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A Whole Life Cycle Approach under Uncertainty for Economically Justifiable Ballasted Railway
Track Maintenance

Abstract

Historically, railway track maintenance strategies have been based on engineering judgement
taking into account available budgets and operational safety. This has led to insufficient
concern of the socio-economic and environmental costs and benefits of track maintenance.
Given the pressure to increase track utilization, the ageing infrastructure of railway networks,
constrained maintenance budgets, the vertical separation of the ownership and operation of
railway track infrastructure and rolling stock in many countries, and concerns about the
environmental impacts of transport, there is a need to implement economically justifiable
maintenance strategies. To this end, this paper presents for the first time an approach to
appraise the investment in railway track maintenance. The approach uses a whole life cycle
cost analysis under uncertainty approach which considers the costs and benefits of track
maintenance to train operators, users and the environment. Monte Carlo simulation
technique is used to address data uncertainties associated with the costs and benefits of track
and train operation and maintenance. The proposed approach is applied to three different
route types on the UK main-line railway network to compare a number of alternative
maintenance strategies. In all the three cases more economically beneficial strategies were
identified in comparison to those currently adopted.

JEL Codes: R420, R400, R490



1. Introduction

Railways are a major component of a sustainable transport policy in many countries since
they are considered as green, efficient and a safe mode of transportation. Consequently,
there is an increasing demand for the railway industry to expand capacity, availability and to
transport goods and people at higher speeds. By 2025, railways are expected to carry 11,912
billion tonne-kilometre of freight and 5,149 billion passenger-kilometre worldwide, increases
of 14.75% and 37.2% respectively from 2015 (SCI, 2017). However, in many countries,
investment in the expansion of railway infrastructure has not kept up with the demand for
increased usage. In the United Kingdom for example, passenger journeys have increased by
approximately 4.8% between 2010-11 and 2016-17 without any significant increase in the
amount of railway infrastructure, making the UK railways Europe’s second highest congested
railway network (ORR, 2017a). Similarly, during the same period passenger numbers in the
United States have risen by 11% with only a 4.8% increase in railway track length (APTA, 2017)
and in India the corresponding figures are 6.0% and 4.5% respectively (MolR, 2016). Such
increasing track usage will result in faster degradation and therefore higher maintenance
costs. For example, the spending on maintaining railway track infrastructure in USA (FRA Class
1 rail roads), UK and India during 2016-17 was $9.8 million, $775 million and $2.08 billion
respectively, which was 1.2%, 3.8% and 24% higher than in the previous year (AAR, 2016;
ORR, 2017b; MolR, 2017).

There is therefore an increasing pressure for railway infrastructure maintainers to make the
best use of their available resources. For traditional ballasted railway track in particular,
railway track maintenance directly affects the condition of the railway track and therefore,
the likelihood of accidents, rolling stock fuel and maintenance costs, travel time costs and
emissions. A well-maintained track not only guarantees ride comfort and safety but also
increases the life of the track as well as track availability (due to the lack of imposition of
speed limits). Therefore, to enable a green, efficient and safe railway system there is a need
for effective asset management which systematically considers Whole Life Cycle Costs (WLCC)
and benefits over the lifetime of the asset (See Figure 1) (ISO, 2017). Such an approach helps
to identify cost drivers and cost-effective improvements, enables the comparison of
alternative maintenance strategies and the prioritization of maintenance funds (Jun et al.,
2007).

Currently however, maintenance decisions for ballasted railway infrastructure are largely
based on time, tonnage or predetermined subjective maintenance standards, which ignore
the costs of operation and maintenance. Thus, they fail to optimise maintenance
interventions and therefore do not deliver maximum benefits (Atkins, 2011). This culture is
gradually changing for the reasons described above and the sector is moving towards
preventative condition-based maintenance (van Noortwijk et al., 2004). The publication of
asset management standards and guidelines, which advocate WLCC, approaches, including
ISO 15686-5 and EN 60300-3-3 has added additional impetus. As a result, railway
infrastructure and rolling stock organisations have started to develop their own asset
management tools which incorporate some WLCC principles. These initiatives have been
supported by academic research, a summary of which is presented in Table 1.
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Figure 1 Whole Life Cycle Costs adapted from I1SO 15686-5 (2017)

There are, however, a number of limitations of the suggested approaches to track
substructure maintenance shown in Table 1. In particular, they do not consider all transport
costs which, as well as future railway track infrastructure maintenance costs, should also take
into account railway track use costs and mode change costs. Railway track use costs include
rolling stock operation costs (i.e. fuel consumption and maintenance costs), capacity lost
costs, accident costs and environmental impacts. Mode change costs are those associated
with the change in use of rail compared to other modes (primarily road and air) due to track
infrastructure investment. However, Whole Life Cycle Cost Analysis (WLCCA) approach
requires predicting these future costs and benefits of railway track. For existing railway track
in particular there is often a paucity of construction, condition and historical maintenance
data. This makes future predictions of track deterioration, and therefore track condition and
track use costs uncertain (Andrade, 2016; Asplund, 2016; Kirkwood et al., 2016; Andrews,
2012; Skinner et al., 2011). It is under conditions of uncertainty that decision makers must
evaluate, compare and select among alternative strategies, the economically justifiable one.
To address these issues, this paper describes a WLCCA approach under uncertainty to
determine the most economically beneficial railway track substructure maintenance strategy
for traditional ballasted railway track. To this end, the proposal approach provides railway
policy and decision makers, for the first time, a means to appraise maintenance investment
strategies by considering environmental, safety, social and economic costs and benefits.



Table 1 Overview of Life Cycle Costing Models for Railway Track and Rolling Stock

Features considered within the model

Cost Elements Application
c Maintenance Operation
Author/Project Description 5 2
- £ | 2 5
g | 3 % | 3 5| 2| 2|5 S S|=x| S
g o S o @ 2 5] s L o b 2 S
9] Q & > = € < S v 5 o w | & & S
i 2 o 2 fro c = w 2 = < £ & w | S5
4 o0 ~ < S >~ o o} R o Q ~ © b= < 2
2| 8| 2| S| &| 3| 2|35 |35e|2|2 |8|&|8|%|¢
< a = & S 2 i & 3 E & = E | &3 | o | £
Lamson et al., (1983) Proposeq a method for application of de.as.lon.network analysis to railway v v v
track maintenance and replacement optimization.
STAMP (2000) Network Rail’s 5|.ngle asset decision modelling tool to evaluate maintenance v v v v v
and renewal options for structural assets
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Zhang et al,, (2012) A genetic algorithm approach for maintenance scheduling at a minimal v v v v v
overall cost
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(2013)

Developed a LCA method which can be applied to different rail elements
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Arasteh khouy et al., Proposes optim.ization of track geometry ir)speictioh interval‘to minimize
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(2014) investment and operating costs
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modelling for maintenance strategy optimization
Banar et al., (2015) LCA and LCC m.ethod to assess the environmental and economic impact v v v v v
on transportation systems
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Zhang et al., (2015) A LCC model for reaI—tutne condition monitoring in railways and metro v v
systems under uncertainty approach
Developed and tested a LCC framework for mission-critical assets with
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strategies
Rama et al., (2016) A modelling framework for evaluating multi-asset infrastructure LCC with v v v v v
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Suetal, (2017) A rallwa.y track malr\tenance <?pt|m|sat|on approach considering v v v
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2. Total Transport Costs

This WLCCA model proposed considers the direct and indirect costs and benefits to all
stakeholders (owners, operators, maintainers and users). The WLCC considered are those
associated with ballasted track construction, maintenance, de-commissioning, track use,
mode change and the environment. Together these are considered herein to represent total
transport costs. Railway track maintenance and renewal costs are those to do with the direct
costs to inspect, maintain and renew the railway track structure and the indirect costs
associated with track maintenance such as delays, accidents and emissions (Andersson 2016
et al., 2016; ITF, 2013). Track use costs include train operation costs (i.e. the maintenance of
rolling stock, fuel consumption and derailments), environmental costs and travel time. Mode
change is associated with perceived change in socio-economic costs incurred by railway users.
De-commissioning costs are associated with disposing of track assets at the end of their useful
life.
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Figure 2 Optimal railway track maintenance standard

Figure 2 conceptualises the different cost elements that might occur within the life cycle of a
section of railway track, as a function of the average track condition. Achieving a higher
average track condition requires higher maintenance and construction costs. On the other
hand, as track condition improves railway track use costs decrease non-linearly. The minimum
total transport cost in Figure 2 (point TCs1) yields the ideal average track condition TQsi, or
optimal maintenance standard. Point MCs; is the maintenance cost of achieving this standard.
Achieving a track condition (TQsz), less than the ideal track condition, saves in maintenance
costs (MCsz) but results in an increase of railway track use costs (UCsz). This increase in track



use costs is greater than the savings in maintenance costs compared to the optimal
maintenance standard (TQsi1) and therefore results in higher total transport costs. On the
other hand, a track condition, TQss, greater than the ideal condition causes a reduced railway
track use costs of UCsz with an increase in maintenance costs (MCss). However, in this case
the savings in track use costs compared to the increase in maintenance costs also result in
higher total transport costs compared to the optimal maintenance standard.

