety evaluation using the Goodman diagram has clearly shown that the
composite bogie frame was within the safe region. The maximum stress occurred at the strain
gauge located on the joint region between the side beams and the cross beam.

Figure 49 The FE model and Tsai-Wu failure index for the GFRP bogie frame (Jeon et al., 2011)

Furthermore, the fatigue strength and structural integrity of the GFRP bogie frame composite
material have been evaluated by Goodman diagrams of the material and Tsai-Wu failure index
obtained from finite element analysis (Figure 49) (Jeon et al., 2011). The structural integrity of a
composite bogie frame has satisfied the requirements under various external loading conditions,
and its fatigue strength was adequate for long-term service life in operational conditions of urban
railway trains.
Another interesting lightweight design of a bogie frame made of glass fibre reinforced composites
was reported by researchers from the University of Reading (Hou and Jeronimidis, 2012). The
frame performances under various loading conditions were evaluated by finite element analysis.
The bogie developed at the University of Reading was designed for a 25.5 tonnes axle load
wagon. It consists of two frames, with one placed on top of the other, and two axle ties connecting
the axles (Figure 50). Each frame consists of two side arms and a transom between. The top
frame is thinner and more compliant and has a higher curvature compared with the bottom frame.
Variable vertical stiffness can be achieved before and after the contact between the two frames
at the central section of the bogie to cope with different load levels.

Figure 50 Drawing of the Eurobogie with composite frames (Hou and Jeronimidis, 2012)

Stiffness and stress levels of the full scale Eurobogie under various loading conditions have been
analysed using FEA. Results show that the stress levels in all directions are low compared to
material strength.
There are some industry led lightweight bogie designs that are worth highlighting. Some
technologies were already implemented in new products, while some solutions are still at the
prototype stage, mostly due to manufacturing and/or cost issues.
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MBB hybrid composite bogie
In the early 1980s, an innovative bogie using composite structural elements was developed at
Messerschmitt-bölkow-blohm GmbH (MBB, currently part of EADS), and further patented by the
inventors (Weiland and Gunther, 1984).
The patent describes a bogie for a rail vehicle (Figure 51), comprising an H-shaped bogie frame
(1), the cross member portion (2), which carries the vehicle frame, and a primary suspension for
the wheel sets. The bogie frame (1), including the primary suspension, is made of fibre composite
material designed relatively rigidly in the region of the cross member portion (2) and acting, in the
region of the arms (3) emanating from this, elastically as a resilient primary suspension.
However, the frame composite parts do not allow either the effective absorption of the forces due
to vertical and transverse accelerations of the moving parts, or the mounting of accessories or
equipment such as an engine, a braking system or a control system, because, in order to
effectively withstand the dynamic stresses generated, they would have to have a large cross
section and this would take a significant amount of composite material This would increase the
cost of the bogie and raise technical moulding problems. Furthermore, it is difficult to obtain a
chassis which has flexibility properties that are identical on each side of the longitudinal mid-plane
of the bogie.

Figure 51 MBB bogie including composite structural elements (Weiland and Gunther, 1984)
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Alstom composite bogies
Considering the above design and its main shortcomings, Alain Landrot has developed two
versions of a composite bogie structure at Alstom France SA. Both designs were patented and
the assignee is Alstom France SA (Landrot, 2001; Landrot, 2002).
The European patent (Landrot, 2002) describes a bogie frame with composite side members that
play an effective part in the vehicle suspension (Figure 52). At the same time, the frame has a
simple geometry and an attractive cost, improving the overall economic performance of the bogie.
The side member comprises at least one interchangeable elastic leaf constituting primary
suspension, made of composite material based on fibres embedded in resin, and a region of each
end of the side member is housed in a side-member sleeve resting on the respective axle box via
at least one insert element. Therefore, the side member simultaneously fulfils functions of
supporting the vehicle between the axles, acting as primary suspension for the vehicle, damping
vibrations between the axles and the vehicle, and providing the axles with lateral guidance. These
elements play an important role in lightening the bogie compared with conventional steel
structures. The flexibility of the composite material, for example based on glass, carbon or aramid
fibres, embedded in an epoxy or some other resin, allows it to perform effective damping at the
vibrational frequencies most often excited in a bogie.
The US patent (Landrot, 2001) discloses another version of a composite bogie structure,
comprising at least one elongated rigid support secured in a structure made of composite material.
This support is adapted to receive means for fastening functional elements of the bogie. The
bogie 1 in Figure 53 is designed to support a railway vehicle V (shown in dashed and dotted lines).
Side members 4 and 4’ are provided to support the chassis 2 in abutment on axle boxes 5 and 5’
of the wheels 3 and 3’. The frame 2 and the side members 4 and 4’ are made of composite
material (epoxy or phenolic resin reinforced with glass, carbon, aramid or equivalent fibres).

Figure 52 ALSTOM bogie with composite side members, European patent (Landrot, 2002)
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Figure 53 ALSTOM bogie made of composite material, US patent (Landrot, 2001)

The composite bogie prototypes developed by Alstom were further tested in-situ using Fibre
Bragg Grating (FBG) transducers (Maurin et al., 2002). A 16 million cycles fatigue test was carried
out and the asynchronous FBG measurements were in agreement with the FE modelling results.
Alstom has recently implemented newer versions of these composite bogies in urban light
vehicles (tram models).
FLEXX Eco – The lightweight Bombardier bogie
Bombardier Transportation developed a large range of bogies within the FLEXX family for all
applications, from heavy freight locomotives to trams. The bogies within the FLEXX family
typically have different characteristics to suit a wide range of requirements, however the common
factor is that they have been developed with a strong focus on the end goal – speed on dedicated
or curved track, lighter weight, frame flexibility, low maintenance, or a combination of several of
these objectives.
The FLEXX Eco bogie (Figure 54) was originally designed by and for the UK market and has
subsequently became a global success. The product started life in the early 1990s as the
‘Advanced Suburban Bogie’ project, a joint development initiative between British Rail Research
and private sector industry.

Figure 54 BOMBARDIER FLEX Eco bogie (Köbel, 2008; BOMBARDIER, 2012)

The FLEXX Eco bogie, previously designated B5000, has been developed to reduce track
damage, minimise weight and reduce maintenance costs. The success of the design depended
on a fundamental rethink of conventional bogie layout whilst still retaining or improving on the
overall safety and performance that is expected from a modern bogie design. This has resulted
in a compact, lightweight but robust bogie design. The bogie has a lower unsprung mass, leading
to lower wear on track, wheelsets and components. As a result, maintenance intervals have been
extended significantly.
The key technical advantages of the FLEXX Eco bogie are (Figure 55):
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Figure 55 Key advantages of BOMBARDIER FLEX Eco bogie (Köbel, 2008; BOMBARDIER, 2012)

 Train Weight Reduction
 30% reduction in bogie mass compared with conventional bogie;
 30% reduction in unsprung mass;
 Track Friendliness
 Reduced track damage due to reduced unsprung wheelset mass
 Reduced rail wear due to better curving performance
 Reduced risk of rail RCF damage
 Optimised Total Cost of Ownership
 Reduced track access charge
 Reduced energy consumption
 Reduced bogie maintenance
 Reduced aerodynamic drag
Following years of intensive testing on the UK network, as well as trials by Germany’s Deutsche
Bahn and NSB (Norwegian Railways), the bogie design has already been successfully applied
on the Bombardier Class 220/222 Voyager and Meridian trains and Class 172 which form part of
the Turbostar DMU family. There are now around 1,000 units in operation worldwide with the UK
fleet alone operating over three million miles per week.
SIEMENS lightweight SF7000 bogie
SIEMENS has developed the lightweight 160km/h SF7000 bogie (Figure 56) specifically designed
for use under the new Desiro City EMU. The Desiro City is designed to reduce track wear through
the use of a lighter and more compact SF7000 bogie. The design includes inboard bearings and
integrated bogie-mounted traction motors. The SF7000 is Siemens’ new standard for British 20mlong vehicles.
The new Desiro City was designed to be 25% lighter than the existing Desiro UK range – the new
bogie design contributes significantly to this and the bogies are 35% (trailer SF7000 at 4.4 tonnes)
and 32% (motor SF7000 at 6.3 tonnes) lighter than the earlier SF5000 (which are 6.8 tonnes and
9.3 tonnes respectively) giving the Desiro City a design axle load of 14.5 tonnes for trailer vehicles
and 15.5 tonnes for powered vehicles.
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Figure 56 SIEMENS lightweight SF7000 bogie (Fender, 2012; SIEMENS, 2012)

The new SF7000 bogie is designed to reduce track wear on a 1000m-radius curve by up to 75%,
compared with the older model SF5000. The SF7000s are two-axle, air-sprung bogies with a twostage suspension system. The need to reduce weight and the whole life-cycle costs has prompted
a number of major bogie design changes. These include the use of an inboard bearing design
rather than traditional external bogie frame with a shorter axle spacing. In addition, smaller
diameter wheels and hollow axles are used. Other components have been redesigned to use less
weight. For example, the weight of the yaw damper mounting bracket has been reduced from
22.7kg to 17.9kg but doubled in stiffness by using tempered steel castings.
The bogie is very compact and therefore much lighter than a bogie with outboard axle bearings.
All the measures taken have led to a weight reduction of around one-third compared to a
conventional bogie. The lower mass not only cuts energy consumption, the minimised unsprung
mass and the shorter wheelbase (in comparison to conventional bogies) also considerably reduce
wheel and track wear. This in turn minimises wheel maintenance costs and variable track charges.
Another key feature is the fact that the bogie can carry much higher payloads while maintaining
the same level of protection against derailment.
In addition, Siemens has used alternative, more costly material, to reduce weight. The third rail
shoe gear uses aluminium instead of steel, making it 25% lighter than the design used on the
first-generation Desiro UK (class 450).
Tread brakes are used alongside regenerative electric brakes on SF7000 motor bogies to reduce
weight within the space constraints imposed by the restrictive British loading gauge, which makes
disc brakes harder to accommodate.
HITACHI Shinkansen technology
Hitachi is a key player in the development of the Shinkansen bullet train vehicles in Japan, and
has taken part in all Shinkansen rolling stock projects. The Shinkansen technology implemented
innovative solutions such as a light aluminium body, a VVVF inverter unit, ATC control, etc.
Shinkansen technology aimed from its beginning to use lightweight design solutions for all
components, including the bogies. The overall weight of Shinkansen trains has decreased over 2
generations of rolling stock technologies, as shown in below Figure 57. The overall weight
reduction of 23% involved a significant bogie mass reduction, as observed in Figure 58.
Bogie spring suspension technical details such as axle box suspension stiffness have been
optimised through high-precision dynamic simulations to achieve a good balance between the
conflicting characteristics of high-speed stability and curving performance essential for highspeed operations. Innovations such as bolsterless secondary suspension and aluminium gear
case and axle boxes reduced significantly the bogie weight. Resonance at the main rotational
vibration frequencies has been eliminated through experimental modal analysis and FEM
vibration analysis, reducing interior noise by preventing the transmission of rotational vibration
from the propulsion system via the bogie frame.
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Figure 57 Evolution of lightweight Shinkansen technology (Watson, 2011)

Figure 58 Breakdown of Shinkansen technology weight reduction on components (Watson, 2011)

Figure 59 Shinkansen bogie development (Watson, 2011)
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Large-scale FEM stress analysis linked to 3-dimensional CAD systems successfully achieved
high reliability. Large-scale stress analysis has been made more efficient by the development of
CAD/CAE linking technology for automatic FEM analysis meshing and stress analysis using CAD
data created on a 3-D CAD system, as shown in below Figure 60.

Figure 60 Bogie frame Large-scale FEM stress analysis - Hitachi approach (Hitachi-Rail, 2014)

Russian DP3 track-friendly freight bogie
The new Type 18-9891 low track force bogie, designed to facilitate the operation of freight trains
in Russia at speeds of over 120 km/h, started the service testing at the end of year 2012 – a result
of - collaboration between Russian academia and industry (Rybnikov et al., 2012). The bogie is a
production version of the DP3 prototype, which was conceived by the ‘high speed rolling stock’
project team at Moscow State University of Railway Engineering and developed for practical
applications by JSC VKM Engineering.
The ZNII-H3-0 three-piece bogie has been used for the majority of freight wagons operating
across Russia in the past decades. Although advanced versions such as the Type 18-100 were
further developed, the standard design still suffers from a relatively high unsprung mass.
The concept of a new track-friendly bogie for speeds over 120 km/h was developed by the
university researchers. The novel technology consists of a basic structure using a rigid frame
assembled from open-profile beams, with a bilinear axle box suspension and elastic connections
between the wheelsets and bogie frame to provide a degree of steering.
The wagon body is carried on a secondary suspension formed from two rubber-metal supports
which are rigid in the transverse direction and flexible in the longitudinal direction, allowing the
bogie to negotiate a curve radius as low as 60 m. The main connection between the body and
bogie uses a king pin with an elastic housing to allow a degree of flexibility in the transverse
direction. The bogie uses conventional tread brakes.
The practical design was further carried out for an operational 23.5 tonnes axle load by VKM
Engineering, which is part of the Russian Transport Machinery Corp (Bazel). The final design was
named DP3 – ‘DP’ stands for ‘track-friendly’.
The metal supports intended to provide lateral suspension for the wagon body were replaced by
a combined unit incorporating roller bearings and elastic polyurethane elements (Figure 61).
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Figure 61 DP3 freight bogie: modified side supports incorporating a roller bearing (1) carried on an elastic
polyurethane element (2), with a steering link to the bogie frame (3) (Rybnikov et al., 2012)

The final DP3 bogie design (Figure 62) has a rigid H-shape frame assembled from two I-section
side-frames (welded or cast), and a rectangular box-section transverse beam, which is designed
to allow a degree of torsional flexibility on the longitudinal axis. The side frames are connected to
the transverse beam using clamp bolts. The axle box design is derived from the Y25 bogie, but
adapted to meet Russian standards. The primary suspension is provided by pairs of coil springs,
ensuring a static deflection of 20 mm in unloaded condition and 55 to 60 mm under load.

Figure 62 DP3 freight bogie: general view
longitudinal beams (1), transverse beam (2), clamp bolts (3), kingpin aperture (4), side
supports (5–7), suspension and friction damper (8), side bearer and yaw damper (9) and
steering link (10) (Rybnikov et al., 2012)

Figure 63 DP3 freight bogie: Rubber-metal stop blocks, providing a degree of flexibility for the kingpin unit
within the transverse beam (Rybnikov et al., 2012)
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Compressed flexible side bearers provide damping for any angular oscillation, along with two
longitudinal and two lateral rubber-metal stop blocks in the kingpin aperture (Figure 63).
In both loaded and unloaded condition, the ride quality of the tested flat wagon equipped with
DP3 bogies was up to 2.2 times as good as the reference vehicle at speeds up to 100 km/h on
track of ‘good’ or ‘tolerable’ condition. The riding did not exceed the standard limits at speeds up
to 130 km/h. Measurement of the horizontal vibrations showed that the vehicle displayed a
reduced tendency to hunt compared with the control vehicle. Curving forces at 70 and 100 km/h
in curves of 300 and 600 m radius were less than half the permissible value, and lower than those
of the reference wagon.
3.6.2.5 Innovative Concepts for Increased Capacity of Freight Wagons
While directly reducing the weight of a wagon can be a design target, other operators, consider
improving operational efficiency.
The increase of the overall transport capacity of freight wagons is a major demand in the actual
context aimed to achieve competitiveness and growth for rail freight transport. This objective can
be addressed through the following measures:
 Improvement of wagon specifications:
 Optimisation of tare weight to payload ratio (reducing the wagon mass and increasing
or maintaining the structural strength);
 Increase of maximum speed (low impact running gear, efficient braking system, better
stability, etc.);
 Improvement of operational capabilities: Logistics-capable and long-running
 Flexible and/or modular design, including features to enable the transport of a large
range of commodities and reduce the downtimes and unproductive times;
 Wagons equipped with interoperable, standard and LCC-oriented components,
capable to integrate into different supply chains at reduced operational and
maintenance costs.
In recent decades, internationally oriented improving services offered to users has led to the
emergence of specialized equipment and designing cars that meet individual shippers. Relevant
examples are: wagons 3 levels for automobiles; articulated wagons, which have an expanded
chassis, capable of taking over 10 containers in one flexible unit; 2 container wagons levels; unit
trains consisting of dozens of cars carrying the same goods.
Some operators have resorted to changes in wagons so that on one direction to transport raw
materials and on return to transport finished products. For example wagon type Habbis that has
been adapted to transport both (logs) as a raw material and wooden products on return (WoodPAL plates).
The transfer container of water on rail or truck takes less than one day. Variant wagon container
placed on the platform is often generated by the combination between ocean transport and by
train. To increase the number of containers transported and reduce costs in relative mode, the
train was created with two levels, built in permanently articulated wagons, each capable of
carrying two containers. Use of such a train is limited by his height, which can restrict access by
certain railway tunnels on the route. The "roadrailer" is a variant combined road and rail transport.
The chassis of a trailer truck is equipped with a second axle that features special steel wheels for
movement by rail. By using a bogie trailer can run on railway lines. Among the advantages of this
system are: absence of wagons, which reduces costs; lighter transportation equipment and lack
of need for the use of cranes for unloading trailers. However, such a system requires the
construction of an oar trend of trailers, given their lower weight allows the combination with
conventional wagons. A system used from a long time in international trade, is the combination
of water transport and road type (such as vessels type RoRo for trailers transport and other cargo
on wheels). Internationally, intermodal combinatio of air and road transport has developed.
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Virtually any air carrier must be linked with another mode of transport, to ensure the movement
of goods "door to door." This system involves an aircraft, truck, container and / or special pallets.
Using large containers is limited of dimensions of aircraft and small loads made by planes. The
combination of air and road transport type is commonly used by operators offering courier
services, such organizations Federal Express, UPS, DHL.
3.6.2.6 Sustainable and Economical Solutions for Freight Wagons
The freight wagon of the future will have to adopt sustainable and cost efficient solutions to ensure
a sustainable growth of the rail freight market.
Although railway transport is nowadays the most environmental friendly mode of transport due to
its low carbon footprint, use of sustainable materials, etc., on-going developments of freight rolling
stock should consider other existing critical aspects such as the noise, cleaner working
environment, etc.
The freight manufacturers are making efforts to develop innovative technologies and final
products (i.e., freight wagons) incorporating sustainable and cost efficient solutions such as:


Technologies for noise reduction;



Replacement of traditional materials in various components and parts with recycled and/or
recyclable materials;



Selection and use of cost-efficient materials, with respect to overall LCC (initial materials
costs, manufacturing costs, disposal, etc.);



Selection and use of standard components based on commonality and interoperability, for
cost efficiency and reduced maintenance;



Monitoring devices for predictive maintenance;

Such sustainable solutions have already been considered for the innovative SUSTRAIL wagon
design, both for short-medium term (i.e., the demonstrator) and long-term implementation (the
‘futuristic’ conceptual design).
3.6.3

Assessment and recommendations for further work

From this point of view it is interesting to see what the current situation of the types of wagons,
as shown in Table 20.
Table 20 Weights proportions for different wagons

Tare
(tones)

Max loading
capacity
(tones)

Total weight
loading
(tones)

Contribution of tare
towards maximum
load weight (%)

EAOS

21.6

42-58

43-79.6

50-27

Falns

24.6

37-64.5

61.6-89.1

39-38

Fals

25

39-55

64-80

39-31

Fcs

12.5

19.5-27.5

32-40

39-31

Gabs

27.9

36-52

63.9-79.9

43-34.9

Hbbills

19

12-25

31-44

61-43

Hbbins

15.4

16.5-29.5

31.9-44.9

48-34

Hbikklls

16.3

15.5-23.5

31.8-39.8

51-40

Wagon type

98 / 168

Deliverable D1.1

Tdrrs

25.6

38-54

63.6-79.6

40-32

Tds

12.7

18.5-26.5

31.2-39.2

40-32

Kbs

13.1

37

50.1

26

Ks

13

19-27

32.2-40

40-32

Ros

24.5

39.5-55.5

64-80

38-30

Laags

22.5

41.5-57.5

64-82

35-27

Sdggmrrss

41

87-139

128-180

32-22.7

Sgnss

20

44-70

64-90

31-22.2

Uacs

24

40-56

64-80

37-30

Ucs

15.5

16.5-29.5

32-45

48-34

Shimmns

26.7

33-63

59.7-89.7

44-29

Slmmpss

23.5

40.5-56.5

64-80

36-29

Slps

26.5

34-50

60.5-86.5

43-30

It can be noticed that the tare (weight of wagon) relative to total weight fully loaded wagon is on
average 30%. More efficient wagons from this point of view are articulated container wagons
transport type Sdggmrrss, Laags or type Sgnss platforms.
The data provided by some key operators in Europe indicates usability of wagon fleet, as shown
in Table 21 below.
Table 21 Usability of Wagon Fleet

No.

