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Reliability-based life cycle costing analysis
for embedded rails in level crossings

Yue Shang', Martine van den Boomen' ®, Amy de Man? and
ARM (Rogier) Wolfert'

Abstract

Reliability-based life cycle costing analysis (LCCA) supports optimized decisions on capital and operational expenditures
for engineering asset management. In addition, it allows investigation of the impact of maintenance decisions on designing
the service life of assets. The application of reliability-based LCCA in railway practice is challenging, as there is limited
research with regard to integrating maintenance strategies, reliability and costs especially for embedded rail systems.
Therefore, in this research, an LCCA model for these embedded rail system assets has been developed, which shows the
optimum between the actual reliability profile, financial parameters and maintenance policies for specific variable con-
ditions. This model incorporates both the uncertainties associated with degradation and maintenance strategies which
have been integrated into a discounted age replacement model. This model facilitates a better understanding about the
interaction among life cycle cost, rail degradation and maintenance strategies for a set of variable conditions. The output
supports decision making on rail replacement and/or maintenance engineering. The model is demonstrated in a case
study and validated with available (real) failure data from Dutch railroad service contractors. The potential of the

applicability to ballasted tracks is also demonstrated.
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Introduction

Life cycle costing analysis (LCCA) seeks to optimize
the costs for investing, operating and maintaining the
assets by taking into account all cost elements
throughout the lifecycle of the assets.' Infrastructure
assets do have disposal costs which are often included
in the investment costs, as they mostly occupy a small
proportion of the investment. LCCA is generally
recognized as a valuable tool to support the decision
making on comparing various investment alternatives
and establishing optimum management policies, etc.’

In practice, however, the estimation of LCC of rail-
way infrastructure is a challenging issue. The most
perplexing element of the LCC is maintenance costs.
The railway assets are characterized by long lifespans,
during which they are subject to deterioration and a
substantial amount of maintenance is required to
retain their reliability. Many uncertainties involved
in the operating condition, e.g. traffic density, axle
loads and speed, result in varied asset degradation
and associated intervention costs. Conversely, the
adoption of different maintenance regimes also influ-
ences the asset degradation. The type of interventions
defines its effectiveness on asset reliability, and the

time of maintenance application influences the deg-
radation patterns of the assets and timing of cash
flows. Both factors eventually lead to the variation
in total LCC.

In view of the interaction among costs, asset deg-
radation and maintenance strategies, the ability to
integrate the reliability analysis and maintenance
modelling into LCCA will provide grounds for
obtaining more accurate LCC and improving the
quality of decisions made in the face of uncertainties,
in which a so-called reliability-based LCCA has been
stressed by many researchers.””’

In railway practices, several researchers have put
effort in linking the impact of rail degradation to
LCCA. Zhao et al.® developed an LCC model for
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evaluating the economic life of the rails, which inte-
grates the stochastic modelling of rail failures and the
impact of maintenance actions on the occurrence of
failures. Considering that the mean LCC plot does
not provide any information regarding the uncer-
tainty, Vandoorne and Gribe® applied Monte Carlo
simulation in Zhao’s model® to allow the quantifica-
tion of the uncertainty associated with the rail degrad-
ation and imperfect inspection. Caetano and
Teixeira'® also extended the work of Zhao et al.®
and presented an LCC optimization model that inte-
grates rail, ballast and sleepers degradation models
for joint maintenance planning. Rahman and
Chattopadhyay'' modelled the rail failures by using
non-homogeneous Poisson Process (NHPP) and
incorporated it into cost modelling to inform the
rail maintenance contract.

The authors all highlight the role of uncertainties
regarding the asset degradation in LCCA and address
them by mathematical modelling. Given the substan-
tial contribution of maintenance costs, they mostly
focus on how to obtain the most cost-effective main-
tenance scenario; however, cost discounting is hardly
incorporated. Discounting accounts for the time value
of money, which gains in importance when the long-
lived assets are considered.'*'* Future cash flows
must be discounted to allow for the fair comparison
of different maintenance strategies.”>'> Moreover, the
literature review indicates that the integration of the
degradation modelling and LCCA lays emphasis on
the conventional ballasted tracks, while the slab track
structures, e.g. the embedded rail system (ERS), has
not received much attention to date.

