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Purpose — This paper proposes an approach for the development of a dynamic maintenance policy for the —Accepted 10 November 2024
railway rolling stock system considering the dynamic characteristics of the system, the operation environment,
and the maintenance process. The proposed approach can also be applied to other similar complex technical
systems.

Design/methodology/approach — This study explores the state-of-the-art in dynamic maintenance policy
development for railway rolling stock to identify the research gap. The proposed approach is demonstrated
through a case study on dynamic maintenance policy development for railway rolling stock maintenance support
planning, emphasising constant assessment and improvement in the maintenance policy.

Findings — This study emphasises on the need for an effective, efficient, and dynamic maintenance policy that
adapts to evolving system requirements such as organisational contexts, technological advancements, and
regulatory requirements. This study finds that there are specific dynamic characteristics in each step of the
maintenance policy development process. These dynamic characteristics are dependent on the changes in
system requirements, the environment and in the maintenance process. The proposed approach for dynamic
maintenance policy development provides a framework for the identification of these dynamic characteristics
for different complex technical systems operating in a specific context.

Originality/value — Despite the significant impact of railway rolling stock maintenance on railway system
availability, research in this area is limited. The proposed approach for maintenance policy development for
rolling stock integrates adaptability and responsiveness to dynamic factors in the maintenance process and the
system requirements. Thus, the proposed approach provides a guide for industry professionals and directions for
future research in dynamic maintenance policy development for other similar complex technical systems.

Keywords Maintenance, Maintenance policy, Dynamic maintenance policy, Maintenance concept,
Maintenance support, Rolling stock, High-value components
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1. Introduction

An effective and efficient maintenance policy plays a pivotal role in ensuring the availability of
a complex technical system. An optimised maintenance policy may reflect the conditions of a
system when it was designed. However, there is a continuous evolution of system dynamics in
complex systems that are influenced by factors such as shifting operational requirements,
changing system configuration, and technological developments. These dynamics make static
maintenance policy obsolete over time. Complex technical systems require an evolving
maintenance policy throughout their lifecycle to enhance maintenance effectiveness.
A dynamic maintenance policy is based on considerations from system design as well as,
alignment with changing system requirements, operating environments, and constraints,
during the operation and maintenance phase.
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JQME Changes in system requirements lead to modifications in maintenance processes,
31,5 subsequently influencing the demand for maintenance and maintenance support, and
consequently impacting the maintenance policy. When maintenance is perceived as a value-
added process it can emphasise organisational goals such as corporate sustainability, and wider
economic social, and environmental imperatives (Liyanage and Kumar, 2003). To emphasise
and be aligned to organisational goals, the maintenance policy of an organisation must be
dynamic, adaptive, and responsive to the system requirements, organisational goals, and
technological factors.

The measurement of the performance of an existing maintenance policy is complex when it
comes to linking the performance indicators at the operational level and strategic level (Parida
and Kumar, 2006). The maintenance policy must be assessed against the achievement of
strategic business objectives using qualitative and quantitative approaches to maintenance
such as RAMS (reliability, availability, maintainability, safety), LCC (Life-cycle costing),
TPM (total productive maintenance), OEE (overall equipment effectiveness) etc.; (Kumar
et al., 2013; Parida et al., 2015; Parida and Kumar, 2009).

Railway rolling stock is a complex technical system with dynamic system requirements
and operational conditions. Enhancing rolling stock reliability involves integrating
stakeholder data, effectively utilising the collected information, and ensuring responsive
and efficient maintenance management (Hakim and Kusumah, 2022). Leveraging data-
driven maintenance decisions, which integrate input from various stakeholders, can
significantly enhance rolling stock fleet reliability, particularly when the maintenance
strategy adopts a dynamic approach that combines preventive and predictive maintenance
strategies (del Castillo et al., 2023).

The development of a dynamic maintenance policy is expected to address several
challenges related to the maintenance of the railway rolling stock fleet. Trains are designed to
operate for 3040 years, and during their lifetime, the rolling stock system has different
maintenance needs for optimal operation, emphasising the need for reactive maintenance
based on dynamic thresholds (Turgis et al., 2021). The most significant factors influencing
rolling stock maintenance involve the dynamic aspects of the inventory supply chain, the
necessity for knowledge and competency development, and the equipment selection for
maintenance and maintenance support, all of which are integral components of the
maintenance policy (Idris et al., 2023). Maintenance management and scheduling also
require consideration of dynamic aspects such as the unavailability of rolling stock on the
scheduled maintenance due to operational requirements or unplanned in-service failures
(Louadah et al., 2024). These challenges emphasise the need for a dynamic maintenance
policy that reflects changing system requirements, operational conditions, and maintenance
needs for railway rolling stock.

To facilitate the development of a dynamic maintenance policy for railway rolling stock,
this research seeks to address a fundamental question: How can we integrate the dynamics of
the railway rolling stock system, its operational conditions, and maintenance processes into the
formulation of a dynamic maintenance policy? Within this overarching inquiry, the research
pursues two specific objectives: (1) To determine the essential parameters crucial for the
development of the maintenance policy, and (2) To establish the optimal frequency for
updating these parameters to ensure that the maintenance policy remains aligned with the
evolving system requirements. By addressing these objectives, the research aims to devise a
maintenance policy that effectively adapts to the dynamic nature of railway rolling stock that is
aligned to system requirements and organisational goals.