Operator

Park
wagons
(pcs)

Loading capacity (tone)
taking into consideration an
average of 40 tones/wag

Volume
transported in
2014
(tone)

Usability

1

RailCargo
Group

21,445

313.097.000

109,200,000

34.8%

2

SBB Cargo

6805

99.353.000

76,650,000

77%

3

B Logistics

7000

102.200.000

28,121,205

27.5%

An analysis of the main subassembly weights share of freight wagons bogies in total weight of
the wagon reveals the following in the table below:
Table 22: Typical subassembly weight composition of a bogie

No.

Subassembly

Weight
(tone)

Contribution of
subassembly weight/
weight of the wagon

1

Bogie frame

2x0.960=1.920

9%

2

Wheelset

4x1.2=4.8

22%

3

Axle box

8x0.12=0.96

4%

4

Pneumatic brake equipment

0.4

99 / 168

1.8%

Deliverable D1.1

5

Mechanic brake equipment
(wheelhouse, hand brake, break
shoe)

1.25

6%

6

Suspension

0.12

0.5%

7

Traction equipment

2x0.31=0.62

3.2%

8

Buffers

4x0.13=0.52

3%

TOTAL

10.59

49%

9

Chassis

4.8

22%

10

Car body E

6.2

29%

11

Car body S

4

25%

It can be seen that the first 8 positions are similar for all types of wagons and represents
approximately 49% of the weight of the wagon. In the case of the "Block train" starting from the
idea that the train no longer breaks throughout the period of the contract, then there are specific
elements of the wagon that are no longer needed in its entirety, e.g. buffers. In some cases, an
opportunity can be taken to fit Jacob’s bogies. These considerations can be taken into account
also for intermodal transport since the idea is not new.
The Shift2Rail call suggested an indicative target of 50% for the tare weight reduction. It is worth
noting that the objective of reducing by 50% the weight of the car is a big challenge to achieve,
even if implementing lightweight materials. Considering the specifications of advanced lightweight
materials available on the market, as well as the actual manufacturing processes and limitations
due to costs, this ambitious objective can be just partially achieved, i.e., for some types of wagons,
or for some sub-assemblies. Therefore, INNOWAG aims to reduce the wagon tare up to 50%.
Further work in Work Package 3 “Wagon Design” will investigate specific case studies and
determine realistic lightweighting solutions. In principle, lower mass reduction rates (around 15 –
25%) will be targeted for sub-assemblies such as the bogie, buffers, couplers, etc., while more
ambitious achievements (over 50%) are foreseen for subassemblies that could be re-designed
using novel technologies (e.g., the braking system) or novel lightweight materials (e.g., composite
materials implemented on the wagon body).
Additional ways to get closer to this goal might be:
1. Quitting wagon chassis and finding a solution for self-supporting box – a solution similar
to that used in locomotives. If we can use lightweight materials to reduce the weight of 21
tons currently to 13 tons, representing approx. 38% of the weight of the wagon.
2. Apply this solution on an articulated wagon, consisting basically of two cars but only three
bogies. In this case we reduce the weight of cars by giving up four buffers, two traction
and a ½ bogie equipment. This would be based on the weight of a wagon approx. 1,05
tones meaning a reduction with 5%.
According to the minimum structural requirements specified by EN 12663-2, the trade-off between
structural strength and carbody weight is feasible only if the corresponding freight wagon is not
to be marshalled in hump yards. For instance, the bulk freight wagons, named as Faccns, owned
by an industry partner involved in this project operate as block trains. Although the trains can be
divided into several units composed of e.g. 5, 12 or 25 wagons for better positioning in loading /
unloading stations, they do not have to pass over marshalling humps. Therefore, such wagons
meet the requirements of category F-II and can be designed to withstand the reduced longitudinal
loads, i.e. 1200 kN, in order to achieve the weight reduction.
It has to be mentioned that this solution has not been found in any real application and reference
so far. Nevertheless, it meets the structural requirements of the relevant norm and is therefore
compliant with TSI WAG. It has to be said that this innovative solution goes beyond state of the
art. Considering the approval process, it is necessary to perform a longterm monitoring of the
longitudinal force acting on the F-II wagons in the normal operation of the train, which should be
taken into account in wagon condition monitoring solutions.
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3.7 Lightweight materials for vehicle technologies
3.7.1

Specific market drivers and trends

Lightweight materials have largely been developed for aerospace (composites) and automotive
(high strength steels). However, in the recent past, there has been an increasing uptake from
passenger rail vehicles.
Until recently, system-performance objectives related to range, acceleration, velocity,
manoeuvrability, and low (altitude) observability were the primary objectives during systemconcept development stages of aircraft programs. Achieving these performance goals was often
accomplished at the expense of life-cycle cost economy (Martin and Evans, 2000). However, an
aeroplane consumes most of the fuel, relatively, during climbing. Therefore, lightweighting is a
critical design objective. Consequently, an aeroplane is constructed from low density materials
such as aluminium alloys and composites. Although these materials tend to be expensive, a
justification exists in view of the reduced life cycle operational costs.
In the automotive industry, the main factors that drive lightweighting include:
 Low emissions;
 Crash performance;
 Low manufacturing costs;
 Fuel efficiency (demand driven);
 High structural strength.
Industry projections indicate that in 2015, AHSS will account for 34.8% of body and closure
content, with mild steel at 29%, bake-hardenable and medium HSS at 23.5%, and conventional
HSS at 10.2%. Aluminium and magnesium are predicted to be at 2.5% (SAE, 2012). HSS/AHSS
application in the automotive industry has had the following benefits:
 Low emissions;
 Lightweight (35% reduction);
 Cost effective;
 Crash safety;
 Sustainability through recycling;
 Gigapascal future steels;
 FutureSteelVehicle Project USA.
According to an industry observation,


"Advanced high-strength steel has become the automotive material that best
addresses society's need for reduced lifetime greenhouse gas emissions without
compromising safety, performance or affordability." (PR Newswire, 2012).

The findings of the UCSB/WorldAutoSteel LCA study indicate that the use of ultra-high strength
steels (UHSS) in a typical C-class car would lead to a 15% reduction in greenhouse gases (GHG)
emitted during the vehicle’s production and end-of-life (EOL) phases. Emissions are reduced by
14.5% over the vehicle’s entire life, with a drop of 6.2 grams of CO 2/ kilometre during the use
phase. Figure 64 shows a relative GHG emissions from different lightweight materials compared
to steel.

Figure 64 CO2-equivalent emissions from the production of materials used in vehicle manufacture
(Source: WorldAutoSteel) (ArcelorMittal, 2011)
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When considering the application of various materials, cost is at the centre of decision making. A
study conducted in USA (Figure 65, Fine and Roth, 2010) showed that HSS provide the least
additional cost of manufacturing, and a relatively low benefit for lightweighting. While magnesium
and carbon fibre provide the highest weight reduction potential, this comes at a high cost.

Figure 65 Automotive Industry: Costs vs Mass Reduction (Fine and Roth, 2010)

3.7.2

Overview of existing and emerging solutions

The main feature of the lightweight materials currently available on the market is that they all have
low densities. Densities range from as low as 0.80 g/cm3 for unfilled polymers to 4.5 g/cm3 for
titanium. Although the density of titanium is high compared to unfilled polymers, it is significantly
lighter than the metals it usually competes with: alloy steel at 7.86 g/cm3 and superalloys with
densities that range from 7.8 to 9.4 g/cm3. In addition, unfilled polymers have rather low tensile
strengths that range from 34 to 103 MPa, while unidirectional carbon/epoxy can attain tensile
strengths as high as 2410 MPa. Some of the lightweight materials can only be used to
approximately 66 °C, while others maintain useful properties to over 1370 °C. The main properties
of these materials are shown in Table 23 below.
Unfortunately, most of the lightweight materials in the above table are not suitable for the design
of rail vehicle structures, either due to their weak properties and behaviour, or to prohibitive costs
relating to manufacturing and maintenance.
3.7.2.1 Lightweight polymer composites
Polymer reinforced composites are produced by combining high strength high modulus fibres with
either a thermoplastic or a thermoset polymer matrix. The most common fibres used for polymer
composites are glass, carbon and aramid (Kevlar) fibres.
Polymer matrix composites have been increasingly used for applications in automotive industry,
due to their unique properties. Most of the polymer composite parts in today’s automobiles contain
randomly oriented discontinuous glass fibres and they are manufactured using either injection
moulding or compression moulding. Glass fibres are preferred due to their much lower cost than
carbon or Kevlar fibres. The parts manufactured using discontinuous fibre and random fibre
orientation do not provide the highest weight saving potential that can be achieved with
continuous fibre composites, especially those containing carbon fibres. Therefore, continuous
fibre composites exhibit much better properties in comparison with steel and light alloys. These
exceptional properties include low density, high strength-to-density ratio, high modulus-to-density
ratio, and also excellent fatigue strength and fatigue damage tolerance.
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Table 23 Comparison of lightweight materials (Campbell, 2012)

The implementation of polymer matrix composites, including carbon fibre reinforced polymers, in
railway vehicle parts will require the development of fabrication processes that are competitive
with those for steel. For building up confidence in polymer composites for structural vehicle
applications, long-term durability data, reliable joining techniques and fast non-destructive
inspection methods are also needed.
For the use of composites in the rail sector, knowledge transfer from the aeronautic, automotive,
wind energy industry or research institutes is important. However, it is important to note that the
types of load and their intensity applied to the structure, the operating environment, and the safety
cases are very different in the different industries. For example what is an intolerable risk in an
aircraft could be tolerable in rail vehicle carbody and vice versa.
It is highly uncommon to apply composite materials in structural parts of freight wagons. However,
passenger vehicles have seen much research being undertaken to apply composites in their
structure.
While many types of composites have been studied and tested, the most successful composite
type, which has found the most common application in the (passenger) rail industry, is the
sandwich (Figure 66).
The face materials are commonly sheet metals or fibre reinforced plastics, i.e. high performance
materials, while the core materials are usually of lower density such as balsa wood, honeycomb
structures or polymer foams.
Sandwich composites have been applied to front crash zone. Some examples of this are the XPT
locomotives in Australia, the ETR 500 locomotives in Italy, the French TGV and the Swiss
locomotive 2000 (Vinson, 2005). There are also some examples of sandwich panelled rail
vehicles; e.g. Schindler's wagons Revvivo, Munico and Neitec (Brooks, 1995), the Korean Tilting
Train eXpress (Seo et al, 2008) and Bombardier's C20 FICAS (Knutton, 2010). The sandwich
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structure reduced the upper car body weight by 39% compared to a stainless steel car body. The
total weight reduction, including the under frame, was 28% (Seo et al, 2008).

Figure 66 Typical sandwich panel, components and nomenclature

Figure 67 Cross-section view of typical sandwich section for the C20 FICAS (Wennberg, 2011)

However, the application of sandwich in rail vehicle bodies has its own advantages and
disadvantages. Table 24 summarises the benefits and concerns associated with this.
Table 24 Summary of benefits and concerns of a Sandwich vehicle body (Wennberg, 2011)

Lighter materials are considered when aiming for increased speed and at the same time high
delivery and increased performance. To name a few, recent examples of lightweight vehicle body
solutions include those developed by Schindler Wagon (Author U., 1995) and the HYCOPROD
European project (Pitarresi et al, 2011). Both of these were of all-composite monocoque sandwich
constructions for passenger trains.
As part of the European Commission funded DE-LIGHT Transport project, NewRail, Bombardier
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Transportation and AP&M collaborated on the design, development and prototyping of an
innovative modular rail vehicle cab based on lightweight composite sandwich material technology
(Robinson et al, 2011). An integrated design has been developed, using sandwich material
technology to produce a lightweight construction in which the structural, crash, aerodynamic and
insulative functionalities are realised in a single integrated package (Figure 68). This resulted in
savings in mass, cost and part count. The innovative design employed affordable raw materials
(glass fibres, thermosetting resins, aluminium honeycombs and polymer foams).

Figure 68 DE-LIGHT vehicle cab with full composite structure

The static loads are taken up by the sandwich frame composed of foam composites. The crash
loads are taken by buffers, which are energy absorbers based on an aluminium honeycomb
construction, creating a 50% weight saving. Overall, the D-CAB is 40% lighter, has up to 60%
fewer parts, and is up to 20% less costly due to greatly reduced assembly and outfitting times.
(a)
(b)
(c)
(d)

Single corrugation
Double corrugation
Dimpled
Webs, perpendicular to the
facings
(e) Webs, diagonal and
perpendicular to the facings
(f) Tubes

Figure 69 Composites used for crash energy absorption (Pitarresi et al, 2011)
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Figure 69 shows some crashworthy composite sandwich materials used as lightweight energy
absorbing structures (Pitarresi et al, 2011).
In these designs, some form of additional reinforcement is integrated within the core. Not only
does this extra reinforcement and provide increased stiffness and strength, but it also acts to ‘‘tie’’
the opposing facings of the sandwich together, thus preventing catastrophic core-to-facing debonding.
More recently, EU funded rail research projects focused on the implementation of composites
(particularly sandwich solutions) onto carbody shell designs (Roll2Rail, 2016), and aspects
concerning the certification of such applications (REFRESCO, 2014 and 2016).
Composite materials have also been applied to fabricate skirts and shrouds designed to minimise
aerodynamic drag (Figure 70 and Figure 71).

Figure 70 Bogie Skirt from Bombardier

Figure 71 Bogie Shrouds from MetaRail

3.7.2.2 Steel foams
Although steel has a high density, it is used as a lightweighting solution by either structural or
micro-structural modification. Examples include steel forms, and high strength steels,
respectively.
Metal foam materials present voids introduced into the microstructure, which decreases the
density (ρ) and increases the apparent thickness. A smart intimate foam structure design may
offer to a foamed component higher plate bending stiffness and lower weight than solid steel. In
addition, foam made components have a highly increased energy dissipation capability and
improved behaviour with respect to vibrations, thermal, and acoustical properties.
Steel foams exhibit excellent stiffness / weight ratios when loaded in flexure. Therefore, the
majority of steel foam structural applications aim to either minimise the weight or maximise the
stiffness. Table 25 summarises some key parameters, advantages and disadvantages for the
main steel foam manufacturing processes.
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Table 25 Steel foam fabrication processes, material design variables, relative densities, and cell
morphology (Smith et al., 2012)

3.7.2.3 Advanced steels: High Strength Steels (HSS), Advanced High Strength Steels
(AHSS) and Ultra-High Strength Steels (UHSS)
High strength steels are commonly used in the automotive industry to reduce mass and improve
structural performance. Therefore, these types of steels currently being used and the new
advances in the types of steels that can be used should be considered a feasible option for
lightweight rail vehicle structures. There are many types of steels which could be used to reduce
mass and improve energy absorption in crash events. These steels are usually classified into
three general categories, on the basis of their microstructures, as shown below (Figure 72).
The categories in Figure 72 are the following:
1. The first category consists of both low carbon and conventional types of high strength
steels (HSS), including:






Low carbon and conventional high strength steels (HSSs)
Low carbon steels (LC)
Solid solution strengthened (SSS)
Bake hardenable (BH)
High strength low alloy (HSLA)
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Figure 72 HSS, AHSS, and UHSS properties (Horvath, 2010)

2. The second category is generally referred to as the first generation of advanced high
strength steels (AHSS) and includes:








Dual phase (DP) - ferrite/martensite
High hole expansion (HHE) - ferrite/bainite
Stretch flangeable (SF)
Transformation induced plasticity (TRIP)
Complex phase (CP)
Fully martensitic (MS)
Boron heat treatable steels

3. The third category consists of the second generation of AHSS, namely:
 Twinning induced plasticity (TWIP)
 Lightweight steels with induced plasticity (L-IP)
3.7.3

Assessment and recommendations for further work

Opportunities for lightweighting of freight wagons exit. However, there is need to conduct technical
and economic feasibility of applying the technologies. Identified.
Technical and Economic Evaluation of Application of Lightweight materials
During previous projects such as SPECTRUM (SPECTRUM, 2014) and SUSTRAIL, various
materials were considered for application in design of the main loading carrying members of the
wagon. These were:
 Traditional steel (typically S355)
 Novel steels (particularly high strength steels (HSS))
 Aluminium alloys
 Composites
Future work would constitute an in-depth technical and economic evaluation of the merits of
applying HSS to construction of intermodal freight wagons. The key parameters to consider
include:
 Load carrying capability
o Bending
o Axial
o Dynamic
o Fatigue
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Manufacturability
o Formability
o Joining
o Assemblability
o Integration into existing wagon designs and manufacturing processes



Environmental Impact
o Energy
o GHG emissions
o Waste



Cost
o
o

Direct manufacturing
Indirect costs (e.g. those arising from environmental impacts)

In-situ Geometrical/shape Optimisation of Load Carrying Structures
Future work should include optimisation of the new section profiles, in-situ or experimentally.
Parameters to be considered are thickness, length and geometry. Potential factors to take into
account are:
 Loading carrying capability
 Manufacturability
 Cost
When carrying out this research, it is worth considering outcomes of the research on materials in
the section above.
Investigation of the Aerodynamic Performance of the Wagon
In the analysis of the train resistance in the SPECTRUM project, it was found that for top speeds
of 100km/h to 160km/h, aerodynamic resistance can play a major role in propulsion energy waste.
As part of InnoWAG, the research should cover investigating the aerodynamic performance of
the wagon, depending on the type of wagon. In addition, the effect of the frontal geometry of the
locomotive, which provides the leading edge, should be investigated. The outcomes should
produce recommendations of solutions to reduce aerodynamic drag, and subsequently, energy
consumption.

3.8 Analysis and testing of lightweight railway vehicles
3.8.1

Specific market drivers and trends

Lightweight construction principles include use of lightweight materials, function and system for
lightweight construction, as well as lightweight design of structures and form. It is not a trivial
matter to conduct lightweight construction into railway vehicles, as they are subject to various
dynamic loads during their motion on the track. For a new designed railway vehicle, account
should be taken of the structural strength of the overall vehicle and its fatigue strength.
Furthermore, the dynamic performance of the vehicle should satisfy the requirements in the
relevant standards to ensure operating safety.
Both numerical methods and experimental measurements are applied to assess the vehicle
behavior during the design process. Nowadays, numerical methods are commonly aided by
computers, which provides facilities to optimise the design process by simulation technologies.
Simulation based design enables an iterative refinement process of a designed product by
building virtual prototypes instead of physical prototypes using the dedicated simulation software.
Regarding railway vehicle design, for instance, Finite element analysis (FEA) has been an integral
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part of the structural design for many years. It is employed to analyse the structural performance
of the designed vehicle under different loading scenarios. Beyond this analysis, the vehicle’s
dynamic behaviour is evaluated by the use of multi-body simulation (MBS) software. It can be
applied in the design and optimisation process of the running gear. Apart from this, MBS software
is used for approval of designed vehicles as well. Although simulation technologies bring
numerous benefits comparing to experiments, experimental works and field trials still must be
performed, since simulation models have to be validated and verified by the realistic
measurement results. In addition, testing cannot be replaced by computer simulations especially
for approval of railway vehicles.
3.8.2

Overview of existing and emerging solutions

Analysis and testing according to the applicable EN standards and UIC leaflets include:
Structural integrity and fatigue:
The validation plan includes:
1.
2.
3.
4.

