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Disclaimer
This report was prepared as an account of work funded by Shift2Rail Joint Undertaking. The
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Executive Summary
This deliverable presents the results of Task 4.1 within Work Package WP4. The objective of WP4
is to develop methods for the predictive maintenance of freight wagons, in order to increase the
performance and cost effectiveness of rail freight transport. In particular, the topics addressed in
this deliverable, which fully covers the Task 4.1, are:
•

Selection of data, from historical and condition monitoring;

•

Analysis of selected data (costs and failure modes);

•

Prioritisation of components and sub-systems in terms of relevance to predictive
maintenance.

Section 1, Introduction, presents the main Task 4.1 activities, in the frame of the WP4 and of
the following Tasks 4.2 and 4.3, and the adopted methodology for the analyses..
Section 2, Maintenance programme on European freight vehicles, illustrates the approach
to the maintenance of the freight wagons typically adopted in Europe, based mainly on the VPI
guidelines regarding the wheelsets and on some general NDT inspections prescribed on all the
other components.
Section 3, Cost driven analysis, based on data received from the two operators involved in the
project (HVLE and UVA), the operational costs connected to wagon maintenance are collected
and analysed. A LCC model, for the whole lifetime of the wheelset, is developed and the
received data is fitted, trying to harmonise the results from the two operators. From this kind of
analysis, a prioritisation of the components to be intelligently monitored is extrapolated, from the
point of view of the lifecycle costs only.
Section 4, Reliability driven analysis, a parallel analysis to the one performed in Section 3 is
carried out, considering here the data received from the two operators from the reliability point
of view only. A RAMS analysis, based on the evidences from service, is prepared, and a
prioritisation of the components to be inspected is presented from a reliability point of view only.
Section 5, Case Study, based on the results from Sections 3 and 4, case studies are carried
out in order to assess the effectiveness of monitoring the identified components, which is done
by evaluating both changes in LCC and RAMS due to the application of an intelligent monitoring
system. These results are only to be considered in the frame of this Task 4.1, since the intention
here is only to identify the possibility of improving the maintenance by defining the areas which
would be expected to benefit the most from the intervention.
Section 6, Conclusions, finally some conclusions are drawn and an indication of the critical
components which can benefit the most from an intelligent monitoring system is presented, based
on the results from Sections 3, 4 and 5.
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Nomenclature
In discussions related to maintenance different terminology has been used in the past for the
various approaches to maintenance. To facilitate a clear, precise, and unambiguous discussion
on the topic of maintenance within this document and work stream within the INNOWAG project
it is necessary to define the terminology which will be used. This terminology is defined in Table
0-1, and it is based on, and consistent with European standard EN13306:2017 Maintenance Maintenance terminology [17], which specifies generic terms and definitions for the technical,
administrative and managerial areas of maintenance. The number before each term is the same
as in that in the standard, the exception is those numbers prefixed with an A which are additional
terms defined for use in this document.
Table 0-1 Definition of maintenance terminology
Term

Definition

2.1 maintenance

combination of all technical, administrative and managerial actions
during the life cycle of an item intended to retain it in, or restore it to, a
state in which it can perform the required function

2.4 maintenance
strategy

management method used in order to achieve the targets assigned and
accepted for the maintenance activities

5.1 failure

loss of the ability of an item to perform a required function

5.2 failure mode

manner in which the inability of an item to perform a required function
occurs

7.1 preventive
maintenance*

maintenance carried out intended to assess and/or to mitigate
degradation
*Predictive maintenance is abbreviated to PdM in this document.

7.2 predetermined
maintenance

preventive maintenance carried out in accordance with established
intervals of time or number of units of use but without previous condition
investigation

7.3 conditionbased
maintenance

preventive maintenance which include assessment of physical
conditions, analysis and the possible ensuing maintenance actions

7.4 predictive
maintenance

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

7.9 corrective
maintenance

maintenance carried out after fault recognition and intended to restore
an item into a state in which it can perform a required function

7.12 scheduled
maintenance

maintenance carried out in accordance with a specified time schedule
or specified number of units of use

7.13 opportunistic
maintenance

preventive maintenance or deferred corrective maintenance undertaken
without scheduling at the same time as other maintenance actions or
particular events to reduce costs, unavailability, etc.

A1 maintenance
action

planned action (within a maintenance strategy) to an item to restore,
retain in a state, or replace a component so that the function required of
the item is performed, BEFORE the item reaches a state where it is not
in a state to perform the required functions

A2 repair action

unplanned action on an item AFTER the item reaches a state where it
is not in a state to perform the required functions, to restore it, or replace
a component so that the function required of the item is performed
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1. INTRODUCTION
The INNOWAG project aims to provide intelligent cargo monitoring and predictive maintenance
solutions integrated on a novel concept of a lightweight wagon.
The scope of Work Package 4 is to develop methods for the predictive maintenance of freight
wagons, in order to increase the performance and cost effectiveness of rail freight transport.
In particular, the scope of the Task 4.1 is to define a prioritisation list of components and subsystems in terms of relevance for predictive maintenance, useful for the following activities of the
next sub-task 4.2 “Integration of data and development of analytical models”.
In order to achieve this aim, two sets of real data from the maintenance activities were given by
the two partners, HVLE and UVA, and all the analyses carried out were based on these real
datasets, returning tangible results. The available data was investigated from the two points of
view, namely the Life Cycle Cost (LCC) of the wagon and the Reliability, through dedicated RAMS
analyses. In addition bearing and wheelset failure data from a bearing monitoring program was
provided by a third partner (PER) for RAMS analysis.
Using the available data, it was possible, through the two analyses, to determine a list of the
critical components of the wagon, which could potentially have some relevant improvement from
intelligent monitoring during the vehicle lifetime. The list of the critical components was then
verified through a “case study”, in order to understand the advantages of the intervention in each
of the defined “critical areas”, making sure that the monitoring of the critical components proposed
in the priority list would be expected to have some real advantage.
As mentioned above, the LCC and RAMS analysis included in this report are mostly based on
historical data available at some partners in the consortium. For this reason, the results obtained
are in strict terms only applicable to freight wagons with Y25 bogies of the existing designs, and
not to the new lightweight vehicle being developed in WS2 of INNOWAG. However, the effects of
the new lightweight design on the design and characteristics of some of the components of the
freight vehicle (e.g., suspension components) are very limited, and the effects on the degradation
and failure mechanisms are expected to be even more limited. Therefore, it is reasonable to
expect that the results obtained in Task 4.1 can be extrapolated and/or extended to the lightweight
vehicle concept design developed in the INNOWAG project and would still be relevant for such a
design.
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2. MAINTENANCE PROGRAMME ON EUROPEAN FREIGHT
VEHICLES
The maintenance programme for railway vehicles in Europe is based not on official European
standards, but on some guidelines, accepted widespread in the European network; the EN15313
standard [1] including the operator’s main internal rules, even if it is dedicated to in-service and
off-vehicle wheelset maintenance, contains in fact no precise indications on the inspections to be
carried out and their relative frequencies.
Regarding the complete vehicle, the inspections are delegated to the responsibility of the
operators, while more precise indications can be found for the sub-levels: especially for the freight
wagon wheelsets, the VPI 04 guidelines [2] (VPI - Vereinigung der PrivatgüterwagenInteressenten - German association of parties interested in private freight wagons) provides the
reference rules together with the additional visual inspection as defined in EVIC (European visual
inspection catalogue for freight wagon axles) [3] and ECCM (European Common Criteria for
Maintenance of freight wagon axles) [4].
Basically, the maintenance programme is defined on the assessment of the state of the vehicle
(or its sub-sets), and evaluated based on various non-destructive inspections (NDT).
Among them, the most used assessment or inspection technique is visual inspection (VT), which
can be performed on all the parts of the vehicle with high frequency, due to the limited amount of
time required and because the components remain in their original state. Another used NDT is
the ultrasonic inspection (UT), typically used in service only for the axles, due to their criticality;
this inspection is usually carried out less frequently than VT because is more invasive and time
consuming. Finally, the magnetoscopic inspections (MT) can be used, but only when the heavy
maintenance is planned, because the components must be dismounted and the paint removed.
Eddy current (ET) testing is only occasionally adopted by some operators on the wheelsets, but
is not a widely used and commonly agreed method.
On some components other than the wheelset dye penetrant (PT) testing can also be adopted;
even if the capability of detection of this method is lower compared to the MT, this can be the only
option for some components like springs or buffers.
The technicians must be trained and certified according to EN ISO 9712 [5] for all the inspection
methods which are used, which, together with the tools, represent a cost for the operator or the
Entity in Charge of Maintenance (ECM). In recent years the qualification EN ISO 9712 is also
required more and more often for the VT method, which was not common in the past.
The cost of each inspection is proportional to the time required for the control itself, but the largest
part is related to the time of unavailability of the wagon due to the inspection and all the related
activities, like dismounting of the sub-assembly from the vehicle and disassembly or cleaning of
all the parts. The VT returns the lightest inspection from LCC point of view, while the MT, due to
the complete disassembly of all the components and the removal of paint, represents the heaviest
inspection.
According to VPI 04 [2], there are five levels of inspections during the lifetime of a wheelset,
defined on the basis of the experience of the ECMs and respectful of these principles:
- IS 0: inspection only by VT;
- IL: overhauling of the bearings (every 600000 km or 6 years);
- IS 1: reprofiling of the wheels (when required from the returns of IS 0);
- 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 with the MT control for all the accessible
parts of the axle and the UT for inspecting the wheel seats (the wheel is not required sto be
dismounted), while no NDT is prescribed for the wheels. For IS 3 stop, since the wheels have to
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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 operators, but it is
recommended to perform this level of inspection each time the train is stopped.

2.1 Maintenance programme on wheelsets
A list of preventive inspections and the related corrective actions is defined in Table 2-1, for the
complete wheelset (axle and wheels), without considering the bearings.
Some of them are visual checks to assess the integrity of the coating on the components and the
wheelset in terms of damages; others are dimensional verifications like wheel tread profile, the
flange thickness, the wheel diameter, the wheels back to back distance. During this kind of
inspections of course the vehicle needs to be out of service in the depot on a pit in order improve
the inspection condition, but at the same time they are not so time consuming so that they can be
made quite often and typically during the night time; on the other hand they can provide a reliable
overview of the vehicle condition for the next short term safe service. The interval of these
inspections is normally quite short as 25,000 or 30,000 km for example. This inspection
corresponds to the IS 0 according to the VPI 04 guidelines.
Table 2-1 Preventive inspections and maintenance
Frequency
Km/Months

Operation (inspection or revision)

Presence of the cap in wheel oil injection bore
Wheel wear checked by the presence of the wear groove
A
Rolling plane wear
Normally
Flange wear
fixed during
Inspection of rim flange conditions
design stage
Rolling plane surface defects inspection
according to
Wheelset defects inspection
LCC
requirement Axles visual inspection
Axle paint integrity
Wheel paint integrity
Rolling diameter inspection
B
(multiple of A) Rim width inspection
Wheel tread roll over inspection
Wheels back to back and inner faces parallelism inspection
C
(multiple of B) Axle ultrasonic inspection with bore probe system
Or/and MT (ED) inspection of free surface

Action

Reprofiling

Repair

Reprofiling

Depending on the quality of the component and on the service usage of the vehicle, some
damages may be detected during the inspection, like detachment of paint with corrosion initiation.
In these cases, the coating restoring can be made immediately, whereas other major issues, like
wheel damage and worn profile over the acceptable limit would require wheel turning to be
scheduled in the following weeks, the scheduling priority depending on the severity of the
condition.
It is worth noting that inspection and maintenance steps of each critical component should be well
synchronised in order to reduce the overall train downtime: this is the job of train manufacturer
first, and the ECM later. The planning of maintenance activities can take great advantage of
applying sensors to detect defects, since the activities can be planned before the physical
inspection.
Additional visual inspection was introduced in European freight wagon fleet, EVIC and ECCM.
The visual inspection of the European wheelset population was introduced since April 2010 and
since May 2011, application is mandatory for freight fleet. The following is a list of the objectives:
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 to inspect the axle status according the criteria in the EVIC catalogue;
 to remove axles from service which do not fulfil the inspection criteria (immediately / after
unloading);
 Improve the status of the axle surface in by ensuring the detection and treatment of local
and severe defects and of large and heavily corroded areas, deeply and uniformly pitted
surface.
 Complete NDT on all axle sections in the medium wheelset maintenance level;
 Complete Magnetic Testing (MT) on the total axle surface at highest wheelset
maintenance level. To handover removed axles for maintenance with appropriate
treatment and Non Destructive Testing (NDT).
 NDT of the whole axle during medium and heavy maintenance (which increases the
probability of crack detection and results in more checks / higher frequency of
maintenance tasks)
 to record a set of minimum data for the inspected axles (Return of Experience);
These requirements are already widely adopted by the freight wagon keeper (because of the time
based inspection frequency) and rules are already defined also in the EN15313, which is valid for
any type of fleet. A consequence of adopting these inspections is that the related cost for these
activities has a strong impact on the transport activities, since the related inspection are in charge
of the freight wagon keeper.