To answer the above-stated research question, a holistic and systematic approach to
dynamic maintenance policy development has been proposed in this research. This approach
integrates the considerations of rolling stock system requirements, operational contexts, and
maintenance processes. The theoretical framework for the development of this approach is
based on structured and semi-structured interviews with domain experts in the maintenance of
railway rolling stock in Sweden, a systematic literature survey on maintenance policies in
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general and maintenance of rolling stock in particular, and reference to best practices and Journal of Quality
international standards on asset management, and dependability management. in Maintenance

The proposed approach for dynamic maintenance policy development has been Engineering
implemented to plan maintenance and maintenance support for heavy maintenance actions
on high-value components like engines, compressors, and braking systems for a fleet of
railway rolling stock. This implementation provides a roadmap on how a dynamic
maintenance policy can be developed for a multi-stakeholder environment including
resource dependencies created by aspects of fleet management of railway rolling stock. The
implementation also demonstrates how and why is it essential to consider dynamic aspects in
maintenance policy for complex technical systems. Overall, this research provides practical
guidance for improving the reliability and availability performance of railway rolling stock
systems through the adoption of a dynamic maintenance policy.
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2. Methodology

This research is based on three analytical research approaches, i.e. (1) literature survey, (2)
study of standards related to asset management and maintenance, (3) case study in the
maintenance of high-value components for railway rolling stock fleet.

A literature review serves as the basis for the development of new knowledge and the
identification of new research areas (Webster and Watson, 2002). In this research, a literature
review has been used to identify the challenges in the development of a dynamic maintenance
policy in general and the development of a dynamic maintenance policy for railway rolling
stock in particular. The keywords used for the literature review were, “maintenance policy”,
“maintenance strategy”, “maintenance concept”, “railway rolling stock”, “asset management
strategy”, “maintenance challenges”, and “dynamic maintenance policy”. These keywords
were combined using “AND”, “OR” operators to refine the search results. Synonyms of the
keywords such as railway vehicle, and railway fleet, were also considered to refine the search
results. To ensure the inclusion of high-quality research, peer-reviewed journal articles,
conference proceedings, and academic dissertations were included. The research articles that
were not specifically focused on the maintenance of rolling stock, were limited to the
maintenance of industrial systems. The keywords were searched in the title of published
articles. Articles published after the year 2020 were given priority, so that new research
challenges and areas can be identified.

The approach for maintenance policy development is adapted from Dependability
Management, Part 3—14: Application Guide, Maintenance, and Maintenance support (IEC,
2004). The international standard on dependability management provides a general approach
to maintenance and maintenance support with a focus on complex systems. It addresses the
case of complex systems in the context of adjustment of maintenance and maintenance support
to specific situations during the design phase as well as the operation and maintenance phase.
The framework for consideration of railway system requirements has been based on
International standard ISO55001, Asset management-management system requirements,
guidelines for applications (SS-ISO 55002, 2018). This standard was used to adopt a structured
approach for consideration to context of the railway organisation, and the alignment of
maintenance policy to organisational objectives. The UIC Railway Application Guide that
provides practical implementation of Asset management through ISO 55001 was also referred
(UIC, 2016). The guidelines provided by the UIC railway application guide, were used to
identify the need and benefits of utilising asset management concepts for the railway system.

The case study research method is known to provide in-depth insights into complex
phenomena within real-life contexts (Yin, 2018). The case study method was used in this
research to develop insights into the complex process of dynamic maintenance policy
development with the help of a real-world case study. The case study used in this research is on
the maintenance policy development for high-value components for railway rolling stock
in Sweden. This project was executed as part of the ‘Al factory for Railways’ project
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JQME (Karim et al., 2023). The data sources used in this project were obtained from vehicle owners,
31,5 operators, and maintenance service providers. Several semi-structured and unstructured
interviews with railway stakeholders were conducted to identify the needs and requirements
for the maintenance plan for rolling stock. The data sources as shown in Figure 1 were received
from various stakeholders for railway rolling stock in Sweden. These data sources were
integrated to develop a holistic maintenance plan. The process of the development of this real-
world maintenance support plan formed the foundation for the identification of the dynamic
elements in the maintenance policy development process. Apart from this major case study, a
few minor case studies with semi-structured and unstructured interviews with industry
participants responsible for operation and maintenance in the mining, aviation, and
construction industries were also considered.
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3. Theoretical framework

3.1 Literature survey and gap analysis

3.1.1 Issues and challenges in maintenance of railway rolling stock. More specifically, when
the maintenance of rolling stock is considered, there are a number of unique challenges that are
encountered, such as those related to the cross-organisational operation and maintenance,
organisational structure, context-aware analytics, fleet and individual vehicle maintenance,
change management, sharing of the pool of high-value components, and the complex technical
system-of systems configuration of the rolling stock system (Kumari, 2022).