The ERS is a rail fastening system. It replaces the
traditional combination of the rail, ballast and slee-
pers; instead, the rail is completely embedded in a
concrete slab and fixated by means of an elastic
poured compound which surrounds almost the
entire profile of the rails except for the rail head,'
see Figure 1. The material saving items are for redu-
cing the use of the elastic compound and ERS strips
provide elasticity for the system and control rail
deflection. Slab structures like ERS have different
degradation features, maintenance requirements and
corresponding life cycle costs. A few cases have been
found that evaluate the LCC of the (ERS) slab
tracks.'>!'® However, these studies are case specific
and neglect the impact of asset degradation on LCC
evaluation. These cannot provide any insight into the
interaction among costs, asset degradation and main-
tenance strategies.

The current research screens the problem in
regards to one of the applications of ERS, level cross-
ings with ERS, being employed for the mainline traffic
in Dutch national railway network (named Harmelen
level crossing/L.C), and proposes a reliability-based
LCC optimization model for this asset to capture
the cost interaction and improve the quality of
replacement decision making in the face of

Rail
Elastic compound
Material saving items ERS

Resilient ERS strip

Concrete slab

Figure 1. Structure of the slab track with ERS.

Figure 2. Level crossing with ERS (Harmelen LC, ProRail
inspection photo).

uncertainties. The model is developed based on spe-
cific degradation features of Harmelen LC. However,
the model structure is generic and transferable to
other types of rail assets as elaborated in the discus-
sion section.

This paper is organized as follows. The subsequent
section presents the dominant failure modes in
Harmelen LC and maintenance practices of ProRail
(Dutch rail infrastructure manager). Hereafter we
describe the model formulation and derive the objec-
tive cost function for replacement optimization. Next,
the model applicability is demonstrated in a case
study followed by a discussion of the model applica-
tion for ballasted tracks. This paper is finalized with
concluding remarks.

Rail degradation and maintenance
practices

A rail level crossing is an intersection where a railway
line and a road cross at the same level,'* see Figure 2. It
consists of two zones, i.e. the level crossing zone (where
both trains and vehicles pass over) and the transition
zone (the area from the ballasted track onto the slab
track and from the slab onto the ballasted track). The
Harmelen LC is applicable in the level crossing area
and the structure in the transition zone is the ballasted
track which makes a connection to the normal railway
lines. One Harmelen LC basically consists of three
components, namely the rail, ERS and slab.
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Rail defects result from a degradation process that
usually occurs as different forms of fatigue, wear, cor-
rosion, etc. Any of these forms or their combination
can become a cause of a rail break.!” Rail breakage in
this text is considered as failure and its occurrence in
Harmelen LC prompts a full replacement of rail and
ERS. The degradation features of the rails in
Harmelen LC are elaborated in the following section.

ProRail defines the expected service life of the rails
in Harmelen LC as 20 years based on all the registered
Harmelen LC on the railway network. By contrast,
the expected lifetime of the concrete slabs is
40 years, during which time they require less mainten-
ance, and the associated maintenance activities (e.g.
concrete injection dealing with the settlement) are less
costly than the rail replacement. Therefore, practic-
ally, once, twice, or even three times the rails are
replaced due to various factors without removing
the concrete slabs. ERS generally has a longer lifespan
than the rails but it has to be completely removed
associated with rail replacement. After preparation
of the concrete channels, the new rails are primed,
installed and poured back in with new ERS. As a
result, the lifespan of ERS in most cases depends on
the rail degradation.

The rail replacement is the most influential con-
tributor to the LCC of Harmelen LC. The current
research therefore focuses on incorporating the
impact of rail degradation and its associated mainten-
ance operations in LCC modelling. ERS replacement
costs are included in the rail replacement costs.

Rail defects and failure

Corrosion is the major contributor of rail degradation
in Harmelen LC."® It can occur anywhere in the rail,
especially in the area where the rail sticks out of the
slab and the ballasted track continues (Figure 3). The
rail in this location is more susceptible to moisture,
road debris and de-icing salt. Another influencer is the
local settlement in the transition zone. The slab is a
rigid concrete structure and hardly causes subsidence
under loads, while, with the accumulated traffic load-
ing, the ballast gradually deteriorates and causes geo-
metric unevenness. This differential settlement gives
rise to dynamic forces when trains transit onto or
off the level crossings, which in turn leads to the rota-
tion of the rail and stresses in the elastic compound
(then debonding from the rail). Water combined with
road debris and salt will flow into the gaps and the
corrosion starts. For better stability of the transition
zone, it is prescribed that the subsoil should be well
compacted to achieve the required deformation
modulus and a geotextile is applied on top of that
to strengthen the soil.'” Another extra measure is a
minimum of 5 to 8 solid sleepers being built in imme-
diately after the level crossings.'”