3. Track deterioration and maintenance

For traditional ballasted railways, track geometry is used as a measure of the integrity of the
track substructure, passenger comfort and the safety of train operation. It is also used by
railway asset maintainers as the primary measure to trigger track substructure maintenance
and renewal (M&R) activities (Guler et al., 2011; BSI, 2005). Furthermore, track use costs are
also a function of track geometry (Zarembski et al., 2010). Consequently, for the research
described herein the WLCC approach advocated uses track geometry as the sole measure of
track condition. Maintenance intervention levels and track use costs therefore are assumed
to be a function of track geometry (see Figure 3). Track geometry is usually described in terms
of vertical and horizontal track geometry and it is normally measured using instrumented
measuring trains (Guler, 2013; Jovanovic et al., 2011) at time intervals based on the traffic
volume and the line speed (Prescott et al., 2013). The standard deviation of these
measurements over a predetermined length (e.g. track sections of 200m length in the UK) is
used in track maintenance standards to specify permissible deviations from the ideal.
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Figure 3 Track Geometry Deterioration

Over time, the combined damaging effects of rolling stock and the environment causes
railway track geometry to worsen, necessitating track substructure maintenance. A variety of
maintenance techniques are used depending on the component of the track substructure
requiring maintenance. The most commonly used methods to correct vertical track geometry
faults are tamping and stone blowing (Audley et al., 2013). These techniques are henceforth
referred to as track realignment (Cellmer et al., 2016). Track realignment restores the track
geometry by compacting the ballast under the sleepers, allowing the repositioning of the rails
and sleepers. Poor track geometry coupled with the occurrence of fines within the ballast can
necessitate ballast cleaning. The occurrence of fines within the ballast can be caused by
ballast attrition resulting from loads imposed on the ballast by rolling stock, the upward



migration of fines from the sub-ballast or subgrade, or the destructive effects of tamping on
ballast particles during maintenance (Selig et al., 1994). Ballast attrition and the migration of
fines are exacerbated by excessive dynamic train loads which can result from poor track or
rolling stock condition (Burrow et al., 2017). The presence of fines within the ballast reduces
interlocking between ballast particles and permeability, and therefore the ability of the
ballast to carry train loads, subsequently affecting track geometry. Ballast cleaning removes
the fine material and replaces the worn out ballast with fresh material. Eventually, when the
ballast reaches the end of its useful life, it is replaced (i.e. renewed).

Track maintainers are therefore tasked with devising maintenance strategies which need to
consider track deterioration rates, acceptable track geometry levels, and maintenance
budgets, track down time and train schedules. Further, due to logistical constraints associated
with budgets, machinery, human resources and the availability of the railway track,
maintenance activities need to be planned at least one year in advance (Quiroga et al., 2011).
Railway track maintenance is further complicated by the ever-increasing utilisation of railway
networks and the pressure to make the railway continuously available, as mentioned above.
Figure 3 shows how different maintenance strategies can result in different average track
geometry values over time. Higher (worse) average track geometry values overtime result in
higher railway track use costs. A challenge therefore when devising economic track
maintenance strategies is to weigh the railway track inspection and maintenance costs
required to keep the track to a given average value over time, against the associated railway
track use costs.

4. Uncertainty

While employing WLCCA to aid decision making for railway track investments, there are some
challenges concerning the lack of data associated with costs, benefits and the degradation
rates of track infrastructure; giving rise to uncertainties (Andrade et al., 2016; Kirkwood et al.,
2016; Skinner et al., 2011). Uncertainty can be defined as the chance of an event occurring
where the probability distribution is unknown (Smith et al., 2006). Since the WLCCA
approaches are based on the predictions of future scenarios, the sources of such uncertainty
could also vary (see Figure 4) resulting in over-estimations or under-estimation of the WLCCA

results. (Asplund et al., 2016).
Uniform distribution ——  e.g. Safety unit price
ll duetolackof
knowledge/data
LG ELCIETRT S SR Ne (S dgl Ui (o] M —— e.g. Maintenance unit costs
: Normal distribution e.g. Delay minutes or unit

due to inherent costs

= variability within

the system . )
Erlang distribution —— e.g.Construction costs

Figure 4 Sources of uncertainty and associated probability distributions for WLCCA adapted from Salling et al., (2011)

Sources of Uncertainity



Risk assessment approaches such as Monte Carlo simulation, Bayesian, Fuzzy logic and Petri
Nets are recommended to deal with such uncertainties (Zhang et al., 2014; Vogl, 2015; D.
Rama et al., 2016). To a large extent, risk assessment techniques use historical data and
probability judgements, and conclusions on the acceptability of solutions are often made
directly based on derived probabilities. In many situations, it might also be extremely difficult
to deal with uncertainty through probabilistic risk assessment, due to incomplete data
(Sasidharan et al.,, 2017). The use of expert opinion is often suggested as a means of
overcoming such issues (Terje, 2016; Torbaghan et al., 2015).

5. Proposed Model

An optimisation approach based on the concepts shown in Figure 2 requires consideration of
a vast number of alternatives and is therefore computationally challenging. Therefore, the
approach proposed uses WLCCA to compare railway track maintenance strategies to choose
the most economically beneficial.

5.1. Whole Life Cycle Cost Analysis

The three most commonly used economic indicators to support decision making in transport
investment appraisals are the Internal Rate of Return (IRR), the Benefit-Cost Ratio (BCR) and
the Net Present Value (NPV) (Bristow et al.,, 2000). The IRR gives the rate of return on
investments, or the discount rate at which the present-day values of benefits and costs are
equal (Spiller, 2013). While comparing mutually exclusive investment options, the IRR may
rank the options incorrectly if the time profile of benefits and costs differ (World Bank, 1998).
The BCR is the ratio of benefits and costs expressed in present day values, with BCR ratios
greater than one indicating economic viability. However, the BCR is often liable to
misrepresentation due to its dependency on the degree of aggregation of benefits and costs
over successive time periods.

The most widely used economic indicator for WLCCA is the Net Present Value (NPV) of current
and future cost streams discounted to a reference time (Bristow et al., 2000) and it was
therefore chosen for the task at hand. NPV is defined as follows (World Bank, 1998):

TPy — vN (Bn=C)
NPV = Yoo o (1)

" is used to signify that the values are uncertain

Where the total transport cost, Cn during the year, n, of a railway track section to achieve an
average track quality, Q may be calculated using Equation 2 as follows:

Cn = CConstruction(Q)n + CMaintenance(Q)n + CUse(Q)n + CEndofLife(Q)n (2)

Where CConstruction(Q)n: CMaintenance(Q)n' CUse(Q)n' CEndofLife(Q)n are the costs for year, n, and
average track quality, Q, with respect to the track construction, maintenance, use and end of
life respectively. The terms are described in more detail below.



5.1.1. Construction Cost
The cost of construction is made up of costs associated with acquiring land and employing
staff, procurement of materials and deployment of machinery of type, m. CConstruction(Q)n

given by Equation 3, is the discounted cost to construct a railway track of length L.
CConstruction(Q)n = (éProp * L) + 2%:1 [(éEmn * Amn) + (éCmn * L)] (3)

5.1.2. Maintenance costs
The direct and indirect costs associated with ballasted railway track maintenance are the sum
of the costs of inspection (Ciys), track realignment (Ctgra), ballast cleaning (Cgc), ballast
renewal (Cgr), routine maintenance (Cry), delays (Ccp) and spillage (Cspy), as expressed in
Equation 4.

CMaintenance(@), = Cins, + Ctra, + Cgc,, + Car, + Crm, + Ccr, + Cspr, (4)

The different cost elements that contribute to the maintenance costs of the ballasted track
are calculated using Equations 5-11.

Track Inspection Cost

Track inspection is carried out periodically to assess the condition of the infrastructure. Track
inspection costs depend upon the frequency of the inspections, u, in a year and the
deployment of different types of equipment of type, m. The costs, are calculated via Equation
5.

CINSn = ZZ=1 Z%:l (éEmn * Emn + éTImn) * L (5)

Track Realignment Costs

Track realignment costs are a function of the number of times, u, the maintenance activity is
carried out in a given year and on the deployment of the required machinery of type, m.
Realignment costs are determined using Equation 6.