The lack of proper, timely, and inaccurate maintenance of rolling stock may lead to
decreased operational performance or even safety challenges with respect to the whole railway
system, such as derailments (Chatzimichailidou et al., 2018). The lack of ability to adjust
maintenance management programs for rolling stock, to factors such as operational schedules,
fleet performance based on the lifecycle stage of the fleet, maintenance echelons, and
maintenance support services, may result in decreased overall performance of the railway
system (Weiss, 2013). Management of spare parts forms an important part of maintenance
support and hence, maintenance policy for rolling stock. It was observed that of the highest
influential costs for maintenance in rolling stock are 13.8% for spare parts, 11% for life cycle
cost, 6.4% for preventive maintenance, and 4.6% each for workforce, corrective maintenance,
and cost of ownership (Idris et al., 2022).

3.1.2 Dynamic maintenance policy. A dynamic maintenance policy for systems with
repairable components to reflect the current initial age of the components at the time of
inspection was proposed using a reliability and maintenance model (Yousefi et al., 2020).
Maintenance policy optimisation for a multi-components system considering the
characteristics of a dynamic environment was based on a diagnostic probability threshold
as a condition for preventive action (Misaii, 2022). A maintenance policy analysis for a multi-
unit system that considers not only the dynamic states of the components but also the inter-
relationship among the states was developed to address the issue of gradual performance
degradation in multi-unit systems (Lee, 2020).
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Figure 1. Data sources for maintenance support planning of high value components
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Another approach for a maintenance policy for a multi-component system has been Journal of Quality
proposed, that considers the dependence between components and their dynamic importance in Maintenance
based on their degradation and reliability (Zhang et al., 2022). There are some more studies Engineering
related to the development of a dynamic maintenance policy for different multi-component,
multi-state, complex systems working under varying operational contexts, that are focussed on
capturing the dynamicity in the degradation of a single component or a group of components in
the systems (Khoury et al., 2011; Liu, 2015; Gupta et al., 2005; Gen-bao et al., 2013).

An optimum condition-based maintenance policy with dynamic inspections to reduce the
life cycle cost through reducing the number of inspections based on the asset condition was
proposed (Cheng et al., 2022). A dynamic update of degradation parameters using to predict
remaining useful life and time between two successive inspections, has been used to develop a
dynamic auto-adaptive maintenance policy (Omshi et al., 2020). A dynamic condition-based
maintenance policy was developed to enable the dynamic revision of optimal preventive
maintenance threshold for heterogeneous degradation rate of components (Lu and Luo, 2024).

A dynamic grouping of scheduled maintenance actions of each component for road
infrastructure, to ensure proper functioning of the system and to minimise maintenance cost,
has been proposed (Najeh et al., 2021). A dynamic inspection and maintenance scheduling for
a multi-state system using decision epochs to reduce inspection and maintenance costs was
developed to optimise maintenance policy (Chen et al., 2023). Data-driven predictive
maintenance policy has been proposed to obtain a continuous probability distribution of
system states dynamically to predict the remaining useful life and make maintenance decisions
(Xie et al., 2023).

An approach for dynamic scheduling of preventive maintenance actions under stochastic
environments in a multi-component system to obtain an optimal maintenance policy has been
proposed (Fan et al., 2023). Another approach for optimising maintenance policy has been
proposed that considers the dynamic impact of the environment on system degradation to aid
maintenance decisions (Luo et al., 2024). A preventive maintenance policy considering
dynamic environmental shock arrivals and their effect on component degradation has been
developed to enhance system performance and reduce maintenance costs (Wei et al., 2023;
Misaii et al., 2022).

3.1.3 Dynamic maintenance policy for rolling stock. A condition-based maintenance policy
for failure of critical systems was developed to optimise the RAMS parameters of rolling stock
(Alkali et al., 2017). A study on optimising the maintenance policy for rolling stock optimises
the existing preventive maintenance interval for braking system, based on RAMS and
maintenance cost (Kraijema, 2015). One approach proposed for dynamic maintenance policy
development for rolling stock is updating the maintenance schedule continuously, based on
dynamically updated remaining useful life (RUL), maintenance limitations, and operational
requirements (del Castillo et al., 2023).

A lifecycle costing (LCC) framework for operation, maintenance, and replacement of
mission-critical components in rolling stock was developed, for selecting an appropriate
maintenance scenario (Fourie and Tendayi, 2016). A framework for selection of preventive or
corrective maintenance strategy for spare parts management of rolling stock based on cost,
reliability, safety, quality, and efficiency, concluded that preventive maintenance is a better
strategy and safety is the most important selection factor for rolling stock (Cheng et al., 2006).
The research on maintenance policy for rolling stock focusses on the selection or
demonstration of one of the many approaches for maintenance management, such as
reliability centred maintenance (RCM) (Kang, 2010), risk management (Lyashenko and
Muratov, 2022), cost management (Choi et al., 2011), life-cycle management (Ruitenburg
et al., 2015), predictive maintenance (Wu and Lai, 2018), and condition-based maintenance
(Ho and Bentley, 2021), and total productive maintenance (Nakajima, 1988).