Analysis: FEM analysis (strength analysis, fatigue strength and modal analysis)
Laboratory static tests
Laboratory fatigue tests
Track tests

The load and testing cases are provided by the following standards:



EN 12663-2:2010 (for car bodies)
EN 13479:2011 (for bogie frames)

Dynamic behaviour analysis and testing






EN 14363 (summarised in SUSTRAIL for prEN 14363: 2013)
1. A test of bogie rotation in tight curves to assess the bogie yaw resistance (X-factor)
2. A test on twist track to determine risk against derailment (Y/Q)max ( according to
UK GM/RT2141)
3. A dynamic performance test aiming to reproduce on-track test for a series of
curves of at a range of speed up to maximum permissible and a range of cant
deficiencies up to maximum permissible.
EN 15687 for freight vehicle with static axle loads higher than 225kN and up to 250kN
EN 15839 for freight wagon running safety under longitudinal compressive forces
A test of vehicle stability or critical speed

Design measure: Application of lower longitudinal static load for wagon structure testing
The structure performance analysis of freight wagon bodies is subjected to the European standard
EN 12663-2:2010 Railway applications — Structural requirements of railway vehicle bodies Part
2: Freight wagons. This norm prescribes different load cases for testing wagon body structure.
The freight wagons are classified into two categories which have different requirements on wagon
structure strength.


Category F-I: Freight wagons which can be marshalled without restriction.



Category F-II: Freight wagons which cannot be marshalled in hump yards.

When it comes to the longitudinal static load in buffer height, category F-II requires lower pressure
force to be applied on the wagon body than category F-I. This reduced requirements on wagon
structure can be taken into account during the wagon design. As a consequence of this measure
it leads to weight reduction, despite the restriction on marshalling.
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Table 26 Push force in buffer height and / or coupler height

Freight wagon
Category F-I

Category F-II

2000 kN

1200 kN

Half of the force is applied at the centre line of each buffer while using side buffers.
The main characteristics for the vehicle design are its static stiffness and frequency response.
The static stiffness is determined in both bending and torsion, and depends on the:





Structural configuration,
Stiffness of the structural components/parts;
Joint design, and
Joining method.

The frequency response is determined using dynamic tests, and depends on both the static
stiffness and the mass distribution in the structure. The stiffness of the structural components
depends on their shape and dimensions, as well as the modulus (E) of the material used.
However, the material selection for weight reduction should not only consider the modulus, but
also the density () of the material. The modulus-to-density ratio is considered a relevant material
characteristic, and the materials with higher values of this parameter should be selected for
lightweight design.
Therefore, the activities aimed to develop lightweight solutions through structural design can be
included in the following major categories:




Structural components optimisation – shape and dimensions;
Optimisation of overall structure, considering component parts and joining aspects;
Joint and joining process design.

Generally, analysis and testing of railway vehicles are conducted following the applicable
regulations and standards, such as the EN standards and UIC leaflets. The requirements
distinguish into the required structural performance and the dynamic behaviours of the designed
vehicle. The EU project SUSTRAIL provided a design guide for freight wagons in which the
relevant standards are listed and introduced in brief.
Structural requirements
The normative structure requirements of freight wagons are specified primarily in two standards,
i.e. EN 13749 for bogie structure and EN 12663-2 for carbody structure.


Bogie structure: EN 13749:2011 Railway applications - wheelsets and bogies - Method of
specifying the structural requirements of bogie frames

EN 13749 provides general guidance on the method and different cases to be considered when
calculating the bogie structural response for different loading scenarios. It is limited to the strength
requirements of bogie frames including traverses and axle box housings.
EN 13749 also requires that a validation plan addressing all aspects of compliance be prepared.
The procedure for the validation of the performance of a bogie frame against the acceptance
criteria shall be established on the basis of:
a) Analysis
b) Laboratory static tests
c) Laboratory fatigue tests
d) Track tests
The structure of the bogie frame is subjected to several types of forces during its lifetime. These
loads are divided into external and internal loads acting on the bogie frame as shown in Table 27
below.
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Table 27 Loads applied to the bogie frame



Carbody structure: EN 12663-2:2010 Railway applications – Structure requirements of railway
vehicle bodies – Part2: Freight wagons

EN 12663 specifies minimum structural requirements for railway vehicle bodies. The general
structural requirement is independent from the materials used for the carbody. Railway vehicle
body shall withstand the maximum loads consistent with their operational requirements and
achieve the required service life under normal operating conditions with an adequate probability
of survival. It specifies the loads vehicle bodies should be capable of sustaining, it identifies how
material data should be used and presents the principles to be used for design validation by
analysis and testing.
The carbody structure is subjected to several types of external forces during its lifetime. The loads
applied to the freight wagons are generally divided into two main categories, as presented below.
Table 28 Loads applied to a wagon frame

However, this standard is based on vehicles made of steel. Some changes are necessary for
other materials. Nevertheless, the basic principles of this standard and the defined loadcases can
still be applied. The EU project REFRESCO has analysed this standard and proposed the
necessary changes in terms of using composite structures:


The EN 12663 prescribes the static and fatigue load cases. The static load cases can be used
as specified. These are independent from the material used (although influenced because of
the lower mass when using composites). In principle, no additional loads are necessary,
however, the designer, the operator or the national authority should decide if this is the case;



The load values mentioned in the standard (Table 27 and Table 28) are for metallic materials
in combination with the 107 cycles. When using other materials, care should be taken with the
choice for number of cycles , loading and fatigue properties of the material;



A safety factor S is introduced to include the cumulative effect of all uncertainties not otherwise
taken into account. Items mentioned are material property values (are these affected by e.g.
ageing, temperature, rate of loading), dimensional tolerances (e.g. change due to wear) and
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manufacturing process. For metallic materials, much experience is available while for
composites, this information is missing. The safety factors widely reported are for metallic
materials, with well-known material properties. If these can be applied for composites as well,
should be further investigated.
The REFRESCO project proposed a validation procedure for introducing new structural materials
(REFRESCO, 2014):






“First, material characterization and modelling procedures for the new structural
materials were carried out. This work was decisive for the simulation of the different
load scenarios using finite elements in order to predict correctly the behaviour of
the structure. Different tests were carried out and the minimum number of
specimens was defined.
The second step focused on the calculation and testing of the responses of
structures manufactured using new materials under static loadings. The different
existing methods were studied and the most suitable was chosen. The procedure
was validated with real calculations on two different structures. Besides, the effect
of different phenomena such as cut fibres, delamination or environment was
addressed. Finally, new procedures for testing such structures have been
designed. The testing pyramid has been selected as the most adequate testing
process.
The third step focused on the calculation and testing of structures manufactured
with new materials under different fatigue loadings. The different existing fatigue
methods were studied and the most suitable was chosen and validated with real
calculations on two different structures. The effects of different phenomena such as
cut fibres, delamination or environment in the case of fatigue were investigated. A
study of manufacturing defects as well as ballast projection effects was carried out.
Finally, new procedures for testing such structures were designed. As in the case
of the fatigue analysis, the testing pyramid was found to be the most suitable testing
process.”

Dynamic behavior requirements
The dynamic behavior of railway vehicles are prescribed in the standard EN 14363 Railway
applications – Testing and Simulation for the acceptance of running characteristics of railway
vehicles – Running Behaviour and stationary tests.
The scope of this standard is “to regulate the testing for acceptance of the running characteristics
of railway vehicles”. The test cases are defined in this standard.


A test of bogie rotation in tight curves to assess the bogie yaw resistance (X-factor)



A test on twist track to determine risk against derailment (Y/Q)max



A dynamic performance test aiming to reproduce on-track test for a series of curves of at
a range of speed up to maximum permissible and a range of cant deficiencies up to
maximum permissible.

In addition, the vehicle stability test is often carried out to determine the maximum permissible
speed of the vehicle.
During exploitation of a freight wagon, it is subjected to dynamic loads due to the tri-axial
accelerations. This should be accounted for using the loading conditions as stipulated in EN
12663-2-2010.
3.8.3

Assessment and recommendations for further work

Regarding railway vehicle design, for instance, Finite element analysis (FEA) has been an integral
part of the structural design for many years. It is employed to analyse the structural performance
of the designed vehicle under different loading scenarios. Beyond this analysis, the vehicle’s
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dynamic behaviour is evaluated by the use of multi-body simulation (MBS) software. It can be
applied in the design and optimisation process of the running gear.
The structure performance analysis of freight wagon bodies is subjected to the European standard
EN 12663-2:2010 Railway applications — Structural requirements of railway vehicle bodies Part
2: Freight wagons. It is relatively easy to apply this standard to typically metallic wagon frame.
Both normally operational loads and external loads should be accounted for. Future work would
constitute, applying these loads to the emerging higher strength steels, and lightweight metals, in
combination with emerging section profiles, having the goal of light weighting.
When composites are considered for application as load carrying structural members, then the
procedure is more demanding. First, material characterization and modelling procedures for the
new structural materials were carried out. Then calculation and testing of the responses of
structures manufactured using new materials under static loadings, followed by the calculation
and testing of structures manufactured with new materials under different fatigue loadings. Much
more resources are therefore required, taking into account that there still exists no EU standard
covering this.
In both cases, tri-axial loads, torsional loads and fatigue loads should be applied through virtual
modelling, laboratory component testing or track tests.

3.9 Simulation tools and predictive models for predictive maintenance
3.9.1

Specific market drivers and trends

The ever-expanding market for Computerised Maintenance Management Systems (CMMS) and
Enterprise Asset Management (EAM) systems has resulted in at least one of those systems now
used for maintenance management. In addition, on the operational side of the business, most
systems now have a digital control solution and process historian database that captures and
stores real-time operational data of the process equipment.
The European standard on maintenance terminology (EN13306:2017) provides specific
definitions of preventive, condition based and predictive maintenance, so that all ambiguities and
potential misunderstandings concerning these three concepts could be avoided:


Preventive maintenance (PM): maintenance carried out intended to assess
and/or to mitigate degradation;
 Condition-based maintenance (CBM): preventive maintenance which include
assessment of physical conditions, analysis and the possible ensuing maintenance
actions;
 Predictive Maintenance (PdM): condition-based maintenance carried out
following a forecast derived from repeated analysis or known characteristics and
evaluation of the significant parameters of the degradation of the item.
Condition-based maintenance policy (CBM) is getting more and more important. With CBM,
maintenance is applied when the equipment needs it, rather than when it is broken or at regular
intervals. Plant or system downtime is significantly reduced as well as maintenance budgets and
emergency outages. Because of the great advantages that can be reached with CBM, efforts are
nowadays directed towards an integration of the real-time operational data that holds the current
condition of the equipment with the maintenance systems. The main difficulty of this integration
is the proprietary nature of both the real-time and CMMS/EAM systems. The unexploited potential
of CBM using real-time data and the challenges in connecting these systems have now brought
some of the world’s largest industrial manufacturers to endorse and advocate open solutions,
such as the open standards for information exchange in maintenance management (MIMOSA)
and real-time systems (OPC). When using products that comply with these standards, the
exchange of data between maintenance, reliability and condition-monitoring systems becomes
natural, allowing the owner/operators to use the system, rather than dealing with the integration,
support and sometimes even the development of application interfaces.
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MIMOSA is a non-profit association that develops and promotes open standards for information
and data exchange related to maintenance. With MIMOSA-compliant software, the integration of
systems that, for example, perform equipment condition monitoring with a CMMS/EAM system
that handles the maintenance work orders is no longer dependent on proprietary components of
either software vendor. This means the end-user can select the preferred vendor for each task
and no longer has to worry about integration problems or being forced to select a single vendor
to supply all components. For the software vendor there are also great benefits to developing
their products using the MIMOSA standard. Rather than having to make the investment of
developing interfaces to all possible other vendors’ packages, they can focus on building a single
compliant MIMOSA interface that will communicate with the other vendors’ MIMOSA-compliant
portion to achieve the same goal.
With technology that allows corporations to monitor the health of their equipment in real-time and
integration of this information to the maintenance management systems using open standards,
pacesetters are now able to implement a real-time and data-driven condition-based maintenance
strategy on critical assets, rather than on a fixed schedule, or worse, on a “break-then-fix” basis.
These visions come from the MIMOSA alliance that of course tries to promote its activity.
Nevertheless, it is very important to consider the power of such an open and standardised
solution. INNOWAG is thus going to further investigate this aspect in order to implement the right
architecture for predictive maintenance.
The health state of an asset is determined or based on the value of a signal (status indicator) that
is related somehow to the asset. The status indicators are physical parameters that can be
measured based on signals captured from the asset. Figure 73 below is taken from ISO 13374
(MIMOSA standard) and shows the data processing and information flow:

Figure 73 Data processing and information flow.

The data acquired for diagnostics is based on the measurements of physical parameters such as;
temperature, pressure, force, acceleration, speed, flow and many others. There are many
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industrial methods for diagnostic analysis: eddy currents, acoustic emissions, penetrating fluids,
magnetoscopy, optical methods, radiography, thermography, ultrasounds, detection of leaks,
vibration analysis, etc.
3.9.2

Overview of existing and emerging solutions

The running gear of a freight wagon includes different components having different modes of
damage and degradation. Therefore, different predictive models for predictive maintenance can
be developed from a component perspective. The most relevant degradation phenomena that
need to be addressed in this perspective are:
I.
II.

III.
IV.

wear and rolling contact fatigue, representing two possible modes of degradation of the
rolling surface establishing the interaction of the vehicle to the track;
metallic and fretting fatigue that may take place in the body of the wheels and of the axle
connecting the wheels. Typically, these fatigue phenomena occur at the positions in the
body of the wheels and axles at which maximum alternate stresses are occurring and / or
where friction effects, related with the press-fit mount of the wheels on the axle, occur;
damage of the roller bearings in the axle boxes, establishing the interface between the
rotating part (wheelset) and the non-rotating part (bogie frame) of the running gear;
failures and alteration of elasticity or damping properties in the suspensions. For freight
wagons, most suspension components use dry friction damping, which means the actual
performance of the suspension is highly affected by its condition (e.g. amount of wear,
presence of contaminants e.g. caused by dust, oxidation of the surfaces, etc.).

For each one of the above damage phenomena a review of existing and emerging approaches is
provided below.
3.9.2.1 Predictive models for wheel wear
Wear of wheel profiles is one of the most critical issues affecting cost and performance of railway
transportation systems in general and the operation of freight wagons in particular. The change
of wheel profile caused by material removal from the wheel surface deeply affects the dynamic
behaviour of the wagons and is a major cause of vehicle instability. Furthermore, , the modification
of the wheel profile due to wear, away from the specified profile, has a number of detrimental
effects, particularly reduced dynamic and steering performance, increased contact pressures,
increased wheel and rail wear, and making the wagon more prone to derailment.
Besides affecting the wheel profile, wheel wear may also take place in the form of periodic or
localised patterns appearing in a circumferential direction along the wheel tread, this form of wear
being known as wheel out-of-roundness (OOR). Wheel OOR should be kept within acceptable
limits as it produces additional vibration of the wheel-rail system and hence increased dynamic
loading of the vehicle on the track, noise and vibration transmitted to the environment.
Another distinctive damage phenomenon affecting wheels is rolling contact fatigue (RCF). This
may take the form of cracking damage appearing on the rolling surface of the wheel (typically with
cracks oriented at 45 degrees from the surface), or as sub-surface defects developing under the
rolling surface and growing until they reach a critical size that leads to the detachment of a portion
of the wheel tread. The generation of RCF and the propagation of cracks initiated by RCF is
closely related to the contact conditions, and therefore the wheel profile, which is a further reason
why wheel profile maintenance is important.
For these reasons, railway wheels need to be periodically re-profiled on a lathe to restore their
original shape and to remove RCF defects. However, this is a process involving huge
maintenance costs, especially in terms of: labour cost, use of reprofiling machines and cutting
tools, costs related with the immobilisation of the vehicle. The two main ways of reprofiling wheels
are removal of the wheelset from the vehicle stripping it and placing it in a wheel lathe, or using
wheel lathes installed in a maintenance track so that the wheelsets can be turned and reprofiled
on the vehicle. Reprofiling the wheels on the vehicle is more usually reserved for passenger fleets
where the wheel installation is more complex. Where wheels are removed from a vehicle for
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reprofiling they are often replaced with recently overhauled, or new sets to minimise the time out
of traffic for the vehicle. The reprofiled sets originally removed from the vehicle go into a spares
pool for the next vehicle in the fleet requiring the same wheels. Additionally, there are limits on
the minimum thickness of the wheel tyre, to make sure the wheel can withstand serviced loads;
therefore, the amount of material that can be removed by successive reprofiling operations is
limited. When the wheel reaches the minimum prescribed thickness, or there is insufficient
material remaining to attain the correct profile it should be taken out of service and replaced.
It is therefore of great economic relevance to develop models able to predict the wheel profile
evolution due to the wear process and the rate of growth of RCF defects, as these models can
be used to effectively evaluate the remaining useful life of the wheel before a re-profiling operation
is required. The same models can also be used to optimise wheel reprofiling, since different
reprofiling policies can be used e.g. to maximise the service life of the wheel, to minimise the time
that the vehicle is at the wheel lathe, to reduce labour cost etc.
The process of wheel wear is schematically represented in Figure 74, taken from (Braghin et al.
2009). The running dynamics of the vehicle involves wheel-rail contact forces and creepages.
Hence, contact stresses and slip arise in the wheel-rail contact patch, which are responsible for
material removal, according to a given wear law that takes into account the behaviour with respect
to wear of the wheel material and the wear regimes established as a function of the contact
conditions.
service
profile
updated
profile
Initial
wheel
profile

Vehicle
dynamics

+
-

updated
profile
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creepages, position of
wheel/rail contact

Contact
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Figure 74 Schematic representation of the wheel wear process. From Braghin et al. (2009)

The removal of material results in a modification of the wheel profile, which in turn affects vehicle
dynamics and contact mechanics, so that the process takes the form of a natural feedback loop,
as shown in the figure. In conclusion, a predictive model for wheel wear shall incorporate three
main components:
1. a multi-body system (MBS) dynamic model to perform running dynamics simulations for
given wheel-rail profiles and obtain the contact forces and creepages;
2. a contact mechanics model to translate the results of the MBS simulation into contact
stresses and slip;
3. a wear model quantifying the removal of material and defining the modified wheel profile
based on the contact conditions predicted for the wheel.
Early attempts to define predictive models for wheel wear can be found in Zobory (1997) and
Jendel and Berg (2002). In Braghin et al. (2006), a structure for a wear prediction model is
proposed as shown in Figure 74. This is based on a simple but efficient multi-Hertzian method to
perform local contact analysis and a wear model using the Tγ index and considers three wear
regimes (mild, severe, catastrophic) based on twin-disc experiments. This approach has been
widely used in subsequent research with further improvements introduced particularly in wheelrail contact models, for improving the efficiency of the overall simulation process and in comparing
the effect of different wear laws (Pombo et al. 2011, Ignesti et al. 2012). Some practical strategies