CTRAn = le{=1 Z%:l (CEmn * Emn + éTRAmn) * L (6)

Ballast Cleaning Cost

The cost of ballast cleaning is a function of the number of times ballast cleaning takes place
in a year, u, and the deployment of the required machinery of type, m. Ballast cleaning costs
are determined using Equation 7.

~ g M - N . .
CBCn - Zu:l Zm:l (CEmn * Emn + CBCmn + CB) * L (7)
Ballast Renewal Cost

The costs incurred due to ballast renewal are a function of the number of ballast renewals, u,

carried out in year n and the deployment of machinery of type, m. The costs are calculated
using Equation 8.

CBRn = Zg:l Z%:l (éB + éEmn * Emn + éBRmn) * L (8)

10



Routine Maintenance Costs

Activities such as weed spraying, vegetation removal and drainage cleaning are considered as
routine maintenance activities. Routine maintenance costs are calculated using Equation 9 as
a function of the number of such activities in a year u, and the deployment of machinery type,
m.

CRMn = Zg=1 Z%:l(éEmn * Emn + CA‘Ran) * L (9)

Capacity Cost

The capacity loss costs are those associated with speed restrictions, disruptions and
maintenance activities. Speed restrictions on the railway are required when the track quality
exceeds safety values specified in maintenance standards (see Figure 3), and result in travel
time delays. Unplanned, or maintenance which over runs, can cause disruptions and or
cancellations to services. Assuming that the number of train services remain the same during
period, n, capacity loss cost is calculated using Equation 10.

~ A L L\ < A L L\ o . _
ECLn = [CPDnA* (QA— 5) ":NPTSRn] + [CFDn * (E - 5) * NFTSRn] + (CPDn * Nprpp *
TAPDMn) + (CFDn * Nprpn * TAFDMn) (10)

Spillage Cost

These costs are to do with the clean-up using machinery type, m, train delays and reduced
service life of a track section on the plain line, due to the spillage of materials such as fuel,
coal and chemicals. Spillage costs are determined using Equation 11.

CSPLn = [2M_1(Cemn * Emn * L) + (Cesmn * L)| + (Copn * Nprpn * Tappmn) + (Cepn *
Nerpn * Tappmn) + (Trsin * Crsin) (11)

5.1.3. Track use costs
The discounted railway track use costs, CUSe(Q)n, for the year, n, for an average track quality,
Qa, are associated with train operation (CTon), derailments (CDRn), environmental impacts
(CENVn) and modal change benefits (CMCCn)- They are calculated using Equation 12.

Cuse(@), = Cro, * Cpr, + Cenv, — Cumcc, (12)
Train Operating Cost
The train operating costs considered are the costs associated with rolling stock fuel

consumption, maintenance and replacement of spare parts of vehicle type, v, and are
expressed by Equation 13.

CTOn = Z¥=1(((FCPnV(Q) * Crppy * L) + (NTSPnV(Q) * éTSPnV(Q)) + éTMPnV(Q)) * Npny) +
((Fernv(o) * Crpny * L) + (NTSFnV(Q) * CTSFnV(Q)) + Crmrnv (@) * Nenv) (13)

11



Risk of Derailment Cost

The cost of derailments is estimated by multiplying the average cost of a derailment (Cpq) with the probability of occurrence of a derailment
(Ppa) during the analysis period (Equation 14). 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.

Cor, = Ppo * Cpo (14)

Environmental Cost
The environmental costs incurred due to pollutant type, p, during construction (Ean), maintenance (EpMn) and renewal (EpRn), operation (EPOn)
and disposal (EpDn) during year, n, are determined using Equation 15 as follows:

CENVn = ZS:l(Ean + EpMn + EpRn + EpOn + EpDn) * Apln (15)
Mode Change Benefit
Improved track condition enhances the journey quality and safety, which in turn encourages users to shift from other modes of transportation

to railways (Lingaitis, 2014). The costs taken into account in this work from such a shift are changes in travel times, reduced road congestion and
road accidents and associated environmental costs. The mode change cost is determined using Equation 16.

Cmcc,, = (Npsg * Cps) + (Nesq * Cs) + (Nags * VOL) + Cenpimy (16)

5.1.4. End of Life costs
For a section of track of length, L, the costs incurred to dispose of, or recycle, each track asset, x, at the end of the useful life of the asset, is
given by Equation 17.

CEndofLife(Q)n = Zic(:l Z%:l(éEmn * Emn * L) + (éEOImx * L) — Rav (17)

12



5.2. Track deterioration modelling

A number of the cost components and the timing of maintenance in Equations 7-11 are a
function of the railway track condition (as measured by track geometry). Consequently, the
WLCCA approach advocated requires both the future condition of the railway track and the
effectiveness of track maintenance to be established (see Figure 3). Table 2 summarises from
the literature a number of the track deterioration models which could be used for this
purpose. Most of these models predicts vertical track settlement as a function of number of
repetitions of train load. In some cases, train speed and the effectiveness of maintenance are
also considered.

Table 2 Track Deterioration Models

Country

Model name

Equation

Influencing Factors

UK

Shenton (1985)

S=K, ;’—g (0.69 + 0.028L)N®2+ 2.7 x 10°°N)

S - track settlement

Ks- structure factor

A. - equivalent axle load

N - cumulative number of axles

L - Lift given by tamping machines

Germany

DSM
(Milosavljevic et al.,
2012)

S=S51(1+KnInN)

S: - initial settlement after first
loading cycle
Ky - coefficient*

Japan

Hoshino
(Milosavljevic et al.,
2012)

A=Ln).Z

A - coefficient of track deterioration
Ly - load factor

J - structure factor

Z - condition factor

Sugiyama
(2007)

Z=2.09x 10-3_ T0'31.V0'98.J1'10.RO'Zl.KpO'26

Z - average growth of track
irregularities in the section

T - cumulative tonnage

V - average running speed

J - structure factor

R - influence factor for jointed rail
K, - influence factor for subgrade

Sato (1997)

w
BS= {as(pb —Dgbr) +Pb > Pgbr
0,06 < Pgur
BS = as.pp”

BS - ballast settlement

a,, as- coefficients*

Py - sleeper-ballast contact pressure
Po.gr - threshold limit value of
sleeper-ballast contact pressure

w - exponent*

France

Guérin (1996)

ds 8
P

y - maximum elastic deflection
during a loading cycle
o, B6 - material parameters

South
Africa

Frohling (1998)

s =

w
D, .
i (2 | e
3 re

D;mi - measured track stiffness at a
particular sleeper i

Kr1, Krs, K3 — settlement constants*
Qiot - prevailing wheel load

Q.ef- reference wheel load

w - exponent*

Exponential TQn, - track quality measure
(Quiroga et al., TQn = AeBx=%o) A, B - exponential coefficients
2010) X, Xo - time or tonnage

Linear TQ, - track quality measure
(Soleimanmeigouni  TQm = (a.x) + b X - time or tonnage

etal.,, 2018) a, b - linear coefficients*

* - coefficients whose values depend on local conditions and are determined empirically
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6. Case Studies

The proposed WLCCA approach was used to calculate the NPV for the maintenance strategies
outlined in Table 3 for representative sections of three different routes on the UK mainline
railway network. A 25-year period of analysis and a discount rate of 3.5% were used in in
accordance with UK Department for Transport (DfT, 2004) guidelines. The three selected
routes are a commuter route (route 1), a high-speed passenger (route 2), and a mixed
passenger-freight (route 3). The high-speed passenger route runs from London (LDN) to
Birmingham (BHM) for 160 km (100 miles) via Coventry (COV). From Coventry onwards, it
operates as a mixed passenger-freight route for 27 km (17 miles). The commuter route chosen
is a 51 km (32 miles) long route in the Midlands running from Sutton Coldfield (SUT) to
Lichfield City (LIC). All three train routes have competing road transport (see Table 4), but not
competing canal, sea or air routes. For each route, a 200m long track representative section
of homogenous construction, maintenance and renewal history, and social and economic
geography were identified and used for the analysis.

Coventry (¥ U Birmingham New Street
Birmingham International

Sutton Coldfield Lichfield City

O Milton Keynes Central Rugby
London Euston
Watford Junction Northampton

Figure 5 Routes selected for Case Study

The track geometry conditions and the effect of track realignment on track condition were
determined from historical track data using a linear regression model of the form which has
been used successfully to accurately model railway track degradation (see for example
Soleimanmeigouni et al., 2018; Andrade et al., 2011; Faiz et al., 2009) (see Table 2). Monte
Carlo Simulation (MCS) was used to analyse the historical track condition measurements in
order to identify the most probable track condition for the representative section following
maintenance. This approach followed that suggested by Quiroga et al. (2010).

