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Abstract (150 — 200 words)

Railway track infrastructure asset management is a challenging problem with added values on
safety, society and environment. With railways serving as a key sustainable mode of
transportation for passengers and freight, the industry is facing an increasing demand to expand
its capacity, availability and speed, resulting in faster deterioration of the aging railway track
infrastructure. Given the constrained maintenance budgets and the environmental challenges
posed by climate change, railway asset managers have to identify economically and
environmentally-justifiable track maintenance strategies without compromising on safety. To this
end, this paper proposes a risk-informed approach to arrive at sustainable railway track
maintenance strategies, while considering the associated track maintenance costs and impacts to
train operation (environmental emissions and risk of derailments). Monte Carlo simulation is
employed to address data uncertainties associated with track quality data, the costs and benefits
of track maintenance and train operation. The proposed approach is successfully applied to the
heavy haul railway lines in Sweden and Australia to compare some alternative maintenance

strategies and identify the sustainable one.

Keywords chosen from ICE Publishing list
Railway tracks; Infrastructure planning; Safety & hazards; Maintenance & inspection;

Sustainability

List of notations (examples below)

A signifies the uncertain value

CM@ is the direct costs of maintaining the railway track at an average track quality, Q

Crn is the cumulative cost of inspections during a given year, n

Crn is the cumulative cost of tamping during a given year, n

Crun  is the cumulative cost of routine maintenance during a given year, n

Cgrn  is the cumulative cost of ballast cleaning during a given year, n

I.CH'EJW-QH is the environmental cost incurred due to pollutant type, p, during train operation estimated as

a function of track quality, Q, in a given year, n

C

on is the impact cost of pollutant type, p, during a given year, n
E;p” is the amount of emission of pollutant type, p, during train operation estimated as a function of
track quality, Q, in a given year, n

P;.;.Q” is derailment rate associated with an average track quality, Q, in a given year, n

N is the analysis period in years



Q is the average track quality

r is the discount rate
ﬁﬂen is the risk of derailment associated with an average track quality, Q, in a given year, n
ED@,! is the severity of derailment associated with an average track quality, Q, in a given year, n

Tvp is the vertical track geometry expressed in standard deviations (mm)
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1. Introduction

Railways not only serve as a key mode of transportation of passenger and freight traffic in urban,
suburban, regional and national levels but also drive economic development, influence land use, urban
planning, impact the environment and enhance liveability. They are often seen as a greener, more
efficient and safer option than road transport, and thus serves as a major component within the
sustainable public transport policy of many countries (RSSB, 2016; Evans, 2013). Many countries have
set ambitious environmental targets for their railway industry. For example, the UK railway industry
aims to cut its carbon emissions by 80% and Germany is targeting a completely CO. free railway
transport, both by 2050 (UNCRD, 2017). Indeed, achieving sustainability has become a fundamental goal
of transport planning and policy worldwide (Castillo et al., 2010). Sustainability, a concept introduced by
the UN Brundtland Commission (1987), can be defined as “development that meets the needs of the
present without compromising the ability of future generations to meet their own needs”. Within
transportation, sustainability can be considered in terms of equity, economy and ecology (Burrow et al.,
2016). A balance between these three objectives can be achieved only when there is a trade-off

between economic development and its impacts on the environment and human life (May et al., 2007).

Since 1975, global rail passenger activity has grown by 130% and freight by 76% (UIC, 2017). Such an
increasing trend of usage has resulted in accelerated degradation of railway assets, higher associated
maintenance costs, rise in safety risks and environmental emissions (Sasidharan et al, 2020a, Hayes et
al., 2019; Mattioli, 2016;). Given the pressure to increase track utilisation, the ageing infrastructure on
which much of the world’s railway transport systems are founded, and the constrained budgets under
which the infrastructure is managed, sustainable maintenance strategies need to be predicted,
prioritised, planned and carried out. Currently, however maintenance decisions for railway track
infrastructure are largely based on time, tonnage or predetermined engineering standards, which
ignores the impact on train operation (safety risks and environmental emissions), therefore do not

deliver sustainability (Araujo et al., 2020; Sasidharan et al, 2020a; Atkins, 2011).
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Life cycle frameworks have become an integral part of decision-making in the railway environment to
support the reliability, availability, maintainability and safety of railway infrastructure assets. The
existing literature on employing life cycle cost (LCC) models for informing railway asset management
strategies are extensive. For example, for predicting the value of railway condition monitoring (Marquez
et al., 2008); to inform maintenance strategies for railway tracks (Sasidharan et al., 2020a; Smith et al.,
2017; Jones et al., 2016; Guler et al., 2013; Patra et al., 2009), switches (Vitasek et al., 2017), bridges
(Frangopol et al., 2007; van Noortwijk et al., 2004), tunnels (Yuan et al., 2013), signals (Hoffart et al.,
2005), overhead electric lines (Antoni et al., 2008) and rolling stock (Meynerts et al., 2017; Fourie et al.,
2016). Various studies also advocate the use of risk management to inform decision making in the
railway industry. For example, predicting the risk of derailments (Liu et al., 2011; He et al., 2014; Jafarian
et al., 2012; Zarembski et al., 2006); failure of the track (Jamshidi et al., 2016), earthwork (Crapper,
2014; Okada and Sugiyama, 1994), drainage (Usman et al., 2017), bridge (Yang et al., 2018), tunnels
(Beard, 2010), level crossings (Berrado et al., 2010), signals (Zhang et al., 2013) and rolling stock (An et
al., 2007). While all these techniques demonstrate the importance of using available datasets to assess
the potential risks and predict LCC, there is a paucity of knowledge associated with decision-making
when there is a lack or unavailability of data (Chen Yu, 2019; Gai et al., 2019; Lesnaik et al., 2019; Yan et
al., 2019; Sasidharan et al., 2017). Various risk assessment techniques such as Monte Carlo simulation
(Sasidharan et al., 2020a), Bayesian (Zhang et al., 2014), Fuzzy logic (Elcheikh et al., 2016), Petri nets
(Rama et al., 2016) and fault tree analysis (Ma et al., 2014) are employed to deal with such uncertainties
within infrastructure asset management practices. Consequently, and in accordance with international
standards on risk management such as I1SO 15686-5 (ISO, 2009) and EN 60300-3-3 (BSI, 2017) there is an
additional impetus to incorporate risk management within asset management processes. For example,
the standardised risk management processes suggested by the railway industry in the UK (Network Rail,

2014), Sweden (Trafikverket, 2020) and Australia (Office of the National Rail Safety Regulator, 2019).