2.2 Maintenance programme on bearings
Typically, the configuration of an axle box is very simple, and consists of two tapered bearings in
the opposed configuration, to restrain the axial forces from the running conditions. A couple of
rings retain the bearings in place, and everything is mounted, together with some specific sensor,
depending on the configuration of the wagon, inside the axle box, which is usually made of cast
iron and represents the connection with the suspension system. The lifetime of a bearing for a
freight application is usually given, by all the suppliers, at 1.2 Mkm, which corresponds to twice
the interval of inspection, set by VPI [2] at IL, corresponding to 600000 km.
At this stage, which corresponds to IS3 or 1.2 Mkm, considering that the wheelset has already to
be fully dismounted to be able to perform the required MT inspection on the axle, also the bearings
are dismounted from the axle box and fully inspected. The activities that are carried out at this
stage consists of fully disassembling of the rolling components, cleaning, dimensional
measurements and inspections by VT of all the parts that can be reused (rollers and outer and
inner rings), followed by reassembling of the components, re-greasing with fresh grease and
finally measuring and setting of the clearance as prescribed by the original drawings. All the
consumable parts, like grease and seals have to be changed at each inspection.
In addition to the bearings, the other related part that is controlled, by VT at every stage of
inspection and by PT at IL, is the axle box. An additional check of the axle box which takes place
at the IL, whilst fully dismounted, is the dimensions of the axle box at the interfaces with the
bearings.
These activities are very onerous in terms of time and costs of the inspection itself and can reach
up to half the cost of the new bearings. Moreover, the ECM must be qualified by the original
supplier of the bearings in order to be able to perform such activities. There is also the possibility
that operator’s errors in the disassembly and re-assembly process could introduce new defects,
or the conditions for new defects to develop, which might not have existed if the bearings had not
been disassembled.

2.3 Maintenance programme on braking systems
The braking system of a typical freight wagon is relatively simple: it consists of a command line
made by pneumatic air hose, which activate a mechanism which presses the brake blocks against
the wheel. In some sense, the wheel is an active part of the braking system. The typical brake
14 / 60

Deliverable D4.1 – [Final/revised]

block adopted in the past was the cast iron one, but, due to mainly noise issues, it is increasingly
being substituted by the more recent composite blocks Whilst composite blocks reduce noise
emissions, they result in higher thermo-mechanical stresses on the wheels, increasing the
probability of fatigue cracking. The braking system, including the wheel, are a safety relevant subcomponent of a freight wagon, not only for the importance of correctly stopping the vehicle, but
also with respect to the structural integrity of the wheels. For these reasons, it has to be checked
each time it is possible, at least by VT technique.
The major inspections that have to be carried out are relevant to the thermo-mechanical integrity
of the wheel, which is often equipped with thermo-sensitive paint. This is to check that the wheel
has not been subjected to overheating due to the brake blocks being applied continuously (which
would also lead to anomalies in wheel wear life) or being in some other way outside specified
parameters..
The maintenance programme for braking systems is specified in VPI 07. In a similar manner to
the one on wheelsets, there are two levels of the scheduled revision of brake systems, referred
to as brake revisions (Br). Brake revision Br 2 and Br 3 are defined as below:
- Br 2: replacement of defective and worn parts as well as time-dependent replacement of the
pneumatic parts;
- Br 3: Br 2 plus disassembling mechanic parts and, if necessary, replacing them.
Br 2/3 is to be performed during the wagon revision (G4.x), corresponding to roughly 6 years. In
addition, unscheduled Br0 is required in case of a defective brake, change of friction elements,
replacement of wheels, bogies or temporary lifting of vehicle underframes, to ensure the
functionality of brake systems. The detailed work instructions are specified in Annex 2 and 3 of
VPI 07 [6].

2.4 Maintenance programme on various structural components
The main sub-systems that are regularly inspected during the lifetime of a wagon are those
described in the previous paragraphs. The remaining parts of the wagon are inspected mainly by
VT when the train is at the depot. Additional inspections can be carried out onto other safety
components, like bogies or other frame parts. Typically, the buffers are regularly checked, for
example, by PT dye penetrant.
Regarding the frame, bogies, and the rest of the wagon, there is anyway no general rule in the
maintenance plan. What is important is that each ECM has to present a plan of the activities in
order to be certified and operate.
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3. COST DRIVEN ANALYSIS
The chapter is structured as follows: Section 3.1 gives and introduction to the LCC (Life Cycle
Cost) analysis for the Y25 freight wagon; in Section 3.2 a short background on LCC cost items
is presented; Section 3.3 describes the developed LCC model for the Y25 freight wagon, with
focus on cost items (definition, input, calculation, and output), CBS (Cost Breakdown
Structure), and actualisation parameters (discount rate and useful life).
Sections from 3.4 to 3.6 present the results of the LCC applied to wheelset, braking system,
and suspension system, respectively. Section 3.7 is devoted to the identification of the most
critical components from the LCC perspective.

3.1 Introduction
The lifecycle of a physical asset begins with its acquisition and ends only when it is removed
from service by being sold, converted, or disposed. The LCC is the cost incurred along the
whole lifecycle of an asset considering the design, purchase, construction, operation,
maintenance and decommissioning phases.
The main advantage of using an asset life cycle perspective is to consider not only the initial
design and purchase cost, but also to take into account all the costs derived by the utilisation
of the asset itself, until the disposal of the asset at the end of its life.
In the following, an LCC model is proposed and applied to the Y25 bogie, the most used
wagon type for commercial purposes in Europe, see Figure 3-1. It is frequent in practical
applications, to divide the overall asset in sub-parts, so as to be more comfortable about the
cost evaluation. This way will be also followed in this study of the Y25 freight wagon.
Especially the focus will be put onto the bogie part of the wagon, composed by the wheelset,
the bogie frame and the braking system.

Figure 3-1 The Y25 bogie.
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In more detail, each bogie (2 bogies per wagon) is composed by:





2 wheelsets, each further divided into:
o 1 axle;
o 2 wheels;
1 brake system, further composed by:
o 1 brake rigging;
o 1 isolating cock;
o 8 brake blocks;
1 suspension system, further composed by:
o 4 axle box mountings;
o 8 helical springs.

The LCC will be computed for each of the three afore-mentioned components, in order to end up
with a complete LCC for one bogie.
It is important to remark a simplified assumption considered for the bogie frame: the bogie frame
is an important structural component, nevertheless, considering the goal of this study that is the
introduction of Predictive Maintenance (PdM) to improve wagon performance, it is difficult to
envisage a practical measurement system able to identify and predict possible failures in the
bogie frame. For this reason, faults in the bogie frame are not considered in the LCC analysis,
only those in the suspension system.

3.2 Background of LCC analysis
Life cycle cost is defined as a process of summation of costs estimated from initial purchase stage
to disposal stage for a product or system. LCC is recognised as one of the most established and
used methodology to select the best solution among a series of alternatives: it synthesises the
complete range of information that should be considered as a basis for informed decision-making
in order to achieve improvements in cost, productivity and profits associated with the system,
through good asset management.
The LCC is composed by mainly two parts: a first step of technical evaluation of the asset,
considering data concerning failures, productivity, availability and others, and their translation into
annual cost; a second step of financial evaluation, aimed at calculating the cash flows and a
meaningful indicator for the problem under analysis [6].
In literature, there are various papers about the application of the LCC in the railway sector. The
LCC method can be applied to the railway infrastructure, railway infrastructure assets or vehicles.
The railway system proves to be quite a complicated system. For example, the quality of the trains
(rolling stock) influences the wear of the infrastructure and thus the amount of maintenance and
renewal needed. The driving factor causing failures and maintenance on the railway infrastructure
is the degradation of the asset. Besides this, other factors that also influence the life cycle costs,
such as the amount of preventive maintenance, market prices of labour, the material costs, etc.
[7].
Railway infrastructure and vehicle assets have long lifespans and once installed it is very costly
and complicated to modify the initial design [8]. For this reason, it is of primary importance to use
a lifecycle perspective while evaluating the costs. Nowadays, being able to evaluate the LCC of
assets is more and more recognised by companies and researchers as a basis for taking informed
decision-making both for investment and managerial issues; nevertheless, its importance within
asset management strategy still remains generally undervalued [9].
There is relatively little literature about the application of LCC analysis to freight vehicles, whilst
many examples of LCC calculations applied to railway vehicle for the transportation of people are
present, [10] and [11] provide some examples. In order to improve the cost and operational
performance of freight vehicles, the need to build a LCC model for these vehicles emerges. A life
cycle costing model is a simplified representation of the real world. Therefore, the life cycle costing
model should represent the characteristics of the system, including its intended use environment,
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maintenance concept, operating and maintenance support scenarios, as well as any constraints
and limitations. For many vehicles, it is possible to achieve a low LCC without increasing the
acquisition cost by importing a well-structured maintenance program and technical analysis of
critical components which can give low maintenance costs and high reliability [12].
The LCC is basically the sum of different terms, depending of the costs that have been considered
in the calculation, and the level of detail wanted. LCC modelling is highly dependent on the scope
and objectives of a model. Cost elements which represent the individual costs should be defined
systematically to avoid ignoring one or more significant cost elements.
There are several models for the LCC calculation in literature, due to the different cost items that
may be introduced in the model; among them the most used cost items are:





Purchase cost: it is the cost to purchase the asset; it could also include the design cost;
Operational cost: this cost covers energy consumption, civil works, signalling,
communication, power supply, etc.;
Maintenance cost: this cost item considers both the corrective and the
preventive/predetermined maintenance; the data for planning maintenance is quite
variable, thus making this cost as one of the most complex to estimate;
Disposal cost: the disposal phase, or dismissal or decommissioning cost phase, of the
asset consists in the removal of the asset from the system, due to many causes (e.g.
obsolescence). On one hand, this phase could involve either saving costs, the asset has
a residual value; on the other hand, it does not have a residual value greater than the cost
of the process to remove it from the system and expenditure occurs in order to remove it
from the system.

In [13] the LCC comprises only the first three cost items, while in [14] all the four terms are taken
into account.
In the next section, the LCC model will be defined, explaining what costs will be introduced and
what costs will not.

3.3 LCC model definition for the bogie of a freight vehicle
The detailed cost breakdown structure of a LCC model is highly dependent on the specific context
and items to which it is applied to.
In this specific application case, a relevant cost item to be included is represented by the hidden
costs referring to the losses related with the down time of the freight vehicles.
Overall, the LCC model for the application on freight wagons fitted with Y25 bogies is:
𝐿𝐶𝐶 = 𝑝𝑢𝑟𝑐ℎ𝑎𝑠𝑖𝑛𝑔 𝑐𝑜𝑠𝑡 + 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡 + ℎ𝑖𝑑𝑑𝑒𝑛 𝑐𝑜𝑠𝑡 + 𝑑𝑖𝑠𝑝𝑜𝑠𝑎𝑙 𝑐𝑜𝑠𝑡
A freight wagon fitted with Y25 bogies is an asset for commercial purposes, so it is “simpler” than
wagons designed and built for passenger transportation. However, some assumptions and
modelling choices are necessary, especially regarding operation, maintenance and hidden costs,
as hereby explained:
 Operational cost: from a first analysis it is highlighted that any changes to the LCC will be
neutral in terms of the wagons power consumption, as there is no direct power
consumption in operating the systems on these types of wagon since it is assumed that
the power supplied by the locomotive to move the wagon (and freight) and the air supply
to operate the brakes will remain unchanged, also it is assumed that whenever any sensor
is present, it is self-powered. Moreover, the operational cost is also related to the track
access charges and it was decided to not consider it in the LCC calculation;
 Maintenance cost: with regard to the maintenance cost, the maintenance activity is further
divided into corrective and preventive maintenance: corrective maintenance deals with
unplanned failures, whose effects are not merely the stopping of the wagon and the
following repairing activities, but also the disruption of the vehicle operators service and
the railway network disruption; on the other hand, the preventive maintenance is more
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controlled, often carried out according to industry standards present in Europe, as the
General Contract of Use for wagons (GCU) [18];
Hidden cost: the costs caused by unplanned stops are collected under the cost item of the
LCC called hidden costs, because they are costs not directly related to maintenance
activities (an example of cost related to maintenance activities would be cost of replaced
parts), but they highlight the impact of the failed or late delivery of goods and railway
network disruption, which may cause slowdowns, delays and cancellations.

Summarising, the LCC model is built up by four cost items: purchasing cost, maintenance cost,
hidden cost and disposal cost, as presented in Figure 3-2.
CAPEX

€

PURCHASING COST

It represents the initial cost to purchase the component under analysis.

MAINTENANCE COST
CORRECTIVE MAINTENANCE COST

€/year

PREVENTIVE MAINTENANCE COST

OPEX

The corrective maintenance cost represents the contribution to the LCC of the asset of each of the
component due to the unplanned activities needed on such component, due to unforeseen events.
The preventive maintenance cost deals with the contribution to the LCC of the asset of each of the
component due to planned activities for maintenance based on established maintenance policies.

HIDDEN COST
OPPORTUNITY COST

€/year

SERVICE DISRUPTION COST

€

DISPOSAL COST

The opportunity cost describes the money loss due to the inability to deliver the goods due to the
failure of the freight wagon.
The service disruption cost derives from the penalties the infrastructure manager will charge to the
infrastructure user due to blocking of the railway line.
It represents the cost to be sustained to dismiss the component.

Figure 3-2 The LCC model.
The knowledge of the values for each cost items could lead to the identification of the most critical
components. This evaluation must be done only after the actualisation process, through the NPV
(Net Present Value) application: this will further enhance the selection of the critical components,
because this approach considers the different instants in time a cost has to be sustained.
The next section presents the CBS (Cost Breakdown Structure) developed in order to understand
the main contributions to each cost item present in the LCC model. Then, each cost item is
analysed in detail, focusing on how the values are extrapolated and if some assumptions have to
be made.