3.1.4 Gap analysis. Despite the challenges related to maintenance of rolling stock and their
strong impact on the availability of the railway system, it is observed that only less than one
sixth of the published research on maintenance of railway is focussed on the maintenance of
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JQME rolling stock. Additionally, when searched with higher abstraction level maintenance terms
31,5 such as, maintenance policy, maintenance management, maintenance strategy, and
maintenance concept, around 230 studies show up for railway infrastructure, opposed to
only 50 on rolling stock/railway vehicle. Therefore, there is an evident lack of research in the
field of maintenance policy development for rolling stock.

The literature survey highlights the benefits of implementing dynamic maintenance
policies, which adapt to the current age and condition of components, optimising maintenance
actions and reducing life cycle costs. Dynamic parameters such as component degradation,
reliability, and environmental factors are considered in these approaches for developing an
optimal maintenance policy. The research on dynamic maintenance policy is limited to
demonstrating an approach on how to capture certain changing parameters in specific
components of the system and update the maintenance policy respectively. Similarly, the state-
of-the-art in maintenance policy development for rolling stock involves developing condition-
based policies, optimising preventive maintenance intervals using RAMS parameters and cost
considerations.

However, there is lack of a holistic approach for maintenance policy development, that
establishes the interconnection, and flow of information through various stages of the
maintenance process, and various approaches towards maintenance. Additionally, there is a
need for a holistic perspective that recognises the inter-relationship among system
requirements and maintenance processes, while identifying the key dynamic characteristics
within this interrelationship. The development of such a holistic approach for dynamic
maintenance policy development can enable effective and efficient decision-making, ensuring
system function and availability while minimising maintenance costs by considering several
dynamic characteristics within the system.

28

3.2 Basic maintenance concepts

Maintenance is a combination of all technical and administrative actions, intended to retain an
item in or restore it to a state in which it can perform a required function. Maintenance policy is
the general approach that is adopted for the provision of maintenance and maintenance support
based on the objectives and policies of the system. The planning and execution of maintenance
and maintenance support are ensured through the establishment and implementation of
maintenance processes that are tailored based on the requirements of the system. The general
essential maintenance processes are maintenance management, maintenance support
planning, maintenance preparation, maintenance execution, maintenance assessment, and
maintenance improvement (IEC, 2004).

The relationship between, maintenance policy and maintenance concept has been
demonstrated in Figure 2. The maintenance concept is developed based on two key
concepts: (1) indenture levels and (2) maintenance echelons. The indenture levels are the item
hierarchy in the system configuration based on prescribed levels of maintenance or set of
maintenance tasks. A level of maintenance is mapped to a purpose guided by the system
requirements. An indenture level may be mapped to one or more maintenance echelons, which
are organisational units with maintenance support where maintenance tasks are carried out.

The maintenance process is the implementation of the maintenance concept. Maintenance
support planning is a part of the maintenance process. The maintenance support planning
includes defining the maintenance support and identifying maintenance tasks and resources.
The different maintenance and maintenance support activities across various lifecycle stages
of a system have been demonstrated in Figure 3.

3.3 Case study description

The rail transport in Sweden is spread over 15,545 km of railway track (Trafik Analys, 2020).
The Swedish railway system is deregulated and has multiple stakeholders such as infrastructure
manager, product owner, transport owner, transport operator, train operator, locomotive
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Figure 3. Maintenance and maintenance support activities at various life cycle stages of a system, inspired by
IEC 60300

maintenance workshops, wagon maintenance workshops, and spare parts maintenance
workshops (Palo, 2014). The railway traffic across Sweden is handled by different regional
transport authorities. The transport authorities are responsible for the operation and
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JQME maintenance of multiple fleets of rolling stock in their region. The vehicles in a fleet share a pool
31,5 of high-value components. The high-value components (HVC) are critical components in the
vehicle such as, bogies, wheelsets, braking systems etc. Each type of HVC has a time/mileage
based preventive maintenance (PM) interval. The PM threshold is generally defined by a (1)
minimum value —above which the component can be maintained, (2) an optimum value —above
which the component must be maintained, and (3) a maximum value above which the
component is not fit for operation.

The unavailability of the required HVCs in the inventory, can lead to delay in maintenance,
which in turn may cause operational disruption or safety risks in case of operating with
components that have crossed the maximum PM threshold value. To avoid this scenario, the
transport authorities require maintenance support planning for the fleet of rolling stock that is
managed by them. They need to predict the upcoming need for HVCs in different fleets based
on the PM thresholds of the different HVCs. If the PM interval is time based, it gets precedence
during maintenance planning, as the component must be maintained after the threshold time
irrespective of whether it was in operation or not. When the PM interval is mileage based, the
kilometres of operation of the component since it was configured in a railway vehicle, must be
considered for planning. To derive a futuristic resource planning for HVCs, in this case, an
estimation of the kms run by the fleet of vehicles is needed to prognose the number of different
HVCs required for the fleet in upcoming months and years.