The Table 3 shows the track maintenance strategies considered to achieve a given average
track quality. For all the strategies track renewal takes place when track realignment is
insufficient to achieve the given average track quality. Ballast cleaning was not considered
due to the lack of available data. For the three representative sections the do-minimum
strategies are 3.6 mm, 3.0 mm and 2.7 mm respectively. In order to realise different average
track qualities, the time interval between consecutive track realignment activities were
delayed until a renewal is necessitated. The annual average track quality was used to inform
the annual track use costs determined using equations 12 to 16.

The data required for the WLCCA was obtained from a variety of sources and is presented in
Table 4. In order to address possible uncertainties with the data used to calculate the impacts
and benefits, Monte Carlo Simulation was used to calculate a probability distribution for each
input data value. In each case a normal distribution was assumed and determined using three-
point following the approach suggested by Elcheikh et al., (2016). The three-point estimates
were obtained from the sources listed in Table 4. The Monte Carlo Simulation was performed
for 10,000 iterations using the @RISK™ software (Pallisade, 2017) to calculate the NPV and
total transport costs for the maintenance strategies considered.
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Table 3 Maintenance strategies adopted for the Case Studies

Average Year

Track
Route Quality
(in SD
mm)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

24
2.5
2.6

Sutton
Coldfield-
Lichfield City

1.9
2.2

Lond 2.4
ondon 25

Euston- 26

Birmingham
New Street - -

1.2
1.4
1.6
1.9

Coventry- 2.1
Birmingham 2.3
2.4
2.5

2.6

Track Realignment

Ballast Renewal

15




Table 4 Data used for Case Study

Item

Cost (£ per unit)

Minimum

Maximum

Most-Likely

Source

Notes

Inspection

£14,000/shift

£16,000/shift

£15,000/shift

Track Realignment

£4,500/shift

£5,500/shift

£5,000/shift

Ballast Renewal with new components

£900,000/km

£1,100,000/km

£1,000,000/km

Ballast Cleaning

£7,500/shift

£12,500/shift

£10,000/shift

Routine Maintenance

£7,500/shift

£12,500/shift

£10,000/shift

Delay penalties on routes with low
importance

£30/min/train

£70/min/train

£50/min/train

Delay penalties on routes with high
importance

£210/min/train

£290/min/train

£250/min/train

Data
collected
from
Network
Rail

The cost is related to High speed track recording coach (HSTRC)
used by NR to measure periodically track geometry. The cost
includes both the cost of operating the HSTRC and employee
costs. For the three routes considered the HSTRC is used to
inspect the track geometry every 8-10 weeks. A shift equates
to measuring 250 km of track (ORR, 2012). For the purpose of
this research it was therefore assumed that an inspection was
carried out on average every 8 weeks. Manual inspections
carried out (e.g. earthworks/ drainage) and ad hoc track
structural condition assessments were not considered.

The cost is related to operating the track treatment fleet and
the associated employee costs. NR often operates the track
treatment fleet during the night time and maintains
approximately 100m of track during one shift (ORR, 2012)

The cost is related to operating the High Output Track Renewal
System (HOTRS) used by NR for replacing the ballast, which is
usually carried out overnight. The 800m long HOTRS is
operated across all the routes considered, while the cost
associated with it depends upon type of ballast renewal
requirement (i.e. including or excluding formation renewal)

The cost is related to the operation of the High Output Ballast
Cleaning System (HOBCS) and associated employee costs. The
half-a-mile long HOBCS is operated by NR to clean the ballast
and replace any poor-quality ballast. HOBCS cleans
approximately 100 meters of track during a shift.

The cost involved is associated with carrying out various
activities such a weed spraying, vegetation removal and
drainage cleaning, both manually and using machines.

The commuter route selected is classified as a low importance
route with approximately 40% of WMT services running a
minimum 10 minutes late, with track related delay accounting
for approximately 7% of the delayed services (ORR, 2018)

Both the high-speed passenger route & the mixed passenger-
freight route are of high importance, with approximately 60%
of VWC services running minimum 10 minutes late, with track
related delay accounting for approximately 9.5% of those
delayed services (ORR, 2018). 2/10 freight services on UK
mainline networks are delayed (NR,2010)
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NR carries out both machine and manual interventions on the

Spillage £2000/mile/year £2300/mile/year £2100/mile/year ORR (2013) | freight lines to treat spillages on the track. NR estimates that
the coal spillage reduces the service life of the track by 9%.
Cost of track quality related derailment £461,000/derailment | £761,000/derailment | £661,000/derailment | RSSB (2016)
Environmental impact due to transport
related NoX emissions in:
Central London area £46,162/tonne £184,648/tonne £115,405/tonne DEFRA
Urban Laree area £14,647/tonne £58,587/tonne £36,617/tonne (2015) The quantities of NoX and SO2 emissions for Class 390 and
& £7,273/tonne £29,091/tonne £18,182/tonne Class 323 fleets were adopted from AEA (2007)
Urban Small area
Environmental Damage due to Transport DEFRA
L £1,581/tonne £2,224/tonne £1,956/tonne
related SO, emissions / / / (2015)
The quantity of CO. emissions were assumed to be
Environmental Damage due to Transport £3.97 - £60.52 £5.94 - £183.10 £3.82-£132.12 AEA (2008) proportional to the fuel consumption and was calculated using
related CO; emissions /tonne /tonne /tonne BEIS (2018) | the methodology specified by AEA (2008). CO; impact costs
varies for each year and BEIS (2018) forecasts these costs
Road de-congestion (passenger service) £0.15/vehicle mile £0.17/vehicle mile £0.16/vehicle mile DfT Road Count Point data (DfT, 2018) were used to calculate
Reduction of road accidents (passenger the daily average number of passenger vehicles for the major
. £0.02/vehicle mile £0.04/vehicle mile £0.03/vehicle mile UIC (2015) road alternatives for each train routes. i.e. 40,000, 30,000
service) and 8,330 on M40 (LDN_BHM)), A45 (COV-BHM)) and A5127
Environmental benefits (passenger service) £0/vehicle mile £0.02/vehicle mile £0.01/vehicle mile (SUT-LIC)) roads respectively. Similarly, 1,825 freight vehicles
Modal Change Cost for passenger services £0.10/vehicle mile £0.30/vehicle mile £0.20/vehicle mile DfT (2011) | Were estimated to use the A45. For illustrative purposes, it
was assumed that 10% of current road users using the
alternative road route will shift to rail when the track is
Modal Change Cost for freight services £0.40/vehicle mile £0.60/vehicle mile £0.50/vehicle mile DfT (2011) maintained in good track condition and reduce linearly to 0%
when the track is maintained in poor condition; as suggested
by Kemp (2016).
Train Operating Cost on London-Birmingham . . . . . . The costs related with train operation is associated with staff,
route £3.14/mile/train £3.34/mile/train £3.24/mile/train fuel, maintenance of rolling stock and the charges payable by
- - - ORR (2015) the TOCs to Network Rail. VWC runs 51 passenger daily
Train Operating Cost on Sutton Coldfied- £3.92/mile/train £4.12/mile/train £4.02/mile/train services on Class 390 fleets. WMT runs 96 passenger daily
Lichfield city route services on Class 323 fleets
. . . 4 daily average freight services are run on mixed-freight route
Freight Train Operating Cost on Coventry- . . . . . . Serco ) ) .

. g. P & ¥ £3.78/mile/train £3.98/mile/train £3.88/mile/train (ORR, 2015). The operational costs of freight services are up to
Birmingham route (2013) 20% more than their passenger counterparts (Serco, 2013).
Fuel Costs for London-Birmingham route . . .

) g £17.53/kWh/mile £31.56/kWh/mile £24.55/kWh/mile Data
(passenger service) I g The fuel consumed by the fleets used on each route were
- e collecte adapted from Network Rail’s prediction data. The energy loss
Fuel Costs for Sl'ltton Coldfield-Lichfield route £4.33/kWh/mile £7.80/kWh/mile £6.07/kWh/mile from in the train suspension system increases exponentially as a
(passenger service) Network function of the track geometry condition as suggested by
Fuel Costs for Coventry-Birmingham route . . . . zZ bski et. al., (2010).
) . Y & £0.20/litre £0.40/litre £0.30/litre Rail arembski et. al., (2010)
(freight service)
Based on the analysis of derailment data from the UK’s Train
Risk of track quality related derailments 0.03 FWI/year 0.23 FWI/year 0.13 FWI/year RSSB (2018) | Accident Precursor Indicator Model, the frequency of

occurrence was assumed to follow a Poisson’s distribution
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6.1. Results

The plausible ranges of NPV and total transport costs determined from the Monte Carlo
Simulation for the three representative track sections are presented in Figures 6a-6e, 7a-7e
and 8a-8e respectively as a function of track quality. The figures show the minimum, mean
and maximum values of costs associated with WLCC and the NPV at confidence levels of 10%
- 90%. The range of plausible values provides the decision maker with an effective insight into
the variability of the associated costs i.e. the uncertainty associated within the WLCCA. The
results from the WLCCA shows that for all three routes, higher average track quality levels
result in higher maintenance costs and lower track use costs, as would be expected. The
contribution of different cost elements for all three total transport costs across all three
routes are presented in Figures 9a-9c.

