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Abstract

The performance of railway tracks can be assessed by applying separately different approaches such
as RAMS and LCC, where RAMS is an acronym which stands for Reliability, Availability,
Maintainability, Safety, while LCC stands for Life Cycle Costing. Results of these approaches are not
comprehensive because RAMS management lacks a life-cycle cost perspective and balance while LCC
develops an economic analysis but does not address specific issues of railway performance. Based on
the considerations above, in this study a Key Performance Indicator (KPI) for railway tracks is defined
merging the LCC and RAMS approaches at a given time. Innovative algorithms are set up for LCC,
RAMS and their relationship in the definition of KPI. Algorithms are applied to two different track
alternatives (ballasted and ballastless) and KPI trend over time is assessed. Case study results show
that in the short-term the KPI of ballasted tracks is higher, while in the long-term the slab track
performs better. The trend of KPI for the two solutions under investigation shows that the breakeven

point depends on traffic and speed in the railway lines. The method set up as well the results

1 .
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obtained contribute to the body of knowledge of construction engineering because: i) the equations
set up allow deriving agency-based algorithms through calibration; ii) the model set up and
implemented allows agencies to handle basic technical instances (RAMS) and life cycle-related issues
(where sustainability is considered) in a synergistic and quantitative way; iii) the abovementioned KPI
has the potential to quantitatively affect decision making across the entire cycle of life (design,

maintenance, renewal).

Key works: rail track, KPI, LCC, RAMS
Introduction and objectives

As indicated in the Union Commission's 2011 Transport White Paper, nowadays issues in the
transport sector refer to: i) rising traffic demand and congestion; ii) increasing energy supply
demand; iii) effects on global warming and carbon footprint; iv) need for a more balanced and
sustainable transport modes, and for a modal shift towards sustainable modes.

Consequently, the railway sector is expected: i) to take on a larger share of transport demand in the
next few decades; ii) to better perform in terms of management (service, costs, interoperability,
capacity, new business, organizational and logistics solutions, new partnerships, and finally new
technologies); iii) to face the new challenges through enhanced technologies, higher speeds and axle
loads; iv) to better perform from an environmental standpoint (e.g., noise reduction and carbon
footprint).

To achieve the goals above and to evaluate railway performance, not only advanced materials,
technologies, and solutions are needed but also more comprehensive methods (Stenstrom et al.
2012). Railway performance depends on the performance of its main components: Rolling stock,
Operations, Traffic management, Infrastructure. The definition of a Key Performance Indicator for
the infrastructure, and particularly for the track has to consider synergistically the complexity of

different approaches and methodologies, such as Reliability, Availability, Maintainability, Safety
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(RAMS, cf, Ahrén and Parida, 2009), and Life Cycle Cost Costing (LCC). RAMS and LCC are both crucial
for railways: RAMS focuses on vital performance and technicalities, while LCC addresses the life cycle
vision. Despite this, with limited relationships exist between RAMS and LCC and consequently a
synergetic framework is required.

Based on the above, the main objectives of the study presented in this paper are to set up and
validate a methodology to analyse different track solutions by defining a Key Performance Indicator
(KPI1) that takes into account both LCC and RAMS. To this aim, each component of the KPI is properly
addressed. For RAMS analysis, a new method to assess the RAMS parameters and to define an
overall indicator of RAMS components is herein proposed. Furthermore, a LCC-based model to
evaluate the total costs of competing solutions (e.g., traditional rail track and slab track) is set up.
Tangible and intangible costs are considered and a solution for solving the issues of CO, cost
fluctuation and external costs quantification is set up. RAMS and LCC are finally merged in the KPI.
The remaining parts of the paper are organised as follows. In the next section the analysis of the
concerned literature is illustrated. The successive sections deal with the proposed method and its

application to a case study. Finally conclusions are drawn and references are listed.

Literature review

For railway tracks, there is a world-wide trend towards increases in axle loads and train speeds. Track
is therefore subject to a wide range of bearing and bending stresses in the rails, pads, fasteners,
sleepers/slabs, ballast and subgrade due to: i) the static mass of the vehicles; ii) dynamic actions,
such as lateral centrifugal forces on curves, longitudinal acceleration and braking forces; iii) vertical
inertial forces from the motion of the wheel-set and its suspension, vibrational forces induced from
imperfections in the rail surface (corrugations, joints, welds, defects) and in the wheels (flats and

shells); iv) the dynamic response of the track components to above actions (Tzanakakis , 2013).
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The need to make the track suitable to withstand these stresses requires accurate design and
maintenance concepts for both ballasted tracks and slab tracks (Esveld, 2001; Gautier, 2015).
Furthermore, it is important, since the early stage of the design process, to take into account the
various phases of the life cycle, i.e., design, construction, operation, maintenance, and disposal. In
fact, it is very difficult to modify, during the life, the initial track design, while, on the other side, the
performance of the infrastructure depends largely on the maintenance and renewal decisions taken
during its life cycle. In track design, costs (agency cost, user cost, externality cost), life cycle (Life
Cycle Cost Assessment), and system technical requirements (Reliability, Availability, Maintainability,
and Safety) have to be considered (INNOTRACK, 2006). After construction and installation, during the
operation and maintenance phase, LCC and RAMS can provide a useful aid for making effective
maintenance decisions (Smith, 2005). On the other side, the use of global performance indicators
that accounts for all these aspects may be very effective in transport infrastructure management and
in the selection of the right options (Liyin et al. 2011; Stenstrom et al. 2012).