Although comprehensive performance measurement frameworks are rare in transport authorities,
efforts have been made by some to incorporate sustainability concepts into the transportation planning

processes (Pei et al., 2010). Figure 1 summarises conceptually how asset management and risk



56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

management sits within the wider business, political and policy-making environment, and how the aims
and objectives of sustainability can be derived from these and thereafter implement the
solutions/interventions. Asset management policies and strategies should be an integral part of the
corporate policies and the strategies of the business as a whole. Railway infrastructure owners and
managers are also required to understand and manage a variety of risks (e.g. derailments, train
collisions, flooded tracks, transport of dangerous goods etc.). A clear understanding of the criticality of
the infrastructure, the risk events and their potential impacts can be used to support asset management
by informing the mitigation plans and the organisations’ business policies. The business policies define
what the organisation is aiming to achieve and why it is seeking this achievement and are usually
governed by stakeholder expectations, budgets, performance indicators and other targets (Robinson,
2008). To address the issues of sustainability (i.e. economic, environmental and social), the
infrastructure management needs to think beyond the technical issues and problems associated with
the physical infrastructure alone. To this end, understanding the problem (e.g. GHG emissions,
decarbonisation etc.) is key to informing the policymaking frameworks which could contribute to
identifying sustainable solutions (e.g. electrification, predictive track maintenance regimes etc.). One of
the important elements in the implementation of a sustainable strategy is to measure its progress.
Several frameworks have been developed for evaluating the sustainability of strategies and policies from
a transport context (Abdi et al.,, 2019). Such a discussion would influence the political will as the
politicians once elected will be key to forming broader transport policies that influence the transport
authority’s decision making. Thus asset and risk management should not be separate and independent
of the transport authority’s business management but should be a means of interpreting corporate
goals in the context of the physical infrastructure asset and its associated impacts to give a clearer focus
for the activities. Figure 1 also recognises the need for data or information to contribute to the asset and

risk management processes.
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Figure 1. A framework for risk-informed sustainable asset management of railway infrastructure

Since sustainable development is becoming a dominant goal throughout the world, the public and
government are pursuing green and safe objectives for the railways (RSSB, 2016). However, little of the
existing literature which focuses on railway infrastructure asset management considers environmental
emissions and safety risks associated with railway operation (Sasidharan et al., 2020a; Lin et al., 2017;
Liu et al., 2011; He et al., 2014, Patra et al., 2009). To this end, the approach proposed within this paper
(summarised in Figure 2) can be employed to compare the costs of different railway track maintenance
strategies against the associated safety risks and environmental performance, to arrive at a trade-off
and thus inform a sustainable maintenance strategy. The approach aids the decision-maker, who needs
to define which goals need to be prioritized according to the business need/policies. The target values of
each goal must be defined according to the strategy of the organisation, and the change of these values
directly influences the results achieved. In addition to prioritizing the most important goals, the
decision-maker could redefine the target values of their goals, seeking harmony with the possible results
against existing objectives. The proposed approach is demonstrated through case studies on the heavy

haul railway lines in Sweden and Australia.



99

100
101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

Track Quality Measurements | | Maintenance Standards

\ |
v

| Track deterioration prediction |

l

| Determine maintenance requirements |

A
=| Select maintenance strategy |4

Determine the environmental | Determine average track quality Determine risk of derailments
emissions for the given strategy | attained by a given strategy for the given strategy
Calculate environmental impact Calculate maintenance costs Calculate impact costs of
costs for the given strategy associated with the given strategy derailments for the given strategy
No ~| Check environmental policy/goals | | Check maintenance budget |— No | Check safety policy/goals |~ No
Yes Yes Yes

Sustainable
maintenance
strategy

Figure 2. Risk-informed approach to setting a sustainable asset management strategy for railway tracks

2. Methodology

The risk-informed approach proposed herein for identifying sustainable railway track asset management
strategy quantifies (i) the costs, environmental emissions and safety risks associated with different track
maintenance strategies and (ii) takes into account uncertainty of the information to estimate, using
Monte Carlo Simulation (MCS), plausible ranges of the probability of occurrence of values. The concept
introduced by the UK Health and Safety Executive of measuring whether the risk presented by an
alternative is “as low as reasonably practicable” (ALARP) (Nestico, 2018) is used to manage the risk of
track quality-related derailments. Figure 3 illustrates the ALARP principle where the safety risks
associated with different track maintenance strategies are divided into three regions. While intervention
is possible if the risk falls below the broadly acceptable threshold (Ta), the risks are considered to be too
high if it is above the tolerability threshold (T:). Ta is often considered as a ‘safe level’, while T; represents
the beginning of an ‘unsafe’ area. If the risks fall within the ALARP region (between T. and Tt), they are
considered to be tolerable, provided that the costs of any further mitigation options are

disproportionate to the achievable benefits. From a railway track asset management perspective, if the
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risks associated with a given track quality level are not tolerable, risk reduction measures must be
applied or maintenance work has to be considered to lower the risk level to ALARP or broadly
acceptable regions. ALARP is beneficial in cases where the primary objective is balancing the risks
against the costs to reduce them and the potential benefits that can be achieved. ALARP approach was
earlier applied to assess the risks associated with waterways (Bodefeld and Kloé, 2013) and for

managing risks on different transport systems (Szymanek, 2008).