From Figures 6a and 6b it can be seen that maintaining the commuter route at an average
track condition of 2.6 mm is the most economical of those strategies considered. At the 90%
confidence level, the strategy results in an NPV of -£2.36 m and a lowest total transport cost
of £2.95m with associated maintenance and track use costs of £1.1m and £1.2m respectively
(see Figures 6d-6e). By contrast, the do-minimum strategy of maintaining the track condition
at 3.6mm SD would result in a 25% increase in track use costs, at least a 75% increase in risk
cost of derailments and a 60% less benefit from mode change at the 90% confidence level.
Track maintenance costs however would reduce by approximately 50% (see Figure 6d).

Figures 7a and 7b shows that maintaining the high-speed passenger section at an average
track condition of 2.4 mm SD is the most economic strategy. This strategy, at the 90%
confidence level, has an NPV of -3.26m, a total transport cost of £4.62m with a maintenance
cost of £1.3m. The do-minimum strategy, on the other hand, although it reduces maintenance
costs by approximately 20%, results in an increase of track use costs of about 33% (Figures
7d-7e). The do-minimum strategy also increases derailment risk costs and train operation
costs by 60% and 3% respectively. A strategy of maintaining a higher average track condition
of 1.9mm, compared to the most economic strategy yields a 6% lower NPV and reduced track
use costs of approximately 2% at the 90% confidence level. However, the more frequent
intervention results in an 11% increase in maintenance costs.

The most economic strategy for the mixed-traffic section is to maintain the section at an
average track condition of 2.4 mm (see Figure 8a). At the 90% confidence level this will result
in an NPV which is 13% lower than the do-minimum strategy and a total transport costs of
£4.2m, the lowest of all strategies considered (see Figures 8a-8b). By comparison, maintaining
the track at 1.4mm, at the 90% confidence level, would reduce the NPV by 16%, but would
increase total transport costs by 14% (see Figures 8a-8b). The more frequent maintenance
requirements of the latter strategy result in maintenance costs which are 60% higher than
the most economic strategy.
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Costs and (e) Track Use Costs as a function of average Track Quality
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(d) Maintenance Costs and (e) Track Use Costs as a function of average Track Quality
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Figure 8 WLCCA results for Mixed-Freight Passenger Route with (a) NPV (b) Total Transport Cost (c) Construction Costs
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A sensitivity analysis was carried out to quantify the contribution of different costs to
maintenance and track use costs for the most economic strategies for the three routes (see
Figures 9a-9c). The scatter plots were generated by running 10,000 Monte Carlo Simulations
iterations for each WLCC component. By inspection of Figures 9a-9c, it may be seen that the
track use costs were found to contribute the greatest to the total costs for the commuter
route. The comparatively higher contribution of train operation costs for the commuter route
is due to the more frequent train services on this route compared to the other two routes.
This results in greater costs of delays for a given strategy. On the other hand, the
environmental impacts and mode change costs are the highest contributors to total transport
costs for the high-speed and mixed-traffic routes (see Figures 9b-9c). This highlights the
potential benefits of reducing environmental emissions, road congestion and accidents
through a shift from road to rail. Although the cost of at least one derailment is similar across
all three routes, it is highest on the mixed freight route (Figure 9c). This is due to impact of a
potential freight derailment on the passenger train operations on the route in the form of
delays
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Figure 9 Contribution of cost elements of maintenance and track use to the Total Transport Cost for the economically
justifiable strategy for (a) Commuter Route (b) High-Speed Passenger Route (c) Mixed-Freight Passenger Route

7. Concluding Discussion

Governments, on behalf of the taxpayer, seek to maximize the benefits derived from
investment in railway infrastructure and train operation. To facilitate this process, the WLCCA
approach proposed is an equitable and transparent means of evaluating the economics of
maintenance strategies, which takes into account for the first time, the costs and benefits to
all stakeholders. To this end, the WLCCA considers the costs associated with track
construction, maintenance, track use and the end-of-life of the asset. To address the
uncertainties associated within the data, a probabilistic approach using Monte Carlo
Simulation was used to examine the unit costs and project the impacts and benefits of
different strategies in terms of probability distributions.

The approach was demonstrated on three route types on the UK mainline railway network
namely commuter, high-speed passenger and mixed passenger-freight routes. The results
from the case studies showed that different maintenance strategies are required for each
route to maximise economic benefits. Further, the track qualities associated with the
economically beneficial strategies suggested by the approach differ from those used by
Network Rail.

The case studies also illustrate the impact of maintenance effectiveness on the total
maintenance cost. As it is expected, the worsening track quality increases the track use costs
and decreases the maintenances costs. Such a trend is clearly visible in the projection of track
maintenance and use costs associated with different maintenance strategies across all the
three routes (see Figures 5b-c, 6b-c and 7b-c). The train operational cost per m is an important
indicator of railway operational efficiency because it measures the level of financial inputs
required per train (ITF, 2013). Although, the staff costs are a large component of these train
operational costs, it was assumed for the study that they have remained constant throughout
in line with the data presented in ORR (2015). However, greater benefits can be achieved if
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the staff costs and wages were modelled to increase over the period of time. The fuel
consumption was modelled based on Zarembski et al. (2010) as data for the case study was
not made available by the respective train operating companies. Using the actual train fuel
costs may therefore give different results. Assuming that the number of train services remain
the same throughout the analysis period, our study shows that, if the track condition was
allowed to deteriorate from good to poor condition then train operating costs could rise by
up to £500 per m annually through increases in fuel consumption and train maintenance
across all three routes.

From Network Rail’s perspective, it is financially preferable to carry out as little maintenance
as possible e.g. the do-minimum strategy (see Figures 5b, 6b and 7b). However, the analysis
suggests that if railway track use costs are considered then there are more economically and
environmentally beneficial strategies. For example, for the high-speed passenger route, a
maintenance standard of 2.4 mm SD instead of 2.6 mm SD would result in annual savings of
approximately £3,000 per m. Considering the higher contribution of maintenance and train
operation to the total transport costs for the commuter route (see Figure 8a), approximately
£1,100 per m of annual savings could be achieved by maintaining the track at 2.4 mm SD
instead of 2.6 mm SD. The above notwithstanding, it is interesting to note that for the mixed
passenger-freight route a 10% reduction in total transport costs could be achieved by
reducing the average track quality from the current SD of 1.2 mm to a SD of 2.4 mm. However,
this section of the track serves Network Rail’s headquarters and is therefore maintained in
such a good condition for political reasons. Furthermore, it is noteworthy that the strategy
chosen by Network Rail to maintain this section of track involves five ballast renewals and 15
track realignment operations over the track’s lifecycle of 25 years (see Table 3). Maintaining
the track condition to a slightly lower average track quality of 1.4 mm, a strategy that Network
Rail uses on an adjacent section, could be achieved using three less ballast renewals and only
five more track realignment operations. This would potentially save Network Rail
approximately £16,000 annually.

The analysis also indicated that environmental impacts and mode change had the highest
contribution to the total transport costs across all the route types (see Figures 8a-c).
Reductions in environmental impacts can be achieved through eco-friendly construction and
sustainable maintenance practices. For example, sourcing components such as sleepers,
which contain recycled content, using where appropriate life-expired ballast within the sub-
ballast ballast layer, reducing energy consumption on site and using renewable sources of
power. Research is also on-going to develop plastic aggregates which can be used in the sub-
ballast layer.

The proposed approach can thus be used to support strategic planning and programming
levels of railway asset management (Robinson, 2008). For example, in the cases when there
is a shortage in the annual track maintenance budget, the approach can be employed to
inform plausible maintenance strategies that realise the maximum benefit for the available
budget. Senior managers and decision makers can also use the approach advocated to
improve long-term investment choices. For example, the approach allows the implications of
reductions in maintenance budgets on total transport costs to be scrutinised and investment
to be targeted to the areas of the railway network providing the greatest benefit.
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For the analysis of large railway networks the approach would require a considerable amount
of historical railway condition and maintenance and cost data. Much of this information is
now routinely collected by railway infrastructure maintainers. However, the data
requirements of the system, and therefore the computational time required to run the model
and to analyse the results, can be reduced considerably by carefully selecting a sufficient
number of representative track sections to portray adequately the characteristics of the
entire network. A representative track section is considered to embody those sections of
railway network which deteriorate at similar rates and have similar whole life cycle costs. An
initial selection procedure could therefore utilize the construction standards and the speed
and tonnage of the rolling stock utilizing track sections. Analyses such as those shown by
Figure 9 could thereafter be used to refine the selected representative sections.