RAMS analysis represents a kind of proof of quality of the system, and can follow a number of
European standards, such as CENELEC EN 50126, BS5760, MIL-HDBK-217 and Def Stan 00-40. RAMS
can be considered as a characteristic of a system and it acts as a performance indicator for its quality
and performance. EN 50126 (1999) defines the following basic RAMS elements: i) Reliability is the
probability that an item can perform a required function under given conditions for a given time
interval; ii) Maintainability is the probability that a given active maintenance action, for an item
under given conditions of use, can be carried out within a stated time interval when the maintenance
is performed under stated conditions and using stated procedures and resources; iii) Availability: is
the probability that a system or its components will be operational at any random time, t; iv) Safety
can be defined as the state of technical system freedom from unacceptable risk of harm. Safety is the
requirement not to harm people, environment, or any other assets during a system's life cycle. Safety

and availability are considered as the output of any RAMS analysis and any conflicts between safety



98 and availability requirements may prevent in achieving a dependable system (EN 50126, 1999).

99 Figure 1 illustrates the relationships among the RAMS components.

System > Safety
failures MTBSF

!

Reliability
MTBF, MDBF

Y
Maintainability

MTTR, MTBM

——

A 4
Availability

MDBF/(MDBF+MTTR)

100

101 Figure 1. Relationship among RAMS components
102 Different parameters are used to quantify the RAMS factors (see, Figure 1 and Table 1), while

103 reference values for RAMS analysis, derived from literature, are reported in Table 2 .

104 Table 1. Parameters used to measure RAMS factors
RAMS FACTOR PARAMETER
Reliability Mean Time To Failure (MTTF)

Mean Distance To Failure (MDTF
Mean Time Between Failure (MTBF)
Mean Distance Between Failure (MDBF)

Maintainability Mean Time To Repair (MTTR)
Mean Time Between Maintenance (MTBM)

Mean Distance Between Maintenance (MDBM)

Availability MDBF/(MDBF + MTTR)

Safety Mean Time Between Safety Failure (MTBSF)

105
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Table 2 below summarises reference values (symbols are explained in the last row).

Table 2. Reference values for RAMS analyses

Parameter Threshold/example values References
Axle load 5-35 tonnes Patra, 2007; Esveld, 2001
Daily tonnage 10000-30000 t per day Esveld, 2001
MGT per year 3-28MGT; 25 MGT (1MGT=8896 MN) Patra, 2007; Transportation Safety

Board of Canada, 2016

MTBF 1-3 years (geometrical failure) Profillidis, 2014
30 to 60 MGT;
16-28 years (rail replacement)
400 to 700 MGT

MTTR 75-550 MGT,; 3-22 years Patra, 2007
MTTF 125-575 MGT,; 5-23 years; =100MGT; Patra, 2007; Indian railways website;
=10MGT Transportation Safety Board of

Canada, 2016

V, Speed Branch-secondary lines: 30-12km/h; Esveld, 2001
main/high speed lines: 100-300 km/h

Symbols. MGT: Millions of Gross Tonnes; V: line speed; MTBF: Mean Time Between Failure, MDBF:
Mean Distance Between Failure, MTTR: Mean Time To Repair, MTBM: Mean Time Between
Maintenance; MTBSF: Mean Time Between Safety failure.

According to the ISO 15686-5, Life cycle cost can be defined as “the cost of an asset or its parts
throughout its life cycle, while fulfilling the performance requirements”. The LCC analysis allows
comparing the relative merits of competing alternatives, ballasted/ballast-less track. Minimizing the
track system life cycle costs (present worth value, PWV or PV, or equivalent uniform annual cost,
EUAC) will increase the sustainability of the rail superstructure. The detailed analysis of the costs
over the entire life cycle of each track solutions allows assessing the trend of agency (AC, e.g.,
construction, inspection, maintenance and renewal), user (UC, e.g., time, accidents, ...), and
externality (EC, e.g., related to CO,e emissions, etc.) costs of the alternatives and recognizing the
most convenient one (Zoeteman, 2001, Zoeteman, 2006, Pratico, 2014, Giunta, 2016, Pratico and

Giunta 2016a, 2016b, Giunta and Pratico 2017).
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A synergistic LCC- RAMS analysis would provide a way to optimise the maintenance strategy,
considering the short-term budget requirements as well as long term costs of agency. To achieve
both RAMS and LCC objectives, it is important to follow systematic RAMS/LCC assessments
throughout the life cycle of the system. One of the important phases of the life cycle of track system
is the operation and maintenance phase in which, due to its long duration, RAMS and LCC have to be
optimised. RAMS parameters play a crucial role in determining the costs since, as stated above,
failures will imply costs for the system, i.e. the costs for corrective maintenance operations which
require an impediment/limitation of traffic, the costs of accidents which might involve serious
injuries or death, the costs of a train to be stopped due to a signalling system failure.