3.3.1

Cost breakdown structure

The CBS is a useful tool to achieve better knowledge about the single contributions to the overall
cost: each cost item is often composed by the summation of different contributions.
The first categorisation of cost items is between CAPEX (Capital Expenditure) and OPEX
(Operational Expenditure): this allows a first understanding about what cost will be sustained once
or every year, for CAPEX and OPEX respectively. This distinction is to be considered only as a
guideline, and not a strict distinction, in fact in this case the disposal cost will also be sustained
only once, but it is classified as OPEX.
The CBS is presented in Figure 3-3.
The creation of the CBS highlights the importance of correctly understanding the cost associated
with manpower, material and transportation. It was not considered useful to further split into more
detailed costs contributions due to the level of detail present in the data.
The data derives from different partners, thus the recording activity is performed differently and
the same data is not available in all of the data sets provided. For each situation the equation for
the computation of the cost has been customised according to the available data.
Nevertheless, in the next section the LCC model is described in more details, trying to give a
general formula or equation for the calculation of the cost items, at least to have a general
guideline.
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Bogie
Life Cycle Cost

CAPEX

OPEX

Purchasing cost

Maintenance cost

Corrective
maintenance cost

Hidden cost

Preventive
maintenance cost

Disposal cost

Opportunity cost

Service disruption
cost

Manpower cost

Manpower cost

Material cost

Material cost

Transportation cost

Transportation cost

Figure 3-3 Cost Breakdown Structure.

3.3.2

LCC model description

The following tables present the description of each cost item highlighted in the CBS of Figure 33, in terms of:





Definition
Input
Calculation
Output

The CAPEX is explained in Table 3-1. The cost items under OPEX are instead from Table 3-2 to
Table 3-6.
Table 3-1 Purchasing cost
Purchasing cost
Definition
Input

It represents the initial cost to purchase the component under analysis.
Cp,i = purchasing cost of components
𝐶𝑝 = ∑ 𝐶𝑝,𝑖

Calculation
Output

𝑖

Purchasing cost Cp
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Table 3-2 Maintenance cost – Corrective maintenance cost.
Maintenance cost
Corrective maintenance cost
Definition

The corrective maintenance cost represents the contribution to the LCC of
the asset of each of the component due to the unplanned activities needed
on such component, due to unforeseen events.


Input


Calculation

Cmean,cm = mean cost for an intervention of corrective maintenance
(€/failure), taking into account mobile and stationary maintenance
o It is derived from the database of intervention for corrective
maintenance
MTBF = mean time between failures (hour)
Number of failures Nfail (assuming 8760 working hours per year)
Nfail = 8760 / MTBF (failure/year)
Ccorr,maintenance = Cmean,cm * Nfail

Output

Corrective maintenance cost Ccorr,maintenance

Table 3-3 Maintenance cost – Preventive maintenance cost.
Maintenance cost
Preventive maintenance cost
Definition

The preventive maintenance cost deals with the contribution to the LCC of
the asset of each of the component due to planned activities for
maintenance based on established maintenance policies.


Input







Calculation




Cmanpower = cost of the manpower (€/year)
o Chour,man = hourly cost of the manpower (€/hour)
o Nman,int = number of technicians needed for each
maintenance activity
o MTTR = duration of the maintenance activity (hour/failure)
Cmaterial = cost of the material (€/year)
o Qmaterial = needed quantity of the material (Kg)
o Cmaterial,m = cost per Kg of the material (€/Kg)
Ctransport = cost of the transportation of the component (€/year)
MTBM = mean time between maintenance
Number of interventions for preventive maintenance (assuming
8760 working hours per year)
Nint = 8760 / MTBM (intervention/year)
Cost of the manpower (j=1, …, J maintenance policies)
Cmanpower = ∑j Chour,man ∗ Nman,int,j ∗ MTTR j ∗ Nint,j
Cost of the material (j=1, …, J maintenance policies) (m=1, …, M
material type)
Cmaterial = ∑j ∑m(Q material,m ∗ Cmaterial,m ) ∗ Nint,j
Cost of the transportation
Ctransportation
Cprev,maintenance = Cmanpower + Cmaterial + Ctransportation

Output

Preventive maintenance cost Cprev,maintenance
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Table 3-4 Hidden cost - Opportunity cost
Hidden cost

Definition

Input

Opportunity cost
The opportunity cost describes the money loss due to the inability to deliver
the goods due to the failure of the freight wagon. Contribution to the overall
opportunity cost derives from single opportunity cost of each failure mode.
It should be noted that not all the failure modes cause the train to stop.
The calculation of the opportunity cost is based on the guideline provided
by the GCU.
 Lbuffer = length over buffer (assumed to be 13.5 in mean)
 W wagon = wagon coefficient that takes into account the type of the
freight wagon (assumed to be 1.3 as mean of available types)
 MTTR = Mean Time To Repair
 MTBF = Mean Time To Failure
 Number of failures Nfail (assuming 8760 working hours per year)
Nfail = 8760 / MTBF (failure/year)

Calculation



Numbers of days lost
Dlost = MTTR * Nfail
Copportunity = Lbuffer * W wagon * Dlost

Output

Opportunity cost Copportunity

Table 3-5 Hidden cost - Service disruption cost
Hidden cost

Definition

Input

Calculation

Service disruption cost
The service disruption cost derives from the penalties the infrastructure
manager will charge to the infrastructure user due to blocking of the railway
line. Contribution to the overall service disruption cost derives from single
service disruption cost of each failure mode. It should be noted that not all
the failure modes cause the train to stop.




Pservice = penalties of the service disruption (€/minute)
MTTR = mean time to repair (hour)
MTBF = mean time between failure (hour)



Number of failures Nfail (assuming 8760 working hours per year)
Nfail = 8760 / MTBF (failure/year)
Yearly duration of the stops Dstop,year
Dstop,year = Nfail * MTTR



Cservice = Dstop,year * Pservice
Output

Service disruption cost Cservice
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Table 3-6 Disposal cost
Disposal cost

Definition

It represents the cost to be sustained to dismiss the component. This cost
could have either a positive or negative sign. In the first case it represents
a real cost due to the decommissioning phase; on the other hand, the
negative sign highlights that some money could be recovered from the
recycling or selling of the component.

Input

Calculation




Wc = weight of the component (wagon or sub-components) (Kg)
Rm = recovery factor for the material (€/Kg)



Cost due to recovery of the material Crecover (k=1, …, K subcomponents)
Crecover = ∑k Wc,k ∗ R m,k
Cd = Crecover

Output

Disposal cost Cd

The described cost item calculations must then be aligned with the actual available data for each
of the component, as simple example if the received data about time between failures are
expressed as failure rates or MTBF.
3.3.3

Actualisation process

Once all the costs of the LCC are calculated, then it is necessary to actualise the values of cash
flows sustained in different instants in time, in this case in different years.
The application of NPV requires the identification of two important parameters:



Discount rate
Useful life

The assessment of the discount rate is difficult because it depends on the field in which the
investment is going to be evaluated, if private or public, on the historical moment, on the Country,
and on the interest rate of banks and credit institutions.
Nevertheless, it could be possible to refer to a recent European funded project INNOTRACK in
which the railway market in Europe was analysed and some hints about values for financial
assessment of investments were provided.
Recalling a plot present in the last deliverable [14] of the INNOTRACK project (Figure 3-4), it is
possible to see how the discount rate varies in function of the investment time horizon (in years)
and for public or private sector.

Figure 3-4 Discount rate (in % on vertical axes) as function of asset life (in years on horizontal
axes), highlighting most suitable values for private and public investors.
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At the end it was stated that a value of 4,5 % may be suitable and reliable enough for investment
assessment in case of the lack of more detailed information. This value is also further confirmed
by the actual Italian market, in which a value of 4,52% for infrastructure investment is used.
The assessment of the useful life proposes some challenges, too. The components under
analysis, wheelset, braking system and suspension system, have different expected useful life.
Nevertheless, the decision is to assume the freight wagon useful life of 30 years, that is the time
horizon used for the LCC analysis.
The substitution of some components before the end of the useful life of the wagon, because they
have reached their own end of life, is included as a maintenance cost item in the LCC model.
Summarising, the actualisation parameters used to apply the NPV methodology are:



Discount rate of 4.5%;
Useful life of 30 years.

3.4 LCC analysis for the Y25 bogie
The LCC model will be applied to three components of the Y25 freight wagon:




Wheelset
Braking system
Suspension system

For each component the data provided by the partners are analysed. An elaboration of them is
necessary in order to ensure the data are well aligned with each other or to complete one set of
data with information from another one.
It is important to remark that the LCC are calculated with respect to the bogie; this means that a
bogie is composed by 2 wheelsets, 1 braking system and 1 suspension system. The relationship
between numbers of components per bogie is considered in the failure rate calculation. The LCC
results shown in the next section are related to the bogie as common reference.
The LCC analysis was performed considering the failure modes evidenced by the FMEA/FMECA
analysis performed on the data provided by HVLE (see the next section in this report), given that
for the HVLE case the information required for LCC calculations in terms of costs associate with
part replacement and with repair was fully available. Data provided by HVLE were subjected,
wherever possible, to a validation process, comparing them with actual data from important
European and Italian railway player.
3.4.1

LCC model assumption

The application of the LCC model has required some assumptions so as to fit the model with the
actual available data based on partners’ knowledge, as detailed in Table 3-7.
For the monitoring system it is assumed a cost equal to 100 €; the fault detection will be analysed
in deliverable 4.2, thus no precise data are available at this time for the LCC analysis.
In addition, sensors and monitoring units require maintenance to be performed in order to
guarantee correct functioning during service. At this phase of evaluation of the LCC, detailed data
regarding the inspection of the monitoring units are not available, so it is assumed that visual
inspection of sensors and monitoring units is embedded into visual inspection activity of the
related component. For example, the visual inspection activity of the wheel will include also the
inspection of the related sensor if installed. Moreover, the monitoring unit could be shared by
different sensors, thus making difficult to quantify the right cost.
In the following sections the LCC calculations of the components are presented, with the
assumptions listed previously applied.
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Table 3-7 LCC assumptions per component
Assumptions
Cost item

Wheelset

Brakes

Suspensions

Purchasing cost

According to HVLE

According to HVLE
(two-sided K block
brake system)

Maintenance cost –
corrective

According to Lucchini
LRS data

According to UVA data, adapted so as to be
aligned with GCU failure modes codification

Maintenance cost –
preventive

According to Lucchini
LRS data

Only visual inspection as preventive
maintenance cost, because difficulty in
extracting detailed cost data due to lump
invoices from maintenance workshop

Hidden cost –
opportunity

Opportunity cost according to GCU:
 length over buffer of 4-axle freight wagons assumed as 13.5 m
 wagon coefficient equal to 1.3 as mean of coefficients
(Appendix 6 of GCU edition dated 1 January 2017 –
compensation for loss of use)
 Wheel flatness / roundness causes train stop (DT = 10 for both)
 Structural breakage of wheel and axle causes train stop (DT = 2 and
DT = 4 respectively)
DT = 0 for all the others

According to UVA

Service disruption cost according to Italian market (service disruption
fee = 13200 €/h)
Hidden cost –
service disruption

Only structural breakage of wheel and axle causes line interruption
(DT = 2 for them, DT = 0 for all the others)

Disposal cost

No recovery of used components

3.5 LCC for wheelset
The results of the application of the LCC model to the wheelset component are shown below, in
Table 3-8.
The values of the cost item should be now used to forecast the cost of the investment over the
whole lifecycle for the current practices (scheduled and reactive maintenance). The actualisation
process gives the following result:
NPV = 23.228,77 €
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Table 3-8 LCC calculation for wheelset
FREIGHT WAGON
Useful life [year]

30

Yearly kilometreage

50000

WHEELSET

Manpower cost

AXLE

1

Mean speed [km/h]

20

WHEEL

2

Actualization rate

4,5%

WHEELSET BOGIE

2

€/h

50

PURCHASING COST
Cp wheelset Cp monitor
PURCHASING

6.000,00 €

3000

0

MAINTENANCE COST
Failure mode Failure rate

MTBF

MTTR

Nfail

Nman,int

Cmanpower

Cmaterial

Ctransportation

1,00E-09
6,04E-06
6,04E-06
1,10E-08
1,88E-07

1,00E+09
1,66E+05
1,66E+05
9,09E+07
5,32E+06

3
2,5
2,5
3
0,375

2,50E-06
1,51E-02
1,51E-02
2,75E-05
4,70E-04

1
1
1
1
1

150
125
125
150
18,75

5000
1750
1750
5000
0

0
0
0
0
0

Struct. Break. 5,00E-09
Misalign.
9,50E-08

2,00E+08
1,05E+07

3
3

1,25E-05
2,38E-04

1
1

150
150

5000
5000

0
0

CORRECTIVE

229,74 €

wheel

0,01 €
28,31 €
28,31 €
0,14 €
0,02 €

Struct. Break.
Wheel Flat.
Wheel round.
Misalign.
Rim defect

axle

0,06 €
1,22 €

PREVENTIVE

830,03 €

wheel

axle

Main. Action

Interval

MTTR

Nint

Nman,int

Cmanpower

Cmaterial

Ctransportation

55,42 €
138,75 €
10,42 €

Visual. Insp.
Soft measur.
Reprofiling

30000
30000
180000

0,67
1,665
0,375

1,67
1,67
0,28

1
1
2

33,25
83,25
37,5

0
0
0

0
0
0

5,85 €
0,00 €

Visual Insp.
U.Sonic Insp.

30000
180000

0,117
0,25

1,67
0,28

1
1

5,85
0

0
0

0
0

Failure mode

MTBF

DT

Nfail

HIDDEN COST
Buff. Length Wag. Coef.