117 / 168

Deliverable D1.1

to control wheel wear in heavy haul freight wagons are presented in (Frohling 2003), also based
on the use of a simple model for wear prediction in line with the ones described above.
The above studies are concerned with the prediction of the so-called “regular wear” of wheels,
i.e. a change in the wheel profiles that takes place more or less uniformly across the wheel
circumference. Another stream of research was devoted to the analysis and prediction of wheel
OOR. Studies in this field were pioneered by some German researchers (Brommundt 1997,
Meinke and Meinke 1999) who considered the formation of OOR (also called polygonalysation)
of wheels as the consequence of increased wheel-rail interaction in high-speed trains. A detailed
literature survey on early studies regarding this phenomenon can be found in Nielsen and
Johansson (2003), whereas Johansson and Nielsen (2003) describe the results of field test and
numerical studies aimed at assessing the effects of wheel OOR for freight wagons in Sweden. In
Johansson and Andersson (2005) a predictive model for wheel OOR is set-up by interfacing a
train-track interaction model, a model of rolling contact mechanics (according to the FASTSIM
simplified contact analysis) and a long-term wear model.
A final research line worthy of mention is concerned with the use of friction modifiers to reduce
wear effects in railway wheels. Although this topic is not strictly related to predictive models, it is
included here because lubrication can be part of an overall strategy for the maintenance of railway
wheels. Friction modifiers consist of polymeric materials in liquid or solid form, which are applied
on the surface of the wheel (especially at the flange) or in other cases on the rail gauge corner/top
of rail in curves. The friction modifier forms a thin film of a so-called ‘third body’ which affects
friction between the wheel and the rail thereby reducing wear effects without impairing the
capability of the wheel to apply on the rail traction and braking forces (Lu et al. 2005). A useful
overview on the use of lubrication in wheel-rail contact can be found in (Lewis and Dwyer-Joyce
2009), whereas (Tunna 2009) and (Scott 2009) report about the experience on using friction
modifiers in the USA and in the London underground respectively.
3.9.2.2 Structural Health monitoring of railway axles and wheels
Wheelset are critical safety components for railway vehicles, since failure can lead to severe
consequences; for this reason, it is important to maximise the reliability of the product design and
its maintenance program. On the other side, in order improve the competiveness of the rail
transportation, maintenance procedures should be developed to become more efficient by
contributing to the reduction of the service cycle cost during the whole life of the product (TLCC).
Even if axles are designed for an infinite life, and wheels should only be ideally subjected to the
wear due to running during normal operation as they are both subjected to phenomena that can
alter their conditions, such as surface damage (impacts, wear…), corrosion, fretting and so on.
These phenomena can increase the local stresses and subsequently cause fatigue problems up
to fracture, if not detected in time. For this reason, the wheelset, even if designed for an infinite
life, must be subjected to an in-service inspection plan aimed at ensuring the structural integrity
during running service.
In order to assess a specific plan for inspection and overhauling of the wheelset, it is firstly
important to correctly identify all the possible fault wear in service, and understand how it is
possible to evaluate them at the planned inspections or during the service itself.
Splitting the components of the freight wheelset, the main identified causes of failure are listed in
the following Table 29.
Table 29 Main causes of failure of freight wheelsets

Component/
part
Axle

Failure cause
paint damages and oxidation
impacts or scratches
fretting fatigue on seats
fatigue cracks
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Wheels

Wheelset

paint damages and oxidation
slip damage
wheel flat
flange wear or other tread wear
indentation
polygonalisation
rolling contact fatigue
out of roundness
overheating due to braking and thermal cracking
spalling
shelling
fatigue cracks on the web
disassembly or lateral displacement of the wheels on the seat due to
insufficient fitting

The activities typically adopted for detecting the structural integrity of the wheel and axle are MT,
UT and VT. MT is the more reliable methodology, followed by UT and then VT. Unfortunately, this
methodology requires that the components are dismounted from the axle and all the painting is
removed. For this reason, MT is only applied during the heavy overhauling activities, when the
wheels have to be replaced. UT approach, even if its reliability is lower than MT, can be adopted
without dismounting the wheels and without removing the painting from the components; the
inspection is faster and, by defining an adequate inspection interval, the volumetric integrity can
be regularly checked. This control, together with the VT methodology, for the inspection of the
integrity of the surface and the painting, can give to the ECMs the state of the structural integrity
of the wheelset along the life of the vehicle.
In a modern approach to maintenance plans, the distance between inspections should be based
on a “damage tolerant” approach, originally developed for aeronautical applications in the
seventies (Osgood 1969), (Combes 1970) and more recently introduced in the railway industry
(Zerbst et al. 2005), (Beretta et al. 2011). By this approach, it is assumed that a crack is present
in the axle and it can grow during service; by appropriate analysis, the residual lifetime and,
consequently, an adequate inspection plan, can be defined. In order to increase safety; a simple
definition of the inspection interval, by which at least one possibility of detecting the crack during
the axle’s service is given, as in the following figure (Figure 75).

Figure 75 Relationship between inspection interval, defect detection, and growth in defect size.

Other methodologies for the definition of the inspection intervals are based onto the probabilistic
approach (Beretta, and Regazzi 2016), for the definition of the probability of failure.
The knowledge of several factors is essential for a precise definition of the inspection intervals:
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the load spectra, for the various forces acting on the wheelset, the crack growth behaviour of the
materials in use and the performance of the NDT adopted during the inspections themselves.
Apart from the planning of the distance, the typical activities really carried on during inspection
strictly depend on the type of maintenance:
a) Heavy overhaul: the wheelset is dismounted from the trainset and taken to a maintenance
shop. This case, which implies the higher costs and the longer unavailability of the vehicle,
is used when some components have to be substituted, in case of end of life (for example
of the wheels or of the bearings) or in case of accident;
b) Light overhaul: the wheelset is under the train (typically in depot) and only some local
repair can be done;
c) Inspection only: can be made on trackside, or remotely, while the vehicle is running.
The following table (Table 30) illustrates the typically carried on activities during the inspection
activities, in case of heavy overhaul, light overhaul, local inspection or remote inspection of the
wheelset.
The structural assessment of the wheelset is generally only possible during the overhaul (light or
heavy), because the available technologies for in-service monitoring are still in development. One
promising solution for condition monitoring of axles in service is being developed by LUCCHINI
RS, is a small and energy-autonomous axle mounted sensor permitting continuous in-service
monitoring of the actual load spectrum of an axle (Cervello 2016). Currently this is used as a
research tool to develop improved crack growth and axle life models, however there is the
potential to use the system to monitor the structural health of axles and detect cracks in service.
Table 30 Inspection and maintenance of wheelsets

UT from axle
end
Under the
vehicle

Limited

Visual
Visual
inspection inspection

During
service on
track side

Near to
zero

High
speed
pass-by
camera

Conditionbased
monitoring

Zero

UT bore
probe
(hollow
axles)

Measurements
with laser optical
system

Vibration
measures on
the rail, bearing
/ wheelsets
noise emission
analysis

Technology
available but Pass-by laser
not yet
optical system
reliable

Vibration
monitoring on
bearing box

On board
crack
detector

* (only some minor surface defects)
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Axle change

MT (paint
removal), UT

High

Axle repair

Off-service
vehicle

Wheel tread
profile

Wheel change

Vehicle
Place of
Coating Wheel tread Axle
unavaila
inspection
integrity defects
integrity
bility

Wheel turning

Corrective
maintenance

Periodical preventive inspection

X

X

X*

X

X

Deliverable D1.1

Regarding the wheels, in addition to the wear already presented in the previous paragraph, the
other important failure modes are mainly related to the possibility of developing a crack on the
web, caused by paint damages or oxidation, or on the rim, caused by indentations, thermal
cracking, spalling, shelling and so on.
Since any direct methodology able to detect the crack can be applied during the service life of the
wheel (no MT or UT methods are applied), it is of particular importance to regularly inspect the
wear of the wheel with the visual inspection (VT) at fixed distances. These inspections also
indirectly assure, by checking the integrity of the paint and the absence of corrosion (or other
superficial degradation), that no crack has arisen during the last service interval.
3.9.2.3 Condition monitoring and prognostics of roller bearings
Axle-box bearing have to operate reliably in various operating conditions and track conditions. A
complete freight train includes hundreds of wheelsets and the risk of failure occurring in one axlebox is very high. Furthermore, the consequences of an axle-box failure can be severe as it may
lead to the derailment of the axle with high risk for the safe run of the train and for the integrity of
the infrastructure. Under these circumstances, the use of advanced maintenance strategies, such
as Condition-Based Maintenance (CBM), represent an efficient alternative to the traditional
maintenance practice. CBM is based on the monitoring, during operation, of some system
parameters, which allow the definition of system health state.
Rolling element bearings (REBs) are often subjected to heavy operating conditions and
aggressive environments, especially in rail applications (Fec and Moyar 1987). Bearing operating
conditions can be characterised by contact fatigue, internal clearance, corrosion and bad
lubrication, including the use of degraded lubricant and either insufficient or excessive quantity of
lubricant. Moreover, defects on bearings components can also originate during the assembly
phase, owing to an incorrect preload, misalignment or shaft deflection. Regarding environmental
conditions, the presence of dust, dirt and other aggressive media like water, as well as external
heating can produce damages that lead to wear and premature fatigue failure of the bearings.
The current widespread technologies for detection of faulty wheel bearings failing in service are
wayside hotbox detectors and acoustic bearing detectors. The acoustic bearing detector monitors
the noise emissions of passing trains for the characteristic signal of failing bearings, the hotbox
detectors detect the significant heat generated by bearings in the very latest stages of failure.
These are occasional condition monitoring systems, and their capabilities are extremely limited,
they are intended to detect bearings which are already considered failed and in the final stages
of degradation before catastrophic failure. The acoustic detector is able to detect failing bearings
slightly earlier in the failure process than the temperature-based method. They are mainly a safety
system to mitigate against the consequences of a catastrophic failure, a bearing determined to
be exceeding the alerting threshold of these systems is required to be removed from service
immediately for inspection and corrective maintenance, causing operational disruption. Therefore,
although these systems do detect the failing condition bearings, the detection comes too late in
the failure for effective and efficient predictive or preventative maintenance to be carried out and
although maintenance is carried out, as a result of the detection, this is reactive.
In the scientific literature, most of the papers concerned with the diagnostics of bearings are
focused on signal processing techniques applied to vibration measurements. Many different
techniques have been developed for the detection of bearing damages (Randall 2011): from
envelope analysis, proposed for the first time (Darlow et al. 1974), up to recent developments of
squared envelope spectrum (Borghesani et al 2013); 2nd order cyclostationary analysis
(Capdessus et al. 2000), (Randall et al. 2001), spectral kurtosis (Dwyer 1983), (Ottonello and
Pagnan 1994), (Antoni 2007), (Antoni and Randall 2009), empirical mode decomposition (Huang
et al. 1998), (Yu et al. 2005) and minimum entropy deconvolution (Gonzàlez et al. 1995), (Randall
and Sawalhi 2011), (Pennacchi et al. 2011). In previous investigations, the focus was set on the
development of techniques and algorithms to identify malfunctioning in bearings, whereas less
work is available concerning the investigation of bearing behaviour in real railway applications.
One of the few papers focusing on real damaged bearings taken from the service is (Ferreira et
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al. 2003), in which data related to about 47,000 failed bearings, installed on wheel axles of freight
cars, were collected and classified, depending on the operation time, to determine the failure
distribution. The relevant number of considered bearings allows observing that the most frequent
defects are caused by contact fatigue, which creates micro-cracks under the surfaces of the
bearing parts. These micro-cracks propagate with the functioning cycles and finally reach the
surface creating a spall. Failures usually occur in the outer ring, in the inner ring and in the rolling
elements. Considering all the bearings taken from the service, independently from their
installation date (Ferreira et al. 2003), the recurrent failure is represented by fatigue in the outer
ring (58%). Although fatigue in the inner ring is the second failure mode in order of appearance,
it affects only 13% of the damaged bearings. Only 5%, 4% and 3% of railway bearings are affected
by oxidation, micro-fatigue and fatigue on rolling elements respectively. Other damages are all
merged in one category, which represents the remaining 17% of the amount.
Two cases of failures of bogie bearing for freight wagons are presented in Gerdun et al. (1997);
both are related to wagons that had been in service for about 30 years at the time of the failure.
The wagons were inspected with intervals of 5 years, during which the wagons ran for 400,000
km. Owing to their prolonged permanence in service; the inner rings of the bearings were
fractured by fatigue. These fractures led to loosening of the inner rings of the bearings allowing
the axle to slide and obstruct the rollers during rotation. Friction generated by the interaction
between the axle and rolling element with the ring arose, causing the heating of the components.
This increased the nucleation and the growth of cracks on the axle and the melting of bearings
cages. In these conditions, the components deteriorated quickly and led to catastrophic failure.
Since the availability of real field data is limited, test-rigs have been used to reproduce the
operating conditions of roller bearings for railway application. Test-rigs aimed at studying bearing
wear in general applications were presented in various papers, among them (Randall et al. 2001),
(Choi et al. 2005), (Sawalhi and Randall 2008).
Besides suitable condition monitoring methods, the capability to accurately predict the remaining
useful life of a rolling element bearing is the second prerequisite pivotal to the optimal
maintenance of rotating machinery performance in terms of cost and productivity (Zhang et al.
2005), (Li et al. 2000). Due to the probabilistic nature of bearings’ integrity and operative
conditions, the reliable estimation of the bearings’ remaining useful life (RUL) represents a
challenging aspect in the field of maintenance optimisation and catastrophic failure avoidance.
The fundamental idea at the base of CBM is that maintenance has to be performed based on the
assessment (or prediction) of the component health instead of its service time, allowing a
significant cost reduction and a safety enhancement. However, the complete elimination of
bearing failure is not possible in practice (Borghesani et al. 2014); the primary focus of the current
diagnostic methods is therefore on the determination of faults in any element of the bearing as
soon as possible, even when they are still in their incipient stage.
One solution for detecting bearing faults in their incipient stage has been developed by Perpetuum
and is in operation on a fleet of passenger electric multiple units in the U.K. (Corni et al. 2014).
The system uses on-board self-powered wireless sensor nodes bolted to the bearing housing to
sample the vibrations using a tri-axial accelerometer 4 seconds every 3 minutes. This measured
data is analysed within the sensor and various vibration characterising parameters calculated.
This data is then transmitted to a data concentrator on the train and sent (along with other
parameters about the operation of the train) to a remote data cloud. The installation has enabled
the capturing of vibration data for the whole life of the bearings and prognostic models to be built
for predicting the remaining bearing life. This sensitivity of the system is such that the initial stages
of most failure modes can be detected, the development of the failure monitored, and remaining
life to failure predicted, the prediction of failure can be weeks in advance of the bearing reaching
its safe service limit. This allows the application of predictive maintenance practices for bearings
to be implemented. Furthermore in addition to the technical capabilities, in the design of the
system attention has been paid to the practicalities of the installation and operation, allowing
business cases to be built comparing the costs of the system with the maintenance and
operational efficiencies which can be obtained so that the systems commercially viable.
Experience with the initial application of the system to operational passenger fleets has shown it
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to be an effective and cost effective preventative maintenance system for bearings. Extension of
the analysis of the vibration at the wheel bearings to monitor the condition of the wheelset and
wheel profile has been proposed. In addition, the use of the same (or similar) system architecture
to support other sensors for monitoring other parameters to monitor other components (structural
health, motors, gearboxes, suspension, etc.) has been proposed.
A deeper analysis of prognostics could be performed if sufficient data about the whole life of the
bearing were available. The prognostics is usually performed by analysing the trend of a suitable
indicator and by comparing it with a suitable model (in general an exponential-like function) in
order to forecast a hypothetic distance to failure (seizing).
Two indicators are suitable for the prognostics of rolling element bearings, the Band Kurtosis (BK)
defined as the ratio between the SES2 and its RMS4 on the analytic signal and the Cyclic Content
Ratio (RCC) defined by (Borghesani et al. 2014).
3.9.2.4 Monitoring of suspension components in railway vehicles
The condition monitoring of rail vehicle suspension components can be extremely useful to reduce
maintenance costs and to increase the reliability and availability of the vehicles. Until now, the
development of this condition monitoring application has reached mostly the level of research and
demonstration projects, with in-service applications being limited to active and semi-active
secondary suspensions featuring in-built sensors that enable the efficient monitoring of the
suspension components.
The approaches proposed for the condition monitoring of rail vehicle suspension components can
be categorised in “model based” and “data driven”. Model-based strategies aim at estimating
changes in some parameters of the suspension (e.g. stiffness or damping) so that a fault or
degradation of the component can be recognised. In Li et al. (2007), the Rao-Blackwellised
Particle filter technique (RBPF) was applied to estimate the damping coefficients of lateral and
yaw dampers in secondary suspension, and the wheel tread conicity of a passenger car. As an
alternative, the use of the Extended Kalman filter (EKF) and Recursive Least Square (RLS)
estimation has also been proposed (Alfi et al. 2011), (Liu et Al. 2016). In Mori and Tsunashima
(2010) the interacting multiple model method (IMM) based on Kalman filter is used to monitor
faults occurring in the lateral dampers and yaw dampers of the bogie. The method incorporates
a set of Kalman state estimators representing different failure modes and a mode-matching filter
to identify the mode probability. In Jesussek and Ellermann (2013), fault isolation in lateral
suspensions of one bogie is achieved based on residual analysis from a Hybrid Extended Kalman
filter. This method is also able to consider the non-linear behaviour of suspension components.
Data-driven methods have also been applied to fault detection in vehicle suspension components:
one typical approach of this method is to treat the available measurements according to
techniques that allow the extraction of some characteristic features of the vehicle’s dynamics,
such as natural frequencies, damping ratios etc., which are in turn affected by the condition of the
suspensions. One example of application of these techniques is provided in Gasparetto et al.
(2013), showing the possibility to identify faults in the yaw dampers of a high-speed rail vehicle.
The cross-correlation functions of acceleration signals taken at different locations on the bogie
frame can be used for the detection of faults in the primary vertical suspension (Mei and Ding
2009). This simple method is based on the observation of asymmetric motions of bogie frame due
to the faulty dampers. A similar approach is also proposed in Wei et al. (2013). Operational modal
analysis (OMA) and least-squares complex exponential method (LSCE) have also been proposed
for the condition monitoring of railway vehicle suspension (Martinod et al. 2012). By assuming a
fault in the primary or secondary damper, this method can identify the most probable condition
through the analysis of the resulting modal shapes.
3.9.2.5 Monitoring of other parameters in railway vehicles
There are a number of examples of condition monitoring being applied to parameters of rail
vehicles, which, due to the nature of the parameters and application, might not be directly relevant
to maintenance of freight vehicles. However, these examples have a general relevance to
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condition monitoring of rail freight vehicles in that they have been applied to rail vehicles, and
therefore provide examples of solutions to some of the wider challenges of operating a condition
monitoring system on rail vehicles.
SNCF
On certain passenger multiple unit trains SNCF monitor a large number of parameters, which are
of primary concern to maintenance, safety, and operation, these are:
o
o
o

Maintenance: Transformer monitoring, Air conditioning system and filters, Pantograph
shocks, Shaft monitoring, Motor vibrations, Brake efficiency control, Inverter remote
control, and Battery monitoring.
Safety: Noise level & Air quality, Open doors, and Open hatches
Operation: Low battery detection, Remote display, Windscreen monitoring, and
Temperature and humidity.