Both RAMS and LCC focus on the viability of a project or solution. This notwithstanding, each of them
has pros and contras.

Note that the following weaknesses may be associated to RAMS analyses: i) where RAMS failures are
detected through a RAMS software, analyses need to be supported through dedicated techniques,
such as the Fault Tree Analysis (FTA), the Failure Modes, Effects and Criticality Analysis (FMECA), and
the Common Cause Failure Analysis (CCFA), otherwise failures might be ignored and RAMS analysis
would imply erroneous inferences (Gonzalez-Arechavala et al., 2010); ii) RAMS activities need time,
effort and domain knowledge and experience. Furthermore, RAMS mainly refers to technical
performance and no information about costs and environment is provided; iii) RAMS does not
provide any cumulative indicators.

At the same time, even if LCC provides insights about many issues and encompass a wide spectrum
of performance, it is very general and may not address railway specific issues (Bull, 2015).

Still on the downside, LCC may lead to mistakes when data are not reliable or/and they refer to a
short period of time. Furthermore, other possible drawbacks derive from the uncertainties in terms
of product life cycle and their interaction with changes in market conditions, in consumer tastes or

the introduction of a new technologies.
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Based on the above, the measurement of the performance of railway systems calls for three main
advances: i) merging all RAMS-related key indicators into an overall RAMS-related indicator; ii)
merging all LCC indicators into a given overall LCC-based key indicator; iii) defining a Key
Performance Indicator that allows analysing the spectrum of solutions considering two competing
performance indicators, the first mainly technical (RAMS-based), and the second mainly financial

(LCC-based, see Figure. 2).

RAIL TRACK
I
v v v v
Reliability ’Maintainability Availability ‘ Safety H LCC
L I [ I |
v
y RAMS/ORI PV/lpy

! I |

KPI

Figure 2. Rail Track: Key Performance Indicator tree

Symbols: RAMS: reliability, availability, maintainability, safety; ORI: Overall RAMS indicator; LCC:
life cycle costing; PV: present value; lpy: overall LCC parameter associated to the given track solution;

KPI: key performance indicator that synergistically addresses both RAMS and LCC.
Proposed method

The method herein set up and applied to compare different track solutions is shown in Figures 2 and
3 and equations 2 to 25. The application includes the following steps:
- Step 1 - Modelling of RAMS in terms of main parameters and derivation of an overall
indicator (tasks 1to 4);

- Step 2 - Modelling of the Present Values (PVs) in terms of agency, user and externality costs;
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- Step 3 — Definition of the Key Performance Indicator for track;

- Step 4 - Application to a case-study (two options, see next section);

- Step 5 - Analysis of results (see next section).
Figure 3 illustrates relationships and main subsets in terms of both RAMS analyses (above) and LCC-
based analyses (below), for a given spectrum of alternatives and input parameters (left). The output
of the process is threefold: i) a RAMS-related indicator (ORI) which expresses the accomplishment of
RAMS targets (see equation 15); ii) the overall present value (or IPV, see equations 22 and 25); iii) the
RAMs- and LCC-related overall indicator, KPI. Out of the 24 equations discussed below, equations 2-

13, 24, and 25 are new while the remaining equations are derived from the international literature.

MTBF ]_, Reliability (Eq. 5) |
—— MDBF
Availability (Eq. 7) -
N RAMS/ORI
MTTR —— (eq.15)
|__|_, Maintainability (eq.9) ||
. — MTBM
Track quality Pl
Traffic MTBSF ——>{ Safety (eq. 12) — (eq. 24)
Speed €q-
»| Agency costs, AC (eq. 15)
PV (eq. 22)
»| User costs, UC (eq. 16) > Iy (€q. 25)
PV -
Externality costs, EX (eq. 19)

Symbols. MTBF: Mean Time Between Failure; MDBF: Mean Distance Between Failure; MTTR: Mean Time To Repai, MTBM:
Mean Time Between Maintenance; MTBSF: Mean Time Between Safety Failure.

Figure 3. RAMS and LCC analysis

RAMS analysis and modelling (Step 1)
In the pursuit of RAMS modelling, RAMS subsets are preliminary analysed in the following. Figure 4
and Table 3 illustrate the complex superposition of track, traffic and external factors in determining

the track overall RAMS Indicator (ORI). The method builds on the normalization of the main
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parameters in order to set up a theoretical framework in which the four main components(i.e., R, A,

M, S) synergistically impact the overall result, i.e., RAMS (ORI).