The existing maintenance policy for the replacement of HVCs is based on time/mileage-
based PM intervals. The maintenance preparedness for the fleet of rolling stock is increased
through prognosis of the HVC requirement. However, when maintenance preparedness
increases, it also brings in additional costs due to storage, transport, and management of spare
parts in the inventory. Even if the required number of spare parts are always in the inventory,
when a HVC reaches its PM threshold, there may still be delay in maintenance due to other
factors such as continuous increase in railway traffic, operational schedules, availability of
maintenance support, and distance of the vehicle from the maintenance depot (Ivina and
Palmqvist, 2023). Additionally, there are other dynamic factors in maintenance support
planning for HVCs such as change in the mileage of the fleet, and unwanted failures.
Therefore, maintenance support planning based on an existing maintenance policy is not
effective. The existing policy should be able to sense the dynamic factors in the maintenance
process, and their impact on organisational goals, and adapt itself accordingly.
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4. Results and discussions

The proposed approach for dynamic maintenance policy development for rolling stock has been
shown in Figure 4. The following subsections include a description of the proposed approach
and its implementation for maintenance policy development for railway rolling stock.

4.1 Requirements
The system requirements serve as the foundation for the development of a maintenance policy
for railway rolling stock.

The railway rolling stock in Sweden has a multi-stakeholder environment with several
internal (employees, functional groups, owners, operators, shareholders), and external
stakeholders (end users, contractors, government and non-government organisations,
community, society, and investors). Any change in the intrinsic or extrinsic factors of any
of these stakeholders introduces a dynamic parameter in the stakeholder requirements.

The economic requirements are generally stated by performance indicators that incur or
generate direct and indirect costs to the railway system. Governance requirements for the
rolling stocks are related to standard asset management and quality control practices followed
in the organisation to facilitate accountability, and transparency among stakeholders. Due to its
vast social impact, the railway system includes dynamic regulatory compliance, safety, and
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JQME security requirements due to changes in local, state, national, and international policies. Long-
31,5 term sustainability goals require significant changes to current rolling stock maintenance
policies.

Societal requirements of the railway rolling stock systems are constantly changing due to
profound factors such as climate change, technological advancements, wars, and pandemics or
subtle factors such as gender roles, digital connectivity, the mean age of the population,
changes in travel preferences etc.

Lifecycle requirements for railway rolling stock assets are related to factors such as
interoperability with the existing railway infrastructure, safety and security regulations,
varying safety, and maintenance thresholds, varying operational requirements based on the
lifecycle stage, and so on. RAMS requirements ensure some of the key system requirements of
the rolling stock system such as operational reliability, system dependability, availability,
systematic maintenance planning, and passenger and freight safety.

Consideration of changes in technological requirements that arise due to rapid development
of monitoring, analytics, and visualisation capabilities for asset data, can aid in the
development of an effective and efficient maintenance policy.

It is important to sense and adapt to these requirements dynamically during maintenance
policy development. The proposed approach for dynamic maintenance policy development
integrates these requirements at based on feedback from each stage of the maintenance policy
development and implementation.

Dynamic parameters identified at the requirements identification stage:

32

(1) changing system requirements
(2) changing inter-dependence between requirements

4.1.1 Optimal frequency of updating system requirements. The frequency of updates of
system requirements is event-based. These requirements are updated when there is a change in
the social, governmental, environmental, organisational technical, or technological
ecosystem. The frequency of updates for change in lifecycle-based requirements for
railway rolling stock can be time/mileage-based, depending on the degradation phenomena of
the assets or event based.

4.2 Maintenance policy

Maintenance policy influences the maintenance decisions throughout the asset life cycle.
Maintenance policy specifies the resources required, to maintain an item, and the conditions
for the provision of those resources.

For the maintenance of railway rolling stock, these resources are (1) personnel such as
trained maintenance engineers and technicians, (2) information such as maintenance
schedules, plans, and training manuals, (3) support equipment such as mounting,
demounting, and transport equipment, (4) spare parts such as high-value components and
sub-components, (5) maintenance facilities such as warehouse and overhaul facilities, and (6)
finances such as the budget for maintaining inventory, spare parts logistics, performing
maintenance, etc.

The fleet of rolling stock in Sweden shares a pool of components called high-value
components (HVC). The HVCs are critical components in the vehicle such as bogies,
wheelsets, braking systems etc. Each type of HVC has a time/mileage-based preventive
maintenance (PM) interval for various maintenance tasks. As shown in Figure 5, the PM
threshold is generally defined by a (1) minimum value — above which the component can be
maintained, (2) an optimum value — above which the component must be maintained, and (3) a
maximum value above which the component is not fit for operation. Based on these PM
intervals, maintenance support planning is developed. This planning includes the number of
maintenance tasks that is due in each month of the look-ahead time (IV years) for which the
maintenance plan is to be developed. An illustration of this planning is provided in Table 1
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Figure 5. Critical threshold levels for PM tasks of HVC in rolling stock
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Table 1. Number of pending/planned maintenance tasks on high-value components
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Year N

Mair:;:::nce Month 0/backlog Jan Dec
Task 1 500 213 321 156 267 188
Task 2 662 342 436 248 348 321
Task 3 439 267 448 193 439 210
Task 4 753 431 801 519 795 493
Task 5 982 514 899 487 956 463
Task N 591 212 550 139 589 112
legends

min opt max

Source(s): Authors’ own creation/work

4.2.1 Dynamic parameters in the preventive maintenance policy..

(1) The count of the expected number of planned maintenance tasks for the look-ahead
time will be updated e.g. every month or when a certain number of maintenance tasks

have been executed.