SNCF has also experimented with retrofitting sensor systems to older vehicles. Such as, tank
level monitoring (fuel, oil, water, and toilet), operating hours count, and health monitoring (watch
for critical threshold, temperature, vibration level, failure signature). The monitoring of toilet tank
levels allows improvement of operational planning (filling/emptying) which increases availability
to customers and reduces delays. The monitoring of fuel tank levels on shunting/switching locos,
which spend a significant portion of their duty cycle parked unattended on idle and therefore not
manually monitored, enables an increase of operational efficiency as times of high demand for
filling can be avoided, and the labour costs due to frequent filling reduced. Battery monitoring
systems monitor the key parameters; current, tension, temperature, these can be compared to
the expected values and trends to instigate keep alive procedures, give the health status and
generate warning messages. This enables deep discharge of the batteries to be avoided, the
availability of the vehicle to be maintained and reduce preventive maintenance costs.
Knorr Bremse
Knorr Bremse have applied compressor monitoring to units in service with Nedtrain and door
monitoring to units in service with DB Regio (which require the door motor power, tension,
gradient, and outside temperature parameters to be monitored). They are also involved in
implementing monitoring of master controller for Smoke / Flame detectors and wireless bogie
monitoring equipment.
GVB (Amsterdam tram and metro operator)
GVB have implemented remote condition monitoring of traction, brakes, doors, HVAC, and are
investigating monitoring of further parameters related to bearings, vehicle service usage, driving
style, and external factors (e.g. weather).
Dutch Railways
The Dutch Railways have used data on the active and idle times of air compressors on their units
to detect air leaks in the braking systems permitting maintenance intervention before units fail in
service.
NEM Solutions
NEM Solutions have applied CBM to Rolling Stock, including, Wheels, HVAC, Compressors,
Braking control units, Traction control units, Gear Boxes, Axle boxes, Bearings, DCU, and Diesel
engines and turbos. Their process it to install sensors, collect data, define model of normal system
(with the application of expertise), then in service compare real-time data with model of normality;
this gives failure symptoms and a prognosis. Through this process, the raw data is transformed
into easy to understand information and presents vehicle and fleet health status, from which
detailed information can be accessed for the effective management of vehicle maintenance. With
the integration of wayside and manual inspection data, CBM has also been applied to wheel
profiles.
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Railnova
Railnova have implemented remote condition monitoring on rail vehicles, specifically they have
developed systems to connect to the maintenance diagnostic systems already installed on
locomotives, to capture condition and monitoring data (in some case for more than one different
sub systems) and make that data available remotely. In some cases, the condition and monitoring
data captured in real time can be more detailed than available from the diagnosis system itself.
Having real time data with remote access and driver support, available across a unified platform
enables operational staff and technical experts to utilise the data effectively. The asset condition
and planned maintenance can be displayed to staff and linked with work order and business
systems. The components/subsystems (from a variety of manufacturers) to which the system has
been applies include; battery monitoring systems, bearing monitoring system, TCMS remote
diagnostics system, engine remote diagnostics system, and energy remote monitoring system.
JR East
The East Japan Railway Company (JR East) has done studies on methods of detecting failure
signs by using monitoring data on commuter trains. In order to implement a condition-based
maintenance, JR East has defined a concept of monitoring data evaluation for both evaluation of
design life and evaluation of deterioration. In detail, monitoring data of air conditioning units
installed in commuter train series E231 and E233 has been thoroughly analysed. After a study on
most effective analysis methods, JR East chose an analysis based on the usage of Mollier
diagrams depicting the refrigeration cycle of the air conditioning. By evaluating discrepancies from
normal states in the Mollier, diagram abnormal elements can be identified. This method has been
experimentally validated on a test bench and confirmed by operating train data. Another category
of components examined by JR East is the stabilised DC Power Supply Devices (AVR), which
are the main failure factor of electric equipment in their commuter train fleet. Since improvements
of reliability of electronic equipment are desirable, a research process at JR East has begun
investigating methods of deterioration of AVR. Therefore, deterioration tests and a detailed
planning for measurement and evaluation measures have been carried out. A validating field test
is considered to take place in the near future.
South West Trains (UK)
South West Trains have implemented Remote Condition Monitoring on their fleets of passenger
units to allow remote access to forward/rear facing CCTV, passenger compartment CCTV, GPS
data, Wheel Slide Prevention system data, and OTMR (On Train Monitoring and Recording, i.e.
“black box”) data which is mainly used to monitor operational performance. They have also
installed specific units fitted with Linear Variable Displacement Transformers and/or laser profile
scanners measuring the track and electrical third rail. These monitor the condition of the track and
the relative position of the third rail to the running rails, which is used in conjunction with the
infrastructure manager to improve track quality and reduce failures induced by the infrastructure
condition.
3.9.2.6 Development of predictive models
Two possible approaches to developing predictive models are machine learning, applying artificial
intelligence and neural network to develop predictive models from large amounts of data, and
applying human expertise to develop models based on physical processes and the observed
data, or to build up rules and improve the algorithms. The difficulties with machine learning are
that since failures are rare, the failure signal from which to develop the model is week. Also that
the predictive model is a sealed input/output box which does not give in depth knowledge of the
causes or mechanisms, therefore if conditions are changed (for example a change of material)
the model has to be retrained. With predictive models developed with human expertise the an
initial estimation of the effect of changes to the system can be predicted by altering parameters
in the model and refined base on experience, also the in-depth knowledge can be applied to
analysing the system, and potentially identifying improvements.
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3.9.2.7 Application of Condition Based Maintenance.
The core principal of condition base maintenance is to use data about the condition of and asset
to determine when maintenance should be carried out, however within that concept there are a
number of different maturity level or levels of sophistication in terms of the process used to relate
the condition data to the maintenance actions. These levels are described below with the example
of a failing wheel bearing being used throughout to illustrate the level of action performed by the
automated CBM system.
1. Level 1, Descriptive (what happened), the condition data is used to determine what
happened (e.g. bearing vibrations increase) to the asset, human input is required to
determine the cause and implications and determine the action required.
2. Level 2 + Level 1, Diagnostic (why did it happen), the condition data is used to determine
what happened to the asset and why it happened (e.g. because a bearing has RCF),
human input is required to determine the implications and the action required.
3. Level 3 + Levels 1 and 2, Predictive (what will happen), the system diagnoses the
condition and predicts the remaining life to failure (e.g. bearing will reach serviceability
limit in 5 weeks), human input required to determine the action required.
4. Level 4 + Levels 1, 2, and 3, Decision support, the system diagnoses the condition,
predicts failure and suggests actions required (e.g. recommend replace bearing within 5
weeks), human input to select action required, or specify alternate action.
5. Level 5 + Levels 1, 2, and 3, Decision Automation. The system diagnoses the condition,
predicts failure and specifies the actions required (e.g. specify replace bearing (if linked to
maintenance and procurement systems). It then issues a work order to replace the bearing
during the next scheduled maintenance actions on that vehicle (and possibly modify that
scheduling by increasing the maintenance priority of the vehicle, but within 5 weeks), no
human input required.
3.9.3

Assessment and recommendations for further work

Based on the categorisation of different damage phenomena presented within Section 3.9.2,
some conclusions and recommendations for future work are proposed below.
3.9.3.1 Wheel wear and out-of-roundness:
The available models for the evaluation of wheel wear are mostly based on the use of simulation,
in the perspective of the planning of fleet management and / or of the optimisation of vehicle
design parameters (wheelbase, stiffness of suspensions) in view of minimising wheel wear. This
approach is however less useful when it comes to the prognosis of wheel wear in association with
condition monitoring. It is suggested that INNOWAG investigates the possibility to use a different
approach, based on trending analysis, which is more suitable to the prognosis of wheel wear
condition without resorting to sophisticated simulation tools and to assumptions on the vehicles’
mission profile. The trending analysis approach will be possible if a sufficient set of historical data
and data from condition monitoring systems will be available for this particular aspect of vehicle
degradation. Since wheel profile changes are generally long term progressive trends (with the
exception of wheel flats) the measurement of which can be independent of vehicle dynamics,
then the trending analysis can also be applied to intermittent (daily, weekly or similar interval)
measurements of the profile at pass-by laser optical measurement systems. Refinement of
existing models to freight vehicles (which are generally measured less frequently) to adapt them
to the trends characteristic of freight vehicles would assist in improving predictions of when
maintenance interventions are most efficiently carried out on freight vehicles.
3.9.3.2 Structural Health monitoring of railway axles and wheels
The procedures for SHM of axles and wheels based on NDT techniques appear to be well
developed and mature. However, the methods and technologies for in-service monitoring of

126 / 168

Deliverable D1.1

structural integrity for these components are still in a research stage, and work could be envisaged
in the INNOWAG project to further develop and wherever possible validate these methods.
3.9.3.3 Condition monitoring and prognostics of roller bearings
A huge amount of theoretical work is available, together with a significant amount of experimental
data from other sectors. Some theoretical and experimental studies are also available for the
specific case of railway vehicles, as well as examples applied to passenger fleet, so that predictive
maintenance policies for freight wagon axle boxes could be based in principle on the already
available State-of-Art knowledge and experience. In addition to this, a prognostic model specific
to roller bearings in the axle boxes of freight wagons could be established in this project, provided
that sufficient historical data is available.
3.9.3.4 Monitoring of suspension components in railway vehicles
Not so much work is available on this topic, and most of the State-of-Art refers to passenger
vehicles (either mass transit or intercity / high-speed) rather than on freight trains. Freight wagons
use peculiar suspension designs which are characterised by a strong non-linear behaviour (this
is due e.g. to the effect of friction in components such as leaf springs, UIC links, Lenoir links). In
addition, for freight wagons the difference between tare load and full load is very significant, and
this is highly relevant to the identification of faults in the suspensions. The definition of suitable
methods for the monitoring of freight wagon suspension components is therefore believed to be
a field in which further research work is urgently needed and it is suggested that this is addressed
by INNOWAG.
3.9.3.5 Monitoring systems
In addition to the techniques for monitoring parameters related to the condition of components
and using that data for CBM, an equally critical element of condition monitoring system are the
sub-systems for storing the data, communicating the data and powering the system. Condition
monitoring systems in other application areas and railway locomotives and passenger vehicles
provide useful knowledge and experience, which could be applied to the condition monitoring of
freight vehicles. However, analyses of the current state-of-art of condition monitoring shows that
further work is required to adapt existing condition monitoring systems, and support the
application of novel parameter monitoring, to the specific challenges of rail freight vehicles.
Therefore, it would be of considerable benefit to the development any system for monitoring
parameters related to vehicle condition, for the INNOWAG project to progress the development
of the supporting data collection, data analysis, communication and powering systems suitable
for freight vehicle applications. This would assist towards making the application of technical
developments in condition monitoring and prognosis techniques viable for implementation and
thereby enable the achievement of the maintenance efficiencies that CBM allows.

3.10

Maintenance management solutions

3.10.1 Specific market drivers and trends
While in the past the inspection distance and the overhauling of the wheelset was decided by the
ECMs, based only on the Return Of Experience (REX), nowadays a typical maintenance plan for
freight applications is defined by the VPI 04 document (“Maintenance of freight wagon, wheelset”).
The VPI 04 document is not included in any legislative framework, but represents a “de facto”
standard at least in Europe.
According to VPI 04, there are five levels of inspections during the lifetime of a wheelset:
-

IS 0: inspection only;
IL: overhauling of the bearings (every 600000 km or 6 years);
IS 1: reprofiling of the wheels (when required);
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-

IS 2 (every 600000 km or 6 years): IS 1 plus IL plus NDT;
IS 3 (every 1.2 million km or at the end of the wheel life): IS 2 plus change of wheels

The same VPI 04 prescribes as NDT inspections, for IS 2 the MT control for all the accessible
parts of the axle and the UT for inspecting the wheel seats (the wheel has not to be dismounted),
while no NDT is prescribed for the wheels. For IS 3 stop, since the wheels have to be replaced
with new ones, the axle is free and therefore the MT control is performed on the whole axle
surface.
Regarding the distances between IS 0, this decision is demanded to the ECMs, but it is
recommended to perform this level of inspection each time the train is stopped.
This approach has proved to be valid on a REX basis in Europe: ERA reports an average 40 axles
failures per year (ERA 2013), (ERA 2014) over a fleet of about 20 million axles, which correspond
to an acceptable failure rate of about λ=2*10-6.
In the last few years, a more precise definition of the inspection plan, tuned on the specific
wheelset, is more and more in charge of the wheelset designers, who must set the inspection
intervals based on more scientific and robust concepts, taking into account:
-

The specific wheelset design;
The actual performance of non-destructive testing (POD);
The fracture behaviour of the material;
The loading history during the life of the components.

While in other sectors (aerospace and nuclear above all) these concepts, based on the probability
of failure, are well known and well applied, nowadays applicable railway standards don’t consider
the probability of failure as a driving concept for the calculations and the definition of the inspection
plan.
In recent years where condition data is collected as part of the maintenance process (as opposed
to reactive maintenance or preventative maintenance base on fixed schedules) there has been a
trend towards “Big Data”, collecting as much data as possible from assets. However, there is a
growing recognition that data alone is of limited utility without appropriate analysis, presentation,
interpretation and procedures for decision-making; therefore, the more recent trend is towards
“Smart Data”. That is turning the data into information which is analysed, presented and
interpreted in such a way that enable effective and efficient maintenance decisions to be made.
However in the railway industry these trends, particularly with regard to on-board condition
monitoring, are largely confined to passenger fleets and locomotives.
3.10.2 Overview of existing and emerging solutions
3.10.2.1

Maintenance scheduling of trains

Maintenance management is an important function as industry and service organisations are
making an effort to increase productivity and product and service quality to be competitive in the
global market place. The scheduling of maintenance activities is an important topic since smart
scheduling will reduce the overall maintenance budget.
The maintenance scheduling of trains is a complex problem. The eventual excess of train capacity
is used for the purpose of maintenance interventions, emergencies, modernisation and
modification of trains. The maintenance tasks for the rolling stock (trains) are classified into two
categories, running maintenance and overhaul maintenance (Sriskandarajah et al. 1998). The
former comprises those maintenance interventions that are small (few hours is the mean duration
of an intervention) and frequent; so the running maintenance does not consume significant time
and trains can be pulled out of the line regularly, maintained, and put back into service. The
number of trains that can be pulled out at any time from each line depends on the service demand
in that line. A service demand pattern for a line can be studied and the number of trains required
for the service, and therefore the number available for maintenance ascertained (see Figure 76),
those selected for service and maintenance at non-peak times can be rotated so that all can have
maintenance carried out. The scheduling of running maintenance generally is not a problem, while
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the scheduling of the overhaul maintenance is a more difficult task to be tackled because an
intervention of this type can require more than two weeks.

Figure 76 Example of service demand pattern

The maintenance overhaul schedule has to satisfy a number of constraints; for example, the
number of trains simultaneously maintained has to be limited and work force assignment has to
be taken into account. In dealing with the scheduling problem, usually one has to incorporate
multiple objectives relating to economic, reliability and technological concerns.
Every train is made up of a given number of cars (see Figure 77). Typically, there are a power car
that consists of a driving cab and part of the traction control equipment, a power car that does not
have a driving cab but that carries the pantograph and remaining control equipment, the trailer
and the cars for transporting the passengers.

Figure 77 Typical composition of a passenger electrical multiple units

Not all the cars require the same maintenance interventions. Regarding this point, two types of
maintenances can be adopted. The first one, named car-based maintenance, implies that cars
with similar characteristics can be separated from the train and maintained independently
regardless of the maintenance schedule of other units. The cars that share similar characteristics
under the maintenance point of view are called a maintenance unit.
The second type of maintenance is called train-based maintenance and implies that a train is
maintained as a single entity. This last policy creates difficult maintenance scheduling problems
since the various units of a train may require different maintenance requirements at different due
dates. Consequently, for the purpose of maintenance, the scheduler has to find a suitable
common due date for each train so that the due dates of individual units do not deviate too much
from the common due date since there is a cost associated with undertaking the maintenance
tasks either ‘too early’ or ‘too late’. Regarding this point, a threshold can be used, for example,
the train units must be maintained within three months of the due dates. Any deviation of more
than three months from the due dates is not desirable due to the nonlinear nature of the cost
(penalty) of being too early or too tardy. In fact, maintaining the train too soon may be costly
because of the need for extra labour; maintaining the train too late may cause unreliable trains in
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the system that in turn affects customer service. In a scheduling problem, the penalty of
performing an intervention too late or too soon has to be quantified. Further, another aspect that
should be quantified is the customer service component due to unreliable trains.
In freight trains the locomotive and wagons are generally considered separately, some freight
trains on regular services may operate in semi-permanent sets with the same number and type
of vehicle (generally a vehicle can be replace with one of the same type), others are made up for
each trip subject to demand. Therefore, the maintenance can be scheduled so that a locomotive
or wagon of the required type is available, although for semi-fixed formations there is an
operational cost for exchanging vehicles so that those requiring removal from service for
maintenance can be attended to.
Therefore, the maintenance schedule to be adopted should be the one that minimises the total
cost of earliness or tardiness (or the total penalty for not satisfying the due dates) and that
respects the constraints. For example, due to the capacity limitation, the number of trains
simultaneously maintained has to be limited (minor or equal to a specified number). The optimal
schedule has to meet the due dates of their units as closely as possible and to balance the
workload throughout the planning horizon. An example of a typical maintenance schedule for a
train is shown in Figure 78. The maintenance scheduling becomes more complex if condition
based maintenance practices are applied, since in this case there might not be a regular schedule
to some maintenance operations known months in advance. To gain the potential maintenance
efficiencies of CBM it is not sufficient to only consider the technical challenges of being able to
predict time to failure of components and sub-systems. The whole process of condition detection,
maintenance requirement decision making, maintenance scheduling, maintenance action,
maintenance resourcing (personnel and facilities) and procurement must be considered as an
integrated system.

Figure 78 Example of a typical maintenance schedule for a train

In the table below a selection of papers in which the predictive maintenance policy is used in
different fields is reported in order to provide an overview on the different points of view available
in literature.
Table 31 Examples of the sectors in which the predictive maintenance is used

Title
SIMAP: Intelligent
System for Predictive
Maintenance:
Application to the health
condition monitoring of a
wind turbine gearbox

Development of a
predictive maintenance
system for a centrifugal
pump

Authors and
year
Mari Cruz
Garcia,
Miguel A.
Sanz-Bobi,
Javier del
Pico
2006

Area of
interest
Wind
turbine

Jorge L.
Perrondo
Sandra
Velarde
Carlos
Santolaria
2006

Pumping
system
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Comments
SIMAP is the abbreviation of
Intelligent System for Predictive
Maintenance. The paper presents
the application of SIMAP to the
health condition monitoring of a
wind turbine gearbox as an
example of its capabilities and
main features.
An approach is presented for the
development of a predictive
maintenance system for rotordynamic pumps.
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Intelligent automation
systems for predictive
maintenance: a case
study
Predictive algorithm to
determine the suitable
time to change
automotive system oil

Eduardo
Gilabert
Aitor Arnaiz
2006
Hong-Bae Jun
et al.
2006

Elevator
and
machine
tools
Automotive
sector

Integrating simulation
model and equipment
condition diagnostics for
predictive maintenance
strategies: a case study
Predictive maintenance
of railway subsystems
using ontology based
modelling approach
The framework, impact
and commercial
prospects of a new
predictive maintenance
system: intelligent
maintenance system
Predictive condition
monitoring of Railway
Rolling Stock

L. R.
Contreras, C.
Modi and A.
Pennathur
2002
P. Umiliacchi,
D. Lane and
F. Romano
2011
R. Huang, L.
Xi, J. Lee and
C.R. Liu
2005

Conveyor
system

Bladon Keith
et al.
2004

Railway

Fleet historical cases for
predictive maintenance

M. Monnin et
al.
2011

Large
complex
system
(power
plants,
ships,
aircraft)

Railway

Elevator
door motion
system

A predictive maintenance solution
based on Neural and Bayesian
Networks is applied on elevators
and machine tools
The key point of predictive
maintenance is to develop an
algorithm that can analyse
degradation status of automotive
and make predictive maintenance
decision
A simulation model was built with
ARENA for integrating predictive
maintenance strategies with
production planning strategies, for
a conveyor system.
The objective is trying to estimate
the time when a fault is likely to
occur and adapt maintenance
interventions accordingly
This paper introduces a new
predictive maintenance system, the
so-called Intelligent Maintenance
System (IMS)

The paper investigates how to
predict component failure and to
proactively introduce repairs and
checks vehicles before they suffer
extra damage.
This paper presents a knowledge
structuring scheme for fleet
predictive maintenance

Fleet management can include a range of functions, such as vehicle financing, vehicle
maintenance, vehicle telematics (tracking and diagnostics), driver management, speed
management, fuel management and health and safety management.
Managing the repair and maintenance of vehicles (e.g. cars, trains, trucks), which are part of a
fleet, is a time consuming and tedious task. For example, to authorise a repair and maintenance
service provider to perform a particular repair or maintenance service, a purchase order typically
is issued by the fleet manager to the provider. If hundreds of vehicles are included within the fleet,
such a system may require the issuance of hundreds, and possibly even thousands of purchase
orders over a short time period (Sticha and Riesgraf, 2003).
In addition, it is desirable to track how often maintenance and repair work is performed on each
vehicle. Such tracking enables the fleet manager to determine the desired timing for future
services, whether unnecessary services are being provided, and the operating costs for each
vehicle. Issuing voluminous purchase orders, and tracking maintenance/repair information for
hundreds, or thousands, of vehicles can be extremely time consuming and tedious.
Within the scope of INNOWAG project, the research about new fleet management business
models can be beneficial for the partners involved in the consortium, in order to maximise the
impact of the research results and implement them into the business of the companies.
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3.10.2.2

Commercial maintenance management software

It should be noted that much of the information about commercial maintenance management
software come from the promotional literature of the companies offering the products rather than
independent or peer reviewed literature.
Sternico CoMaP MDC
COMAP is a computerised maintenance management system (CMMS) which is based on a highly
flexible technical database. Any product such freight wagons or commuter trains, locomotives &
railcars and railway infrastructure, can be modelled with an arbitrary level of detail. COMAP
ensures the complete technical documentation of rolling stock and complete data recording in
maintenance workshops. The digital data transfer between workshops and ECM / owners is
conforming to VPI 08, which is a module of VPI guideline and contains defined data structures as
well as descriptions used for digital data interchange. In such a way, different players in the
railway industry, e.g. ECM / wagon owners, maintenance workshops, infrastructure managers,
railway undertaking, can benefit from COMAP. (Sternico, 2017)
Aprixon ECHO
ECHO is the modular logistics software for rail freight businesses and offers individual solutions
for railway undertakings, maintenance workshops, shippers and fleet owners. Among them
ECHO-Repair is dedicated for maintenance management. It administers all rolling stock
management with detailed information, complete failure and regular inspection recordings and
the corresponding costs. (Aprixon, 2017)
ZEDAS asset
Zedas®asset is a software for maintenance and technical asset management that optimises the
operation of industrial systems, infrastructure networks and vehicle fleets. Regarding vehicle
fleets, it combines the wagon condition monitoring solution, documentation of maintenance
history and maintenance planning & control in order to increase availability of vehicle fleets and
reduce operating costs. A schematic representation of the software is shown in Figure 79.