MTBM*
MGT] MTBF* —
—P |
MDBF* — (o)
I P> >
\ 4 R
ER —>»MTTR* f >
\ 4 |
Fr—
K > Ts T
V H—» SE
Symbols. MTBM*: Mean Time Between Maintenance; MTBF* Mean Time
Between Failure; MDBF*: Mean Distance Between Failure, MTTR*: Mean Time
To Repair; MGT: Millions of Gross Tonnes; ER: External Resources; K: Factor; TS:
Track Safety; V: Speed; SE: Speed Effect; R: Reliability; A: Availability; M:
Maintainability; S:Safety; ORI: Overall RAMS Indicator.

Figure 4. Work flow for the derivation of ORI
Reliability (R), quantified based on Mean Time Between Failure (MTBF), and Mean Distance Between
Failure (MDBF), refer to failure rate (Patra, 2007). The cumulative traffic load (generally measured in
Millions of Gross Tonnes, MGT) is the main unit which controls failure rate grows (failure modes are
due to mechanical fatigue and/or cracking). It depends on passing train loads, type of traffic and
speeds on the line (V). The higher this value is, the higher the stresses applied to the railway line are.
According to Profillidis, 2014 the theoretical traffic load of the track (T,) is as follows:

Tth=Sp'(Tp+kt'Tpt)"'Sfr'(kfr'Tfr-'-k‘.Tﬁ) i

10
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where T, is the mean daily passenger tonnage hauled (in gross tons), Ty is the mean daily freight
tonnage hauled (in gross tons), T, is the mean daily tonnage of locomotives used in passenger traffic
(in tons), T is the mean daily tonnage of locomotives used in freight traffic (in tons), k;=1.15 is a
coefficient taking into account effects of both the load and the wear caused by freight bogies, k=1.40
is the coefficient that takes into account wear resulting from traction locomotives. S, and Sg are
coefficients related to the running speed of the train and their values range from 1.0 (for V < 60
Km/h) to 1.5 (V > 250 Km/h).

Note that the tonnage controls the failure rate of the track components. Geometrical characteristics
restoration is carried out after 30 to 60 million tonnes, while rail replacements or grinding actions
can occur after about 400 to 700 million tonnes (Profillidis, 2014). Failure rates usually grow with
MGT (per year per kilometre).

Consequently, MTBF and MDBF decrease when traffic loads increase. In order to take into account
the dependency on the traffic load and to obtain a value of reliability ranging from 0 to 1, a
normalization process of the quoted parameters has to be performed, using the logistic function
defined below (see Table 3 and equations 2-11). Note that in order make them easily distinguishable,

“uxn

a superscript is used when normalised parameters are considered. Consequently, for example,
MTBF*, normalised mean time between failure, ranges from 0 to 1 and corresponds to MTBF (which
does not range from O to 1). Table 3 illustrates the relationships among RAMSs, normalised

components (e.g., MTBF*) and the main inputs and coefficients listed in the first column (e.g., MGT).

Table 3. Main links among variables and outputs

Main inputs Main outputs

and MTBF* | MDBF* | MTTR* | MTBM* | SE R* A¥* M* S* ORI
coefficients (eq.2) (eq.3) (eq.6) (eq.8) (eq.11) | (eq.5) | (eq.7) | (eq.9) | (eq.12) | (eq.13)
MGT (eq.4) X X X X X X X X
ER X X X X X
TS (eq.10) X X
Y X X X
ai, by, ¢1, T, X X X X
Ti1d (eq.2)

11
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d, bZI Ca, dZI X X X

Tan, Tad (€9.3)

a3, bs, c3, ds, X X X X X
T3n, T3d (€9.6)
ag, ba, Ca, dg, X X X X
Tan, Tad(€9.8)
as, bs, cs, ds, X X X

Tsn, Tsd (eq.11)

Symbols. MGT: Millions of Gross Tonnes; ER: coefficient that takes into account the external
resources available for maintenance and their preparedness; TS: coefficient related to inherent track
safety; SE: coefficient related to speed effect; V: line speed; a, b, c; d, T, Tis: coefficients to calibrate;
ORI: Overall RAMS Indicator; MTBF* MDBF* MTTR* MTBM*: indicators which related to MTBF,
MDBF, MTTR, MTBM, respectively; R: reliability; A: availability; M: maintainability; S: safety.

For MTBF* and MDBF*, it results:

_MGT
b e Tln
: MGT [2]

. Tld
C - dl e

MTBF* =1-4=

_MGT

az —bz e 2n

MDBF =1- MGT (3]

cy—-d,e ©2d
Where MGT is the traffic expressed in terms of millions of gross tons, a; = b; =¢; and a; = b, = ¢,
while T, Tq, ¢ and d; are calibration factors, MTBF* and MDBF* represent the corresponding
parameters normalized.
Note that it is:

MGT = MGT, + MGT; -« (4]
where MGTg is the cumulative traffic from the last restoration, MGTy is the cumulative traffic from
the construction, and a is a coefficient which takes into account for minor effects. Indeed, even a
renewal was carried out (e.g. rail substitution), other parts were not renewed (e.g., subgrade).