As observed in Figure 3, the rail head surface does
not suffer from corrosion because the wear keeps it

Figure 3. Reduced profiles in rail foot caused by corrosion
(ProRail inspection photo).

polished, and grinding (illustrated in section
Inspection and maintenance) can also remove the
rail surface imperfections. The problem of corrosion
almost occurs in locations where the rail is not open
and exposed, typically the rail foot. Limited ventila-
tion and lack of sunlight lead to situations where
water remains present in the concrete channel for a
long time and its reaction with road debris and salt
has a major impact on corrosion.'®

Rail foot corrosion in the long term leads to
volume reduction of the rail foot and deterioration
of the bearing capacity. This material loss at worst
causes a sudden rail breakage. In many cases, the
corrosion-initiated breaks are unpredictable, as the
“clogging” of the rail hinders the proper inspection:
rail foot corrosion at the end of level crossings (the
ballast track continues) can be evaluated by visual
inspection, while the segment cast in ERS is not vis-
ible. This creates a situation where the state of the rail
is unclear and it further corrodes. Practically repairing
the rail corrosion is not possible (only replacement),
but with every new (or being replaced) level crossings,
rails are now prescribed with the protective coating
for lifetime extension and interference reduction.'®

In general, instant breaks occurring in Harmelen
LC do not impose safety risks, as the rails are fixated
in the elastic compound which protects the whole
structure from full collapse. A point of attention is
the train protection system connected by the rails to
continuously provide information to trains regarding
their relative locations to others. The signals will dis-
appear once a break occurs. In this case, a copper
leash is used to connect the two ends and make the
signal connection work again, which will influence the
train speed.

Rolling contact fatigue (RCF) is another influencer
of the rail degradation, which is also a significant
problem in ballasted tracks.’>*' The rail, subjected
to the repeated loading cycles, is susceptible to metal
fatigue.”> Cannon et al.?* described the development
of RCF failure. A fatigue crack initiates when
repeated stress with sufficient magnitude is applied
to a rail section; it propagates with the repeated load-
ing. Without any intervention the end result is rail
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break. The typical RCF defects are squats and head
checks, which are found on all types of tracks and
mostly caused by contact stress between the rail and
wheel.?* 2% The squat defect is one of the common
RCF defects in Harmelen LC. Its cause manifests

itself as a localized depression on the running surface
of the rail head.

Inspection and maintenance

Maintenance can be generally classified into prevent-
ive maintenance (PM) and corrective maintenance
(CM).>?* PM indicates the activities being performed
prior to the system failure while CM is a strategy to
repair or replace an asset after its failure.”
Nowadays, railway asset managers tend towards PM
regime as it contributes to reducing failure risks of
railway tracks and preventing downtime loss. In the
case of Harmelen LC, as the rail breaks/failures
require a full replacement and do not impose safety
risks (motivated earlier), the current study also con-
siders CM as corrective replacement (CR) and it
might cause additional costs resulting from downtime.
PM and CM are balanced based on lowest life cycle
costs and reliability. According to the effectiveness,
maintenance actions may also be classified into three
cases: perfect, minimal and imperfect.>* Perfect main-
tenance restores a system to be as good as new; min-
imal maintenance restores a system to the same
condition as just before the maintenance is performed
(as bad as old); and imperfect maintenance restores a
system to be worse than new but better than old.