Since the timing of track maintenance and track use costs (including safety risks and environmental
costs) vary over time as a function of track quality, it is necessary to incorporate a model of track
deterioration model within the proposed approach. Such a model allows the condition of the track to be
predicted at any time and thus the required maintenance and associated costs, environmental emissions
and safety risks can be estimated accordingly. The usefulness of the proposed approach is demonstrated
using two case studies on the Swedish and Australian railway network. The components of the

developed approach are described and justified below.
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Figure 3. The principle of As Low as Reasonably Possible (ALARP) risk management
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2.1 Track deterioration

Track quality is commonly quantified by standard deviations (SD) of track geometry parameters, such as
vertical geometry, alignment, and cross-level; with higher Track Quality Index (TQIl) depicting poorer
track quality. While all the parameters are equally significant, widely used track deterioration models
within the railway industry consider the prediction of vertical track settlement as the main controlling
factor for track geometry and therefore for ballasted track maintenance planning (Dahlberg, 2001;
Burrow et al., 2009; Sadeghi et al., 2010; Milosavijevic et al., 2012). The required track condition data
can be assessed using both statistical and stochastic track deterioration models. Statistical models based
on simple linear (Corbin et al., 1981) and exponential regressions (Quiroga et al., 2011) have been
researched widely over the last three decades (Andrade et al., 2016). Stochastic models have also been
proposed within different academic literature (Andrews et al., 2013; Zhang et al., 2014), but unlike
statistical models, they have not been adopted widely within the railway industry. Monte Carlo
simulation (MCS) was identified as an efficient method for such stochastic modelling (Quiroga et al.,
2011), as it can be used to run hundreds of thousands of iterations before arriving at a track condition
with the highest probability of occurrence for a given time. This paper adopts a stochastic track quality
deterioration model using MCS suggested by Quiroga et al (2011) and assumes the track quality to be a
linear function of cumulative tonnage or time and is given by Equation 1.

Tw=(a*x)+b+e 1
Where Tvp is the vertical track geometry expressed in standard deviations (mm), x is time or tonnage, a

and b are linear coefficients and e is the error value.

2.2 Track maintenance costs

A variety of maintenance activities are carried out to treat the ballasted railway tracks. The vertical track
geometry of ballasted railway track is usually restored by tamping while ballast cleaning is carried out to
remove the fines within the ballasts. Routine maintenance activities such as weed spraying, vegetation
removal and drainage cleaning are carried out periodically. Achieving a higher track quality requires

frequent maintenance interventions, as informed by the track deterioration model (Section 2.1).



162

163

164

165

166

167

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

Maintenance activities involve direct costs in the form of labour, machinery and planning. These costs

associated with maintaining the track to different quality levels are calculated using Equation 2.

N . - - -
= Z C{u + CI’J: + CRMJ: + CBC:I:
Crg =

n=0 ('l+i\.)“ 2.

Where Cuq is the direct costs of maintaining the ballasted railway track at an average track quality, Q,
based on Ci» as the cumulative cost of the inspection, tamping (Crm), routine maintenance (Cgmn) and

ballast cleaning (Cscn) during a given year, n, with discount rate r.

2.3 Risk of derailments

Risk is defined as a function of system failure and the severity of losses or damages associated with the
failure. While the causes of derailment are generally classified as infrastructure-, rolling stock-, and
weather-related, studies have shown that the likelihood and severity of derailment increases with as
track quality worsens (Sasidharan et al., 2020; Lin et al., 2019; He et al., 2015; Liu et al., 2011). The cost
components of a derailment include damage to third party property and passengers’ health, loss of life,
damage to goods and costs involved in rescue, delays, investigation and repair and renewal of track and
rolling stock. Risk of the derailment (Iéua,,) was calculated by multiplying the average impact costs of the

severity of derailment (5'0@::) with the probability of occurrence of a derailment (15;.3@,,) associated with

track quality, Q, in a given year, n (Equation 3).

N

.ﬁ" _ Z IEEi}:ll';!u * SDQ:!
Dgn — g 2yn
L (1+i ) 3.

2.4 Environmental impacts

The environmental impacts of train operation associated with CO2 and NOx emissions (AEA, 2008) due to
deteriorating track quality had the highest contribution to the total railway transport costs (Sasidharan
et al.,, 2020a, 2020b). The energy loss in the train suspension system increases exponentially as a
function of the track quality (Zarembski et al., 2010). The track quality impacts the amount of fuel
consumed by the trains which in turn releases pollutants such as CO2 and NOx. These pollutants cause
damaging impacts on ecology and adversely affect human health. The environmental impact costs can

be calculated using Equation 4.
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N - .