A number of countries have a vertically separated structure in which train operation and
infrastructure provision are provided by different organisations. In such environments,
infrastructure owners have little concern for the impact of track condition on train operating
costs. Unless a suitable incentive scheme is provided by a regulator the infrastructure owner
is likely to maintain the track at the lowest financial cost to meet track condition standards.
These standards may not be the most economic nor may they be the most cost effective over
the long term. Similarly, train operators also are unconcerned about the impact of poorly
maintained vehicles on track damage. It is in the interests of all stakeholders and the
environment, however, for the infrastructure and rolling stock to be maintained
appropriately. The approach presented herein is a means by which the regulators of vertically
separated railways can achieve this equitably and transparently.

Whether or not the operation of a railway is managed by a single entity or vertically
separated, the use of the proposed approach is subject to the organization’s culture and
operational objectives. To overcome potential issues, stakeholders should be engaged to
enable (i) improved appreciation of the WLCC approach and it’s use in informing equitable
decisions; (ii) access to accurate and reliable cost data, including track maintenance and train
operation costs, and; (iii) more effective investment decision making which considers, on a
WLCC basis, the costs and benefits to stakeholders and the environment.

Given that the life cycle of railway track can be 25 years or more, and maintenance
interventions need to be planned several years in advance, future development of the
proposed approach could consider a track possession planning model that takes into account
the scheduling of track maintenance under operational constraints. The research carried out
D’Ariano et al. (2019), Liden et al. (2017) and Luan et al. (2017), for example, would be useful
in informing such further developments. For high speed rail in particular, the risks associated
with track instability, ballast flight, vibrations and track constructed on soft soils could also be
considered within the proposed approach.
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Notational List

B, are the benefits in the n year

Z‘; are the costs accruing in the nt" year

Cgy, is the cost per metre of ballast material in year, n

C‘BCmn is the cost of equipment, m, for ballast cleaning per metre in year, n

CBRmn is the cost per metre of using equipment, m, for ballast renewal in year, n

CCmn is the cost per metre, of using a piece of equipment, m, for track construction in year, n
C‘CSmn is the machinery cost per metre for cleaning up the spillage of materials using
equipment, m

C‘DQn is the average cost of a derailment on the track section during year, n

C‘Emn is the average employee cost of operating a piece of equipment, m, in year, n.

éEnvlmp is the environmental impact cost due to a shift from other modes to railway transport
Croimx is the cost of using a piece of equipment, m, to dispose of, or recycle a track component,
X, per metre

éFDn is the average delay cost for a freight train in year, n

CFan is the unit cost of fuel during year, n, for passenger train of type, V

éFFnV is the unit cost of fuel during year, n, for freight train of type, V

ép,n is the impact cost of pollutant type, p, on the environment during year, n

éps is the net benefit of a passenger vehicle journeys shifting to railways

CFS is the net benefit of a freight vehicle journeys shifting to railways

Cpmp is the cost of land procured per metre

CpDn is the average delay cost for a passenger train in year, n

éRan is the cost per metre of equipment, m, used for routine maintenance in year, n

fRSLn the cost of reduced service life of the track per year during year, n

Trsin is the mean reduced service life of the track in years, n

fT,mn is the cost of using a piece of equipment, m, per metre for a track inspection in year, n
éTRAmn is the cost of using equipment, m, per metre for track realignment in year, n
éTSPnV(Q) is the unit cost of spare parts during year, n, for the components of passenger train
of type, V, for the average track quality, Qa, achieved in year n.

éTSFnV(Q) is the unit cost of spare parts during year, n, for the components of freight train of
type, V, for the average track quality, Qa, achieved in year n

éTMan(Q) is the average train maintenance cost during year, n, for a passenger train of type,
V, for an average track quality, Qa, achieved in year n

éTMFnV(Q) is the average train maintenance cost during year, n, for a freight train of type, V,
for an average track quality, Qa, achieved in year n

-~

Epcn is the environmental costs incurred during construction of railway track during year, n

~

Epmn is the environmental costs incurred during maintenance of railway track during year, n

~

Eyrn is the environmental costs incurred during renewal of railway track during year, n

-~

Eyon is the environmental costs incurred during operation of railway track during year, n

~

Eypn is the environmental costs incurred during disposal of railway track during year, n

E,.n is the average number of employees required to operate a piece of equipment, m, in
year, n
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F"Can(Q) is the total fuel consumed during year, n, by passenger train of type, V, for an average
track quality, Qa, achieved in year n

FCFnV(Q) is the total fuel consumed during year, n, by freight train of type, V, for an average
track quality, Qa, achieved in year n

L is the length of the track section in metres

n is the specific year of the WLCCA period

Nrs is the average reduction in the number of road accidents due to mode change

TAPDMn is average passenger train delay in minutes in year, n, due to track possession for
maintenance

Tarpmn is average freight train delay in minutes in year, n, due to track possession for
maintenance

IVFnV is number of journeys on freight train type, V, through the track section during year,n
IVFTDn is average number of delayed freight trains in year, n, due to track possession for
maintenance

IVFTSRn is average number of delayed passenger trains in year, n, due to speed restrictions
IVFSQ is the average number of freight vehicle journeys shifting to railways during time period,
n, for the average track quality achieved during time period, n

IVPTDn is the number of delayed passenger trains in year, n, due to track possession for
maintenance

IVPSQ is the average number of passenger vehicle journeys shifting to railways during time
period, n, for the average track quality achieved during time period, n

IVPTSRn is average number of delayed passenger trains in year, n, due to speed restrictions
IVTSPnV(Q) is the average number of train components renewed during year, n, per passenger
train type, V, for an average track quality, Qa, achieved in year n

NTSF”V(Q) is the average number of train components renewed during year, n, per freight
train type, V, for an average track quality, Qa, achieved in year n

Np.,y is the number of journeys on passenger train type, V, through the track section during
year, n

Ppan is the probability of at least one derailment occurring during year, n, on the track section
of an average track quality, Qa

7 is the discount rate

Rav is the residual asset value

Sre is average restricted speed for passenger trains along the track section

Srr is average restricted speed for freight trains along the track section

Si is the maximum permitted speed for trains along the track section

Tappmn IS average passenger train delay in minutes in year, n, due to track possession for
maintenance

TAFDMn is average freight train delay in minutes in year, n, due to track possession for
maintenance

u is the number of times a piece of equipment, m, is used in year, n

VOL is the average economic value of a person’s life

27



References

10.

11.

12.

13.

14

15.

16.

17.

18.

19.

20.

21.
22.
23.
24.
25.

26

AAR, 2016, ‘Total Annual Spending 2015 Data’, [Online], Available on
www.aar.org/Fact%20Sheets/Safety/AAR%20Annual%20Spending 2016%20Update 7.15.16.pdf

A D'Ariano, L Meng, G Centulio, F Corman, 2018, Integrated stochastic optimization approaches for tactical
scheduling of trains and railway infrastructure maintenance. Computers & Industrial Engineering
https://doi.org/10.1016/j.cie.2017.12.010

AEA, 2008 ‘Estimation of Rail Environmental Costs’, Issue 4, ERD05260/R03

M Andersson, G Bjorklund, M Haraldsson, 2016, ‘Marginal railway track renewal costs: A survival data
approach’, Transportation Research Part A, Volume 87, pp 68-77

AR Andrade, 2016, ‘Exploring different alert limit strategies in the maintenance of railway track geometry’,
Journal of Transportation Engineering 142(9)

AR Andrade, P T Teixeira, 2016, ‘Uncertainty in Rail-Track Geometry Degradation: Lisbon-Oporto Line Case
Study’, Journal of Transportation Engineering, 137, pp 193-200

. J Andrews, 2012, ‘A modelling approach to railway track asset management’, Proc IMechE, Part F: J Rail

and Rapid Transit 0(0), pp 1-18

M Antoni, C Meier-Hirmer, 2008, ‘Economic correlation between maintenance and regeneration-
optimisation of maintenance strategies for tracks, signalling equipment and overhead line components’,
Proceedings of the WCRR