A combination of inspection methods is generally
used for detecting rail defects and failures to increase
the inspection accuracy, namely non-destructive test-
ing (NDT) (ultrasonic inspection, eddy-current
inspection, etc.), visual inspection and track circuit
measurements. Ultrasonic inspection is predomin-
antly used for detecting the rail defects in Harmelen
LC, carried out twice a year by ProRail. Based on the
propagation of ultrasonic waves in the tested steel, it
can measure the fatigue crack depth and also indicate
the rail corrosion by measuring the distance between
the rail head and rail foot and comparing it to the
standard rail profile. It however lacks accuracy, as it
cannot measure how much steel rail has been cor-
roded. There is currently no effective and satisfying
inspection technique to detect corrosion defects.
Asset managers mostly rely on visual inspection to
check the bonding of the elastic compound, corrosion
near the rail end, etc. Besides, when it comes to RCF
defects, shallow cracks in the gauge corner are difficult
to check by means of ultrasound testing; typically, as
shown in Figure 4, when shallow fissures occur at
small angles to the upper rail surface, it is difficult
to bring the ultrasound into the rail from the driving
surface to crack tip.?"*® The other issue relates to
shallow crack shadowing, where small cracks block
waves from reaching deeper cracks.?

— Ty . .
Direction Cracks at a Ultrasonic device
Z
of travel gauge corner 7%
A / Ultrasound direction
' / I
a) Ultrasound cannot reach the
crack tip & gives the inaccurate
P crack depth
b) Small crack a prevents waves
from reaching deeper crack b
|
- _

Figure 4. Unreliable detection of crack depth and shallow
crack shadowing in ultrasound measurement (adapted from
Edel®).

Grinding has been undertaken for many years to
maintain the rail.>> The emphasis has been given on
its effectiveness as a treatment for RCF defects.?*?
Grinding removes fatigue-damaged material layers
from the rail running surfaces and forms an improved
rail head profile. Corrosion mostly occurs at the rail
foot so that grinding cannot help mitigate this prob-
lem. In this case, grinding is considered imperfect
maintenance. The preventive cyclic grinding regime
has been fully employed over the Dutch national rail-
way network.?® The rails in level crossings are ground
every 15 MGT (million gross tons) with each metal
removal of 0.2mm.*® In most cases the maximum
wear allowed is 17 mm.

Both RCF and corrosion contribute to the rail deg-
radation, while RCF defects can be detected early and
its potential failures can be avoided by preventive rail
replacement (severe defects) or grinding (shallow
cracks). As a result, rail breaks in Harmelen LC are
mostly corrosion-related. The preventive replacement
(PR) decision depends on the local condition (by
inspections) and asset managers. It is planned in a
specific time horizon, while, once a rail breaks, an
immediate/corrective action within 24 h must be per-
formed. The rail break occurring in Harmelen LC
prompts full rail replacement, and partial rail replace-
ment by welding is not possible, because it is not
allowed to have welds in Harmelen LC.'" Besides,
whether it is corrective or preventive action, the
ERS needs to be fully replaced associated with the
rail replacement.

Model formulation

Given the dominant maintenance operations, the cost
components considered in this paper include acquisi-
tion costs, inspection costs (ultrasonic and visual),
preventive grinding costs, replacement costs (prevent-
ive and corrective). Both replacement scenarios are
considered perfect replacements (or repairs) as the
full replacement brings the rail back into its original
condition. The current research defines that one life-
cycle of the rails begins with a replacement and ends
just before the next replacement. After each replace-
ment, the cycle starts all over again.
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The full rail and ERS replacement result in high
replacement costs. Due to the substantial contribution
to the LCC, the rail replacement decision significantly
influences the LCC of Harmelen LC. To find an opti-
mized replacement interval such that the total LCC
can be minimized, the age replacement model is
considered.

Under an age replacement policy, the asset is
replaced preventively when it reaches a predefined
replacement age or correctively upon failure, which-
ever comes first.” The optimum is found by minimiz-
ing the expected cost rate per unit time C(1,),
calculated as follows?’

Expected cost in one cycle
- Expected cycle length E(L)
— CpR(tp) + CCF(tP)
T ,R(ty) + M(t,)F(t,)

C(1p)

()

where C, = preventive replacement costs; C. = cor-
rective replacement costs; t, = preventive replacement
interval; R(t) = reliability function; F(t) = cumulative
distribution function and M(t,) = expected duration
of the failure cycle defined as M(t,) = g” ’-ﬁ(’t)d)’. All
. . . 14 .
symbols and units are defined in the Notation section
at the end of the article.