Ao P Epgn* Cop

0= 2y 2
n=

Where &, is the environmental impact costs, &

4.

is the amount of emission, and E‘m is the impact cost

pn 1

incurred due to pollutant type, p, during train operation estimated as a function of track quality, Q, in a

given year, n,

3. Case studies

The proposed risk-informed asset management approach was demonstrated for homogeneous track
sections on the Iron Ore line in Sweden and Trans-Australian line in Australia. A representative section
has homogeneous characteristics in terms of construction, maintenance history, traffic and the
environment so that all such sections within a homogenous group may be considered to deteriorate at a
similar rate (Burrow et al., 2009). For both the routes, the track quality data and maintenance history
were obtained to estimate the deterioration rates. Different maintenance strategies can produce
different average track qualities over time. The track deterioration model (Equation 1) was employed to
identify the maintenance requirements for different levels of average track quality based on the average
value of vertical SD i.e. poor (3-4 mm SD), medium (2-3 mm SD), good (1-2 mm SD) and high (0-1 mm
SD) over 10 years (two-track renewal cycles). The unit costs for performing different maintenance
activities (see Table 1) were applied to Equation 2 to study the total maintenance costs associated with
different levels of track quality using a discount rate of 3.5%. The historical data and impact costs
associated with derailments were collected and applied to Equation 3 to estimate the risk of
derailments. The approach suggested by Liu et al. (2011) and Zarembski et al. (2010) were adapted to
calculate the risk of derailments and fuel consumption associated with different track quality levels
respectively. The quantity of CO2 and NOx emissions were assumed to be proportional to the fuel
consumption (AEA, 2008) and the impact costs over the analysis period were calculated using Equation

4.



217

218

219

220

221

222

223

224

225

226

227

228

229

230

231

232

233

234

Table 1. Data used for Case Studies

Item Sweden Australia Source
Inspection cost $132/km $250/km Personal
. communication with
Tamping cost $2208/km $4020/km the Trafikverket,
Ballast Cleaning cost $5520/km $7014/km Sweden and relevant
Routine Maintenance cost $1000/km $2000/km transport authority
- - in Australia

Impact cost of train derailment $1,656,050 $7,230,900

. . Government of
Impact cost of CO; emissions in Sweden $0.123/kg Sweden (2020)
Impact cost of NOx emissions in Sweden $0.00458/kg OECD (2009)

Australian

. . i 16.
Impact cost of CO; emissions in Australia $16.38/tonne Government (2010)
Impact cost of NOx emissions in Australia $0.1629/tonne Envrion (2013)
Fuel d Iron-O il
“;‘12 consumed peryearon fron-re rattway 1 11185 kilo litres Nordmark (2015)
Fuel T -A li
“:2 consumed per year on Trans-Australian 99,358 kilo litres Envrion (2013)

For both analysed routes, four maintenance strategies were considered in terms of the resulting track
quality levels namely poor, medium, good and high; to inform their impact on environmental emissions
and realising the derailment risks to an acceptable level (or ALARP). Monte Carlo simulation using
@RISK® software was employed to deal with uncertainties associated with estimating the unit costs. To
this end, the value with a 90% probability of occurrence (or confidence level) was obtained from 10,000

iterations.

3.1 Iron ore line

The case study was performed on a homogeneous section of the track along the 473 km long Iron Ore
Line (Malmbanan), the only heavy haul line of Europe that runs between Lulea in Sweden and Narvik in
Norway. Majority of the traffic on this route is dominated by iron ore freight services, connecting the
mines of Gallivare and Kiruna with the ports in Narvik and Lulea, amounting to around 25-30 tonnes
annually. The geographical constraints and severe weather conditions including snowstorms and sub-
zero temperatures of up to -40°C, puts immense strain on the track infrastructure (Nielsen et al., 2018).
The quality of the track section on the northern branch of the line (Kiruna to Narvik), deteriorates at a

maximum rate of 0.9mm SD/year while following a renewal, at 0.3mm SD/year. Such higher trends in

10
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deterioration is often explained by local substructure property variations due to temperatures rising
above freezing point during April to July annually (Arasteh khouy et al., 2016; Nielsen et al., 2018). The
existing maintenance programme on the Swedish side of the line is based on engineering judgements
and maintenance standards from Trafikverket, the track infrastructure manager for Swedish railways
(Soderholm et al., 2017). The track section is currently maintained at a ‘good’ track quality level (of 1.6
mm average SD) and is inspected regularly, with the frequency of inspection being dependent on train
speed, loading, geotechnical and environmental conditions. The percentage of track geometry related
derailments on this route is very small i.e. approximately 0.38% of the annual accidents (Kumar et al.,
2008). This study calculated the maintenance requirements (Figure 4a) and the track maintenance costs
(Figure 4b) associated with different maintenance strategies. The risk cost of derailments and
environmental impacts associated with different maintenance strategies are presented in Figure 4c and

Figure 4d respectively.
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Figure 4. (a) Maintenance requirements to achieve different track quality levels; (b) Maintenance costs
as a function of track quality; (c) risk of derailments; (d) environmental impacts; as a function of track

quality on the Iron Ore line track section

3.2 Trans-Australian line

A homogeneous track section from the 478 km long Trans-Australian railway line that connects Port
Augusta and Kalgoorlie was selected for this case study. It forms an important freight route carrying coal
between western and eastern states of Australia and accommodates marginal passenger service
operations. Australia’s freight usage is expected to triple by 2050, and railways are currently the
preferred mode of freight transport for long-distance (PWHC, 2009). Coal spillages cause ballast fouling
and are the primary cause of track deterioration on these heavy haul route. Historically, track
maintenance was intensified due to coal spillage related issues. The deterioration rate of the track
section analysed was found to be 0.12mm SD/year, with track realignment being carried out once every
1-2 years. Currently, the track section is maintained at a poor track quality level (i.e. at 3.6 mm average
SD). Ten year-long historical data-informed two derailments caused due to track quality-related faults.
The maintenance requirements and associated costs estimated as a function of track quality levels are
presented in Figure 5a and 5b respectively. The safety risk reduction realised from maintaining the track

at medium quality instead of the current strategy provides greater benefits against the associated costs
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278 (see Figure 5a and 5c). The environmental impacts of train operation associated with different track

279 quality levels are presented in Figure 5d.