Day lost

OPPORTUNITY

0,44 €

wheel

0,00 €
0,11 €
0,11 €
0,00 €
0,00 €

Struct. Break.
Wheel Flat.
Wheel round.
Misalign.
Rim defect

1,00E+09
1,66E+05
1,66E+05
9,09E+07
5,32E+06

2
10
10
0
0

2,50E-06
1,51E-02
1,51E-02
2,75E-05
4,70E-04

13,5
13,5
13,5
13,5
13,5

1,3
1,3
1,3
1,3
1,3

2,0833E-07
0,00629103
0,00629103
0
0

axle

0,00 €
0,00 €

Visual Insp. 2,00E+08
U.Sonic Insp. 1,05E+07

4
0

1,25E-05
2,38E-04

13,5
13,5

1,3
1,3

2,0833E-06
0

SERVICE DISRUPTION

1,45 €

wheel

axle

Failure mode

MTBF

DT

Nfail

Pservice

Dstop,year

0,07 €
0,00 €
0,00 €
0,00 €
0,00 €

Struct. Break.
Wheel Flat.
Wheel round.
Misalign.
Rim defect

1,00E+09
1,66E+05
1,66E+05
9,09E+07
5,32E+06

2
0
0
0
0

2,50E-06
1,51E-02
1,51E-02
2,75E-05
4,70E-04

13200
13200
13200
13200
13200

0,000005
0
0
0
0

0,66 €
0,00 €

Visual Insp. 2,00E+08
U.Sonic Insp. 1,05E+07

4
0

1,25E-05
2,38E-04

13200
13200

0,00005
0

DISPOSAL COST

DISPOSAL

-242,00 €

Weight

Rec. Factor

1100

0,11

The cumulated cash flows have the following distribution over years:
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Figure 3-5 Cumulated cash flows for the wheelset.
The cost allocation shown in Figure 3-6 confirms the fact that the maintenance costs are very
significant and results in the maintenance activities being the most significant cost items of the
NPV.

Figure 3-6 Cost allocation for the wheelset.

3.6 LCC for braking system
Table 3-9 shows the results of the application of the LCC model to the braking system, considering
the following subcomponents per bogie:




1 brake rigging;
1 isolating cock;
8 brake blocks.

The values of the cost item should be now used to forecast the cost of the investment over the
whole lifecycle for the current practices (scheduled and reactive maintenance). The actualisation
process gives the following result:
NPV = 9.770,56 €
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Table 3-9 LCC calculation for brake system

PURCHASING COST

PURCHASING

4.750,00 €

Cp brake

Cp monitor

4750

0

Failure mode

Failure rate

MTBF

Nfail

MTTR

Cmanpower

Cmaterial

Ctransportation

2,01E-05

49751,2438

0,176076

0,39

19,5

156,6

0

2,01E-05 49751,2438
3,1247E-05 32002,806
1,15E-05 86956,5217

0,176076
0,273726
0,10074

0,18
0,29
0,5

9
14,5
25

50
35
555

0
0
0

MAINTENANCE COST

CORRECTIVE

208,22 €

brake

31,01 €
10,39 €
108,40 €
58,43 €

PREVENTIVE

100,00 €

brake

25,00 €

Parts of brake rigging
hanging down or broken
Brake isolating cock
Composite brake block
Stopcock
Main. Action

MTBM

MTTR

Nint

Nman,int

Cmanpower

Cmaterial

Ctransportation

Visual Inspection

4

0,5

0,25

1

25

0

0

Failure mode

MTBF

DT

Nfail

4,98E+04

0

1,76E-01

13,5

1,3

0

4,98E+04
3,20E+04
8,70E+04

0
0
0

1,76E-01
2,74E-01
1,01E-01

13,5
13,5
13,5

1,3
1,3
1,3

0
0
0

MTBF

DT

Nfail

Pservice

Dstop,year

4,98E+04

0

0,176076

13200

0

4,98E+04
3,20E+04
8,70E+04

0
0
0

0,176076
0,273726
0,10074

13200
13200
13200

0
0
0

HIDDEN COST

OPPORTUNITY

0,00 €

brake

0,00 €
0,00 €
0,00 €
0,00 €

Parts of brake rigging
hanging down or broken
Brake isolating cock
Composite brake block
Stopcock
Failure mode

SERVICE DISRUPTION

0,00 €

brake

0,00 €
0,00 €
0,00 €
0,00 €

Parts of brake rigging
hanging down or broken
Brake isolating cock
Composite brake block
Stopcock

Buff. Length Wag. Coef.

DISPOSAL COST

DISPOSAL

0,00 €

Weight

Rec. Factor

0

0

The cumulated cash flows have the following distribution over years:

Figure 3-7 Cumulated cash flows for the braking system.
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The cost allocation shown in Figure 3-8 highlights that the maintenance costs have significant
impact on the overall lifecycle cost, even though they do not exceed the purchasing cost by as
much as was the case for the wheelset.

Figure 3-8 Cost allocation for the braking system

3.7 LCC for suspension system
Table 3-10 below shows results of the application of the LCC model to the suspension system,
considering the following components:



4 axle box mountings;
16 helical springs.

The values of the cost item should be now used to forecast the cost of the investment over the
whole lifecycle for the current practices (scheduled and reactive maintenance). The actualisation
process gives the following result:
NPV = 6.872,42 €
The cumulated cash flows have the following distribution over years:

Figure 3-9 Cumulated cash flows for the suspension system.
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Table 3-10 LCC calculation for suspension system

PURCHASING COST

PURCHASING

5.500,00 €

Cp suspension sys.

Cp monitor

5500

0

Failure mode

Failure rate

MAINTENANCE COST
MTTR

Cmanpower

Cmaterial

Ctransportation

5571030,641 0,00157242

2,5

125

89

0

1,97E-06

507614,2132

0,0172572

1,5

75

160

0

1,44E-06

694444,4444

0,0126144

0,15

7,5

15

0

1,44E-06

694444,4444

0,0126144

0,6

30

0

0

Main. Action

MTBM

MTTR

Nint

Nman,int

Cmanpower

Cmaterial

Ctransportation

Visual Inspection

4

0,3

0,25

1

15

0

0

Failure mode

MTBF

DT

Nfail

5571030,641

0

1,795E-07

13,5

1,3

0

0

0,00000197

13,5

1,3

0

0

0,00000144

13,5

1,3

0

0

0,00000144

13,5

1,3

0

MTBF

DT

Nfail

Pservice

Dstop,year

5571030,641

0

1,795E-07

13200

0

0

0,00000197

13201

0

0

0,00000144

13202

0

0

0,00000144

13203

0

CORRECTIVE

24,25 €

suspension

0,34 €

Helical spring broken

1,80E-07

4,06 €

Link pin displaced,
missing, not secured
Damper ring(s) missing
or broken
Spring cap(s) in contact
with bogie frame

0,28 €
0,38 €

PREVENTIVE

60,00 €

suspension

15,00 €

MTBF

Nfail

HIDDEN COST

OPPORTUNITY

0,00 €

suspension

0,00 €

Helical spring broken

0,00 €

Link pin displaced,
507614,2132
missing, not secured
Damper ring(s) missing
694444,4444
or broken
Spring cap(s) in contact
694444,4444
with bogie frame

0,00 €
0,00 €

Failure mode
SERVICE DISRUPTION

0,00 €

suspension

0,00 €

Helical spring broken

0,00 €

Link pin displaced,
507614,2132
missing, not secured
Damper ring(s) missing
694444,4444
or broken
Spring cap(s) in contact
694444,4444
with bogie frame

0,00 €
0,00 €

Buff. Length Wag. Coef.

Day lost

DISPOSAL COST

DISPOSAL

0,00 €

Weight

Rec. Factor

0

0

The cost allocation shown in Figure 3-10 highlights that the maintenance costs account for about
20% of the overall lifecycle cost.
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Figure 3-10 Cost allocation for the suspension system

3.8 Identification of the most critical components
The analysis through the LCC methodology has shown that the net present values of the three
analysed components are different, especially for the wheelset component of the freight wagon.
This means that it is possible to rank the components in terms of overall cost through the overall
life cycle, as presented in Figure 3-11.

Figure 3-11 LCC ranking for the components.
Looking at Figure 3-11, it is possible to state the most expensive component from a lifecycle
perspective is the wheelset, followed by braking system and suspension system, in this order.
Moreover, the detailed analysis in the previous sections for each component shows up how
maintenance costs have an important impact on each NPV. Thus, predictive maintenance could
bring savings in terms of LCC.
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4. RELIABILITY DRIVEN ANALYSIS
This section of the report describes the reliability driven analysis performed in Task 4.1 in order
to obtain a prioritisation of bogie components which are the most relevant for condition monitoring
applications in terms of reliability.
The methodology adopted in the reliability driven analysis is based on a Failure Mode and Effects
Analysis (FMEA). This analysis has been performed according to a template made available by
the UIC for the wheelset which was then extended to the other main sub-systems in the bogie,
namely brakes and suspensions. The data used to perform the FMEA analysis are coming from
HVLE and from UVA, with additional data from Perpetuum (PER) and have been used mostly to
estimate the failure rates associated to different failure modes of the components examined, and
hence the corresponding frequency values to be used in the FMEA analysis, see Section 4.1.
Due to the differences in the approaches to wagon maintenance involved and the way the data
was collected and categorised at source, the HVLE and UVA data will be analysed separately.
The differences in approach to wagon maintenance between the two data sets comes from the
differences in priorities and types of organisation. HVLE inspect their own fleet of wagons, require
high levels of reliability, and there are annual periods of low utilisation of the fleet due to seasonal
operational requirements. Therefore HVLE have a proactive annual inspection and maintenance
policy, with low tolerance for defects or dimensions which might currently be within the normal
tolerance but would be expected to be outside that tolerance within a year, this is in addition to
the longer term inspection and maintenance actions. The priority for HVLE is high reliability and
minimal inspection and maintenance actions through the wagons scheduled operating periods,
minimising overall maintenance actions and removal of vehicles from service for inspection and
maintenance (since these can be scheduled at a convenient period when wagon utilisation is
predictable low), are lower priorities. The UVA data is mostly based on out on inspections and
maintenance carried out on a contract basis for other operators; many of the wagons they deal
with are being inspected and maintained at the end of the 6 year time period from the last major
inspection and repair, or prior to reintroduction to service following a period out of service when
the previous inspection and maintenance certification expired. In the case of the operators
contracting to UVA, the minimisation of maintenance activities is the priority. Therefore combining
the reliability analysis from both sets of data is not the best solution as they might have different
characteristics based on the types and strategies of inspection and maintenance they apply, so it
is more appropriate to analyse them separately using the same method and draw conclusions
based on the characteristics of the situations which the data applies to.
This section is organised as follows: in sub-section 4.1 the reliability model used is described.
Then, sub-sections 4.2, 4.3 and 4.4 report the results for the wheelset, brakes and suspensions
respectively. Finally sub-section 4.5 draws conclusions on the FMEA analysis and proposes a
prioritisation of components that are most critical from the point of view of reliability.

4.1 Definition of the reliability model
The methodology used to define the reliability model in this analysis is described in this section.
According to the RAMS Guideline prepared by the UIC for the wheelsets [15], failure modes are
ranked in terms of their level of criticality based on the value of a global indicator called the Risk
Priority Number (RPN). The RPN is calculated for each failure mode as the product of three
distinct parameters:
-

Severity S: a measure of the severity of the failure’s consequences, defined in a range of
integer values from 1 to 10;
Detectability D: a numerical indicator (also in a range between 1 and 10) describing the
probability that the considered failure is detected in an early or late stage of development;
Frequency F: a value expressing in a range from 1 to 10 the frequency of occurrence of
the considered failure mode. The UIC RAMS guideline proposes to define this indicator
based on the calculation / estimation of the failure rate associated with the considered
failure mode, see below in this section.
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Hence:

𝑅𝑃𝑁 = 𝑆 × 𝐷 × 𝐹 .
The criteria to define the severity index S according to the UIC guideline are resumed in Table
4-1, which is taken from the guidelines [15].
Table 4-1 Definition of the severity in UIC guideline (based on EN 60812, Analysis techniques
for system reliability –Procedure for failure mode and effects analysis (FMEA)
[11/2006])
Rank Impact
1

no impact

2

very little

3

Little

4

very low

5

Low

6

moderate

7

high

8

very high

9

unsafe
with
warning

10

unsafe
without
warning

Criteria

Example

No recognisable effect.
Error is noticed by few passengers. Minor
changes in structure and dimensions which are
below limits.
Error is noticed by few passengers and there are
impacts on rolling stock and infrastructure on
long term
Error is noticed by many passengers. Due to the
failure there is an impact on the quality of rolling
stock and on the infrastructure in long term.
Error is noticed by all passengers. Due to the
failure there is an impact on the quality of rolling
stock and on the infrastructure in mid-term.
Due to the failure there is an impact on the
quality of rolling stock and on the infrastructure
in short term. Error is noticed by all passengers.
Loaded goods can get damaged.
Risk of very few light injured people and risk of
significant impact on environment and operation.
Operation on the line is closed or the line
capacity is declined for hours.
The loaded goods can get damaged.
Risk of few injured people and severe impact on
environment. Operation on the line is closed for
weeks.
Part of the train is destroyed.
Risk of multiple injured people and few dead
people. The impact on environment is very high.
Operation on the line is closed for weeks.
Large parts of the train are destroyed.
Risk of many dead and numerous injured people
or the impact on environment is catastrophic.
Operation on the line is closed for weeks.
The train is destroyed.

less comfort, minor damages
on transported goods,
eventually higher noise level,
increase maintenance cost

small derailment in a
shunting yard

major derailment in a
shunting yard

derailment ("Viareggio")

Given that the record of maintenance operations provided by HVLE is based on the classification
of failures considered by the appendixes of the General Contract of Use for Wagons [18],
specifically Annex 1: “Catalogue of irregularities including classification into categories for use in
the Quality Management System”, the Severity index used in the FMEA analysis was defined
based on the irregularity classes considered by the GCU shown in Table 4-2.
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Table 4-2 Irregularity classes in GCU

Comparing the criteria in Table 4-1 with the definitions in Table 4-2, one can notice that there is
a satisfactory match as follows:
-

Irregularity class n.3 matches with a ‘moderate’ severity foreseen by the UIC and
corresponding to a severity index S=6;
Irregularity class n.4 matches with a ‘very high’ severity foreseen by the UIC and
corresponding to a severity index S=8;
Irregularity class n.5 matches with an ‘unsafe’ severity level foreseen by the UIC and
corresponding to a severity index S=9-10. In the following, S=10 is assumed for irregularity
class n.5 as a conservative assumption.