(2) The number of expected maintenance tasks is dependent on the mileage of the fleet in
which HVC is mounted for that particular year. Therefore, when there is a change in the
mileage of any of the fleet, the count of expected maintenance tasks may change.

4.2.2 Optimal frequency of updating preventive maintenance policy. The count of expected
PM tasks is updated every 15 days or monthly, based on how often the maintenance plan is to
be provided to different stakeholders. The yearly mileage of the fleet is based on the operation

plan for fleet performance in kilometres.

4.3 Maintenance concept

The maintenance concept for railway rolling stock includes the indenture levels and
maintenance echelons of the components for which the maintenance policy is being
developed. HVCs are the indenture level for which maintenance tasks are prescribed. Each
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JQME task is mapped to the required resources and maintenance echelons. This mapping describes
31,5 the maintenance concept. The maintenance concept is executed through preventive and
corrective maintenance actions based on the maintenance policy, i.e. time/mileage-based
preventive maintenance actions for HVCs.
4.3.1 Dynamic parameters.

(1) The existing indenture levels and maintenance echelons may need to adapt to evolving
34 system requirements.

(2) There may be changes to the existing levels of maintenance due to technology
enablement or increased operational needs.

(3) Tools and technologies for maintenance planning and execution may bring a change in
scalability and modularity of the existing item hierarchy.

(4) The maintenance echelons may be affected by changing system requirements as they
may become more adaptive and rather predictive to improve the RAMS requirements
on the system.

(5) The ratio of preventive/corrective maintenance may change due to feedback from
maintenance process or due to for e.g. technology enablement.

4.3.2 Optimal frequency of updating the maintenance concept. The updates in indenture-
levels, maintenance echelons, and levels of maintenance should happen based on sensing the
change in system requirements. This change can be sensed through the connection between the
system requirements and maintenance concepts as shown in Figure 2.

4.4 Maintenance process

The maintenance process in this article is focussed on the maintenance resources planning for
HVCs of railway rolling stock. A monthly maintenance resource planning for HVCs must
contain the number of different maintenance tasks on HVCs for the look-ahead time, N. The
formulations to achieve this maintenance support planning have been shown below. Table 2
contains the description of the notations used in the formulations.

Case 1: when the PM interval of a maintenance task for HVC is time-based.

In this scenario, the dates of the next PM action are independent of the vehicle/fleet
configuration of the HVC. The HVC is taken for maintenance after the specified time-based
PM interval irrespective of being in operation or not.

To find the dates of number of PM actions of type k performed on a HVC over the look-
ahead time L, first the maintenance planning timeline in days is given by:

mpt = MPd — PM, + 365 X L

Table 2. Notations used in formulations

mpt Maintenance planning timeline in days

MPd  The date when maintenance plan is being developed (e.g. today)

PM, The date when the last PM action was performed

L Lookahead time in years

Npmik The number of PM actions performed over the maintenance timeline for a maintenance task of type k
PM; The PM interval of a maintenance task of type k

PMd;, The date for the ith occurrence of a maintenance task k over the maintenance timeline

Source(s): Authors’ own creation/work
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The number of PM actions for a maintenance task performed during the maintenance planning Journal of Quality

timeline is given by: in Maintenance
Engineering
mpt
Npwk = | ——
PMk \‘ PMAJ
To develop the plan monthly, the dates of expected PM actions are required. This can be 35
calculated by:

PMdk,' = PMdk(,‘_l) + PMk

where i = 1 to Npy.

Now, if PMd,, or PMd,, occurs in the past, that is on a date before the MPd, it is assumed for
maintenance support planning purposes, to allocate all the backlog PM actions the MPd.
Therefore, the date for the ith PM action can now be given by:

PMd,; = max ((PMdy-.) + PMy), MPd)

By placing the PMd,; for all ks, i.e. for each type of maintenance task, month wise, the
requirement on the number of maintenance tasks for every month of the look ahead time can be
obtained.

It should be noted, that for each record, the number of PM actions in the look ahead time
should be calculated separately. Although each occurrence of a PM task k has the same PM
interval, they may have a different date when the last PM action was performed on a particular
HVC and vehicle configuration. Due to this, the number of PM actions during the look ahead
time may vary.

In the above equations, the general term PM, is used to denote the PM interval for a
maintenance task of type k. As stated in the notations table, the PM, interval can be substituted
by Mimax Miop, OF PMipin, based on the criteria for maintenance support planning, i.e.
maximum, optimum, or minimum PM interval respectively.

Case 2: when the PM interval of a maintenance task of type k is mileage-based

To develop a time-based maintenance support plan, maintenance tasks with a mileage-based
PM interval, should be converted to time-based PM interval. In this scenario, the time taken by
the HVC to travel the distance in kms specified by the mileage-based PM, can be calculated
based on the mileage of the vehicle in which the HVC is configured.

The railway organisations provide an estimated mileage for each of their vehicle fleets per
year. This is based on monthly performance of the vehicles in the fleet as shown in Table 3.
The prognosis on future mileage of the fleet is based on past performance as well as several
other factors such as operation planning, state of the asset, and expected passenger or freight
traffic. The monthly mileage for each year in the lookahead time can be calculated by dividing
the annual mileage of the year by 12.