APTA, 2017, ‘Ridership Report — Quarterly and Annual Totals by Mode’, [Online], Available on
www.apta.com/resources/statistics/Pages/ridershipreport.aspx

| Arasteh khouy, P. O. Larsson-Kraik, A. Nissen, U. Juntti, H. Schunnesson, 2014, ‘Optimisation of track
geometry inspection interval’, Proc IMechE, Part F: J Rail and Rapid Transit 228(5), pp 546-556

M Asplund, 2016, ‘Wayside Condition Monitoring Technologies for Railway Systems’, PhD Thesis, Lulea
University, Sweden

Atkins, 2011, ‘Rail Value for Money Study - Whole System Programme Management’, Issue 1.4, Contract
Number - RVFM1004, Available on https://orr.gov.uk/ data/assets/pdf file/0013/2731/rvfm-atkins-
programme-management-250511.pdf

M Audley, J.D. Andrews, 2013, ‘The effects of tamping on railway track geometry degradation’, Proc
IMechE, Part F: J Rail and Rapid Transit 227(4), pp 376-391

.M Banar, A Ozdemir, 2015, ‘An evaluation of railway passenger transport in Turkey using life cycle

assessment and life cycle cost methods’, Transportation Research Part D: Transport and Environment, Vol.
41, pp 88-105

BEIS, 2018, ‘Updated Short-Term Traded Carbon Values’, Available at
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/671
191/Updated_short-term_traded_carbon_values_for_modelling_purposes.pdf

A L Bristow, J Nellthorp, 2000, Transport project appraisal in the European Union, Transport Policy (7), pp
51-60

BSI, 2005, Draft EN 13848-5 (Draft 05/30134794 DC): Railway Applications — Track — Track Geometry Quality
Part 5: Geometric Quality Assessment, BSI, Milton Keynes, UK

M.P.N. Burrow, Jin Shi, M. Wehbi, G.S. Ghataora, 2017, ‘Assessing the Damaging Effects of Railway Dynamic
Wheel Loads on Railway Foundations’, Transportation Research Record (TRR), Journal of the
Transportation Research Board. Vol. 2607 Issue 1 pp. 62-73. Washington D.C., USA.

L F Caetano., P F Teixeira, 2014, ‘Optimisation model to schedule railway track renewal operations: a life-
cycle cost approach’ Structure and Infrastructure Engineering, pp 1-13

S Cellmer, J. Rapinksi, M. Skala, K. Palikowska, 2016, ‘New Approach to Arc Fitting for Railway Track
Realignment’, Journal of Survey Engineering, Vol 142 (2)

DEFRA, 2015, ‘Air Quality Damage Cost Guidance’, London, UK

DfT, 2004 ‘Transport Appraisal And The New Green Book TAG Unit 2.7.1’, Transport Analysis Guidance
DfT, 2011, ‘Realising the Potential of GB Rail — Rail Value for Money Study’, London

DfT, 2018, ‘Traffic Count’, Available at https://www.dft.gov.uk/traffic-counts/

M Elcheikh, M P N Burrow, 2016, ‘Uncertainties in Forecasting Maintenance Costs for Asset Management:
Application to an Aging Canal System’, ASCE-ASME Journal of Risk and Uncertainty in Engineering Systems,
Part A: Civil Engineering

.JFang, LJi, 2015, ‘Life Cycle Cost Prediction for Rolling Stocks in Maintenance Phase Based on VBA Language

Program’, International Journal of Smart Home, Vol. 9, Issue 3, pp 239-252

28


http://www.aar.org/Fact%20Sheets/Safety/AAR%20Annual%20Spending_2016%20Update_7.15.16.pdf
https://doi.org/10.1016/j.cie.2017.12.010
http://www.apta.com/resources/statistics/Pages/ridershipreport.aspx
https://orr.gov.uk/__data/assets/pdf_file/0013/2731/rvfm-atkins-programme-management-250511.pdf
https://orr.gov.uk/__data/assets/pdf_file/0013/2731/rvfm-atkins-programme-management-250511.pdf

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

R B Faiz, S Singh, 2009, ‘Predictive maintenance management of Rail Profile in UK rail’, International
Conference of Computing in Engineering, Science and Information, DOI 10.1109/1CC.2009.69

C Fourie, T Tendayi, 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, Vol 27.
Issue 4, pp 889-900

R D Frohling, 1998, ‘Low frequency dynamic vehicle/track interaction: modelling and simulation’, Vehicle
System Dynamics, Vol 28, pp 30-46

D Gattuso, A Restuccia, 2014, ‘A Tool for Railway Transport Cost Evaluation’, Social and Behavioural
Sciences, pp 549-558

N Guerin, 1996, ‘Approch expérimentale et numérique du comportement du ballast des voies ferées’, PhD
thesis, L’Ecole Nationale des Ponts et Chaussées, Paris, France

H Guler, S Jovanovic, G Evren, 2011, ‘Modelling railway track geometry deterioration’, Transport, Volume
164, Issue TR2, pp 65-75

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

INNOTRACK, 2009 ,’Guideline for LCC and RAMS Analysis’, D61.1.1-6.5.4, Available on www.innotrack.eu
ISO, 2017, ‘I1SO 15686-5: Buildings and constructed assets-Service life planning-Part 5: Life-cycle costing’
ITF, 2013, ‘Railway Efficiency — An overview and a look at Opportunities for Improvement’, Available on
www.internationaltransportforum.org

H Jones, F Moura, T Domingos, 2017, ‘Life cycle assessment of high-speed rail: a case study in Portugal’,
International Journal Life Cycle Assessment, Volume 22, pp 410-422

S Jovanovic, E Gungor, H Guler, 2011, ‘Modelling railway track geometry deterioration’, Proceedings of the
ICE-Transport, Volume 164, Issue 2, pp 65-75

H K Jun, j H Kim, 2007, ‘Life Cycle Cost Modelling for Railway Vehicle’, Proceeding of International
Conference on Electrical Machines and Systems 2007, Korea

R. Kemp, 2016, ‘Scope for reduction in transport COR emissions by modal shift’, Energy Technologies
Institute

L Kirkwood, L Giuntini, E Shehab. P Baguley, 2016, ‘Development of a Whole Life Cycle cost model for
electrification options on the UK rail system’, Procedia CIRP, Vol 47, pp 1-5

S T Lamson, N A J Hastings, R J Willis, 1983, ‘Minimum cost maintenance on heavy haul railway track’,
Journal of the Operational Research Society, Vol. 34, pp 211-223

T Lidén, M Joborn, 2016, An optimization model for integrated planning of railway traffic and network
maintenance. Transportation Research Part C Emerging Technologies. 74. 10.1016/j.trc.2016.11.016

V Lingaitis, G SinkeviCiusb,2014 ‘Passenger Transport by Railway: Evaluation of Economic and Social
Phenomenon’, Procedia - Social and Behavioural Sciences, Volume 110, pp 549-559

X Luan, J Miao, L Meng, F Corman, G Lodewijks, 2017, Integrated Optimization on Train Scheduling and
Preventive Maintenance Time Slots Planning. Transportation Research Part C 80 pp 329-359
10.1016/j.trc.2017.04.010

MAINLINE, 2013, ‘Proposed methodology for a Life Cycle Assessment Tool (LCAT)’, MAINLINE SST 2011.5.2-
6

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

MolR, 2016, ‘Indian Railways — Statistical Year Book India 2016’, [Online], Available at
http://www.indianrailways.gov.in/railwayboard/uploads/directorate/stat econ/IRSP 2016-

17/Annual Report Accounts Eng/Statistical Summary.pdf

MolR, 2017, ‘Indian Railways — Expenditure Profile 2017-18’, [Online], Available at
https://www.indiabudget.gov.in/budget2017-2018/ub2017-18/eb/railstat2.pdf

S Mokrousov, N Naish, S Demjanenko, V Bykadorov, S Ramazanov, 2013, ‘Analysis and evaluation of the
life cycle cost of technical rail systems (for example, a wheel pair)’, TEKA Commission of Motorization and
Energetics in Agriculture, Vol 13. Pp 152-161

NR, 2010, ‘Route Specifications 2011 - East Midlands’

Jan M. van Noortwijik, Dan M. Frangopol, 2004, ‘Two probabilistic life-cycle maintenance models for
deteriorating civil infrastructures’, Probabilistic Engineering Mechanics, Vol. 19, pp 345-359

M de Jong, K Declercq, 2012, ‘Economic Evaluation of Urban Track Systems: Integration of Life

Cycle Costs and Socio-Economic Assessment’, Procedia - Social and Behavioural Sciences, Volume 48, pp
1264-1273

29


http://www.innotrack.eu/
http://www.internationaltransportforum.org/
http://www.indianrailways.gov.in/railwayboard/uploads/directorate/stat_econ/IRSP_2016-17/Annual_Report_Accounts_Eng/Statistical_Summary.pdf
http://www.indianrailways.gov.in/railwayboard/uploads/directorate/stat_econ/IRSP_2016-17/Annual_Report_Accounts_Eng/Statistical_Summary.pdf
https://www.indiabudget.gov.in/budget2017-2018/ub2017-18/eb/railstat2.pdf

54.
55.
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.