Based on the above, the reliability has been defined as:

12
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R" =\VMTBF" - MDBF" (5]

The Availability (A) depends on MDBF and on the time occurred to repair a track after a failure. The
Mean Time to Repair (MTTR) is a measurable factor that allows evaluating these RAMS components.
MTTR depends on the external resources provided and available for maintenance (competent
personnel, tools and technologies, ability and expertise). The higher the number and the skill of the
personnel units are, the higher the number of available tools is, the higher the availability is.
Availability depends also on traffic level: it decreases when traffic increases. In the proposed model,

MTTR is also normalised and related to the traffic by means of the following function:

ER

_ . _732;1
a,—-b;-e
_ER

MTTR =1- (6]

. T34
c;—d;e
where ER is a coefficient that takes into account the external resources available for maintenance, as
= b3 = c3, while t3,, T34, c3 and ds are coefficients to calibrate.

Under the previous assumptions, the availability can be derived as follows:

. MDBF
MDBF" + MTTR"

(7]

The availability, as defined in this study, depends only on failure parameters. Consequently it is
inherent to the system and doesn’t depend on how the system operates (Andrés, Gomez, and
Gutiérrez, 2015).

For the maintainability (M), the Mean Time Between Maintenance (MTBM) is expressed as a function
of traffic as follows:

_MGT

a, - b4 .o Hn
_MGT [8]

. T44d
Cq — d4 e

MTBM™ =1-

where a; = bs = ¢4, While T4, Tag, ¢4 and d, are coefficients to calibrate.

Maintainability has been evaluated by means the equations:

13
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M" = |MTBM" -(1- MTTR') (0]

Maintainability depends on the traffic load (it decreases when traffic increases) and on the time
required to repair, this last related with available resources.

Safety (S) depends mainly on track geometry and structures, on the traffic (the higher the traffic the
lower the safety), and on speed. It depends also on maintainability (M).

Regarding the track, track defects have become the leading cause of train accidents [He et al. 2015].
Defects can be categorizes into one of two groups: structural defects and geometric defects (Sadeghi
and Askarinejad, 2010). Track structural defects are generated from the structural conditions of the
track, which include the condition of the rail, sleeper, fastening systems, subgrade and drainage
systems. On the other hand, track geometry defects indicate severe ill-conditioned geometry
parameters such as profile, alignment, gage, etc.

Coefficients related to inherent track safety (TS) and speed effect (SE) are defined as follows:

K

TS = —
100

(10]

where K is a coefficient which ranges from 0 to 100 (based on the conditions of the track). High K
(good conditions, TS close to 1) and low K (unsatisfactory conditions, TS close to 0) impact the

normalised safety of the track (S*, see equation 12, below). The speed effect (SE) is as follows:

4

. _TSn
as—bs-e
vV

SE =1- [11]

cs—dsre ™
where V is the line speed in Km/h, as = bs = ¢5, while Ts,, Tsq, s and ds are coefficients to calibrate.

Based on the above, safety can be expressed by means of the following equation:

V

. _TSn
" as,-bs-e

S =41 —-M"-TS-SE [12]

—
cs—ds-e

14
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Based on the above definition, the RAMS level that is expected is defined as follows:

ORI.=4R -4 M-S

Where ORI stands for Overall RAMS Indicator, R is derived through eq. 5, A trough eq. 7, M’ refers

to eq. 9, and S to eg. 12. Note that the five main RAMS indicators (as per eq. 13) range from 0 to

100%.

Present values (Step 2)

The life cycle cost assessment involves the estimation of three main classes of costs (agency, user,

and externality costs), according to the following main steps:

i)

Table 4 illustrates the main links among RAMS main inputs (namely, MGT, ER, K, V) and LCC main

maintenance, etc.);
estimation of the corresponding present value of user costs;
estimation of the present value of externalities;

derivation of the overall present value.

Outputs (e.g., PVAc, PVUc, PVE)(’).

Table 4. Linking LCC outputs to RAMS inputs

PVac PVyc PVex
MGT X X
ER X X
K
Vv X

Symbols. MGT: Millions of Gross Tonnes. ER: coefficient that takes into account
the external resources available for maintenance and their preparedness. K:
coefficient which ranges from 0 to 100, based on the conditions of the track. V:
line speed in Km/h. PV, PVyc, PVex: present value of agency costs, user costs,
externality costs, respectively.

estimation of the present value (PV) of agency costs by considering the expected life of the

railway track for the competing options, for each class of activity (rehabilitation,
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The main tasks for the application of the method in Figure 5 are the following:

alternatives.
*  Task 2.2 Cost analysis (agency costs, user costs, externality costs)
*  Task 2.3. Balancing (v in figure 5)

*  Task 2.4. Determination of Total Present Value (TPV) and Gains

Task 2.1. Materials and construction-related processes inventory for the considered

% cC MC  RNWC  CDy CDgzyw CEX
Ad 2
S5 mp | l ! | | ]
= E '
= 5 -
= Agency Costs, User Costs, Externality
AC ucC costs, EXC
Expected life
Em. Ernw - A 4
PVac PVyc PVex

. PV e + PV
v = min ACi UcCi
i=1,2,k PVEX“

v
TPV;=PVcitPVycit VPVEX ey

indicator of present value.