The algorithm to calculate the number of PM tasks in each month of the look ahead time is
then given by the following steps.

(1) Define a list of years between MPd and L
(2) Create new columns for “monthly mileage” for each year.
(3) Define a mapping for “fleet” values to monthly mileage values.

(4) Extract numeric values from PM; in kilometres and create PM;y,, column by
multiplying the PM interval for each task to the mileage of the fleet each year.

(5) Continue with the calculations in Case 1.
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JQME Table 3. The monthly and average yearly performance in million kms of railway vehicle in fleet

31,5

Aug- Sep- Oct- Nov- Dec- Jan- Feb- Mar- Apr- May- Jun- Jul-
Vehicle 22 22 22 22 22 23 23 23 23 23 23 23

FI-VI 2.35 237 238 240 242 242 242 244 246 248 250 2.52
FI-V2 2.43 244 247 248 249 252 254 255 257 258 259 261
FI-V3 2.48 251 252 254 256 257 259 261 264 265 266 2.67
36 FI-V4 2.50 252 254 2.55 257 259 262 263 265 268 269 271
FI-V5 2.50 251 253 254 256 259 260 262 264 266 268 2.70
FI-V6 1.89 1.90 192 194 1.97 198 200 202 203 205 2.07 2.08
FI-V7 1.87 1.89 191 193 194 197 197 200 201 203 2.04 2.04
FI-V8 1.84 1.86 187 1.89 191 193 195 197 1.98 2.01 202 2.04
FI-V9 1.88 1.88 190 1.92 194 197 199 200 202 205 2.06 2.08
FI-VIO 1.88 1.90 192 194 1.96 197 199 200 202 204 206 2.07
FI-VII 1.90 192 193 196 198 201 203 205 206 207 209 211
FI-vi2 1.79 1.81 182 184 1.85 187 187 1.88 190 191 1.92 193
FI-v13 185 1.87 190 191 1.91 193 196 197 1.99 2.01 203 2.04
FI-V14  0.66 0.68 0.70 0.72 073 075 077 079 081 0.83 0.85 0.87
FI-V15 0.61 0.63 0.65 0.67 069 072 073 075 075 0.77 0.79 0.80
FI-vie 0.71 074 0.75 0.77 079 081 083 086 087 0.89 091 093
FI-v17 247 249 251 252 254 256 257 260 261 263 2.65 2.68
FI-V1i8  2.65 268 270 272 274 276 278 280 282 284 2.85 2.86
Average 1.90 192 194 196 198 199 201 203 205 207 2.08 210

2024 2025 2026 2027
FI 23.059 21.906 19.715 16.758
F2 23.501 22.326 20.093 17.079
F3 24.367 23.149 20.834 17.709
F4 24.572 23.343 21.009 17.857
F5 24.97 23.721 21.349 18.147
F6 22.84 21.698 19.528 16.599

Source(s): Authors’ own creation/work

The operator requirement for maintenance support planning has been shown in Figure 6,
where the planned maintenance tasks for each month of the look ahead time can be visualised.
It must be noted that the planned PM actions do not always happen on time, therefore there are
several pending PM actions on the maintenance planning date. These pending PM actions are
referred to as backlog and put under “month 0”. The formulations to develop this plan have
been discussed below:

The developed maintenance support planning is used to plan when the maintenance tasks
should be performed. The maintenance task consists of a series of maintenance activities. The
scheduling of these activities will depend on the provisioning of resources that are mapped
to them.

One of the KPIs for maintenance assessment for HVC in rolling stock is the number of
unwanted failures. Figure 7 shows the maintenance assessment and maintenance improvement
by comparing Nf (number of unplanned failures in HVCs) to a predetermined threshold value
Nt (threshold limit for number of unplanned failures in HVCs). If Nf > Nt, then a Failure mode
effect and criticality analysis is conducted (FMECA). This is done, by studying the impact of
the failure mode on vehicle and on overall fleet performance. If the criticality score, Cr from
the FMECA is greater than Crt, then a root cause analysis of the failure is conducted.

The maintenance improvement consists of recommended preventive actions based on
maintenance assessment. PM recommendations can be made by considering the interdependence
between factors such as system design, available condition monitoring and predictive
technologies, maintainability of the system and availability of resources for maintenance.
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Figure 6. Maintenance support planning to visualise the number of planned preventive maintenance tasks
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Figure 7. Maintenance policy assessment and maintenance policy improvement process
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JQME 4.4.1 Dynamic parameters:.
31,5 (1) The estimated mileage of the fleet over the look ahead time
(2) The deviation between the estimated mileage of a vehicle to that of the fleet
(3) The deviation between annual estimated mileage and monthly estimated mileage

38 (4) Unplanned failures

4.4.2 Optimal frequency of updating the maintenance process/maintenance resource
planning. The yearly mileage of the fleet will be updated annually. The deviation between
individual vehicle and fleet mileage should be sensed based on the performance plan and
history of individual vehicles. The deviation between annual and monthly estimated mileage
will be updated monthly. The prognosis on unplanned failures can be updated either based on
events, i.e. updating the unplanned failure prognosis after a certain number of unplanned
failures have occurred or based on a fixed time/mileage-based interval depending on the
business requirements on accuracy of the developed maintenance resource plan.