81

ORR, 2012, ‘Review of European Renewal and Maintenance Methodologies - Formation Rehabilitation
Train’, Reference BBRT-2012-RP-0004

ORR, 2013, ‘Periodic Review 2013: Final determination of Network Rail’s outputs and funding for 2014-19’
ORR, 2015, ‘Understanding the Rolling Stock Costs of TOCs in the UK’, London, UK

ORR, 2017a, ‘Network Rail Monitor — Quarters 3-4 of Year 3 of CP5 16-17’, London

ORR, 2017b, ‘UK Rail Industry Financial Information 2015-16’, [Online], Available at
orr.gov.uk/ data/assets/pdf file/0020/24149/uk-rail-industry-financial-information-2015-16.pdf

ORR, 2018, ‘NRT Data Portal’, Accessible at http://dataportal.orr.gov.uk/

Palisade, 2017, ‘@RISK Distributions’, [Online], http://kb.palisade.com/index.php?pg=kb.chapter&id=14
A. P. Patra, P. Soderholm, U. Kumar, 2009, ‘Uncertainty estimation in railway track life cycle cost: a case
study from Swedish National Rail Administration’, Journal of Rail and Rapid Transit, Vol 223,Issue 3, pp
285-293

D. Prescott, J. Andrews, 2013, ‘Investigating railway track asset management using a Markov analysis’,
Proceedings of the Institution of Mechanical Engineers Part F-Journal of Rail and Rapid Transit, Volume
229(4), pp 402-416

L M Quiroga, E Schnieder, 2011, ‘Monte Carlo simulation of railway track geometry deterioration and
restoration’, Proceedings of the Institution of Mechanical Engineers, Part O: Journal of Risk and Reliability,
Vol 226, pp 274-282

D Rama, J Andrews, 2016, ‘Railway infrastructure asset management: the whole system life cost analysis’,
IET Intelligent Transport Systems, Vol 10, Issue 1, pp 58-64

V Reddy, G Chattopadhyay, P O K Larsson, D J Hargreaves, 2007, ‘Modelling and analysis of rail maintenance
cost’, International Journal of Production Economics, Vol 105, Issue 2, pp 475-482

R. Robinson, 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], Available at
https://www.rssb.co.uk/Library/research-development-and-innovation/2016-09-T1009-Final-Report.pdf
M Sasidharan, M P N Burrow, G S Ghataora, M E Torbaghan, 2017, ‘A review of risk management
applications for railways’, 14" International Conference of Railway Engineering, Edinburgh,
DOI:10.25084/raileng.2017.0065

Y Sato, 1997, ‘Optimum track structure considering deterioration in ballasted track’, 6" International Heavy
Haul Conference, Cape Town, South Africa

. SCI Multi Client Studies, 2017, ‘Rail Transport Markets — Global Market Trends 2016-2025’, Available at

https://www.sci.de/fileadmin/user upload/Flyer Rail Transport Markets eng.pdf

E T Selig, ] M Waters, 1994, ‘Track geotechnology and substructure management’, Thomas Telford, London
Serco, 2013, ‘VTISM Analysis to Inform the Allocation of Variable Usage Costs to Individual Vehicles’,
Periodic Review of Variable Usage Charge (VUC)

M Skinner, A Kirwan, J Williams, 2011, ‘Challenges of developing whole life cycle cost models for Network
Rail’s top assets’, IET and IAM Asset Management Conference

N J Smith, T Merna, P Jobling, 2006, ‘Managing Risk: In construction projects’, 2" Edition, Wiley-Blackwell
A Smith, S lwnicki, A Kaushal, K Odolinski, P Wheat, 2017, ‘Estimating the relative cost of track damage
mechanisms: combining economic and engineering approaches’, Proceedings of Institution of Mechanical
Engineering Part F: Journal of Rail and Rapid Transit, Vol 23, Issue 5, pp 620-636

M Spiller, Y Deng, 2013, ‘Cost Benefit Analysis - Key Features and Future Directions’, International
Symposium for Next Generation Infrastructure, 2013, Wollongong, Australia

STAMP, 2000, ‘Structures Asset Management Process Mouchel Training Presentation Notes’

M J Shenton, 1985, ‘Ballast deformation and track deterioration, track technology’, Thomas Telford,
London

| Soleimanmeigouni, A Ahmadi, | Arasteh Khouy, C Letot, 2016, ‘Evaluation of the effect of tamping on the
track geometry condition’, Proceedings of Institution of Mechanical Engineering Part F: Journal of Rail and
Rapid Transit, Vol 0(0), pp 1-13

| Soleimanmeigouni, A Ahmadi, U Kumar, 2018, ‘Track geometry degradation and maintenance modelling:
A review’, Proceedings of Institution of Mechanical Engineering Part F: Journal of Rail and Rapid Transit,
Vol 232(1), pp 73-102

.Z Su, A Jamshidi, A Nafez, S Baldi, B D Schutter, 2019, Integrated condition-based track maintenance

planning and crew scheduling of railway networks Transportation Research Part C: Emerging Technologies,
Volume 105, pp 359-384

30


http://orr.gov.uk/__data/assets/pdf_file/0020/24149/uk-rail-industry-financial-information-2015-16.pdf
http://kb.palisade.com/index.php?pg=kb.chapter&id=14
https://www.rssb.co.uk/Library/research-development-and-innovation/2016-09-T1009-Final-Report.pdf
https://www.sci.de/fileadmin/user_upload/Flyer_Rail_Transport_Markets_eng.pdf

82.

83.

84.

85.

86.

87.
88.
89.
90.
91.
92.

93.

94.

95.

Z Su, A Jamshidi, A Nuiiez, S Baldi, B D Schutter, 2017, Multi-level condition-based maintenance planning
for railway infrastructures - A scenario-based chance-constrained approach Transportation Research Part
C: Emerging Technologies, Volume 84, pp 92-123

H Sugiyama, A A Shabana, K E Zaazaa, 2007, ‘Railroad Vehicle Dynamics: A Computational Approach’, CRC
Press, ISBN 9781420045819

A. Terje, 2016, ‘Risk assessment and risk management: Review of recent advances on their foundation’,
European Journal of Operational Research, Volume 253, pp 1-33

M.E. Torbaghan, M.P.N. Burrow, D.V.L. Hunt, 2015, ‘Risk Assessment for a UK pan-European Supergrid’,
International Journal of Energy Research, Volume 39, pp 1564-1578.

UIC, 2015, ‘Railways as the Backbone of Environmentally Sustainable Transport and their Contribution to

the Sustainable Development Goals (SDGs)’, Intergovernmental Tenth Regional Environmentally

Sustainable Transport (EST) Forum in Asia

S Vitasek, D Mestanova, 2017, ‘Life Cycle Cost of a Railroad Switch’, Creative Construction Conference 2017,
CCC 2017, Croatia

I Vogl, 2015, ‘Application of Life Cycle Costing’, Microelectronics Reliability, Vol 13, Issue 6

World Bank, 1998, ‘Handbook of Economics Analysis of Investment Operations’, Washington, DC
Zarembski A. M., Bonaventura C. S. (2010) ‘Dynamic Effects of Track Surface Condition on Vertical
Wheel/Rail Forces and Energy Consumption’, Proceedings of the 2010 Joint Rail Conference, Urbana, USA
TZhang, J Andrews, R Wang, 2012, ‘Optimal scheduling of track maintenance on a railway network’, Journal
of Quality and Reliability Engineering International, Volume 29, pp 285-297

W Zhang, W Wang, 2014, ‘Cost modelling in maintenance strategy optimisation for infrastructure assets
with limited data’, Reliability Engineering and System Safety, Vol. 130, pp 33-41

D Zhang, H Hu, C Roberts, L Dai, 2015, ‘Developing a life cycle cost model for real-time condition monitoring
in railways under uncertainty’, Proceedings of the Institution of Mechanical Engineers, part F: Journal of
Rail and Rapid Transit, Vol. 231, Issue 11, pp 111-121

J Zhao, A Chan, A Stirling, K Madelin, 2006, ‘Optimising policies of railway ballast tamping and renewal’,
Transportation Research Record, Journal of the Transportation Research Board

A Zoeteman, 2001, ‘Life cycle cost analysis for managing rail infrastructure’, European Journal of Transport
and Infrastructure Research, Volume 1, Issue 4, pp 391-413

31