costs for maintenance; CDRNW: delay-related costs for renewal; CEX: externality cos; EM, E

Ipy;

Symbols. CC: construction cost; MC: maintenance cost; RNWC: renewal cost; CDM: delay-related

RNW'
expected lives which refer to maintenance (M) or renewal (RNW); PV: present value; lpy:

Figure 5. Work flow for the derivation of IPV

Task 2.1. Materials and construction-related processes inventory

During this phase all the components of a given track solution are considered. Quantities, unit costs,

costs, CO, equivalent per given quantity are assessed based on the analysis of the two options put in
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comparison. For example, for the traditional ballasted track, rails, sleepers, ballast, subballast,

embankment, fastenings, baseplates, and fixings are examined in detail.

Task 2.2 Cost analysis

The three main cost components are: agency costs, user cost and externality costs.

Agency costs

Agency costs include construction, rehabilitation and maintenance activities. Regarding the
construction costs, the inventory process carried out in Task 1 allows estimating the construction
costs of the two alternatives. For rehabilitation, each component of the given option (i.e., rails) is
supposed to undergo a scheduled process of rehabilitation over time. Based on the international
literature (Esveld, 2001, Milford and Allwood, 2010, Calvo et al., 2013), on pieces of information
gathered for real tracks in the country, and based on materials (geometry, material quality and
guantity), the typical service lives for the main items considered are summarised in Table 6.

Track maintenance covers all the measures for preserving and re-establishing the nominal condition,
such as changing sleepers or tightening loose track components (Kogan, 1992). Track degradation
depends on many factors, such as initial quality of construction, the quality of the substructure and
the loads on the track.

Besides asset degradation, there are other factors that also influence the life cycle costs, such as the
RAMS targets for the track, the amount of preventive maintenance, market prices of labour,
materials and machines, and the operational characteristics of the line (such as axle loads, traffic
intensities and the duration of train free periods).

All the decisions related to the rail track maintenance are taken in order to keep a balance between
economic and safety aspects. The goal is to find the effective maintenance procedure which optimise
the track possession period and train speed restriction regime and ultimately increase the track

availability.
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Costs of maintenance activities mainly depend on speed and traffic [Silavong, et al. 2014]. According
to [Calvo et al. 2013], it is possible to consider the maintenance cost as running cost annually
distributed. Based on literature and data gathered, in this study, the following formula for the annual
maintenance cost (AMC, k€, thousands of euros, per single track, per kilometre) is set up:

(V-100)

[-0.05 +0,63

5. (72100

AMC = + 4.00} -GTK [14]

Where V is maximum speed allowed in the track [km/h], GTK refers to gross tonne kilometres
[tonne*km], where tonne stands for metric ton.

Figure 6 below shows how AMC depends on V and GTK.

50
45 1| €100 Km/h ®W300 Km/h
40
35
30
25 -
20
15 -
10 -

AMC [103 €]

0 T Ll 1
0 10 20 30 40

GTKlyear 108

Figure 6. AMC vs. V

Based on the above, for the present value of agency costs (PVac), the following algorithm is set up:

PV,c =Ceoys + ECREH * R +2Cm ‘R - [15]
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where Ccons is the construction cost, Cgey is the rehabilitation cost, Cya is the maintenance cost, R is
the ratio between (1+i) and (1+r), i is the inflation rate and r is the interest rate, and Eggy and Eya
refer to rehabilitation and maintenance expected time, respectively, and S is the salvage value.

User costs

According to Esveld, 2001, the most important feature of a decision support system which deals with
maintenance strategy is the relationships between track use and maintenance.

This fact explains the importance of user costs, mainly related to delays (D), originated by work zones
of given length and duration. Delays can be divided into two general categories: routine (experienced
during normal operations, including crew changes, meets, passes, and civil speed restrictions) and
irregular (including maintenance, accidents, and short-term speed restrictions based on track
conditions). The cost of train delay per hour varies based on a variety of factors broken into five main
categories: crew, cars, lading, locomotives, and fuel and most of these costs vary with train and
commodity composition (see Lovett et al, 2015). There have been many attempts to determine the
cost of delays for railroads, which resulted in values ranging from $200 to more than $1,000 (Schafer
and Barkan, 2008; Dingler et al., 2011; Schlake et al., 2011; Lai and Barkan, 2009; RSAC, 1999).
Assuming an average train composition, then crew, car, lading, and locomotive costs are
approximately $950 per train-hour (Lovett et al. 2015).

Based on the above, the following algorithm applies:

PVye =PV = Cppagy *R¥ + Y Cpyyy - R [16]
where Cpren and Cpamc are user costs for the given track length and type, for the given cycle (element
of the running total), based on the abovementioned literature and based on data gathered for the
specific context of application.

Externality costs
The most relevant construction/renewal/maintenance activities which refer to tracks and imply

environmental concerns are transportation, quarrying, landfill use, material production (cement,
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steel, rubber, etc.). The above processes impact on the environment in terms of air quality (SOx,
NOx, CO, VOC, PM, etc.), climate change (CO2e), noise, water quality, soil quality, biodiversity, land
take, quarries, landfills, and visual effects (Yin and Siriphong, 2006; lan et al, 2009).