In the maintenance data provided by UVA, the defects are categorised according to Appendix 12
“CATALOGUE OF DAMAGE TO WAGONS” of the GCU, the main purpose of this Appendix is to
identify the party (keeper or user) responsible for the repair of different categories of damage or
defect. To obtain a definition of the severity of each category of defect recorded by UVA, the
categories for Appendix 12 of the GCU were reviewed and the most appropriate classification
from Annex 1 assigned to that defect. Then the severity rank attached to the category from Annex
1 was associated with the defect category in Appendix 12 and the defect type recorded by UVA.
Following that the severity class (Table 4-2) associated with the irregularity class in Annex 1 was
applied to the UVA defect category.
The definition of detectability (D) in the UIC guideline is reported in Table 4-3, which is mainly
based on expert judgement.
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Table 4-3 Definition of the detectability of the failure in UIC guideline (based on EN 60812,
Analysis techniques for system reliability –Procedure for failure mode and effects
analysis (FMEA) [11/2006])
Rank Detection
nearly
1
certain
2

very high

3

high
moderate
high

4
5

moderate

6

low

7

very low

8
9

little
uncertain
nearly
uncertain

10

Criteria
With a very high probability a failure will be detected in a very early
initial stage.
With a high probability a failure will be detected in a very early initial
stage.
With a high probability a failure will be detected in an early initial stage.
With a high probability a failure will be detected after initial stage.
With a moderate probability a failure will be detected while existing a
short while before getting critical.
A failure will be detected while existing a while just before getting
critical.
A failure will be detected while existing for a long while just before
getting critical.
A failure will be hardly detected in a very late stage.
The detection of a failure before becoming critical is uncertain.
The detection of a failure nearly is not possible

In order to define the detectability number D, information available from the GCU was used again.
There is no detectability rank defined in the GCU, but that document defines the control criteria
for inspection of each failure mode which are:
-

VC= visual check means inspection with naked eye;
M = measurement means inspection based on measurement;
HT= hammer test means inspection involving hammer blows;
OP= operate means operating test;
PM= pull or move means actuation of the part in question.

The following conversion was therefore assumed between the control criteria prescribed by the
GCU and the value of the detectability number used in the FMEA analysis:
-

“Visual check” VC  D= 5;
“Measurement” M  D= 7;
“Hammer test” HT D= 9;
“Operate” OP and “pull or move” PM  D= 10.

The preceding relates to the definition of the detectability of the failure for the HVLE data, for the
UVA data a similar approach was used as for the defect severity, that is the detectability number
for the category in Annex 1 of the GCU was used, based on the same association between the
categories of Annex 1 and Appendix 12 as used for the severity criteria.
The calculation of failure frequency (F) suggested by the UIC guideline is shown in Table 4-4,
which is mainly based on expert judgement.
An estimate of the failure rate associated with each failure mode is obtained based on counting
occurrences of repair events in the HVLE records. Occurrences are converted into a failure rate
F based on an assumed number of hours of functioning in one year. The calculation formula used
is as follows:

𝐹=

𝑁𝑐
𝑀
𝑁𝑒 × 𝑉
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Where Nc is the total occurrences in HVLE records, Ne is the total number of components that
may suffer the considered failure, M is the running mileage per year and V is the wagon normal
operating velocity.
Table 4-4 Definition of the frequency of the failure in UIC guideline (based on EN 60812,
Analysis techniques for system reliability –Procedure for failure mode and effects
analysis (FMEA) [11/2006])
Rank
1
2
3
4
5
6
7
8
9

10

Impact
little - failure is implausible
very low:
relative very few failures
low:
relative few failures
moderate:
seldom there are failures
moderate:
sometimes there are failures
moderate:
often there are failures
high:
repeating failures
high:
repeating failures in short cycle
very high:
Failures in short cycle are nearly not
nearly avoidable
very high:
Failures in very short cycle which are not
avoidable

Probability
number of failures per operating-h
"vehicle is in use"
< 10-9
=< 10-9 till < 3 * 10-8
=< 3 * 10-8 till < 8 * 10-7
=< 8 * 10-7 till < 2 * 10-6
=< 2 * 10-6 till < 5 * 10-6
=< 5 * 10-6 till < 10-5
=< 10-5 till < 2 * 10-5
=< 2 * 10-5 till < 4 * 10-4
=< 4 * 10-4 till < 8 * 10-3

more than 8 * 10-3 per year

The fleet covered by the HVLE records consists of 209 wagons with Y25 bogies plus 39 two-axle
vehicles with leaf spring suspensions. The number Ne is defined as follows, depending on the
component considered:
Table 4-5 Definition of the number Ne of components covered by the HVLE records for all
components covered in the FMEA analysis
Component

Number of components covered by HVLE records Ne

Wheelset

4 per each wagon with bogies + 2 per each 2-axle wagon

Coil spring

8 per each wheelset (only wagons with Y25 bogies)

Spring cap, axlebox housing, 2 per each wheelset (only wagons with Y25 bogies)
lifting T
Link pins

2 per each wheelset (all wagons)

Brake
mechanical
part 1 per each bogie (only wagons with Y25 bogies)
(rigging), brake isolating cock,
stopcock
Brake pads

4 per each wheelset (all wagons)

For the UVA data, only the percentage of the total population of sub-assemblies of the 822
wagons in the data set which were inspected/maintained that had a particular defect was
recorded. The wagon usage data to calculate the operating hours of the vehicle, and therefore
the frequency of failure was not available. To enable an analysis to be made the percentage of
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the total number of sub-assemblies population which were found to have a particular category of
defect was divided by 100 and multiplied by the total number of wagons in the data to obtain the
sum of the failures. To obtain the failure rate the wagon usage data from the HVLE was used.
Due to this the failure rates for the UVA data can not be considered accurate but as an estimate,
so should not be compared directly with those obtained for the HVLE data. Furthermore for each
defect the risk priority number obtained from the UVA data should only be considered as an
estimate and only used as relative ranking of risk between the different defect categories. Due to
the majority of the inspections and maintenance carried out by UVA for operators/owners being
the longer interval major inspections it is likely that the wagons covered by their data have been
in service for much longer before the inspection finds a defect than the wagons covered by the
HVLE data. Therefore it is to be expected that the defect/failure rate would be much higher,
however it is uncertain if the hours of utilisation of the wagons in the time period before inspection
and maintenance by UVA would be similarly greater than those for the wagons in the HVLE data.
Using the methodology described above, an evaluation of the RPN number was performed for all
the failure modes identified for the wheelset, for the brakes and for the suspension components.
Then, a threshold for acceptability of the RPN number was set at RPNL =250 according to what
is suggested again by the UIC guidelines. Failure modes corresponding to a RPN higher than this
threshold are identified as “in need of condition monitoring action”, which consist in checking the
possibility to establish a condition monitoring method to reduce the detectability number
associated with the considered failure mode. Furthermore, it was decided during the WP4 meeting
in Berlin to consider as “in need of condition monitoring action” all failure modes for which the
severity number is S=10, regardless the value of the RPN number.

4.2 FMEA of the wheelset
The FMEA analysis was performed using a template Excel spreadsheet provided by the UIC
which was modified to implement the methodology described above. Table 4-6 shows the
complete results of the FMEA analysis for the wheelset based on the HVLE data. Some lines from
the original UIC template have been removed from the spreadsheet, to avoid displaying several
times the same failure mode as the original UIC file differentiates failures occurring at different
regions in the axle (e.g. abutment, journal, axle body, transition) and also differentiates the same
failure based on the failure’s root cause. In Table 4-7 the results of the FMEA analysis for the
wheelset based on the UVA data is shown.
In Table 4-8, the results of the FMEA analysis on some data provided by Perpetuum is shown.
This data is based on a fleet of electric passenger multiple units, although this project is concerned
with freight vehicles the data shows precise data for bearings failures not available in the other
data sets, and there are commonalities between the bearings used in freight and passenger
vehicles. As well as the failure data being precise for the Perpetuum data, the vehicle usage
figures are more precisely known, over a two-year period the 5024 axleboxes did a combined
mileage of 240,000km based on regular operating schedule data, assuming an average service
speed (operating velocity) of 80km/h this gives a service period of 3000 hours. From the number
of failures, the number of axleboxes, the mileage and the operating velocity the failure rate was
calculated as for the other data sets. The data also included the number of wheel failures during
the same period which have also been analysed. The rest of the FMEA analysis was also carried
out in a similar way to the other data sets with appropriate defect severity classifications from the
GCU, detectability classifications, and the failure frequency classification associated with the
calculated failure rate used to determine the RPN.
In order to visually highlight the most meaningful failure modes evidenced by the FMEA analysis,
the background of the cells corresponding to RPNs larger than the threshold value RPNL =250 is
set to red colour, whereas the background of the cells corresponding to an RPN exceeding the
80% of the threshold value (i.e. for which RPN > 200) is set to orange colour. Finally, the
background of cells for which the ‘severity’ index is S=10 is also set to red colour. The other
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colours used in the table are less relevant to the analysis of the results and are not commented
here.
In terms of the total RPN number, the most critical failure modes identified from the HVLE data
are:
-

wheel out-of-roundness for which RPN=336;
wheel flat (similar to wheel out-of-roundness), for which RPN=336;
build-up of material in the wheel, RPN=224;
wrong tread profile (i.e. wheel in need of being reprofiled), RPN=224.

All of the above failure modes need to be considered as “in need of condition monitoring action”.
The occurrence of an initial crack in the axle corresponds to a relatively low RPN because the
frequency number F for this failure mode is obviously low (F=3). However, this failure mode
corresponds to the maximum value of the severity index and therefore shall also be considered
as “in need of condition monitoring action”.
In terms of the RPN number, the most critical failure mode for the UVA data is “(Wheel) Worn
under allowed dimensional limit - requires wheel reshape”, one of the reasons for this is because
it is a very common fault on vehicle entering maintenance after up to 600,000km in traffic. Also in
the analysis this defect has a very high severity since it covers a number of different categories
of wheel wear and profile irregularities, the severity categorisation depending on the extent the
irregular profile deviates from the nominal profile. The severity classification given to this
combined failure category is that for the most sever sub-category, however a proportion of the
faults could be of a less severe category and it could be expected that the majority of the defects
would be of a lower severity category. The RPN for the other non axlebox related failures is also
high (between 448 and 384) and agrees with the HVLE data, that these defects could be
considered “in need of condition monitoring action”. The failures in the UVA data set related to
the axlebox all had a RPN value of 320 also indicating that these failure mechanisms could be
considered “in need of condition monitoring action.”
Since the distance travelled and operating hours of the wagons in the UVA data set was uncertain,
the analysis was repeated with an “extreme upper limit estimate of operating hours” of 10,000
(as opposed to 833.3 hours used for the analysis of the HVLE and UVA data presented in the
tables). This number of operating hours represents the 600,000km maximum permitted interval
between major inspections. The resulting RPN number were lower, however RPN of all of the
wheelset failure categories were in the range 280-480 (which is still above the 250 threshold),
with the exception of the “The absence of the cover box screws” which had a RPN number of
240. This shows that the RPN values for the defects listed in the UVA data would still be high for
any reasonable operating hours the vehicles might have actually done, so the conclusions based
on the uncertain operating hours are still a valid indicator of RPN.
The analysis of the Perpetuum data set resulted in a high RPN value of 400 for bearing failures
and 392 for the General wheel failures. The high RPN value for the General wheel failures agrees
with the values from the HVLE and UVA data. The high RPN value for the bearing failures (despite
the moderate/low failure rate) reflects the severity of the failure and the difficulty of detecting it,
which means that this failure mechanism could be considered in need of condition monitoring
action. It should also be noted that this RPN number is based on reliable operating and failure
data specifically aimed at evaluating bearing failures, and the RPN is higher than any of those in
the results from the FMEA analysis of the HVLE data.
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Table 4-6 Results of the FMEA analysis for the wheelset based on HVLE data (multiple lines
removed)
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Table 4-7 Results of the FMEA analysis for the wheelset based on UVA data
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Table 4-8 Results of the FMEA analysis for the wheelset based on Perpetuum data from a fleet
of passenger multiple units – Operational mileage 240,000, operating speed 80km/h,
operating hours 3000, and number of components 5024.