Figure 79 Schematic representation of Zedas®asset software (ZEDAS GmbH, 2017)

Knorr-Bremse Z-300
The Z-300 from Knorr-Bremse is a web-based smart technology system with applications that
facilitate the monitoring and control in real time of rail vehicle systems. Current applications
include monitoring of HVAC systems, power systems, door systems and brake status indication
monitoring systems. The system has features that, in addition to monitoring the condition of
assets, processes the data to present fleet health status information in easily understandable and
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accessible formats, and provides fleet maintenance jobs and history overviews and reporting to
facilitate condition base maintenance.
NEM solutions A.U.R.A.
The A.U.R.A. condition monitoring, prognostic and maintenance management software by NEM
Solutions integrates monitoring, expert analysis, benchmarking, alarms management, O&M
processes optimisation (based on each company’s KPIs) as well as other features into a tool for
failure anticipation and asset management. It uses advanced Big Data techniques to project, with
high precision, the future of each asset and subsystems, it models normality of each asset
individually, taking into account its own context and reality. The expected benefits of the system
are knowledge generation, maximisation of productivity and availability, extension of asset life
cycles, catastrophic and minor failures anticipation, and maintenance planning optimisation. The
system has been applied to applying CBM (using on-board, wayside and manual inspection
condition data) to Rolling Stock components and sub-systems, including, Wheels, HVAC,
Compressors, Braking control units, Traction control units, Gear Boxes, Axle boxes, Bearings,
DCU, and Diesel engines and turbos.
OSIsoft “PI system”
OSIsoft’s PI System is an infrastructure for collecting and managing historical and real-time data
from both fixed and mobile assets, to create a comprehensive, environment for the collection,
management, analysis and presentation of data essential to supporting CBM for transportation
assets. The system also integrates with enterprises business systems (work orders, and
procurement, etc.) to improve the efficiency and effectiveness of maintenance within an
organisation.
Cyient
Ciyent specialises in engineering design services, design-led manufacturing, networks and
operations, data transformation, and analytics. Within maintenance engineering and asset
management they offer services in reliability engineering, repair engineering, maintenance
tactics, advanced data analytics, asset health monitoring, and predictive maintenance and have
experience in the railway sector. They offer organisations maintenance management solutions
based on these solutions and techniques.
Railnova
The RCM system implemented by Railnova on rail vehicles connects to the maintenance
diagnostic systems already installed on locomotives, capture condition and monitoring data and
make that data available remotely. This three step approach to maintenance management is to
access data, confirm diagnostics, and support/make maintenance decision to keep the fleet
running. It can interact with existing maintenance management (in this context maintenance
management is the raising of work orders and allocation of resources to carry out the specified
maintenance) and business systems to enable the CBM to be carried out efficiently and
effectively. The system has been applied to battery monitoring systems, bearing monitoring
systems, TCMS remote diagnostics systems, engine remote diagnostics systems, and energy
remote monitoring systems.
NomadTech
NomadTech offer maintenance engineering consultancy services and condition monitoring data
collection products (Monitoring Box - MB1000 series) with on-board processing and remote/online
diagnosis. Through these services and products, the offer condition based reliability centred
maintenance management systems ("RCM 360" software solution) to a number of customers in
the rail sector.
danbury kline
danbury kline offer maintenance program design services which include Condition Monitored
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Maintenance, Remote Condition Monitoring, Reliability Centred Maintenance, Maintenance
Planning, organisation structure, and maintenance workflows. They can also apply Maintenance
Steering Group Logic level 3 (MSG3) to maintenance management, which is a process used (and
defined) by the airline industry to establish minimal (and therefore efficient), safe maintenance
programme for assets.
Siemens - Railigent
Siemens offer data evaluation and analysis, data transmission, algorithms for preventive fault
analysis, and predictive maintenance processes that provide a maintenance management
solution for railway assets under the brand name “Railigent”.
Alstom
Alstom use condition monitoring and automated inspections along with a digitised maintenance
management system on the trains the manufacture and maintain.
Nexala
Nexala offers Component Condition Monitoring (Nexala C2M), Real-time Remote Diagnostic
Monitoring (Nexala R2M), Engineering Maintenance Management (Nexala E2M), and In-Service
Performance Planning & Management (Nexala P2M) services to land passenger transport
industries, including rail. The aim of these services is to manage maintenance in order to enable
proactive condition monitoring approach for optimised service, and extended component and
operating life.
In Europe, the maintenance operations and processes for freight wagons are defined in the ‘VPI
rules‘. This guideline is developed to realise a standardised execution of maintenance for the
wagon keepers and the maintenance workshops. The VPI guideline defines periods for preventive
maintenance of freight wagons and actions for unscheduled events or accidents. In addition, there
exist measurement sheets and reporting sheets to document the condition and the performed
work during the maintenance event. In the VPI document, reference is made to the regulation or
DIN / ISO standard that should be used.
3.10.2.3

Some excerpts for a short overview:

Preventive maintenance (revision) must be performed with sufficient care that the wagons remain
operationally safe and fully suitable for use under normal use until the next revision. The order
and the timing of the maintenance levels to be carried out are defined in the maintenance plans
of the keepers/ECMs. Variants of proven maintenance plans are shown in Figure 80.

Figure 80 Variants of proven maintenance plans
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3.10.2.1

Maintenance solution HVLE

Maintenance solution for HVLE´s freight wagons based on the VPI rules but is more
comprehensive.
The maintenance events were planned by the fleet manager wagon depending on the usage of
the wagons. The average running distance is about 80.000 km per year. Because of the
comprehensive preventive maintenance events there are fewer failures and rest periods, so the
availability of the wagons is very high (over 94%).
Next to the general preventive maintenance (described in the VPI) they get 3 times a year a
preventive action. Figure 81 below shows a time overview of the planned maintenance events.

Figure 81 HVLE Preventive maintenance plan

The actions during the year are mostly mobile events outside the workshop.





Short check of functions of the transportation system of wagons
Lubrication of parts
Short visual check of wagon components
check brake blocks (replacement if necessary)

The winter maintenance is carried out at the workshop and more complex than the summer
maintenance events
Possible work:






Short check of functions of the transportation system of wagons
Lubrication of parts
Short visual check of wagon components
check brake blocks (replacement if necessary)
Replacement and maintenance of wheelset if necessary

3.10.3 Assessment and recommendations for further work
The INNOWAG project deals with the condition-based maintenance (CBM) policy, which is getting
more and more important in the industrial environment. The project has the goal of applying the
CBM policy for the maintenance of the freight vehicles. Condition monitoring of wagons can
reduce life-cycle costs by feeding into predictive maintenance programmes, and this ties in with
increasing pressure to integrate condition monitoring for cargo, demanded by logistics companies
and clients wishing to track goods and monitor environmental conditions. This further impacts on
new business models that must consider new service approaches related with Wagon
management in order to improve fleet management.
For Condition Based Maintenance, the project will also consider MIMOSA standard (see also
ISO-13374), in order to create a result that can perfectly fit a standardised vision of Condition
Based Maintenance, and not just a dedicated model. This standard describes the specific
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requirements for CBM open software application, detailing both information model and processing
architecture requirements. The project will follow the MIMOSA steps (Figure 73), integrated with
the maintenance information view in order to integrate data processing and maintenance
decision-making process (Guillen et al, 2016), with the final aim to optimise the maintenance
policy of freight wagons. Thus, after the data treatment phase (DA and DM of MIMOSA), which
will deal with data coming from field (industrial partners) and/or simulation/modelling (research
partners), the phase of detection is performed (SD of MIMOSA), to understand the state of the
system. Then, the phases of diagnosis and/or prognosis are carried out (HA and PA of MIMOSA)
to understand failure mode and causes. These phases bring to the final maintenance decision
(AG of MIMOSA) aimed at optimising the maintenance policy.
This allows to align the MIMOSA standard with the maintenance decision-making process on one
side, and, on the other side, it allows an open software application development, in order to
eventually embed this project within new or already existing information systems.
The final aim is to consider MIMOSA-compliant solutions and software that would also allow the
integration of equipment condition monitoring with a CMMS/EAM system that handles the
maintenance work orders for fleet management as it was described previously mentioning
examples of commercial software.
Finally, as stated initially in the project proposal, the analysis herein provided confirms that the
project will aim at creating Wizard Tool for maintenance policy optimisation, able to use the
information about the health status in order to define the optimal maintenance policy. This will
facilitate the vision of CBM as a strong maintenance policy that can economically improve Wagon
management. The tool will integrate all the cost information needed in order to effectively define
the effect on Life Cycle Cost of the vehicle, so that the optimal maintenance policy can be
selected. The Wizard Tool development revisits the MIMOSA phases previously described,
considering also the maintenance decision-making, in order to build a tool that could be easily
integrated with information systems.
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4. OVERVIEW AND ASSESSMENT OF INTEGRATED SOLUTIONS
4.1 Specific market drivers and trends
As addressed in Section 2, the drivers of change in the freight market result in the new cargo
mobility needs. The rail freight system has to adapt to it to remain competitive through providing
innovative services to satisfy the increased customer’s needs, reducing the cost to satisfy the
demand of competitiveness, imposing production systems capable of remaining sustainable over
time in a greener perspective, etc. All the requirements need to be fulfilled by the hardware and
software technologies applied to equipment and management of information.
In order to respond to these challenges, the INNOWAG project aims to develop intelligent cargo
monitoring and predictive maintenance solutions integrated on a novel concept of lightweight
wagon. A range of solutions in different areas proposed in recent researches and offered by
commercial products has already been presented above in different areas.






The monitoring and the tracking of cargo and equipment are vital components of the
innovative services. The intelligent on-board monitoring solutions can be facilitated by the
advancements in sensor technologies, identification technologies and localisation
technologies as well as the development in energy harvesting technologies and big data
technologies.
The new wagons based on modular design, and built with lighter materials for carry more
cargo increase energy efficiency, have higher dynamic performance and thus will be more
competitive in the freight transport market. Diverse design solutions and the investigation
in light materials enable developing high performance lightweight design concept for
freight.
Condition-based maintenance policy is getting more and more important not only due to
LCC reduction, but for making the maintenance predictable in order to maximise the
wagons productivity and avoid loss of time caused by wagons breakdown. Diagnostics
and prognostics of the individual vehicle components based on condition monitoring pave
the way for maintenance activities. With respect to the current maintenance management
solutions, a Wizard tool will be developed for maintenance policy optimisation by using
the information gained from analysing the existing data.

To form an integrated system, the individual solutions should be joined, taking into account
together with respect to the compatibility between them and compatibility with other railway
systems and regulatory requirements, to from complete integrated solutions that fulfil an
operational requirement.

4.2 Overview of existing and emerging integrated solutions
The benchmarking study of the various components and technologies which would be required
to develop an integrated intelligent and lightweight wagon solution has confirmed that no such
wagon currently exists. However, whilst the study shows that whilst there is no fully integrated
solution, it does identify integrated partial solutions which integrate a number of aspects which
would be required in an integrated intelligent and lightweight wagon solution. Furthermore it
identifies applicable technologies, systems and processes integrated into partial solutions, which
could potentially be integrated into a solution with further adaptation and development of the
existing technologies and solutions to the specific application. The ten aspects which potentially
form part of the fully integrated intelligent and lightweight wagon solution which were discussed
in Section 3 are Sensors (Section 3.1), Energy harvesting technologies (Section 3.2),
Identification and tracing technologies (Section 3.3), Data Communication (Section 3.4), Big data
management solutions (Section 3.5), Design solutions for lightweight vehicles (Section 3.6),
Lightweight materials for vehicle technologies (Section 3.7), Analysis and testing of lightweight
railway vehicles (Section 3.8), Simulation tools and predictive models for predictive maintenance
(Section 3.9), and Maintenance management solutions (Section 3.10). In this sub section, having
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established that no integrated intelligent and lightweight wagon solution exists, the existing and
emerging partial solutions, which have been integrated into rail vehicles or other applications, will
be reviewed. The integration of intelligent systems on rail vehicles is largely independent of
whether that vehicle is intended to be a lightweight vehicle or not, the potential exception would
be if structural health monitoring was applied in order enable the reduction of the excess structure
(and therefore weight) to ensure robustness of the vehicle. For this case a specific scheme of
sensor and structural health modelling and prognosis would be required, but other aspects of a
condition monitoring and predictive maintenance system would be similar.
4.2.1

Condition based maintenance and Condition monitoring solutions

4.2.1.1 Integrated Condition based maintenance and Condition monitoring solutions
In sections 3.9 and 3.10 (Simulation tools and predictive models for predictive maintenance and
Maintenance management solutions) a number of existing integrated solutions for condition
based maintenance of passenger rail vehicles and/or locomotives have been identified. These
partial solutions contain a number of the aspects identified as potentially being components of an
integrated intelligent and lightweight wagon solution. The aspects which many of these solution
has integrated into the vehicles to some extent are; sensors, identification and tracing
technologies, data communication technologies, (big) data technologies, simulation tools and
predictive models for predictive maintenance, and maintenance management solutions. In
addition to these aspects, which are requirements of condition based maintenance from on-board
data collected remotely, the implementation of the Perpetuum system also includes energy
harvesting technologies and wireless sensor networks, whereas most of the other systems use
wired power and network connections within the train. One exception from the general
implementations is the RailNova system which mostly collects data from the maintenance
diagnostic port of on train systems (such as engine control units) to provide remote condition and
telemetry data rather than its own sensors. The main barrier to the direct implementation of the
existing condition monitoring solutions to an intelligent and lightweight wagon solution are the lack
of wired power distribution and data communication within a train of freight wagons.
4.2.1.2 Existing condition monitoring systems
Due to the rapid development of sensor and networking technologies, condition monitoring
techniques have been experiencing in a significant expansion in the industrial fields like the
healthcare, automotive, aeronautics, etc. In railway industry, condition monitoring is also regarded
as an effective measure to enhance the operation, maintenance and management of railway by
means of reducing human inspection, detecting faults before they escalate, and collecting and
processing data for further use of this information to improve the management system.
Generally, a condition monitoring system can be a fixed trackside system or a movable on-board
system to monitor the condition status either of track infrastructure including rail bridges, rail
tracks, track beds, etc. or in-service railway vehicles and the components thereof, such as wheels,
axles, brake pads, etc. Table 32 shows the potential relationships between monitoring system
location and the objectives of the monitoring system.
Table 32 Categories of condition monitoring systems in the railway domain

Monitoring system
location
Monitoring system
objective

Trackside monitoring systems
Infrastructure

Railway
vehicles

On-board monitoring systems
Infrastructure

Railway vehicles

In past years, there are an amount of European projects focusing on track maintenance activities
which have already reviewed the state of the art in the monitoring and / or inspection techniques
for railway infrastructures. The detailed information on such monitoring systems can be found in
the ACEM_Rail FP7project. In addition, Victoria et al. (2015) provides a comprehensive overview
on the monitoring systems using WSN technologies related to all categories above.
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INNOWAG concerns cargo condition monitoring solutions and condition based maintenance
solutions, which is merely related to monitoring railway vehicles. Measurements can be collected
by both wayside and on-board monitoring systems. For some use cases of condition monitoring,
there are numerous commercial vehicle mounted systems on the market. For some other
applications such as detecting wheel geometry, only wayside devices are available. It would not
be necessary to monitor all components of wagons due to the possibly high life-cycle costs of
monitoring systems. Moreover, the increased system complexity due to the additional multisensor systems could reduce the reliability of the whole railway vehicle system. Hence, most of
the condition monitoring systems are focused on the critical components of vehicles, which are
essential for vehicle running safety and have the greatest impact on maintenance costs. In this
part, both the wayside and on-board monitoring systems are presented. Amongst them, some
systems concern safety issues. In this case, once failures are diagnosed, the train should be
stopped to prevent possible catastrophic occurrences. On the other hand, some systems facilitate
productivity gains of rail freight transport. For instance, on-board tracking and tracing systems
bring advantages in vehicle fleet management. Besides, some systems monitor the condition
status of vehicle components such as brake pad wear, which can contribute to condition-based
maintenance through providing additional numerous data.
Wayside monitoring systems
A list of the main wayside monitoring systems is found in the SUSTRAIL (2015) project and the
D-RAIL (2011) project, which is summarised in Table 33 with an additional column for the
commercial off-the-shelf product as an example respectively.
Table 33 Wayside monitoring systems

Wayside monitoring
system

Measuring objective

Commercial product &
manufacturer

Wheel impact load
detector (WILD) / Axle
load check point

Wheel / rail force

LB Foster Salient Systems,
WILD

Hot box / wheel
detector

Temperature of each bearing /
wheel

Progress Rail Services /
Caterpillar, FÜS III/ FUESEPOS Hot Box and Hot
Wheel Detector

Acoustic bearing
defector

Acoustic signatures of each
bearing

Track IQ Wayside Monitoring
Technologies, RailBAM

Wheel profile and
diameter measurement
systems

Wheel profile and diameter

Mermec, Wheel Profile and
Diameter

Wheel treads condition
monitoring detector

Defects on the running face of
each wheel

Mermec, Wheel Surface
Defects

Brake pad condition
detector

Thickness of brake pads and
shoes on their wheels

Mermec, Brake Pads Wear

Bogie performance
detector

Tracking behaviour (geometry)
and stability (hunting) of each
wheelset and bogie

WID Wayside Inspection
Devises Inc, TBBOGI

Dragging equipment
device

Presence of objects dragging
beneath a moving train

voestalpine SIGNALING
Siershahn, Schlagerkennung
DED AT

Vehicle profile
measurement systems

3D profile of passing trains

Mermec, SIL4 Train
Inspection Portal
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On-board monitoring systems
On-board monitoring systems are commonly used to detect the track condition. Due to the
increasing demands on reliability, availability and safety of vehicles themselves and advances in
communication and information technology, on-board systems are widely used in passenger
trains for real-time monitoring vehicle condition and providing passenger information. In
comparison their applications on rail freight vehicles are spreading much more slowly than on
passenger vehicles, that is limited due to, for instance, the harsh operating environment, lack of
power supply on freight wagons and high first costs. Nevertheless, there is a variety of on-board
monitoring systems on the market which is combined with telematics technologies in order to
enhance productivity, improve operating safety and reduce the Life Cycle Costs (LCC) of freight
wagons. Generally, an on-board monitoring system requires, at least, sensor technologies, data
processing, data storage, data transmission and power supply. Unlike a wayside monitoring
system which is usually dedicated for each application scenario, an on-board monitoring system
extends its application range solely through the addition of sensors. Thus, an on-board monitoring
system can be used for several application scenarios through installation of the corresponding
sensors and implementation of the specific data processing algorithms. In this respect, on-board
monitoring systems cannot be classified according to their applications like wayside monitoring
systems. Instead, the common use cases thereof are classified into the following categories.
Tracking and tracing
Tracking and tracing systems can not only provide the real-time information on the wagon’s
geolocation but also record the travelled distances of the wagon. This topic has been addressed
in Section 3.3 Identification and tracing technologies.
Cargo condition monitoring
Cargo condition monitoring systems enable high-value goods or dangerous goods to be kept
under continuous surveillance. They contain different types of sensors and provide
heterogeneous sensor data. Their common applications are descripted in Section 3.1 Sensors in
detail. Not only customs benefit from cargo condition monitoring, but also the wagon owners,
since it improves the safety of train operation. For instance, on-board weighing systems can
detect overloading und unbalanced load distribution of the wagon, which likely lead to safety
issues.
Wagon condition monitoring
On-board wagon condition monitoring is primarily based on measurements of vibration and
temperature on the relevant components such as axlebox, axle and bogie frame. The presence
of failures are identified by abnormal events within measurement data. In some cases,
measurements have to be correlated to the train speed, so that the speed sensor has to be a part
of the monitoring system. In addition, speed sensors can be also used for overspeed detection.
Moreover, measurements should be jointed with the localisation system in order to record the
corresponding date and location of the event.
Wagon condition monitoring is conducted mostly for the purpose of condition-based maintenance
(CBM), which has been addressed in Section 3.9 Simulation tools and predictive models for
predictive maintenance. In this respect, real-time data of the critical components of railway
vehicles should be measured and analysed by using specific algorithms.
a. Brake system
At present, handbrake status is the single measurement done by commercial on-board
monitoring system for freight wagons. It is merely determined whether the handbrake is applied
or released. If the train moves with the handbrakes applied, an alarm will be triggered. In
passenger trains more approaches are well established:


Air compressor monitoring based on Knorr Bremse’s iCOM Monitor by means of
measuring rotational speed, temperature and pressure on different positions.
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Air leakage of braking air pipes by a long-term monitoring of total cycle time of the
compressor

b. Wheel
On-board monitoring of wheel condition is mostly indirectly conducted by measuring vibration on
the axlebox. It is based on the fact that wheel defects give rise to a higher impact force and result
in larger vibration of axle bearings. There are several types of wheel defects including wheel flats,
shells, metal build-up, out of roundness, rubbing flange, corrugation, stuck brakes and faulty axle
bearings (MAXBE, 2012). The identification algorithm for wheel flats was developed in the Project
CargoCBM and ESZüG. The failure features were analysed in the frequency domain based on
measurements done on axleboxes of a wagon with a wheel flat (Gericke & Hecht, 2011). A
simulation of the wheel flat was additionally carried out in the project ESZüG in order to determine
the correlation between the wheel flat with a range of diameters and the induced vertical
acceleration.
In the reviewed article (Alemi et al. 2016), the available condition monitoring approaches for
detecting wheel defects are described in detail. Apart from vibration techniques, magnetic,
ultrasonic and acoustic techniques are also employed for on-board measurement systems.
However, most of these approaches are still at a low technology readiness level.
c. Axle bearing:
The investigation on detecting axle bearing failure modes at an early stage by combining new and
existing monitoring techniques was done in the MAXBE (2012) project. The on-board monitoring
system contains temperature sensors, accelerometers and speed sensors. Temperature sensors
monitor the temperature of the axle bearing and trigger an alarm if the bearing is overheating.
Accelerometers measure the vibration of the bearing, which correlates to the bearing failures
considering the actual train speed measured by speed sensors. Apart from vibration, acoustic
techniques can also be employed to obtain acoustic emission of the axle bearing (MAXBE, 2012).
Other scientific literatures concerning the bearing diagnostics have been reviewed in Section 3.9.
Apart from a huge amount of available theoretical work for this aspect, there are commercial ofthe-shelf products as well. For instance, SKF Insight monitors bearing health in order to avoid
bearing damage before it occurs. Amsted IONX measures temperature changes and vibrations
of bearings either to provide an alarm threshold or extract failure features in its early stages.
d. Suspension components
As addressed in Section 3.9, not so much work is available on this topic, and most of the Stateof-Art refers to passenger vehicles rather than on freight trains.
e. Longitudinal force
Section 3.5 describes an approach for lightweight solutions. Freight wagons which are not
expected to be marshalled in hump yards can be designed under the reduced longitudinal static
load of 1200kN, instead of 2000kN. It may have a negative impact on the structural strength of
car bodies, when the longitudinal force exceeds the designed limit 1200kN during the real
operation of the freight wagons. Therefore, it is necessary to monitor the longitudinal force acting
on wagons in the normal operation of the train in the long term in order to record the events, when
the longitudinal force exceeds the threshold value of 1200kN. Subsequently, the car body must
be inspected for e.g. cracks, breaks and deformations to ensure that it remains in good condition.
In this respect, longitudinal force measurements need to be performed. There are two ways:
 The longitudinal force acting on a buffer can be directly measured by four load cells mounted
between the buffer plate and the frontage part of the wagon (Belforte et al. 2008).
 The longitudinal force can be derived from the deformation of the wagon carrying structure.
In this case, strain gauges are employed to measure the deformation (Petrovic et al. 2010).
Through employment of either wayside or on-board monitoring systems, real-time data acquisition
is done, which is regarded as the first step of condition-based maintenance. The obtained real-
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time data will be used together with the historical data for the further data processing to identify
the current system health.
In summary, the available monitoring solutions related to freight wagons are presented in Table
34. Not all solutions are aimed at providing information for CBM, such as “Geolocation”, “Cargo
condition” and “Car body strength”. Monitoring of Mileage and speed provides auxiliary
information for extraction of failure features - these are marked in green. Some of the solutions
are simply used for anomaly detection, such as monitoring handbrake status and temperature
monitoring of components (which are blue marked), where status of detected objects is compared
against expected values or operational thresholds. Such solutions alert users to potential issues,
from which, however, it is difficult to extract failure modes. Furthermore, the yellow marked items
are most essential related to CBM. These solutions collect useful information from the targeted
vehicle components for subsequent failure diagnostics and prognostics. Based on the gathered
data, failures are detected and isolated from the abnormal system / component performance.
Moreover, it is possible to use monitoring data combined with historical data to predict future
failures while the system / component is still functional and estimate the remaining useful life
thereof. The existing predictive models are addressed in Section 3.9.
Table 34 Overview on condition monitoring solutions

Component

Brake

Objective
Brake pads
wear
Hot brake disc
Handbrake
status
Wheel wear

Wheel

Axle
bearing

Brake disc
Temperature
Handbrake on or
off
Profile, diameter

Wheel tread
defects
Hot wheel

On-board solution

Temperature
monitoring
Handbrake status
detecting

tread geometry;
Vibration
Wheel
temperature
Bearing failures Acoustic
emission;
Vibration
Overheating
Temperature

Accelerometers
detecting flats
Temperature
monitoring
Acoustic emission
sensors;
Accelerometers
temperature sensors

Mileage

GPS and speed
sensors
GPS and speed
sensors

Geolocation
Vehicle Speed
(Overspeed)
Cargo condition
Wagon

Measurement
Pads thickness

Dragging

Axle rotation and
GPS
Axle rotation and
GPS
Speed

Wayside solution
High speed imaging
systems
Infrared technology
based detectors

High speed imaging
systems
High speed imaging or
ultrasonic systems
Infrared technology
based detectors
Acoustic detectors

Speed sensors
Multi-sensor systems

Riding
performance

Presence of
foreign objects
Tracking and
stability

Vehicle
anomaly states
Car body
strength

Vehicle profile,
temperature
Longitudinal force Strain gauges; load
acting on buffers cells
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Mechanical and electric
detectors
Geometry with laser
technology and load
detectors
Wayside inspection
portal
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4.2.2

Wireless sensor networks

As mention in Section 3.2, sensor wiring and power supply are the main obstacles for establishing
a monitoring platform based on sensor networks within the environment of rail freight vehicles.
Besides a lack of power supply on freight wagons, the harsh operational environment causes wire
fatigue, which results in additional maintenance costs. Moreover, the wiring between vehicles
becomes impractical, especially when it comes to the non-trainload traffic, since vehicles or
consists have to be frequently assembled / disassembled.
In this respect, wireless, energy autonomous sensor systems are considered as the most
adequate solution, which integrates several types of technologies mentioned in Section 3, to
overcome these obstacles for designing a condition monitoring system for rail freight vehicles.
Generally, WSN connects with several sensor nodes through wireless communication. The
diagram of the composition of a typical sensor node is shown Figure 82 (left). Each sensor node
may implement multiple sensors, which can be chosen from the various types of sensor reviewed
in Section 3.1 Sensors. Many sensor nodes are moving toward enabling data interrogation and
autonomous data processing to identify anomalies. Hence, many data processing algorithms
have also been embedded in wireless sensor nodes for autonomous execution (Lynch & Loh,
2006.).
The boards generally comprise one or more sensors, a microcontroller, an analogue-to-digitalconverter (ADC), transceiver, data storage (memory), and a power source. If the data sampling
rate is low, for example, when monitoring the growth of a crack over a period of time, then the
microcontroller, memory, and transceiver power can all be low. However, for frequent sampling
such as monitoring the temperature of a mechanical bearing every second, then the
microcontroller, memory, and transceiver must be more powerful. In this case, energy harvesting
unit is needed to support the power to the sensor node, which is highly relevant to Section 3.2
Energy harvesting technologies. Instead of batteries, an energy harvester jointed with a storage
device enables a sustained stable power supply for each sensor node.
For the purposes of optimising fleet management, the tracking & tracing module should be
integrated into the WSN. The potential technologies have been addressed in the Section 3.3
Identification and tracing technologies.
In a typical WSN, the sensor nodes are arranged in a certain topology and transmit data to the
base station, which relays the data to the control centre via longer-range communications,
Therefore, both intra-train and train-ground communication technologies are involved, which have
been demonstrated in Section 3.4 Data communication technologies.
Figure 82 (right) shows the composition of typical sensor node and WSN installation for track
condition monitoring as an example of the integration of many of the components discussed in
this document into an integrate condition monitoring system.

Figure 82 left: Composition of a typical sensor node; right: A typical WSN setup for track condition
monitoring (Victoria et al., 2015)
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Industrial Wireless Sensor Networks
Considering that WSN technology has demonstrated a great potential for various applications,
such as industrial, commercial, and consumer applications. General-purpose WSN platforms are
developed by many research labs and commercial companies. A comprehensive list can be found
here (WSN Platforms, 2011). In this overview, we focus on wireless sensor systems that can be
used off-the-shelf for industrial applications regarding the considerable potential of their adoption
in the railway context.
Data such as pressure, humidity, temperature, flow, level, viscosity, density, and vibration
intensity measurements can be collected through sensing units and transferred wirelessly to a
control system for operation and management (Zhao 2011). The wireless network technologies
frequently employ industrial standards, such as ISA100.11a, WirelessHART and 6TiSCH.
Network topologies are either mesh or star. Reliability and security often come at the cost of lower
data rates (1 update per second or even less frequent), and therefore local processing is
essential. Other systems that do not focus on reliability and security can provide synchronized
sampling at high data rates. The wireless range, the number of devices in the network, and the
battery lifetime (or power available from other sources), are important aspects that vary widely
depending on the technology chosen.
Relevant examples include:
• Schneider – Accutech (2017) has a star topology where a maximum of 100 sensor devices
can report the data to a base station. Up to 256 WSN can operate in the same area. The
gateway makes the data available to the SCADA network using serial Modbus.
• Honeywell – the OneWireless™ (2017) network supports ISA100 Wireless, WirelessHART
and Wi-Fi devices under a single infrastructure. The users can integrate the wireless mesh
multi-standard network with their applications using among others Modbus, HART, and OPC.
• Emerson – the Smart Wireless (2017) network solution is a WirelessHART mesh network
that provides reliable and secure data transmission. It supports 100 devices transmitting once
in 8+ seconds. It integrates with other applications using Ethernet, Modbus, Serial, OPC etc.
• General Electric – The Essential Insight.mesh Wireless System (2017) is compatible with
the ISA100.11a protocol and supports a number of measurements for condition-based
monitoring of motor driven assets: acceleration, velocity, enveloped, acceleration,
temperature.
• LORD Microstrain – The LXRS® Wireless Sensor Networks (2017) enable high-speed
sensing and data aggregation from wireless sensors. The data rate goes up to 512 Hz and
scales down with the number of nodes in the network. The wireless protocol enables a nodeto-node synchronization performance of ±32 microseconds, and lossless data throughput
under most operating conditions.
• Inertia Technology – The V-Mon 4000 (2017) sensor platform is a wireless data acquisition
system for high data rates of up to 10 kHz. It maintains a network-wide synchronization
accuracy of less than 100 ns. The data rate scales down with the number of nodes in the
network and the range is limited to 30 m line of sight.
• PRÜFTECHNIK – The VIBCONNECT RF (2017) solution has a capacity of 50 sensor nodes
per bridge and a wireless range of 300 m line of sight. The sensor node has an accelerometer
and a temperature sensor for condition monitoring and diagnosis.
Application and Limitations of Industrial Wireless Networks in Rolling Stock Environments
Wireless mesh radio networks designed for industrial applications have a number of design
objectives that are not necessarily optimal for energy harvester powered rail operations:


Users are generally skilled, and networks are installed permanently, so some
configuration overhead requiring network IDs, keys, joining procedures etc. is allowable.
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Network organisation is designed to minimise transport layer overhead in favour of having
the shortest network lag and minimum power consumption possible.
Some distributed power in the network is available to facilitate the addition of remote
wireless network gateways that keep network sizes below some limit (250 nodes in this
type of network would be a lot). The exception to this in the list above is LORD microstrain,
with 2000 nodes in a network but a limited ability to poll devices of 127 nodes in 60
minutes.

With rolling stock, there are different limitations and opportunities:








Harvester power enables the use of less efficient transport layer strategies
Power is only available in the locomotive (freight trains)
Networks must be large (a 80 car freight train has 640 wheels plus other sensors to
monitor)
Network synchronisation is not important
Data update rate must be <5 minutes, with the possibility of priority messages in <<1
minute
Although the train configuration may change on every journey, once a sensor has been
associated with an asset, there can be no further network configuration requiring manual
intervention (the network must “build itself”).
Network structure must allow for some sensors to transmit intermittently, when their
sensor schedule requires (for example an ultra-low power humidity sensor on the freight
container) and other sensors to store and forward messages (wheel mounted, harvester
powered).

Perpetuum has developed a network architecture fulfilling these requirements for wheelset health
condition monitoring. The Perpetuum Wireless Sensor Node and Data Concentrator system
(PERPETUUM 2017) has been designed specifically for monitoring passenger trains with up to
48 vibration energy harvester powered sensor nodes mounted onto axle boxes and other major
bogie components. Each WSN provides vibration data every minute, which is transmitted via
point-to-point radio to the data concentrator, geotagged and forwarded to the cloud database.
The next generation product, developed for freight applications, will have a capacity of 4000
nodes per data concentrator, or an optional data concentrator mounted to one axlebox per wagon.
Vibration power in this case is sufficient to provide data communication and positioning services
several times per hour and provides a complete system on the freight wagon that is independent
of any locomotive mounted equipment. Data density is sufficiently high that data packets can be
lost with no overall impact on system performance, providing robust diagnostics with little
maintenance or configuration required.
Nodes based on these protocols can be used as a platform for testing cargo condition monitoring
technologies in INNOWAG. Wheel mounted nodes using this protocol have the dual advantage
of potentially being able to power RF harvesting sensors in the vicinity to measure cargo condition,
if required by the strategy being developed.
Table 35 shows a comparison among the selected wireless sensing solutions for industrial and
train applications. The overview of the existing off-the-shelf wireless sensor systems shows a
good mix of various technologies including Sensors, Energy harvesting technologies, tracing
technologies as well as Data communication technologies. Their performance characteristics
differ according to the target market for which they were developed. However, as it is generally
known that no size fits all, we will have to address the most important trade-offs when designing
the INNOWAG system, namely:
•
•
•

The types of sensors that the system should interface with, depending on the exact
parameters that need to be monitored
The wireless technology that would satisfy the communication requirements
The energy requirements
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Table 35 Wireless sensing solutions for industrial and train applications
Company

Schneider –
Accutech

Sensors

Acoustic,
pressure,
temperature, level
measurement,
discrete input

Example
application

Process
monitoring and
control

Honeywell –
OneWireless™
Pressure,
temperature,
level, position
measurement,
discrete
input/output
Process
monitoring and
control

Communication Star Point to Point Star Mesh
Technology
Communication Network OneWireless™

Emerson
Pressure,
temperature,
level, position,
vibration
measurement,
discrete input
Process
monitoring and
control

General Electric

LORD
Microstrain®

Inertia V-Mon
4000

Acceleration,
velocity,
acceleration
enveloping,
temperature

Differential
analogue input
channels, 3D
accelerometer

IEPE/ICP® and
analogue input
channels, 3D
internal MEMS
accelerometer

Condition
monitoring and
diagnostics

Condition-based
monitoring, test
and
measurement,
robotics and
machine control
Star Point to Point
CommunicationW
SDA®

Wireless data
acquisition
system for
industrial vibration
analysis and
testing
Star Point to Point
Communication

Self-Organizing
Mesh Network Smart Wireless

Self-Organizing
Mesh Network Bently Nevada
Essential
Insight.mesh
2.4 GHz Direct
2.4 GHz Direct
2.4 GHz Direct
2.4 GHz
Sequence Spread Sequence Spread Sequence Spread
Spectrum (DSSS) Spectrum (DSSS) Spectrum (DSSS)

PRÜFTECHNIK
VIBCONNECT
PERPETUUM
RF
Vibration, roller
Vibration and
bearing condition temperature
and temperature

Industrial
condition
monitoring and
diagnosis

Wheel and axle
bearing condition,
gearbox or motor
monitoring, track
condition
monitoring
Star Point to Point Point to point,
Communication GPRS to cloud.

Transmission
Technology

900MHz
Frequency
Hopping Spread
Spectrum (FHSS)

2.4 GHz
Frequency
Hopping Spread
Spectrum (FHSS)

Maximum
Transmit/
Receive Range

Up 1500m

Up to 10 km
220m
multinode to
multimode
communication;
sensor to
multinode
designed for over
600m

220m line of sight Max 2 km line of
sight, 800 m
typical

30 m line of sight 300 m line of
sight

>75m when
installed on a
train (3-4
carriages),
depending on
receiver location.

Fastest Update
Time

1 second

1 second (20
transmitters)

1 minute

10 kHz (10
Not specified
wireless channels
- 4 channels per
node)

Every minute

1 second (12
wireless devices
INPUT only per
gateway 0)
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[11])

868 MHz
(Europe), 916
MHz (USA)

433MHz
(Europe),
920MHz (USA)
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Wireless
Standard

Uses proprietary
protocol

Number of Field Up to 100
Units per
wireless field
Network
units per base
radio

Multi-standard
protocol:
ISA100.11a,
WirelessHART,
IEEE 802.11 (WiFi devices) IEEE
802.3 (Ethernet
devices)
Up to 400
transmitters at
slow rates

WirelessHart

ISA100.11a

Up to 100 devices Up to 100 devices
for a single
wireless gateway
(at 8 Seconds+
update rate)
Gateway
Modbus
802.11 Wi-Fi,
Ethernet,
Ethernet
Interface
Modbus, HART, Modbus, Serial,
OPC, GCI, Enraf, OPC,
Experion
EtherNet/IP,
HART
Synchronization Time
accuracy
Synchronized
Mesh Protocol
(TSMP) < 1ms
Battery capacity More than 3 years 5 years
5-10 years
Up to 3 years
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IEEE 802.15.4

Proprietary
Proprietary
Proprietary
wireless protocol wireless protocol

Up to 2000 nodes
depending on
sampling settings
(127 nodes at 60
min)
USB or Ethernet,
J1939 CAN

Up to 39 nodes
(at 200 Hz)

Up to 50

48

USB, Raw
Ethernet

Ethernet

N/A

± 32 μsec

< 100 ns

-

N/A. Each node
transmits
independently.