For production-related issues (aggregate, cement, steel, etc.), note that carbon dioxide is one of
several heat-trapping greenhouse gases (GHGs) emitted. These gas emissions are said to be the
primary cause of global warming (European Commission, 2010). To this end, a carbon dioxide
equivalency is usually used (amount of CO, that would have the same global warming potential -
GWP, when measured over a specified timescale -generally, 100 years). It can be expressed, for
example, in g of carbon dioxide equivalents/km or simply gCDE/km. Authors are aware that the
guantification of externality costs is difficult. However, if some hypotheses are assumed, this
objective can be pursued. This task can be accomplished by considering: i) the quantity of CO,
equivalent corresponding to the given process and material; ii) the cost of a ton of CO,; iii) the
remaining factors associated to the process under consideration (quarrying, landfill, transportation-
related emissions, etc.). Based on this discussion, different classes of externalities, EX, are
considered, where j refers to the j-th impact (e.g., CO, equivalent), while k stands for the k-th activity

(e.g., construction, EX,, successive Kt rehabilitation/ routine maintenance, EX,, etc.):
EX )y = > Oy "UP, [17]
7
For example, for CO, emissions, the following algorithm can be used:

"Niy
EX con = E@-Dkq EM, - FCy, [18]
J

Where FC (I/Km) refers to fuel consumption, the subscript ‘k’ refers to the k™ rehabilitation process,
the subscript ‘q’ refers to the given process-material, VN (m3) is the volume of material needed (e.g.
slab/soil/stabilizer), CAy is the average truck capacity (m?), Dy is the average distance to cover (round
trip, km), EMy; is an emission surcharge factor ($/1), FCy; stands for fuel consumption (I/km).

Finally, it results:
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PVpy = EXy + 3 EX, - R {i-r?)" [19]
k

where Ek takes into account the difference between EXs which refer to rehabilitation/maintenance

and EXs which refer to operations).

Task 2.3 Balancing

This task is accomplished as follows. As is well known, carbon markets, designed to make polluters
(e.g., industries) pay and reduce emissions, are always struggling with market instability. Due to the
fact that the fluctuation of the carbon price is appreciable, an indicator which refers to the most
critical relationship between internal and “internalised” costs is derived (lowest ratio “internal-to
external”). This indicator is applied to each solution to get a linear magnification of externality costs.
The following procedure is herein proposed in the case of PVii<PVaci+PVyc (for each i-th design
alternative or solution among the k ones, see task 2), which is the most recurrent case. The first step
is to derive the indicator which refers to the most critical relationship between “internal” and

“internalised” costs:

. PV, 4PV,
V= min —Ac* " uci [20]
i=1,2, k PVEXl.

The second step is to operate in this vector space of the internalised factors to get a linear

magnification:
PV =v-PVpy [21]
Task 2.4: Overall Present Value and Gains

Agency costs (AC), user costs (UC) and externality costs (EX) contribute to the overall present value,

PV, as follows:

PV =PV, + PVye + PVyy,' [22]
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while the gain (G) originated by one solution k-th with respect to another solution i-th can be
evaluated with consideration of only agency costs (e.g., GAC), or only externalities (e.g., GEX), or any

other combinations as appropriate:

G =PV, + PVyc + PViy ). =(PVc + PVye + PViy ),

[o70), (7 ie), e [Pric ), - (rc), Je [PVan), - (PP )] 23)
=G e +Gye + Gy

It should be highlighted that: i) positive gains correspond to solutions that are better than the
traditional one (i.e., ballasted track, i, better than slab, k); ii) care must be taken while deriving the
externality costs for a given scenario, because reasonable assumptions are needed, especially when
relevant laboratory and field data are unavailable for this purpose.

Definition of Key Performance Indicator (Step 3)

In order to get a comparison among different track solution by using just two competing
performance indicators, the first mainly technical (ORI), and the second mainly financial (LCC) a Key

Performance Indicator (KPI) is defined as.
KPI, = ORI, “1,, [24]

where KPIy, is the key performance indicator related to the k-th track solution while ORI and lpy are
respectively the overall RAMS parameter and the LCC parameter associated to the k-th track
solution. It should be noted that, in order to make the KPI variable in the range 0, 1, and in order to
make similar the contribution of the two parameters in the determination of KPI, avoiding the

prevalence of one indicator on the other, the indicator of PV has been defined as follows:

1 PVk_l
PV = T el NN
maX(PI/l 7PV2 ,.PVk )

[25]
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The rationale behind the definitions above is as follows: i) high values of present value result in low
value of the PV indicator and in low contribution to KPI (equation 25); ii) the lower value between
ORI and Ipy controls KPI (equation 24). Consequently, having just low costs (i.e., lpy high but without
having enough technical soundness), or having just high technical content (i.e., ORI high but without

having reasonably low costs) does not imply obtaining the best rank.
Application to a case study and results discussion (Steps 4 and 5)

In pursuit the implementation of the method, two design alternatives (ballasted and ballast-less
track) were considered. In both the cases, a double-track, high-speed railroad was considered. The
method application was referred to a hypothetical stretch of 1000 m of track.