Axlebox
Bearing failure

1.8.3

32
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5

5

VC
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8
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there are
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5

400
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392
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specification/limit
s
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1.38E-05

7

4

M; VC

very
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8 very low 7

4.3 FMEA of the braking system
The FMEA analysis of the braking system was performed using the same methodology, adapting
the spreadsheet initially generated for the wheelset.
The results based on the HVLE data are shown in Table 4-9. Quite a large number of failure
modes which are relevant to the FMEA analysis are highlighted, confirming the importance of the
braking system in determining the reliability of the bogie.
The failure modes recorded in the HVLE data which correspond to the highest RPNs are:
-

mechanical part (rigging): brake isolating cock, for which RPN=576;
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-

mechanical part (rigging): empty/loaded or G/P changeover system unusable, for which
RPN=432;
damage to a cast-iron brake block, RPN=336;
damage to a composite brake block, RPN=336;
stopcock unusable, leaking or warped pneumatic part or handle missing, for which RPN=350;
mechanical part (rigging): part hanging down or broken, for which RPN=320;

It has to be observed that the detectability of the failure mode “Stopcock unusable, leaking or
warped pneumatic part or handle missing”, according to the GCU control criteria “OP”, should be
set to 9, nonetheless it has been set to 5 due to the following reasons:
If stopcock fails to close on the uncoupled end of the end vehicle, air brake pressure will not
build – train will not run, operational issue rather than affecting safety.
If a stop cock fails to open, operator will not get air out of last vehicle prior to departure – train
will not run.
Stop cock leaking to atmosphere would result in pressure loss and be audible (the more
severe, the louder). If leak is bad, there will be insufficient air for train to pass tests before
entering service, if fails on route, brakes will apply.
Stop cock on intermediate vehicle being unable to close won’t be detected as it should be
open and operates as a functioning valve (open to air flow).
Stop cock which closes itself on run is a safety risk as it prevents brakes being applied from
loco, brakes will leak on within minutes – detection depending on proportion of train affected.
Still, due to the high values of severity S=10 and frequency F=7, it remains one of the most critical
failure modes identified for the braking system.

Parts of brake
rigging hanging
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Table 4-9 Results of the FMEA analysis for the brakes based on HVLE data.
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The results of the FMEA analysis of the breaking system based on the UVA data is shown inTable
4-10. All of the categories of failures and defects which UVA recorded are shown, with the
appropriate (or most appropriate) GCU code applied along with the severity rating for that code,
the exception to this is the break block failures. In Annex 1 of the GCU the brake block failures
are divided into different categories for cast iron and composite brake blocks, then there are sub
sets of failures for each type of break block (that is; missing, broken and worn). In the UVA data
it was not stated if the brake blocks were cast iron or composite therefore all brake block failures
are grouped together in one category and the highest level of severity of the sub sets of failures
used. Since there are potentially multiple failures and more than one failure type per wagon it if
possible to get more failures than the total number of wagons, hence the number of all brake
block failures 100 sub-assemblies in Table 4-10 is 120.

All brake block 3.2.1 +
failures
3.2.2

120 15782.4 1.44E-03

9

3 moderate
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Table 4-10 Results of the FMEA analysis for the brakes based on UVA data
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With the exception of the “Brake coupling missing/damaged” failure, the RPN values for all of the
brake system defects was in the range 472-384, reinforcing the conclusion of the analysis of the
HVLE data; that the braking system is important in determining the reliability of the bogie. Also,
the failures in the UVA data with an RPN over the threshold are similar to the failures in the HVLE
data for which the RPN exceeds the threshold, confirming the brake system failures which should
potentially have action taken to reduce the risk of failures, such as implementing predictive
maintenance. The main distinguishing feature of the “Brake coupling missing/damaged” failure
which resulted in a low RPN is the detectability. If the part is missing it is visually obvious and is
noticed in operational procedures (forming a train) and if it is damaged beyond a functional state
then either the air leak is noticeable, the check of train air pipe continuity before departure fails,
or if it fails when the train is running and the brakes on the train apply.
For reference, the analysis of the UVA data set for break system failures was repeated with an
“extreme upper limit estimate” of operating hours as described in the section on wheelset failures.
The result of this analysis was that the RPN results were in the range 432-288, with the exception
of the “Brake coupling missing/damaged” for which the RPN was 84. As in the analysis of the
wheelset failures, this shows that the uncertainty as to the actual operating hours of the wagons
in the UVA data set, might affect the absolute RPN values, but it does not significantly affect the
outcome of the analysis. That is that analysis based on both sets of RPN values shows the RPN
numbers for the same defects are significantly higher than the threshold.

4.4 FMEA of the suspension system
This sub-section reports the results of the FMEA analysis performed for the suspension system.
Unfortunately, a significant number of failure modes considered by the GCU for the suspension
system are relevant to leaf springs which are not part of the suspensions of the Y25 bogie targeted
by INNOWAG. Nevertheless, these failure modes have been considered in the presentation of
results for the sake of completeness. The suspension system FMEA analysis based on the HVLE
data is shown in Table 4-11, and that based on the UVA data is shown in Table 4-12.
From the analysis of the HVLE data the failure modes of the suspension system relevant to the
suspension system of the Y25 bogie which provide the highest RPNs are:
-

fresh signs of bottoming between axle box housing and bogie frame, RPN=200, S=10
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-

Helical spring broken, RPN=150, S=10
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Table 4-11 Results of the FMEA analysis for the suspension system based on HVLE data.
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180

2
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warning
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there are
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4
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In the analysis of the UVA data, shown in Table 4-12, the number of components (hence the
population of components in which the failures occurred) corresponds to the number a type of
component on a vehicle multiplied by the number of vehicles in the data set (822). The exception
to this is the failures specific to leaf springs (8 per wagon) and coil/helical springs (16 per wagon),
this is due to wagons (generally and in this case) only having one type of primary suspension
springs, therefore the components of wagons with one type of spring are not part of the population
of the other. For faults related to primary suspension springs only, the number of springs
corresponds to the number of springs on a vehicle with that type of spring, multiplied by the
number of vehicles in the data set (822), further multiplied by the proportion of vehicles with that
type of primary suspension spring. In the UVA data set 85% of the wagons had helical springs
and 15% had leaf springs. Therefore the failure rates for these components are based on data
from fewer components/vehicles than the total number of vehicles in the data set would suggest.
From the analysis of the UVA dataset the two failures with the highest RPN, “Spring buckle
fracture...” (RPN-640) and “Leaves spring displaced by more than 10 mm with respect to buckle”
(RPN-488) are failures specific to leaf springs. When considering measures to reduce the risk of
failures it should also be considered that there has been a trend away from leaf springs for the
primary suspension springs on wagons, so developing measures to reduce the risk of failures of
these components might be of limited value. The analysis of the UVA data set also showed high
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RPNs, significantly in excess of the threshold, for the “Shock absorber worn” (RPN-336), “broken
helical spring” (RPN-400), and “Insufficient spring clearance” (RPN-400) failures,. These results
show that developing measures to reduce the risk of failures of these components should be
considered.
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Table 4-12 Results of the FMEA analysis for the suspension system based on UVA data

448

288

640

336

400

400

Repeating the analysis of the UVA data set for suspension failures with an “extreme upper limit
estimate” of operating hours, as described in the section on wheelset failures, resulted in reduced
RPNs for some of the failures. However the RPNs, for the “Shock absorber worn” (RPN-336),
“broken helical spring” (RPN-300), and “Insufficient spring clearance” (RPN-400) failures were
still significantly in excess of the threshold.

4.5 Identification of the most critical components
In this section the most critical failure modes in terms of their impact on the reliability of the bogie
and on LCC are identified based on the results of the reliability-driven and cost-driven analyses
performed.
4.5.1

Wheelset subsystem:

Based on the FMEA analysis performed on the data coming from HVLE, the failure modes that
mostly affect the reliability of the wheelset subsystem are:
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1)
2)

3)

4)

Wheel flat and wheel out-of-roundness, the RPN for these two fault modes
exceeding the threshold value chosen as RPNL =250;
Axle crack. Despite for this failure mode the RPN is below the threshold
(RPN=200), the severity index is maximum s=10 so this failure mode shall also be
given priority in regard to the application of predictive maintenance;
Build-up of material in the wheel. The RPN for this failure mode is relatively high
(RPN=224) but does not exceed the threshold. The implementation of predictive
maintenance strategies to mitigate the effects of this failure modes is therefore
relevant but not a priority;
Wrong tread profile. For this failure mode, the RPN is also relatively high
(RPN=224) but below the threshold, so the same conclusions drawn for point 3)
can be made here. Additionally, it shall be considered that the “wrong tread profile”
failure mode is best detected by wayside monitoring devices able to measure the
wheel profile. For these reasons, this failure mode will not be considered as a
priority in view of the application of predictive maintenance.

Regarding reliability driven analyses performed on the UVA data, the failure mode corresponding
to the highest RPN is “wheel worn under allowed dimensional limits”, corresponding to “Wrong
tread profile” in the analysis based on HVLE data. As stated above, no vehicle-mounted condition
monitoring device is envisaged to detect this fault, as a wayside detector of worn wheel profiles
prospectively provides better performances in terms of capability of fault detection. The other
failure modes having the largest RPN in the analysis based on UVA data are “wheel flat” and
“cracks and notches” which correspond to the failure modes at points 1) and 2) of the list above.
In conclusion it can be stated that although the RPN values obtained from the analysis carried
out on the UVA data are generally higher than for the analysis performed on HVLE data, the
conclusions in terms of the most critical components affecting the reliability of the wheelset are in
quite good agreement.
The analysis of the Perpetuum data agreed with the analysis of the UVA and HVLE data
confirming that the wheel defects are critical in affecting the reliability of the wheelset. However
is also showed that bearing failures have an equally significant effect on reliability, indicating that
they should also be considered a priority for measures such as predictive maintenance to reduce
the risks of failures. One factor which could influence the observed failure rate in the other data
sets is that generally axle bearings are replaced to a fixed schedule regardless of condition.
Therefore applying predictive maintenance practices and extending component life whilst
maintaining a low failure rate or reducing failure rate could be very relevant in terms of reducing
LCC. It should be noted that the Perpetuum data came from electric passenger multiple units,
therefore the applicability of the data to freight wagons should be considered, however it is
included in this analysis as the quality of the data in relation to bearings is significantly better than
that available for freight vehicles.
From the point of view of LCC, the wheelset is the subsystem having the largest share in the LCC
of the Y25 bogie, see Section 3 of this deliverable. The cost driven analysis performed does not
allow the evaluation of the criticality of one single failure mode to life cycle costs, but in general it
can be stated that any predictive maintenance action performed on the wheelset and bearings
shall have a high priority in terms of its relevance towards the reduction of LCC.
4.5.2

Brakes subsystem:

The FMEA analysis performed on data from HVLE shows several failure modes having large RPN
numbers, in excess of the threshold value RPNL =250. Some of these failure modes refer to fault
occurring in the mechanical part of the brake subsystem (rigging) and the brake isolating cock.
Unfortunately, however it is not easy to envisage concepts for monitoring the structural health of
these components. The rigging has a quite complex shape and would probably require the use
of an expensive distributed system of sensors to cover the different possible modes and locations
of a failure. Equally, it is difficult to envisage a system that enables checking of the integrity of the
brake isolating cock.
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Leakages in the hoses of the pneumatic system also have a very large impact on the reliability of
the system, so they can be identified as one critical component for which a health monitoring
concept could be envisaged.
Finally brake blocks have a RPN above the threshold and could be considered for a predictive
maintenance application.
The reliability driven analysis performed on the UVA data is again generally in line with the
analysis performed on HVLE data. The most significant failure modes are concerned with parts
of the pneumatic circuit (front air valve, air distributor, brake cylinder) and with brake blocks /
brake head.
4.5.3

Suspensions subsystem:

For the suspension subsystem, according to the analysis performed on HVLE data there are no
failure modes showing a RPN above the threshold. However, the following failure modes have a
severity index S equal to 10 (maximum value) and shall therefore be considered as candidates
for a predictive maintenance application:
1. broken helicoidal springs;
2. bottoming between axle-box housing and bogie frame clearance.
The reliability driven analysis performed on UVA data outlines as critical failure modes:
1) helical springs broken;
2) bottoming between axle-box housing and bogie frame clearance (insufficient spring
clearance);
3) worn shock absorber.
Once more, the reliability-driven analyses performed on the two sets of data are generally in
good agreement with each other, the exception being the omission of the worn shock absorber
failure from the HVLE data. The analysis of the UVA data shows RPN values for the worn
shock absorber was above the threshold, and similar or lower than the Helical spring broken
and insufficient spring clearance failures. This indicates that shock absorbers should also be
considered as candidates for predictive maintenance, but with a lower priority than the other
types of failure.
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5. CASE STUDY
In the above sections, the LCC and the FMEA analysis enabled and supported the decisionmaking process about the most critical component among the ones under analysis, i.e. wheelset,
braking system and suspensions. The analyses have shown that the wheelset seems to be the
most critical part.
The LCC of the most critical component, and also of the others, is composed mainly by the
maintenance cost (around 65% of the LCC), but also by a 3% of hidden cost. The hidden costs
derive from unforeseen failures that could cause the train to stop on the railway line, interrupting
the regular traffic, both passenger and freight type.
The installation of a monitoring system to enable the implementation of Predictive Maintenance
(PdM) could reduce the accidental stops of a freight wagon on the line, because it is possible to
control the behaviour of the monitored component or, as it will be shown below, monitor the failure
mode of a component and schedule maintenance before failure in service. This allows the full life
of the component to be used whilst having low in service failure rates.
Therefore, an analysis of the effects of the installation of a monitoring system on the LCC of the
freight wagon is carried out, in order to identify a few potential benefits. However, it should be
anticipated that the reduction of the LCC of the freight wagon is challenging with respect to other
types of rolling stocks since the cost of the wagon is relatively low and so the achievable gain
(absolute or percentage) in terms of LCC reduction may be not so large. In addition, the cost
model is strictly dependent on the values of the input cost items which may change for different
contexts, resulting in a range of possible LCC changes. A more detailed analysis of the LCC
considering each single failure mode of the bogie of freight wagons will be further carried out and
reported within the deliverable report D4.3.
In the following subsections, the impacts of the implementation of Predictive Maintenance on the
affected cost items of the LCC model are described.