4.5 Maintenance policy assessment and improvement

Maintenance policy assessment requires KPIs against which the existing maintenance policy
can be assessed. These KPIs are specified by the system requirements in the first step of
dynamic maintenance policy development.

The maintenance policy assessment and improvement process for HVC maintenance
planning has been illustrated in Figure 7. In this study, the two KPIs that have been considered
for the maintenance assessment of HVC in rolling stock are (1) Ny — number of unplanned
failures at a fleet level per month, and (2) Nbacklog number of backlogs of PM tasks on the
MPd. These two KPIs are assessed against pre-determined threshold values to identify
the need for update in the maintenance policy. The maintenance policy assessment KPIs can be
the cost incurred to maintain inventory and maintenance support for the planned PM and
number of delays/safety incidents caused due to backlog PM actions.

The suggestions for maintenance policy improvement must contain objective changes in the
existing maintenance policy. In the considered case study, based on the KPIs for maintenance
policy assessment, changes in the existing PM policy are suggested. These changes are related to.

(1) The revised optimisation of preventive and corrective maintenance activities.
(2) The revised optimisation of existing PM intervals.
(3) Reconsideration of time/mileage-based PM intervals to condition-based PM intervals.

The above improvements can be suggested, not only on the performance of the KPIs, but also
based on sensing changes in the system requirements that leads to enablement of maintenance
policy improvement.

4.5.1 Dynamic parameters.

(1) Unplanned failures.

(2) Parameters leading to unplanned failures.

(3) PM backlogs.

(4) Parameters that affect timely maintenance leading to backlogs.

(5) Availability and accessibility and cost of technology to enable the suggested
maintenance policy improvement measures.

(6) Change in the accuracy and precision of existing predictive models, or availability of
new more efficient and effective predictive models.
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4.5.2 Optimal frequency of updating the maintenance concept. The frequency of detecting Journal of Quality
unplanned failures and parameters leading to unplanned failures is event based. Firstly, it in Maintenance
depends on the occurrence of a certain threshold number of failures. Secondly, it depends on Engineering
the diagnostics of failure and the consequent identification of characteristics that impact them.
A time-based monitoring of parameters such as maintenance turn-around time, and logistics
time can be used to update the information on PM backlogs. The sensing of dynamic
technological developments should be based on events of relevant technological
advancements.

39

5. Conclusion and future work

A maintenance policy tailored to the initial system state may lack to optimise system
availability and efficient maintenance planning for its current state. There is a need for a
dynamic maintenance policy that is optimised to the current requirements and constraints of the
system. The existing research on dynamic maintenance policy development has been focussed
on certain dynamic characteristics within the system related to degradation or the
environmental impact on degradation. In addition to dynamic degradation rates of assets,
there are several other dynamic characteristics that should be considered such as internal and
external system requirements, technological advancements, and development and
implementation of the maintenance policy and maintenance process. However, it is a
complicated task to track the dynamic parameters in the system, the environment, and the
maintenance processes associated to complex technical systems due to challenges such as
multi-stakeholder environment, complex system configuration, lifecycle management,
resource planning and allocation etc.

A holistic, systemic, and systematic approach for maintenance policy development
provides a framework for identification of these dynamic parameters. Additionally, such an
approach also provides a foundation to establish the flow of information between system
requirements and the maintenance process. This paper proposes an approach for dynamic
maintenance policy development for railway rolling stock that is based on identification of
system requirements, maintenance concepts and domain specific challenges in the
maintenance support planning for railway rolling stock. The proposed approach provides a
framework for constant interaction and upgrade in the maintenance policy based on changing
system requirements, and changes in the maintenance process. Such an approach enables the
identification of dynamic characteristics, as well as the frequencies of updates of those
characteristics.

This approach can be used by stakeholders for railway rolling stock to develop a
maintenance policy and plan that is aligned to the requirements of each stakeholder and is
being regularly updated to reflect the backlogs and updates in the availability of resources for
maintenance and maintenance support. This can be used to provide a common maintenance
plan to different stakeholders enabling a common and holistic assessment of the maintenance
effectiveness and efficiency of rolling stock assets. An implementation of this dynamic
approach to a practical case must include sensing the relevant dynamic parameter at each stage
of the approach, assessing it with change in the system requirements and adapting the existing
maintenance policy accordingly.

The proposed approach for dynamic maintenance policy development has been
demonstrated for maintenance support planning for railway rolling stock in this article.
However, the underlying structure of the approach is generic to most complex technical
systems and the maintenance process. Therefore, it can be used to develop a holistic approach
for dynamic maintenance policy in other similar industrial contexts such as mining, aviation,
and construction industries to identify and adapt to dynamic characteristics of the system. The
future research in this direction should include the dynamic maintenance policy development
with a focus on other phases of the maintenance process than maintenance support planning
such as, maintenance management, preparation, improvement, assessment, and execution.
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JQME Future research directions can also include the incorporation of detailed components into the

31.5 proposed approach, aligning with emerging trends like predictive maintenance, and
’ Industry 5.0.
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