The slab track system considered in this paper is the Japanese Shinkansen that consists in a sub-layer
stabilized with cement (concrete road-bed), cylindrical bollard to prevent lateral and longitudinal
movement, and reinforced pre-stressed concrete slabs measuring 4,93 m x 2,34 m x 0,19 m. Each
slabs weighs approximately 5 tonnes (Esveld 2001).

Main components of the two alternatives and related service life are shown in Table 5.

Table 5. Track components and expected service life (Esveld, 2001, Milford and Allwood, 2010,
Calvo et al., 2013)

Component Service life
[Years]
Rail - 60 UNI 28
Sleepers - Pre-stressed mono-block 40
Fastenings - Elastic type Vossloh W14 AV 40
Ballast -Crushed stones, 500 mm. depth 40
Subballast/Concrete road-bed - Cement 40

treated layer 200 mm depth

Slab - Pre-stressed concrete with cylindrical 60
bollard
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For the two alternatives, the construction cost includes the costs of the following components: rails,
sleepers/concrete slabs, fastenings, baseplate, ballast/elastomeric pad, subballast/concrete base,
embankment. As for the externality costs, note that for each component the amounts of CO,
released when making or using them have been derived (Milford and Allwood, 2010, Leung, 2009).

In the pursuit of the implementation of RAMS model the main task carried out was the calibration of
the five functions above set up (equations, [2], [3], [6], [8], [11], [12]), based on gathered data from
literature, on interviews (see Table 6). In the calibration process (last square method) attention was
focused on: i) zero response (value when the independent variable approaches zero); ii) slope factors
(which control the transition zero to infinite); iii) infinite response; iv) inflection point.

Table 6. Results of calibration process

>
Equation .:c'::' 5 S R
@

(4] 1000 1 1500 1500
[5] 1000 1 1000 1000
[8] 1 1 700 700
[10] 1000 1000 700 700
[13] 1 1 1000 1000
[14] 1 1 1000 1000

Note that the RAMS indicator was derived under the following hypotheses:

- given boundary operational conditions on the line (traffic, millions of gross tons per year,
MGT/year and line speed V Km/h). Four main conditions are considered based on traffic rate (6,
10 or 20 MGT per year) and on speed (200 or 300 Km/h);

- the reliability and availability of the slab track have been considered higher than the ones of
ballasted track (Tzanakakis, 2013). In fact, slab tracks exhibit a higher structural and geometrical
stability and require little routine maintenance. Consequently, fewer closures of the track are
required for maintenance, increasing the availability of the track for running trains.

Results of the application are shown in Figures 7-10.
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Discussion and Conclusions

Design and maintenance decisions on railway track need reliable methodologies to evaluate the costs

and performance of the possible solutions. Once considered the pros and contras of the different

approaches (LCC and RAMS), in this paper a Key Performance Indicator of track able to take into

account both economical and technical aspects has been defined and applied to compare two types

of tracks (ballasted and ballastless).

Regarding the application to a case study, based on the comparison of the traditional ballasted track

and the innovative ballast-less track, the trend of KPI in the time allowed doing comprehensive

considerations of the two alternatives as a function of the operating conditions of the line (traffic and

speed) and considering short and long term perspectives. In particular:

The KPI of the ballasted track decreases over time for all the considered operational
conditions of the line;

The KPI of the slab track increases in the short term, while after about 20 years (depending
on traffic and speed conditions) it decreases slowly for low traffic (6 MGT/year)) and quickly
for high traffic (10 or 20 MGT/year);

In the short term the ballasted track performs better and this finding is mainly due to the
lower PV; in the long term perspective the slab track is preferable. This result can be related
to the lower maintenance costs over the time and to the higher RAMS of the slab track. In
the short time the economical aspects prevail on the RAMS aspects, which is due to the fact
that both solutions exhibit high performance at beginning of operations.

The breakeven point between the KPI of the two track solutions is quite far from
construction in the case of lower traffic conditions;

After the breakeven point, the higher the speed is, the higher the difference between KPI of
slab track and KPI of ballasted track becomes.

The level of traffic greatly affects the trend of KPI in the time, for both track solutions.

27



496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

- Overall, slab track seems to perform better in more demanding operational conditions (high
speed, high traffic level).

Results demonstrate the appropriateness of this indicator in the evaluation of the global
performance of a given track solution and the suitability of its application in comparing different
solutions, based on the operating conditions of the railway line.
The method set up contributes to the body of knowledge of construction engineering because of its
transportability and potential: it allows deriving agency-based algorithms through calibration and
permits a synergistic and quantitative approach in decision making. Consequently, agencies,
practitioners and researchers can benefit due to the algorithms set up and applied in terms of both

design and maintenance and renewal scheduling and optimisation.
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