5.1 Effect of Predictive Maintenance on purchasing cost
The installation of sensors and monitoring units on the wagon causes an increase of the
purchasing cost, since the monitoring components need to be bought and installed.
This increase is related to:



Acquisition of the monitoring system (components, elaboration unit, etc.);
Installation activity (manpower and possible additional material need).

To conclude, the purchasing cost will raise due to the installation of the monitoring system to
perform PdM.

5.2 Effect of Predictive Maintenance on maintenance cost
Moving to a Predictive Maintenance concept, the portion of the LCC related to maintenance was
evaluated based on the following assumptions:


The failure rates are associated to the mechanical part of the component, which is
independent from the boundary conditions (such as the presence of a monitoring system).
It shall be noted however that when a PdM system is in place, it is likely that the life of
components is extended, due to the components being replaced only when this is
indicated as necessary by the monitoring system (which keeps in service failures low),
and not according to a predetermined maintenance schedule. Over the life of the vehicle
this would reduce the component costs and costs for maintenance actions. A component
is considered to have failed both when it fails in service and requires a repair action to
correct the state of the vehicle, and when it is replaced by a planned maintenance action.
This effect has been neglected in the analysis reported in this section, due to lack of data
to translate this qualitative consideration in a quantification of component life extension.
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The cost for repairing a specific failure is in first approximation not affected by PdM. It shall
be noted this is a quite pessimistic assumption, because the use of PdM can be expected
to decrease the proportion of defects requiring repair actions and increase the proportion
of defects requiring maintenance actions. This is because some of the defects which
would have resulted in an unexpected in service failure requiring a repair actions will be
detected by the monitoring system and a planned preventive maintenance action being
carried out. Assuming the cost required for a repair action is greater than the one
associated with a maintenance action, a saving will be obtained.
Consistent with what has been done in the LCC evaluation (see Chapter 3), the costs
related to the transportation of the wagon to the maintenance shop (or the travel cost for
a mobile repair crew) and back into service are not considered in this analysis. Also in this
case, a benefit can actually be expected by the implementation of a PdM policy, because
with PdM maintenance actions can be scheduled in advance and at a more suitable /
convenient location.

As pointed out above, the evaluation of the cost of PdM maintenance is affected by the lack of
quantitative data that would allow a more precise definition of the benefits of PdM compared to
the current maintenance practices. Also in the model the cost of repair actions (corrective
maintenance costs) and planned maintenance actions (preventive maintenance costs) are linked
to failure rate and scheduled predetermined maintenance intervals respectively, rather than
planned maintenance actions being linked to detected defects. Therefore whilst the model is
suitable for modelling the maintenance elements of LCC for the representation of current
maintenance practices, it is not ideally suited to representing the effects of predictive maintenance
strategies on LCC. To enable the modelling to be carried out to evaluate the effect of the other
cost types, it is assumed that the maintenance costs themselves are the same as for predictive
maintenance as the current maintenance practices. For this reason, the results of the comparative
LCC analysis will be given little weight in the conclusions and should not be used as a true
reflection of the effect on LCC of Predictive Maintenance.

5.3 Effect of Predictive Maintenance on hidden cost
5.3.1

Effect of Predictive Maintenance on opportunity cost

The installation of a monitoring system impacts on the opportunity cost since the PdM reduces
the DT (Down Time) of the wagon associated to a specific failure mode: the maintenance activities
will be performed at a time when the vehicle is not required for service.
This means that the identification of the imminent failure of a component will lead to the decision
to not include the wagon in a freight train:



The maintenance will be performed anyway;
The train will not stop on the line, so the DT is at least reduced, because the wagon is not
operative, so the opportunity cost associated to the inability to deliver goods is reduced.

To summarise, the installation of the monitoring system affects the opportunity cost.
5.3.2

Effect of Predictive Maintenance on the service disruption cost

The installation of a monitoring system impacts on the service disruption cost since the PdM
reduces the DT (Down Time) of the wagon associated to a specific failure mode.
This means that the identification of an imminent failure of a component will lead to the decision
to not include the wagon in a freight train:


The train will not stop on the line, so the DT is at least reduced, because the wagon is not
operative, so the service disruption cost associated to the traffic interruption could not
happen.

To summarise, the installation of the monitoring system affects the service disruption cost.
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5.4 Effect of Predictive Maintenance on FMEA analysis
The installation of a monitoring system does not affect the frequency or the severity of a failure
mode, but improves the detectability, i.e. leads for a lower value of the detectability coefficient D
that is involved with the calculation of the RPN, see section 4.1. In this case the definition of failure
includes replacement of a component where an imminent failure is predicted, as well as in service
failures.
In this case study, it is assumed that a monitored failure mode corresponds to a detectability
number D=3, corresponds with the definition “With a high probability a failure will be detected in
an early initial stage” for a 100% capability of detection of the monitoring system, and D=5,
corresponds with the definition “With a moderate probability a failure will be detected while
existing a short while before getting critical” for a 50% capability of detection of the monitoring
system.

5.5 Predictive Maintenance applied to freight wagon components
The next figure tries summarises the main effects of PdM on the freight wagon.

PdM

Figure 5-1 Effects of Predictive Maintenance (PdM) on the freight wagon LCC.
The application of the PdM on a freight wagon component could be simulated accordingly to
different scenarios:




It should be defined which failures of the components sensors will look for:
o One monitored failure mode only;
o Two or more monitored failure modes;
It should be understood if the same sensor could check for more than one failure mode or
not (this impacts on the purchasing cost, because less sensors are needed);
It should be defined what the detection capability of the monitoring system for the identified
failure mode/s: it is possible to assume that the monitoring system may be able to
anticipate 100% of possible future failures or a lower percentage. This will influence the
reduction of the DT for the failure mode: it is assumed that if the PdM is able to detect only
x% of the possible future failures, the DT is equal to
𝐷𝑇𝑛𝑒𝑤 = 𝐷𝑇𝑜𝑙𝑑 ∗ (100% − 𝒙%)

When simulating the effect of PdM on a component, it must be specified which are the features,
because the afore-mentioned scenarios could be combined (e.g. 1 failure mode, 1 sensor per
failure, 1 detection capability vs 2 failure modes, 1 sensor per failures, 1 detection capability). The
detection capability could be used as variable for checking the robustness of the results by means
of a sensitivity analysis.

5.6 Case study development: Predictive Maintenance applied to wheelset
The wheelset is the most critical component identified by the LCC/FMEA analyses; the simulation
of the effect of the installation of a monitoring system on it is presented here. Firstly, the impact
of the PdM on the purchasing and hidden (opportunity and service disruption) cost elements on
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the LCC is studied to verify if it is really possible to save money along the life cycle of the freight
wagon; secondly the impact of the PdM on the FMEA results is described.
5.6.1

Case 1 – Predictive Maintenance applied to wheel flat and out of roundness with
100 % detection capability

In order to look at the effect of PdM on the purchasing and hidden cost elements of the LCC of
the wheelset, the features of the simulation must be listed:




2 failure modes, in particular wheel flatness and wheel roundness
1 sensor able to monitor both failures
Detection capability for both failure modes set to 100%, so the DT new is 10*(100%-100%)
= 0 hours

The DT of the other failure modes still remains 2 and 4 hours, for wheel structural breakage and
axle structural breakage, respectively.
The effect on purchasing and hidden cost is represented below.
Table 5-1 Effect on LCC of PdM applied to wheel flat and out of roundness with 100 % detection
capability
PURCHASING COST
Cp wheelset Cp monitor
PURCHASING

6.200,00 €

3000

100

HIDDEN COST
Failure mode

MTBF

DT

Nfail

0,00 €
0,00 €
0,00 €
0,00 €
0,00 €

Struct. Break.
Wheel Flat.
Wheel round.
Misalign.
Rim defect

1,00E+09
1,66E+05
1,66E+05
9,09E+07
5,32E+06

2
0
0
0
0

2,50E-06
1,51E-02
1,51E-02
2,75E-05
4,70E-04

13,5
13,5
13,5
13,5
13,5

1,3
1,3
1,3
1,3
1,3

2,0833E-07
0
0
0
0

0,00 €
0,00 €

Visual Insp. 2,00E+08
U.Sonic Insp. 1,05E+07

4
0

1,25E-05
2,38E-04

13,5
13,5

1,3
1,3

2,0833E-06
0

OPPORTUNITY

0,00 €

wheel

axle

Buff. Length Wag. Coef.

Failure mode

MTBF

DT

Nfail

Pservice

Dstop,year

SERVICE DISRUPTION

1,45 €

wheel

0,07 €
0,00 €
0,00 €
0,00 €
0,00 €

Struct. Break.
Wheel Flat.
Wheel round.
Misalign.
Rim defect

1,00E+09
1,66E+05
1,66E+05
9,09E+07
5,32E+06

2
0
0
0
0

2,50E-06
1,51E-02
1,51E-02
2,75E-05
4,70E-04

13200
13200
13200
13200
13200

0,000005
0
0
0
0

axle

0,66 €
0,00 €

Visual Insp. 2,00E+08
U.Sonic Insp. 1,05E+07

4
0

1,25E-05
2,38E-04

13200
13200

0,00005
0

Day lost

The final value of the NPV with the PdM for the two described failure modes with a detection
capability of 100 % is:
NPV = 23.421,58 €
The comparison between the two NPVs (NPV = 23.421,58 € for this case and NPV = 23.228,77
€ for the case in Section 3) reveals that the two LCC values are close. Overall, the merely
economic gain after the monitoring system installation may be low (due to a balance between
purchasing cost and hidden costs), even though the resulting safety of the wagon is increased
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due to the continuous monitoring of the asset. Moreover, as understandable from the FMEA
analysis, there is an effect on the reliability of the wagon, that is improved.
The effect on the FMEA analysis based on HVLE data is the following:
Table 5-2 Effect of PdM applied to wheel flat and out of roundness on RPN (Case with 100% of
detection capability)
Wheel out-of-roundness,
without monitoring
Wheel out-of-roundness,
with monitoring
Wheel flat, without
monitoring
Wheel flat, with
monitoring

S

D

F

RPN

8

7

6

336

8

3

6

144

8

7

6

336

8

3

6

144

The reduction of the detectability number brings the RPN down to a value well below the threshold
RPNL. It is concluded that the monitoring system considered in this case would effectively mitigate
the criticality of the failure modes associated with wheel flats and out-of-roundness.
5.6.2

Case 2 – Predictive Maintenance applied to wheel flat and out of roundness with
50 % detection capability

In order to have a look on the effect of PdM on the purchasing and hidden cost elements of the
LCC of the wheelset, the features of the simulation must be listed:




2 failure modes, in particular wheel flatness and wheel roundness
1 sensor able to monitor both failures
Detection capability for both failure modes set to 50% (50% less than the simulation
described in subsection 5.5.1), so the DTnew is 10*(100%-50%) = 5 hours

The DT of the other failure modes still remains 2 and 4 hours, for wheel structural breakage and
axle structural breakage, respectively.
The effect on purchasing and hidden cost is represented below, in Table 5-3
The final value of the NPV with the effects of PdM on purchasing and hidden costs for the two
described failure modes with a detection capability of 50 % is:
NPV = 23.425,18 €
The comparison with the NPV of a 100 % detection capability system shows that the changes in
purchasing and hidden costs from implementing PdM balance themselves and, for this, the result
is to come up with the same LCC value. According to the previous case, the main effect of
monitoring is on improving reliability and safety.
The effect on the FMEA analysis based on HVLE data is in this caseis shown in the following
Table 5-4:
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Table 5-3 Effect on LCC of PdM applied to wheel flat and out of roundness with 50 % detection
capability
PURCHASING COST
Cp wheelset Cp monitor
PURCHASING

6.200,00 €

3000

100

HIDDEN COST
Failure mode

MTBF

DT

Nfail

Buff. Length Wag. Coef.

Day lost

OPPORTUNITY

0,22 €

wheel

0,00 €
0,06 €
0,06 €
0,00 €
0,00 €

Struct. Break.
Wheel Flat.
Wheel round.
Misalign.
Rim defect

1,00E+09
1,66E+05
1,66E+05
9,09E+07
5,32E+06

2
5
5
0
0

2,50E-06
1,51E-02
1,51E-02
2,75E-05
4,70E-04

13,5
13,5
13,5
13,5
13,5

1,3
1,3
1,3
1,3
1,3

2,0833E-07
0,00314552
0,00314552
0
0

axle

0,00 €
0,00 €

Visual Insp. 2,00E+08
U.Sonic Insp. 1,05E+07

4
0

1,25E-05
2,38E-04

13,5
13,5

1,3
1,3

2,0833E-06
0

SERVICE DISRUPTION

1,45 €

wheel

axle

Failure mode

MTBF

DT

Nfail

Pservice

Dstop,year

0,07 €
0,00 €
0,00 €
0,00 €
0,00 €

Struct. Break.
Wheel Flat.
Wheel round.
Misalign.
Rim defect

1,00E+09
1,66E+05
1,66E+05
9,09E+07
5,32E+06

2
0
0
0
0

2,50E-06
1,51E-02
1,51E-02
2,75E-05
4,70E-04

13200
13200
13200
13200
13200

0,000005
0
0
0
0

0,66 €
0,00 €

Visual Insp. 2,00E+08
U.Sonic Insp. 1,05E+07

4
0

1,25E-05
2,38E-04

13200
13200

0,00005
0

Table 5-4 Effect of PdM applied to wheel flat and out of roundness on RPN (Case with 50% of
detection capability)
Wheel out-of-roundness,
without monitoring
Wheel out-of-roundness,
with monitoring
Wheel flat, without
monitoring
Wheel flat, with
monitoring

S

D

F

RPN

8

7

6

336

8

3

6

240

8

7

6

336

8

3

6

240

Also in this case, the RPN after introduction of the monitoring system is reduced below the
threshold vale RPNL but remains significantly high. The detection capability of the monitoring
system is therefore critical to the impact of PdM on the capability of the system, as could be
expected.
5.6.3

Case 3 – Predictive Maintenance applied to wheel axle structural breakage with
100 % detection capability

In order to have a look on the effect of PdM on the purchasing and hidden cost element of the
LCC of the wheelset, the features of the simulation must be listed:




1 failure mode, in particular axle structural breakage
1 sensor
Detection capability for the failure mode set to 100%, so the DT new is 4*(100%-100%) = 0
hours
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The DT of the other failure modes still remains 2, 10 and 10 hours, for wheel structural breakage,
wheel flatness and wheel roundness, respectively.
The effect on purchasing and hidden cost is represented below.
Table 5-5 Effect on LCC of PdM applied to wheel axle structural breakage with 100 % detection
capability.