Maintenance requirements to achieve different track quality levels
Trans-Australian railway line
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Figure 5. (a) Maintenance requirements to achieve different track quality levels; (b) Maintenance costs
as a function of track quality; (c) risk of derailments; (d) environmental impacts; as a function of track

quality on the Trans-Australian line track section

4. Results

The railway networks in both Sweden and Australia are managed and operated in a similar way i.e. the
railway infrastructure is owned and governed by a public organisation/government, while maintenance
is carried out by a separate organisation. Though both of the selected heavy-haul routes operate in
different environmental conditions, the performance indicators of both the transport authorities were

found to be similar i.e. safer transport and decarbonisation (Ahren et al., 2004). The risk-informed
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approach demonstrated within this paper could be adopted to achieve these goals. The safety
performance of both lines is often compromised by the occurrence of derailments. Impact of track
quality on safety risks was explored on both routes and found to have a similar trend (see Figures 4c and
5c). Four maintenance strategies were considered in terms of maintaining the track quality at poor,
medium, good and high levels. With a 90% confidence, analysis on the Trans-Australian line shows that
maintaining the track quality at ‘medium’ level would be approximately 25% costlier than the current
strategy (i.e. poor) while maintaining at ‘good’ and ‘high’ qualities could cost at least 70% more. A
relatively similar trend is observed on the Iron Ore line; maintaining at a ‘medium’ track quality is
approximately 17% costlier than ‘poor’, with good and high costing 83% and 51% more respectively.
With a 90% confidence level, maintaining the track quality at medium instead of poor level offers the
maximum safety risk reduction (approximately 75%) on both the routes. Although maintaining the track
at higher quality increases the direct maintenance costs, the trade-off achieved through safety
improvements, reduction of delays and environmental impacts allows decision-makers in making a
business case. While considering a trade-off between maintenance costs and associated safety and
environmental impacts, maintaining the track sections on both the heavy haul lines in Iron Ore line and
Trans-Australian line at ‘medium’ track quality also realises the ALARP principle. The results from the
case studies show that the environmental impacts gained from maintaining the railway tracks at a
higher track quality are negligible in comparison with other strategies. However, the case studies
consider only the impacts from the train operation (i.e. fuel emissions) and both the routes analysed
have low traffic in comparison to that of a commuter or mixed passenger-freight route. Hence, the
environmental impacts gained due to maintaining railway tracks at a better track quality could be higher

in such busier routes (for e.g. refer to case studies within Sasidharan et al., 2020a).

5. Concluding discussion

The continuous increase in demand on the transport networks creates a need for a risk-informed asset
management strategy, particularly for railway tracks, as they are critical elements within the railway
infrastructure. To improve the safety and environmental performance of the railway transport network

within constrained budgets, sustainable maintenance and management strategies needs to be
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identified. To address this, the study has advocated a risk-informed approach to deal with uncertain
information while arriving at economically and environmentally-justifiable railway track maintenance
strategies while considering safety. The approach demonstrated via case studies on heavy-haul routes in
Sweden and Australia showed that such sustainable track maintenance strategies can be identified
effectively. Currently, track maintenance takes up 25%-35% of the freight railway line operational
expenses in Australia (Indratna et al., 2012). Therefore, significant savings can be achieved if sustainable

track maintenance strategies are adopted as suggested by previous studies (Laird et al, 2002).

The outputs from the proposed approach presented the risk of derailments as a function of track quality
and explored the impact of different maintenance strategies on reducing the safety risks to ALARP.
Reaching unanimity on the “acceptable” level of risk is nearly impossible, but consensus can be reached
for many, if not most, environmental and safety management actions. The environmental benefits
gained could be maximised if considered earlier within the life cycle of the railway track i.e. design and
construction. For example, sourcing components which contain recycled content or using where
appropriate life-expired ballast within the sub-ballast ballast layer or electrification etc. From an
operational perspective, the environmental impacts from train operation as a function of track quality
would be significantly higher in busier routes (Sasidharan et al., 2020a) than the ones considered within
the case studies. The learnings from the presented approach will be useful for railways across the world
and could inform the life-cycle decisions for new railway routes such as high-speed rail (HS2) in the UK

and dedicated freight corridor in India.

The proposed risk-informed approach aids the decision-maker to compare the track infrastructure
maintenance budget with the associated safety and environmental performance and thus set
sustainable maintenance strategies. It can be considered to aid the three levels of decision-making
namely strategic, tactical and operational. At the strategic level, senior managers or directors can
evaluate and set sustainable policies and plans for the whole organisation or railway network. The
framework can inform both route managers for tactical planning of works in the medium term and also

asset engineers at the operational level to arrive at short-term decisions for implementing the ongoing
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or planned works. Considering that climate change is projected to increase the frequency and intensity
of some extreme weather events, there is a need to extend current risk-based asset management
systems to incorporate the effects of climate change, infrastructure interdependencies and the
associated risk of railway infrastructure systems failures. To this end, railway infrastructure owners and
managers should be encouraged to (i) identify the routes or sections of the network that are likely to
provide maximum benefit from implementing such approaches, (ii) evaluate the physical characteristics
of track infrastructure to understand the exposure to climate change or extreme events, and (iii)
consider the socio-eco-environmental impacts associated with track infrastructure while budgeting for

maintenance strategies.

Acknowledgements

This research was financially supported by the Prestige Grant from World Transport Research Society
awarded to M. Sasidharan. M. Sasidharan’s time on this paper was supported by the Engineering and
Physical Science Research Council (EPSRC) through the grant EP/N021614/1 (CSIC Innovation and
Knowledge Centre Phase 2) and Innovate UK through the grant 920035 (Centre for Smart Infrastructure
and Construction). M. Eskandari Torbaghan’s time on this paper was supported by EPSRC through
EP/N010523/1 (Balancing the Impact of City Infrastructure Engineering on Natural Systems using
Robots). The authors gratefully acknowledge the Swedish Transport Administration for providing
relevant data for the case studies. The technical advice and support provided by Dr Michael Burrow
from the University of Birmingham and Prof Laetitia Dablanc from The French Institute of Science and

Technology for Transport, Development and Networks are acknowledged with gratitude.