3.7 V Li-Ion
3.75 V Li-Ion
4 years (1
Energy harvesting
rechargeable, 650 rechargeable, 2.6 measurement / 2
mAh
Ah
h)
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4.2.3

Cargo condition monitoring

As shown in Section 3.1.1, sensor and telematic applications are especially demanded in the
case of LDHV goods and dangerous goods transport.
LDHV goods are usually transported by containers on flat wagons. Monitoring of goods inside
containers requires specific mounting solutions, as the sensing elements have to be inside
containers for measuring parameters, whereas the other parts, such as communication and
geolocalisation modules, must be outside containers in an open-air environment. The common
solution is to use door mounting. Figure 83 presents the ‘smartbox’ container monitoring system
used by DB Cargo, which is mounted over the door edge and fixed on the door by screws. The
left picture shows the outside view of the smartbox mounted on the container’s door. This part of
the device contains the antenna for GPS locating and GPRS data transmission, while all the
sensors are integrated inside the container, as shown in the right picture.

Figure 83 Installation of smartbox on containers; left: outside view; right: inside view (DB Cargo, 2010)

The following factsheet presents the smartbox technical data.
DB Cargo Smartbox
Manufacturer:

Kirsen Global Security
(Germany)

Applications:







Ocean container (20’’ / 40’’)
Reefer
Train waggon
Truck (Hard shell)
Other assets

Communication
technologies:





GPRS
Satellite (optional)
RFID (optional)

Measurements:







GPS localisation
Intrusion: door and all sides
Temperature
Humidity
Shock (impact)
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Source:
http://www.kirsensecurity.com/en/soluti
ons-container-monitoring-products-andapplications.php
 Tilt
 Vibration
 Motion inside
 Light inside
 Radioactivity (optional)
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A similar monitoring system using a different door mounting solution is presented below.
Tetis R
Manufacturer:

STARCOM

Communication:






GSM/GPRS
Optional: UMTS/HSPA, LTE
Antenna type: Built-in
Data channels: SMS & TCP/IP

Embedded
systems:







GPS, GLONASS (optional)
Temperature sensor: -45°C to +125°C
Humidity sensor: 0% to 100%
Accelerometer: ± 8g
Light sensor: 0.025 LUX

Installation:



Attached on the door edge

Power
consumption:






GPS only 75 mAh
GPRS only 100 mAh
GPS and GPRS 165 mAh
Sleep/Idle 0.05mAh

Operation:





Voltage 3.7 V
Temperature -20°C to 60°C
Humidity: up to 90%

Source:
https://www.starcomsystems.
com/products/tetis

Dangerous goods are carried by tanks which can be constructed in the form of road tank trailers,
tank containers, 2-axle tank wagons and 4-axle tank wagons. Regardless of the carriage shape
and design, the monitoring equipment is usually fixed on tanks. Besides tracking, the purpose of
the tank monitoring is to monitor the safety-critical parameters inside tanks, such as pressure,
temperature, and liquid level.
Ovinto Sat is a telematics box designed for monitoring of hazardous goods in unpowered
transport, and is suitable for tank containers as well as tank wagons. In connection with the
external sensors for measuring pressure, temperature, filling level and leakage, the Ovinto Sat
box is able to communicate the measurement results along with the location information
determined by GPS technology, via the specific satellite network covering the world. This satellite
communication takes place every two hours to transmit the obtained information (Ovinto, 2017).
Figure 84 presents the telematics device and monitoring concept of Ovinto Sat.

Figure 84 left: Ovinto Sat telematics device; right: Ovinto Sat monitoring concept (source:
http://www.ovinto.com/assets/ovintosatatexbrochure.pdf; access: 10.07.2017)
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The monitoring system deployed by the logistics company Hoyer on its tank containers was
developed by IMT and dedicated for monitoring transport tanks (Figure 85). The main component
is the box mounted on the top side of the container frame, consisting of a GPS/GLONASS/GSM
location module, a mobile network based communication module, a motion-detection sensor and
a shock-detection sensor. The universal sensor located on the left top side of the container is able
to read out data from any sensor with an analogue output, such as manometers and thermomanometers. The temperature sensor on the container surface can log data for two years and
present the measured temperature on its screen. The heating sensor at the lower right corner
measures when, at what temperature and for how long a tank is heated. Alerts can be generated
when the heating temperature is too high. The ultrasonic sensor at the bottom of the tank enables
non-invasive measurements of filling level (IMT, 2017).

Figure 85 IMT’s smart tank sensors on a Hoyer tank container (Source: https://www.hoyergroup.com/en/press/news/details/smart-tanks-for-smart-transports/)

The more common arrangement of an ultrasonic sensor is presented in Figure 86. In this case,
the sensor can be mounted through the dome cover. The gathered data are sent every minute
and internal logs keep the transmitted data at 10-minute intervals (IMT, 2017).

Figure 86 Level measurement principle by means of an ultrasonic sensor (source:
https://www.de.endress.com/de/messgeraete-fuer-dieprozesstechnik/F%C3%BCllstandmesstechnik/Ultraschall-F%C3%BCllstandmessung )
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4.2.4

Integration of monitoring systems

Heterogeneous multi-vendor sensors will be employed to form a sensor system either to
monitor cargo condition or for the purpose of providing information for condition based
maintenance. Hence, it is necessary to integrate all the information obtained from multivendor sensors into an integrated platform which should have common interfaces to allow
communication between different sensors and/or monitoring systems.
Within the INNOWAG project, the integration platform could consist of





On-board wireless sensor systems for cargo condition monitoring which has been
addressed in Section 4.2.1
Wayside RFID readers for identifying and tracking passing freight trains. If the RFID
based sensor system is employed as the on-board WSN, the wayside RFID readers
should receive the measurement data from the on-board systems.
On-board wagon condition monitoring systems should be off-the-shelf available
to deliver the condition data for development of predictive maintenance models.
Wayside wagon condition monitoring systems should be off-the-shelf available to
deliver the condition data for development of predictive maintenance models.

Such an integrated solution has been developed by the MAXBE project, where several on-board
and wayside monitoring systems were integrated into one platform. MAXBE (2013) defined the
data format and the communication protocol of the integration platform (Figure 87).

Figure 87 Overall architecture of integrated systems developed within the MAXBE project (MAXBE, 2013)

There are a number of approaches integrating technologies in different areas to form an intelligent
monitoring solution. As mentioned, Perpetuum has developed an on-board WSN for wheelset
health condition monitoring. The monitoring system is illustrated in Figure 88. The measurement
data are transmitted to the data concentrator, geotagged by the GPS technology and forwarded
to the cloud database via GSM/GPRS. The employed cloud database is based on a commercial
platform, where data are analysed in real time to update information on equipment condition and
track condition, which is visualised on the website, and then are stored as historical data.
Railnova proposes an IoT chain for fleet management based on the combination of hardware and
software technologies (see Figure 89). The on-board telematics hardware integrated the GPS
module for localisation, internal sensors including vibration sensors and temperature for
environment measurement, interface for extending external sensors, and several communication
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units (including GPRS, Wi-Fi, Ethernet and USB for different purposes of communications), as
well as the internal battery and the data storage for autonomy. The software solutions based on
cloud storage and big data analytics provide the up-to-date operation information on the rail fleet,
monitoring asset condition, planning maintenance, etc.

Figure 88 Perpetuum’s monitoring system (Source: Rolling Stock Maintenance Summit, 2016)

Figure 89 Railnova’s concept of rail fleet management (Source: Rolling Stock Maintenance Summit,
2016)

NomadTech developed a CBM solution consisting of:





On-board platform for system interfacing, sensors network and data acquisition
On-board processing for alerting, storage and real-time communication via cellular
network
Single back-office including data visualization tools, data analysis tools, event details,
analysis and replay as well as predictive algorithms
On-shore processing software allowing alerts and alarms configuration, reporting as
well as integration with CMMS, e.g. SAP.

In this way the volume of data to be transmitted are significantly reduced by on-board processing,
while on-shore processing not only allows alerts based on failure prediction, but links them to
maintainers’ CMMS.
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It should be highlighted that the major approaches are dedicated to railway locomotives and
passenger vehicles. For rail freight vehicles the state of the art equipment for condition monitoring
is vehicle-mounted telematics devices, which can be regarded as data concentrators with several
embedded sensors and a GPS-tracker (having functionalities similar to Railnova’s telematics
hardware). The functionality of measurements can be extended through a wired or wireless
communication with external sensors. Due to the lack of a power source onboard of freight
vehicles, telematics devices on the market are mostly powered by batteries. A few axle generators
and solar energy harvesters have also been successfully deployed on the market, however, just
for limited use and applications.

4.3 Assessment and recommendations for further work
Wireless sensor systems
If cargo condition monitoring is to be widely deployed, the relationship between sensors and the
assets they are attached to must be recorded with the minimum overhead possible, using
standard equipment and methods at all locations. In order for this to work, sensors must be
machine identifiable using labels that are non-contact and resistant to grime and wear. One wellestablished technology for this is RFID tagging, which could be used with internet connected RFID
tag readers coupled to a central database of rail and sensor assets. The network configuration
must be automated, with no local knowledge required to accurately attach sensors to the local
network manager.
Data communication systems
The potential communication systems for the transmission of measurement data can be divided
into the intra-train and the T2G communication systems. The former depends on the WSN
design, whereas the latter relies on whether RFID technology is deployed. In the case that RFID
readers are installed in the vicinity of the track, the nearfield communication would take place.
Otherwise, only the remote communication module is involved as a necessary part of the onboard monitoring system. Amongst various technologies discussed in the previous sections,
mobile networks like GSM/GPRS are the mostly common choice for data communication on
freight wagons, while GSM-R is an international, standardised communication system in the
railway sector. Satellite communication was also identified as a suitable solution for the railway
domain, being already available on the market. Last but not least, LPWAN is a relative newer
technology comparing to others. Especially, SigFox and LoRa, one type of LPWAN, are already
deployed for monitoring applications. Their applications in the railway domain can be found in the
pilot studies of SNCF.
Condition monitoring solutions
For the purposes of demonstrating cargo condition monitoring and asset tracking, a simple
expansion of sensor and health indicator types can be applied to an existing asset condition
monitoring system. For the purposes of providing sufficient wagon condition data for predictive
maintenance, the monitoring of the individual vehicle components should be performed. The
techniques for monitoring parameters related to the condition of components and using that data
for CBM have been addressed and assessed in Section 3.9. In addition, Section 4.2.3
demonstrates mainly the off-the-shelf available monitoring solutions including both wayside and
on-board monitoring systems, which can be good candidates for monitoring freight wagons.
INNOWAG will consider various components and the corresponding key parameters to be
monitored, based on a prioritisation driven by their significance towards maintenance costs,
reliability of operation and criticality, and real possibilities of monitoring the objectives.
Section 4.2.4 presents several condition monitoring systems designed for containers and tank
wagons/ tank containers. The measured parameters and the corresponding sensor technologies
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were discussed in Section 3.1. Other technical aspects like power supply, tracking and
communication were respectively investigated in Section 3.2, Section 3.3 and Section 3.4 as well.
INNOWAG will consider the customers’ needs and the compatibility between technologies and
solutions in different areas in order to develop a cost-effective cargo condition monitoring system
by using autonomous self-powered sensors for cargo tracing and monitoring the condition of key
parameters for critical types of freight.
Integrated solutions
Besides measurement techniques for monitoring parameters, an equally critical element of
condition monitoring system are the sub-systems for storing the data, communicating the data,
powering the system, as well as the data processing and the data visualisation. Section 3.5
presents new techniques for data processing and data management that have significant impacts
on railway sector, such as the cloud platform for storing data, web applications for presenting
data, machine learning for processing data, etc. INNOWAG will have to develop the appropriate
IT infrastructure based on similar existing solutions, as well as on available resources.
Condition monitoring systems in other application areas, and those for railway locomotives and
passenger vehicles provide useful knowledge and experience, which could be applied to the
condition monitoring of freight vehicles. However, analyses of the current state-of-art of condition
monitoring systems shows that further work is required to adapt existing technologies and
solutions in different areas to the specific challenges of rail freight vehicles. Therefore, it would
be of considerable benefit to the development any system for monitoring parameters related to
vehicle or cargo condition, for the INNOWAG project to progress the development of the
supporting data collection, data analysis, communication and powering systems suitable for
freight vehicle applications. This would assist towards making the application of technical
developments in condition monitoring and prognosis techniques viable for implementation and
thereby enable the achievement of the maintenance efficiencies that CBM allows.
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5. CONCLUSIONS
The market drivers and trends relating to intelligent freight wagons have been analysed, and a
study has been carried out to benchmark the technologies and processes within the INNOWAG
projects three work streams:




Cargo condition monitoring,
Wagon design, and
Predictive maintenance.

The analysis of freight railway market showed that:






Supply chains have become more complex and sophisticated requiring innovative
services to satisfy the requirements for modal shift to rail, increased customers’ needs
while reducing cost to increase competitiveness with other modes.
o One particular customer requirement is the ability to track and trace both cargo
and equipment in real-time.
To improve efficiency and utilisation new wagons should be more standardised, based on
modular design, built with lighter materials for carrying more cargo, and be flexible (that
is, adaptable for different goods types).
Greater attention should be given to the maintenance aspects of rolling stock, to reduce
costs and to maximise the vehicles productivity.
Market trends indicate that a great demand and potential uptake of intelligent lightweight
freight wagons would be those intended for time sensitive, high value and low density
goods, such as flat wagons for shipping containers and swap-bodies.

The key drivers (which determine market trends) include:






Customer demand: The report has revealed that reliability of service and tracking and
traceability of cargo is important to the customer. Application of CBM (which improves
competitiveness), and tracking and tracing systems (which improve security, safety and
real time cargo location) would provide scope for future research.
External factors: globalisation of the supply chain and environment concerns have led to
world governments either imposing laws or incentivising good practices. Examples of this
are incentives or requirements to minimise CO2 emissions and noise. Modal shift to rail
and the development of lightweight freight wagons which also meet customer
requirements is one obvious route to meet these requirements and goals.
Internal drivers: Logistics, particularly door to door movement of cargo has pushed for
the design of freight wagons that are adaptive and flexible. Development of intermodal
and Ro-Ro freight vehicles are good examples. As supply chains evolve, and operational
logistics adapt, freight vehicle designs need to adapt too to meet customer needs.
Forecasting studies show that crude, manufacturing and building materials; solid mineral
fuels; and machinery and transport equipment are expected to be the most significant
commodity types in 2050. This dictates that wagon development for the rail freight market
of the future should focus on wagons for these commodities, i.e., Open Top Wagons, Flat
Wagons or Covered Wagons. Therefore, research into new and improved wagon designs
should focus on these types.

WS1: Cargo condition monitoring
Regarding to cargo condition monitoring (and also applicable to vehicle condition monitoring
for predictive maintenance), various technologies and solutions aimed at developing an
autonomous self-powered wireless sensor system for cargo tracing, and monitoring key
parameters of cargo have been assessed. The major existing integrated solutions relevant to
these aims lie in wireless sensor networks for asset monitoring and wagon condition monitoring
for the purposes of condition-based maintenance. Both asset and wagon monitoring systems are
regarded as the partial integrated solutions in terms of INNOWAG’s objectives, however, most
applications of these solutions are dedicated for passenger vehicles and locomotives. For rail
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freight vehicles, the state-of-the-art lies in telematics devices which act as data concentrators
gathering measurement data from internal/external sensors via the wired/wireless interface. Due
to the lack of data networks and power sources on and between vehicles in a freight train, and
the limited point-to point-coverage of the wireless interface, such systems as are currently
available are not suitable for monitoring parameters along the entire length of a multiple vehicle
freight train. Therefore, development of a complete integrated solution suitable for freight trains,
combining all of the necessary technological and procedural developments, with additional
developments and customisation becomes necessary to achieve the project objectives.
The critical subsystems for the integrated solution and the recommendations regarding further
research can be briefly summarised as follows:







Sensors: smart sensors, MEMS sensors and RFID based sensors or combination of them
are good candidates to monitoring key parameters such as weight, integrity, temperature,
humidity, vibration & shock and gas leak, etc.
Energy harvesting: solar and vibration energy, and RF powered sensors have the intrinsic
properties necessary for energy harvesting on rail vehicles, which is a potentially viable
solution to the lack of a train-wide power supply.
Identification and tracing: the RFID technology would be more suitable for identifying
loading units; for tracing, it appears that the use of integrated solutions, by combining, for
instance, the GNSS module with an odometer or an inertial system (commercially available
in the automotive industry) would be a feasible solution.
Data communication: wireless technologies, including innovative RFID techniques, are
suggested for inside-train communication, whilst mobile networks or LPWAN techniques may
be feasible for outside-train communication.
Big data management: it is suggested that all data transmitted to the database is
automatically geotagged and can be correlated with other data sources on the train, and then
fed into predictive maintenance programmes. Sensor parameter specific algorithms can be
applied to data received and the results made available to maintenance staff and engineers.

Generally, the technologies and solutions that can be of interest for the INNOWAG project should
be suitable in the context of rail freight vehicles, which means they can be reliable in the harsh
environment, compliant with standards and regulative requirements for railway applications, as
well as cost effective. The design choices of the INNOWAG cargo condition monitoring system
will be done after thoroughly analysing the requirements of the target INNOWAG use-case and
application.
WS2: Wagon design
Regarding wagon design, particular emphasis has been placed on lightweight design; this is in
line with the projects objectives and the trends and consensus identified within the EU for light
weighting freight vehicles to reduce emissions and impact on the infrastructure. The weight
reduction approaches which could potentially contribute towards the project objectives have been
determined. The promising topics for further research are:







Replacement of materials of high specific weight with lower density materials without
reducing stiffness and durability;
Lighter metallic materials (particularly HSS), composites, and metallic-composite hybrid
structures, with emphasis on jointing techniques;
More efficient profiles of structural sections;
Optimisation of the (geometrical) design of structures so as to reduce their weight without
any loss in rigidity or functionality;
Optimising production processes to enable the optimum geometry and materials
combinations to be used;
Fundamental changes in the design, for example, by using ‘block trains’, fixed sets of
wagons, and Jacob’s bogies, or the application of the chassis-less concept applied in road
vehicles;
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Testing of novel light weight designs to validate design approach and with a view towards
acceptance tests;
Cost implications of novel light weight rail vehicle structures, in terms of material costs,
production costs, and maintainability and life cycle costs.

WS3: Predictive maintenance
Regarding predictive maintenance, it has been shown that condition based monitoring
maintenance practices utilising prognostic models and maintenance management solutions for
predictive maintenance have been applied to railway passenger units and locomotives. The
operational and maintenance efficiencies achieved through the application of predictive
maintenance in these cases illustrate how similar benefits could be achieved through the
application of condition monitoring and predictive maintenance to freight vehicles. In addition it is
evident that effective application of predictive maintenance practices to specific fleets and vehicle
operators requires a customised solution which takes into account the vehicle characteristics,
failure models, maintenance requirements and organisational structure. Applying predictive
maintenance practices to freight vehicles has its own challenges, particularly in terms of power
supply and data communication for the condition monitoring aspects. However, the range of
technologies and processes identified show that there is scope for the customisation and
development of systems for predictive maintenance to freight vehicles, and the examples of its
application for passenger vehicles and locomotives show that it could be expected to be beneficial
in terms of overall maintenance and operating efficiency.
Based on the benchmark analysis, a number of technologies and processes potentially relevant
to achieving the project objectives have been identified, which, with further research and
development, would contribute towards the development of an integrated intelligent lightweight
wagon. Therefore, the recommended topics of further research and development in the areas of
predictive maintenance models and maintenance management solutions are summarised below:




Predictive models for wagon maintenance:
- Refinement of existing models for wheel wear, to specifically adapt them to freight
vehicles;
- Further development of sensing hardware and data processing methods for the
structural health monitoring of critical components of wagons, particularly axles;
- Definition of prognostic model for critical components of wagons, particularly roller
bearings;
- Definition of methods for the monitoring of suspension components specifically
considering the characteristics of freight wagons (e.g. dry friction suspension
components, large difference between tare and laden condition of the vehicle, and
power available for monitoring);
- Further development of hardware units supporting data collection, data analysis,
communication and powering systems suitable for freight vehicle applications.
Maintenance management solutions:
- Develop tools for maintenance policy optimisation, integrating all of the relevant
characteristics, maintenance processes, and life cycle cost for the vehicle;
- The research shall also address new business models and service approaches related
with wagon and fleet management;
- Defining Condition Base Maintenance solutions and software suitable for freight
vehicles, taking into account compliance with existing standards and potential
compliance with the MIMOSA standards.
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