HIDDEN COST
Failure mode

MTBF

DT

Nfail

0,00 €
0,00 €
0,00 €
0,00 €
0,00 €

Struct. Break.
Wheel Flat.
Wheel round.
Misalign.
Rim defect

1,00E+09
1,66E+05
1,66E+05
9,09E+07
5,32E+06

2
0
0
0
0

2,50E-06
1,51E-02
1,51E-02
2,75E-05
4,70E-04

13,5
13,5
13,5
13,5
13,5

1,3
1,3
1,3
1,3
1,3

2,0833E-07
0
0
0
0

0,00 €
0,00 €

Visual Insp. 2,00E+08
U.Sonic Insp. 1,05E+07

0
0

1,25E-05
2,38E-04

13,5
13,5

1,3
1,3

0
0

OPPORTUNITY

0,00 €

wheel

axle

Buff. Length Wag. Coef.

Failure mode

MTBF

DT

Nfail

Pservice

Dstop,year

SERVICE DISRUPTION

0,13 €

wheel

0,07 €
0,00 €
0,00 €
0,00 €
0,00 €

Struct. Break.
Wheel Flat.
Wheel round.
Misalign.
Rim defect

1,00E+09
1,66E+05
1,66E+05
9,09E+07
5,32E+06

2
0
0
0
0

2,50E-06
1,51E-02
1,51E-02
2,75E-05
4,70E-04

13200
13200
13200
13200
13200

0,000005
0
0
0
0

axle

0,00 €
0,00 €

Visual Insp. 2,00E+08
U.Sonic Insp. 1,05E+07

0
0

1,25E-05
2,38E-04

13200
13200

0
0

Day lost

The balancing effect of the purchasing and hidden cost elements on the LCC of the application
of PdM is:
NPV = 23.400,08 €
This is very similar to the NPV of 23.228,77 € for the case in Section 3. The effect of monitoring
for axle structural breakage on NPV is small, when the effects of PdM on the purchasing and
hidden cost elements are considered, due to low failure rate. This shows that the introduction of
a monitoring system will not improve too much the effects of purchasing and hidden cost elements
on the LCC, even though the safety during service is improved.
The effect on the reliability-driven analysis based on HVLE data for the axle crack is shown in
Table 5-6.
Table 5-6 Effect of PdM applied to wheel axle structural breakage on RPN (Case with 100%
detection capability).
Axle crack
Axle crack, with
monitoring

S
10

D
5

F
4

RPN
150

10

3

4

120

In this case, the RPN after introduction of the monitoring system is improved to some extent, but
the RPN is not changed substantially. However, with this monitoring system installed, the
probability of a serious accident caused by a failure of the axle is reduced, which makes this
monitoring application attractive from the point of view of increasing the safety of the system.
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5.6.4

Case 4 – Effect of Predictive Maintenance on bearing failure

The effect on the reliability-driven analysis based on PER data for bearings is analysed in the
next table. Also in this case, the use of a suitable monitoring system is able to reduce the RPN
from a value greatly in excess of the threshold down to a value well below the threshold, showing
a significant improvement of wagon reliability.
Table 5-7 Effect of PdM of bearings on RPN
Bearings (from PER
analysis)
Bearings, with monitoring

S
10

D
8

F
5

RPN
400

10

3

5

150

5.7 Case study development: Predictive Maintenance applied to brakes and
suspension
For failure modes affecting the braking and suspension system, it is hardly possible to quantify
the effect of PdM in terms of reducing opportunity and service disruption costs. There are indeed
brake and suspension failures which would require the vehicle to be stopped in service while
carrying freight on the network, but these depend on the degree of severity of the failure which is
not known in this case, and on other unknown variables affecting the service of the wagon.
Therefore the effects of PdM on the LCC cannot be quantified with the model discussed here,
hence, for brakes and suspensions only the effect of PdM in terms of improved reliability and
safety will be considered, based on the FMEA analysis.
The table below suggests improvements to the RAMS of the system based on assessing the
impact of various monitoring systems on the brakes and suspension. The analysis reported below
is based on data from HVLE, with additional data related to helical coil springs from the UVA.
Table 5-8 Effect of PdM applied to brakes and suspension on RPN
Pneumatic part: unusable
or leaking
Pneumatic part: unusable
or leaking, with
monitoring
Brake blocks
Brake blocks, with
monitoring
Helical coil spring broken
Helical coil spring broken,
with monitoring
Helical coil spring broken
(UVA data)
Helical coil spring broken
(UVA data), with
monitoring

S

D

F

RPN

10

5

7

350

10

3

7

210

6

7

8

336

6

3

8

144

10

5

3

150

10

3

3

90

10

5

8

400

10

3

8

240

It is observed that the monitoring of the pneumatic circuit of the braking system has the potential
to improve substantially the reliability of the bogie and also a system monitoring the brake blocks
could bring significant benefits. The monitoring of helical coil springs does not have major effect
on RAMS aspects considering the HVLE data, however based on the UVA data there is a
significant reduction in RPN indicating a major effect on the RAMS aspects. The UVA data was
considered only for the helical coil spring failure since it differed significantly from the HVLE data.
Regardless of whichever data set is considered and the impact of monitoring on the reliability of
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the helical coil springs may have a very significant impact on safety, given that coil spring failure
corresponds to the maximum value of the severity index, S=10.
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6. CONCLUSIONS
This deliverable presents the activities performed in Task 4.1 of the INNOWAG project. After a
description of the maintenance programme for European freight wagons (Section 2 of the
deliverable), data provided by partners HVLE, UVA and Perpetuum was analysed and used to
perform a cost-driven analysis (LCC analysis presented in Section 3) and a reliability-driven
analysis (FMEA/FMECA analysis, presented in Section 4). Finally, a case study was performed;
comparing the case of a wagon with no predictive maintenance capability (i.e. the present Stateof-Art of European wagons) and the case of wagons implementing monitoring systems enabling
predictive maintenance policies. These case studies considered both the LCC and reliability
perspectives, which enables determining where the implementation of monitoring and predictive
maintenance actions would be expected to have the maximum benefit. In the case study, simple
assumptions were made in particular concerning the cost of ownership of the condition monitoring
systems, as a detailed quantification will only be possible after a better definition of condition
monitoring and predictive maintenance concepts are available from next activities planned in WP4
of the project.
The following conclusions can be drawn:
1) Based on the results of the cost-driven and reliability driven analyses, the most critical
failure modes that could be candidates for implementing predictive maintenance are:
 Wheel flat and wheel out-of-roundness;
 Axle crack;
 Unusable/leaking pneumatic parts in the brake system;
 Broken helical coil springs;
 Bottoming between axle-box housing and bogie frame
 Worn shock absorbers.
 Bearings
2) The LCC model introduced in Section 3 is fully suitable for LCC calculations for the current
maintenance practices. However, the evaluation of the benefits of PdM compared to the
current maintenance practices is affected by the lack of data required to achieve an
objective and quantitative evaluation, only the effect of the purchasing and hidden cost
elements of LCC are effectively considered in the analysis related to PdM. For this reason,
the results of the comparative LCC analysis reported in Section 5 of this report should not
be used as a true reflection of the effect on LCC of PdM;
3) According to the results in Section 5, the economic savings enabled by PdM are mainly in
terms of reducing the downtime of the wagon and the related opportunity costs. Savings
on service disruption costs are generally less significant, because for most of the failure
modes the wagons can still be operated in faulty condition, despite at a reduced level of
performance. This conclusion however reflects the assumptions made in the study and it
is hoped that more comprehensive conclusions will be obtained after the results of Tasks
T4.2 and T4.3 of this project are available.
4) It shall also be mentioned that it was not possible to consider in the LCC evaluation the
impact of condition-based track access charges, or the fact that a wagon might not be
admitted on the line due to its unsatisfactory condition. Furthermore, the LCC analysis
does not consider the fact that predictive maintenance could extend the service life of the
wagon, thanks to a condition of the wagon which is improved and better known. Also the
LCC analysis does not consider the potential extension of the useful service life of
components due to changing from scheduled replacement to only replacing when failure
is predicted.
5) The impact on the LCC of PdM was largely neutral when only effects of the purchasing
and hidden cost elements were considered. This is based on the costs of implementation
appearing to be covered by the cost benefits related to the hidden costs, there being little
change in the LCC when only the effects of these costs are considered.
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6) The implication of conclusion 5 above is that each of the anticipated positive impacts of
PdM on maintenance costs which were not considered in the cost model (as described in
Section 3) would result in net reductions in LCC, since the increase in costs due to the
purchasing are effectively cancelled out by the reduction in the hidden costs. Therefore
any additional factors which reduce costs would mean that PdM would be expected to
have a net benefit to LCC. This indicates that in general implementing PdM on the
identified critical components could be expected to have a positive effect on LCC as well
as reliability; however more detailed cost modelling would have to be carried out to
quantify the effect on LCC.


The anticipated positive impacts of PdM on maintenance costs are, the extension
of component life with its consequent reduction in component expenditure and
extension of interval between maintenance operations (and therefore reduction in
total number of maintenance operations in the vehicles lifetime), reduction of in
service failures and costly repair actions, and more efficient planning of
maintenance actions leading to a reduction in transport costs.

7) The FMEA/FMECA analysis and the case study show that the implementation of predictive
maintenance capabilities may bring important advantages in the operation of the wagon,
in terms of increased reliability and safety. This is an important point that needs to be
considered when assessing the business case for the introduction of predictive
maintenance in the operation of freight wagons.
The case studies reported in Section 5 show, in some situations, limited gains achievable through
the implementation of a predictive maintenance strategy. This is partly due to the fact that the
costs for repair or replacement of some wagon components is low and in general a freight wagon
is designed with a strong emphasis on minimising construction and maintenance costs. Anyway,
the results reported in the case study shall not be considered as conclusive, due to the reasons
explained in points 2) to 6) in the conclusions above, i.e., that the model is best suited to
application to scheduled preventative maintenance, and that the expected benefits of predictive
maintenance are not fully take into account. A re-evaluation of these results is expected by the
end of the INNOWAG project. Furthermore, it should be mentioned that there are other benefits
coming from the implementation of a predictive maintenance strategy, particularly in terms of
reduction of opportunity costs thanks to increased availability of the wagons. Another additional
advantage is the increase of safety of freight trains operation, which will also result in reducing
the costs of railway accidents to the railway infrastructure, people working in railways and people
living nearby railway lines.
Before concluding this report, the question should be answered whether the results of this report
shall be considered as only applicable to existing freight wagons or also applicable to the new
lightweight wagon concept design, which is the objective of INNOWAG WS2. LCC and RAMS
analyses performed in Task 4.1 are mostly based on historical data available at some of the
consortium partners and, in strict terms, should be considered valid for existing freight wagons
with Y25 bogies. However, most of the prioritised failure modes listed in point 1) of the conclusions
above are not significantly affected by a modified lightweight design of the wagon. Depending on
the extent of any weight reduction measures implemented on the wheelset designs for future
freight vehicles, the weight reduction of the axle might affect the occurrence of wheel flats and,
therefore, the LCC and maintenance costs; however, the effect would be expected to be slight.
The occurrence of fatigue cracks in the axle will be reduced, but this is so critical to safety it would
need to be addressed in a predictive maintenance policy anyway. Failures in the pneumatic circuit
of the braking system (failure mode “c” in point 1) are definitely not affected by the lightweight
design of the wagon. The design of bogie primary suspensions is also likely to be unaffected or
only slightly affected by the lightweight design of the wagon, which is mostly concerned with the
design of the wagon body (and possibly bogie frame), hence failure modes listed as “d”, “e” and
“f” in point 1 above will not be affected by a re-design of the wagon to make it lighter. Finally, a
reduction of the axle load will reduce to some extent the occurrence of failures in roller bearings:
this is the only failure mode in the priority list defined at point 1 which could be possibly be affected
by the lightweight design of the wagon. However, the reduction in vehicle tare weight could be
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used to increase the payload capacity of the vehicle, reducing the overall effect on the load carried
by the axle boxes.
In conclusion, the results of the analyses reported in this report are to a large extent applicable
not only to freight wagon of traditional or conventional design, but also to the new lightweight
vehicle concept design being developed in INNOWAG WS2.
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