References

Abdi, A. and Taghipour, S. (2019). Sustainable asset management: A repair-replacement decision model
considering environmental impacts, maintenance quality, and risk. Computers & Industrial
Engineering, 136, pp. 117-134, doi.org/10.1016/j.cie.2019.07.021

AEA, (2008). Estimation of Rail Environmental Costs. 4™ Issue. ERD05260/R03.

18



377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

401

402

403

Ahren, T. and Kumar, U. (2004). Use of maintenance performance indicators: a case study at Banverket.
In: Asia-Pacific Industrial Engineering and Management Systems Conference. Gold Coast, Australia

An, M., Huang, S. and Baker, C. (2005). Railway risk assessment-the fuzzy reasoning approach and fuzzy
analytic hierarchy process approaches: a case study of shunting at waterloo depot. Proc IMechE Part F:
Journal of rail and rapid transit, 221(3), pp:365-83

Andrade, A. R. (2016). Exploring different alert limit strategies in the maintenance of railway track
geometry. Journal of Transportation Engineering, 142(9)

Andrews, J. (2013). A modelling approach to railway track asset management. Proc IMechE Part F:
Journal of rail and rapid transit, 0(0), pp 1-18

Antoni, M. and Meier-Hirmer, C. (2008). Economic correlation between maintenance and regeneration-
optimisation of maintenance strategies for tracks, signalling equipment and overhead line
components. In: Proceedings of the WCRR 2008, URL: http://www.railway-
research.org/IMG/pdf/i.2.1.4.3.pdf

Arasteh khouy, 1., Larsson-Kraik, P. O., Nissen, A. Kumar, U. (2016). Cost-effective track geometry
maintenance limits. Proc IMechE Part F: Journal of rail and rapid transit, 230(2), pp 611-622

Araujo, J. F., Damascena, T. F., de Alvarenga Rosa, R., Pires, P. J. M., Carvalhaes, B. C., Caliman, R. R.
(2020). Method to assess the atmospheric pollutant emissions generated by railway track
maintenance. Sustainability in Transportation and Logistics, 30, DOI: 10.1590/0103-6513.20190037

Atkins. (2011). Rail value for money study - whole system programme management. Issue 1.4, Contract

Number - RVFM 1004, Available on https://www.orr.gov.uk/rail-value-money-study-consultants-

reports

Australian Government (2010). Australia with carbon pricing. Accessible at
https://treasury.gov.au/publication/p2011-sglp-report/chapter-5-australia-with-carbon-pricing

Beard, A. N. (2010). Tunnel safety, risk assessment and decision-making. Tunnelling and Underground
Space Technology, 25(1).

Berrado, A., El-Koursi, E., Cherkaoui, A., Khaddour, M. (2010). A framework for risk management in

railway sector: application to road-rail level crossings. Open transportation Journal, hal-00542424.

19


https://www.orr.gov.uk/rail-value-money-study-consultants-reports
https://www.orr.gov.uk/rail-value-money-study-consultants-reports

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

Bodefeld, J. and Kloé, K. (2013). Management system for infrastructures at waterways. In: Proceedings
of the Third International Symposium on Life-Cycle Civil Engineering (IALCCE'12), Vienna, Austria

BSI. (2017), Dependability management - Application guide: Life cycle costing

Burrow, M., Evdorides, H., Wehbi, M., Savva, M. (2016). The benefits of sustainable road management: a
case study. Transport, 166(4), pp 222-232

Castillo, H. and Pitfield, D. E. (2010). ELASTIC — A methodological framework for identifying and selecting
sustainable transport indicators. Transportation Research Part D, 15, pp 179-188

Crapper, M., Fell, M., Gammoh, I. (2014). Earthworks risk assessment on a heritage railway.
Geotechnical Engineering, 167(4), pp 344-56.

Corbin, J. C. and Fazio, A. E. (1981). Performance-Based Track-Quality Measures and Their Application to
Maintenance-of Way Planning. Transportation Research Record, 802, pp 19-26

Dahlberg, T. (2001). Some railroad settlement models — a critical review. Proc IMechE Part F: J Rail and
Rapid Transit, 215, pp 289-300

Elcheikh, M. and Burrow, M. P. N. (2017). Uncertainties in Forecasting Maintenance Costs for Asset
Management: Application to an Aging Canal System. Journal of Risk and Uncertainty in Engineering
Systems Part A: Civil Engineering, 3(1), doi.org/10.1061/AJRUA6.0000890

Environ. (2013). Scoping Study of Potential Measures to Reduce Emissions from New and In-Service
Locomotives in NSW and Australia. New South Wales Environment Protection Authority

Evans, A. (2013). The economics of railway safety. Research in Transportation Economics, 43, pp 137-147

Frangopol, D. M. and Liu, M. (2007). Maintenance and management of civil infrastructure based on
condition, safety, optimization, and life-cycle cost. Structure and Infrastructure Engineering, 3(1), pp
29-41

Fourie, C. and Tendayi, T. (2016). A decision making framework for effective maintenance management
using life cycle costing (LCC) in a rolling stock environment. South African Journal of Industrial
Engineering, 27(4), pp 889-900.

Gai, S. and Zeng, X. (2019) Review of Safety Assessment System on Urban Rail Transit. In: International

Symposium for Intelligent Transportation and Smart City, Singapore.

20



431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

Government of Sweden. (2020). Sweden’s carbon tax. [Online] Accessible at
https://www.government.se/government-policy/taxes-and-tariffs/swedens-carbon-tax/

Greene, D. L. and Wegener, M. (1997). Sustainable Transport. Journal of Transport Geography, 5(3), pp
177-190

Guler, H. (2013). Decision Support System for Railway Track Maintenance and Renewal Management.
Journal of Computing in Civil Engineering, 27(3), pp 292-306

Hayes, S., Desha, C., Burke, M., Gibbs, M., Chester, M. (2019). Leveraging socio-ecological resilience
theory to build climate resilience in transport infrastructure. Transport Reviews, 39(5), pp 677-699

He, Q., Li, H., Bhattacharjya, D., Parikh, P., Hampapur, A. (2015). Track geometry defect rectification
based on track deterioration modelling and derailment risk assessment. Journal of the Operational
Research Society, 66(3), pp.392-404.

Hoffart, C. and Kamps, K. (2005). Life Cycle Costing As a Strategy - Sustainable Operations of Signalling
Systems in the Railway Infrastructure. [Online] Accessible at

https://www.semanticscholar.org/paper/LIFE-CYCLE-COSTING-AS-A-STRATEGY-SUSTAINABLE-OF-IN-

Hoffart-Kamps/a8545el1ea4559360e5d3c207d81caa24c7897ed4#references

ISO. (2009). ISO 31000:2009 Risk management - Principles and guidelines.

Jafarian, E. and Rezvani, M. (2012). Application of fuzzy fault tree analysis for evaluation of railway
safety risks: an evaluation of root causes for passenger train derailment. Proc IMechE Part F: J Rail and
Rapid Transit, 226(1), pp 14-25.

Jamshidi, A., Faghih Roohi, S., Nunez, A., Babuska, R., Schutter, B. D., Dollevoet, R., Li, Z. (2016).
Probabilistic Defect-Based Risk Assessment Approach for Rail Failures in Railway Infrastructure. IFAC-
PapersOnLine, 49(3), 73-77

Jones, H., Moura, F., Domingos, T. (2016). Life cycle assessment of high-speed rail: a case study in
Portugal, The International Journal of Life Cycle Assessment, 22, pp 410-422

Kumar, S., Espling, U., Kumar, U. (2008). Holistic procedure for rail maintenance in Sweden. . Proc
IMechE Part F: J Rail and Rapid Transit, 222 (4), pp 331-344

Liu, X., Barkan, C., Saat, M. (2011). Analysis of Derailments by Accident Cause. Transportation Research

Record, 2261(1), pp 178-185

21


https://www.semanticscholar.org/paper/LIFE-CYCLE-COSTING-AS-A-STRATEGY-SUSTAINABLE-OF-IN-Hoffart-Kamps/a8545e1ea4559360e5d3c207d81caa24c7897ed4#references
https://www.semanticscholar.org/paper/LIFE-CYCLE-COSTING-AS-A-STRATEGY-SUSTAINABLE-OF-IN-Hoffart-Kamps/a8545e1ea4559360e5d3c207d81caa24c7897ed4#references

459

460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

Lin, B., Liu, C., Wang, H., Lin, R. (2017). Modelling the railway network design problem: A novel approach
to considering carbon emissions reduction. Transportation Research Part D: Transport and
Environment, 56, pp 95-109

Lin, C.Y. (2019). Probabilistic risk assessment of railroad train adjacent track accidents, PhD, University of
Illinois at Urbana-Champaign.

Ma, J., Bai, Y., Shen, J., Zhou, F. (2014). Examining the Impact of Adverse Weather on Urban Rail Transit
Facilities on the Basis of Fault Tree Analysis and Fuzzy Synthetic Evaluation. Journal of Transportation
Engineering,140(3)

Mattioli, G. (2016). Transport needs in a climate-constrained world. A novel framework to reconcile
social and environmental sustainability in transport. Energy Research & Social Science, 18, pp 118-128

Marquez, F. P. G., Lewis, R. W., Tobias, A. M., Roberts, C. (2008). Life cycle costs for railway condition
monitoring. Transportation Research Part E: Logistics and Transportation Review, 44, pp 1175-1187

May, T. and Crass, M. (2007). Sustainability in Transport - Implications for Policy Makers. Transportation
Research Record, Washington D.C, pp 1-9

Meynerts, L., Gotze, U., Claus, S., Pecas, P., Ribeiro, I. (2017). Concept of Integrated Life Cycle
Assessment and Costing - Application to the Case of Designing a Hybrid Train. In: Procedia CIRP 61, pp
744-749

Milosavijevic, L., Popovic, Z., Lazarevic, L. (2012). Track stiffness and the vertical track geometry
deterioration modelling. Mechanical Engineering, 10(2), pp 157-162

Nielsen, J. C. O. and Li, X. (2018). Railway track geometry degradation due to differential settlement of
ballast/subgrade - Numerical prediction by an iterative procedure. Journal of Sound and Vibration,
412, pp 441-456

Nordmark, T. (2015). A mining company’s development of a green power concept for rebuilding diesel
locomotives. In: International Heavy Haul Association Conference, Perth, Australia

OECD. (2009). Innovation Effects of The Swedish NOx Charge. Environment Directorate

Office of the National Rail Safety Regulator. (2019). Safety Management System — Guideline

Okada, K. and Sugiyama, T. (1994). A risk estimation method of railway embankment collapse due to

heavy rainfall. Structural Safety, 14(1), pp 131-50.

22



487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

Patra, A. P., Soderholm, P., Kumar, U. (2009). Uncertainty estimation in railway track life cycle cost: a
case study from Swedish National Rail Administration. Proc IMechE Part F: J Rail and Rapid Transit,
223(3), pp 285-293

Pei, Y. L., Amekudzi, A. A., Meyer, M. D., Barrella, E. M., Ross, C. L. (2010). Performance measurement
frameworks and development of effective sustainable transport strategies and indicators.
Transportation Research Record, 2163, pp 73-80, DOI: 10.3141/2163-08

Quiroga, L. M. and Schnieder, E. (2011). Monte Carlo simulation of railway track geometry deterioration
and restoration. Proc IMechE Part O: Journal of Risk and Reliability, 226, pp 274-282

Rama, D. and Andrews, J. (2016). Railway infrastructure asset management: the whole system life cost
analysis. IET Intelligent Transport Systems, 10(1), pp 58-64

Robinson, R. (2008). Restructuring road institutions, finance and management: volume 1: concepts and
principles, The University of Birmingham

RSSB. (2016). Tomorrow’s Railway and Climate Change adaptation. [Online] Accessible at

https://www.rssb.co.uk/Library/research-development-and-innovation/2016-09-T1009-Final-

Report.pdf

Sadeghi, J. and Askarinejad, H. (2010). Development of improved railway track degradation models.
Structure and Infrastructure Engineering, 6(6), pp 675-688

Sasidharan, M., Burrow, M. P. N., Ghataora, G. S. (2020a). A whole life cycle approach under uncertainty
for economically justifiable ballasted railway track maintenance. Research in Transportation
Economics, p.100815.

Sasidharan, M., Burrow, M. P. N., Ghataora, G. S. (2020b). A strategic decision-support tool for the risk-
informed asset management of railway track infrastructure. Permanent Way Institute, 38

Sasidharan, M., Burrow, M. P. N., Ghataora, G. S., Torbaghan, M. E. (2017). A review of risk
management applications for railways .In: 14th International Conference of Railway Engineering,
Edinburgh, DOI:10.25084/raileng.2017.0065

Szymanek, A. (2008). Risk acceptation principles in transport. Journal of KONBIN, 5(2), pp.271-290.

SCI Multi Client Studies. (2017). Rail Transport Markets — Global Market Trends 2016-2025. [Online]

Accessible at https://www.sci.de/fileadmin/user_upload/Press_release_Rail_Transport_Market.pdf

23


https://www.rssb.co.uk/Library/research-development-and-innovation/2016-09-T1009-Final-Report.pdf
https://www.rssb.co.uk/Library/research-development-and-innovation/2016-09-T1009-Final-Report.pdf

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

Soderholm, P. and Nilsen, T. (2018). Systematic risk-analysis to support a living maintenance
programme for railway infrastructure. Journal of Quality in Maintenance Engineering, 23(3), pp 326-
340

Tan, W. (2014). Sustainable financing of rail systems: the case of Singapore. Infrastructure Asset
Management, 1(3), pp.68-74.

Trafikverket. (2020). Changed working method for railway safety management requirements. [Online]
Accessible at www.trafikverket.se/en/startpage/suppliers/Procurement/changed-working-method-
for-railway-safety-management-requirements---bringing-forward-verification-of-evidence-from-
bidders/

UN. (1987). Our Common Future. Report of the World Commission on Environment and Development

UNCRD. (2017). Railways as the Backbone of Environmentally Sustainable Transport and their
Contribution to the Sustainable Development Goals (SDGs). Regional Environmentally Sustainable
Transport (EST) forum in Asia

Usman, K., Burrow, M., Ghataora, G. (2017). Fault Tree for Poor Drainage Mechanisms of Railway
Ballasted Track. In: 14th International Conference of Railway Engineering, Edinburgh, UK

Vale, C., Riberio, I. M., Calcada, R. (2010). Application of a maintenance model for optimising tamping on
ballasted tracks: the influence of model constraints. In: 2nd International Conference on Engineering
Optimization, Lisbon, Portugal

Vitasek, S. and Mestanova, D. (2017). Life cycle cost of a railroad switch. In: Creative construction
Conference 2017, Croatia

van Noortwijik, J. M. and Frangopol, D. M. (2004). Two probabilistic life-cycle maintenance models for
deteriorating civil infrastructures. Probabilistic Engineering Mechanics, 19, pp 345—359

Van der Westhuizen, J. (2009). Optimisation of railway asset life cycle performance through a
continuous asset improvement process as part of the maintenance management programme. In: SATC
20009.

Yuan, Y., Jiang, X., Liu, X. (2013). Predictive maintenance of shield tunnels. Tunnelling and Underground
Space Technology, 38, pp 69-86.

WHO. (2015). Global Status Report on Road Safety 2015. Geneva, Switzerland

24



543

544

545

546

547

548

549

550

551

552

553

554

555

Yan, H., Gao, C., Elzarka, H., Mostafa, K., Tang, W. (2019). Risk assessment for construction of urban rail
transit projects. Safety science, 118, pp 583-594.

Yang, D. and Frangopol, D. M. (2018). Risk-informed bridge ranking at project and network levels.
Journal of Infrastructure Systems, 24(3), 04018018

Zarembski, A. M. and Bonaventura, C. S. (2010). Dynamic effects of track surface condition on vertical
wheel/rail forces and energy consumption. In: Proceedings of the 2010 joint rail conference, Urbana,
USA

Zarembski, A. M. and Palese, J. W. (2006). Managing risk on the railway infrastructure. In: Proceedings
of the 7th World Congress on Railway Research, Montreal

Zhang, T., Andrews, J., Wang, R. (2012). Optimal scheduling of track maintenance on a railway network.
Journal of Quality and Reliability Engineering International, 29, pp 285-297

Zhang, Y. P., Xu, Z. )., Su, H. S. (2013). Risk assessment on railway signal system based on fuzzy-fmeca

method. Sensors & Transducers, 156(9), pp 203

25