The fundamental age replacement model assumes
the maintenance operations to be perfect. In the rail-
way case, preventive grinding is imperfect as it is not
effective in dealing with corrosion failure. The
replacement optimization should consider its impact
on controlling the RCF defects and possibility of
extending the rail’s service life, where the extension
of the age replacement model is needed. The proposed
model goes through three stages, as presented in
Figure 5.

Reliability modelling

Several papers addressed the occurrence of rail fail-
ures in ballasted tracks to be governed by a 2-para-
meter Weibull  distribution,®!%1%222%  and  the
stochastic modelling of rail degradation to be repre-
sented by a Weibull hazard rate /(¢), as defined in
equation (2).*

(2)"

where o and f are the well-known Weibull scale and
shape parameters. Appendix 1 provides a full descrip-
tion of the Weibull distribution.

The Weibull law however is found in ballasted
tracks. It is unknown whether it is applicable to
Harmelen LC. The model therefore starts with failure
data gathering.

In step 1, two forms of failure data are considered,
namely exact failure times and interval data. The
latter originates from the situation where the exact
failure times of one system cannot be observed and
only intervals are known. As the corrosion and RCF
are two distinct failure modes, the failure data are
separated.

Step 2 applies probability plotting to select a reli-
ability model and determine its goodness-of-fit. Since
every rail failure requires a full replacement, the rail in
Harmelen LC is considered as non-repairable and life
distributions are suitable candidates to model its fail-
ure times. As the commonly used distribution for
modelling the rail failures in the ballasted tracks, the
Weibull distribution is firstly chosen to graphically
test the model fit with regression analysis (least
squares fit). The coefficient of determination (R?) is
chosen as a goodness-of-fit measure. Benard’s median

B

o

h(1) = (@)

Collect failure data

Part 2. Part 3.
Part 1. N Incorporate grinding > Integrate reliability
Reliability modelling ” impact in reliability modelling into
modelling life cycle cost analysis
Y Y X
Step 1.

& seperate failure modes

Step 2.

Step 4. Adjust hazard

¢ rate of RCF failures age replacement model
to account for grinding to incorporate operating
impact costs

Step 6. Modify discounted

Model selection by

v

v

probability plotting

v

Step 3.

Step 5. Assess the

overall reliability of rails | |

considering the two
failure modes

Step 7. Optimize
replacement interval
based on discounted life
cycle cost and reliability

Estimate parameters
with maximum
likelihood estimation

Figure 5. Flowchart of the reliability-based LCC model.
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rank estimate®® is used for exact failure times and
binomial estimate is for interval data.”® For the
readers’ convenience, a description is provided in
Appendix 2.

In step 3, maximum likelihood estimation (MLE) is
proposed to provide parameter estimates of the fitted
distribution. Statisticians prefer MLE over other esti-
mates as the former in general has better statistical
characteristics, especially for a large dataset.”!
Appendix 3 provides a description of the MLE. This
study numerically solves the MLE in Excel. The result
is presented in the section Application.

Modelling of grinding impact

The grinding cycles are planned based on local ton-
nage, while practically asset managers integrate the
annual tonnage of track lines (in MGT), grinding fre-
quency (in months) and metal removal of one pass
(in mm), and use time frequency to inform the grinding
implementation.”® For example, in case that the annual
tonnage is 15 MGT and grinding cycle is once per 12
months, one-time metal removal is 0.2 mm. The depth
of metal removal should be adapted to time variation
of actual implementation (if the grinding operations
are early performed or delayed). The research sets 15
MGT equal to 12 months of train operation as an
average to incorporate the impact of cyclic preventive
grinding in rail degradation modelling and explore how
the grinding policy influences the LCC.

To evaluate the performance of imperfect mainten-
ance, generally the hazard rate of the system under
maintenance is used.®''? Coria et al.**> proposed a
(periodic) PM optimization model, where the impact
of PM on asset degradation is included by adjusting
the hazard rate. This study incorporates it in the
model (step 4) in order to evaluate the effect of grind-
ing frequency on the rail degradation and LCC
optimization.

Assume the grinding is performed at fixed intervals
Ty, and the time of the k™ grinding is
tr =kTpn,k=1,2,..., N, where N is the number of
grinding operations within one replacement cycle T
and fy41 = T. As shown in Figure 6, Ax(?) is the
hazard rate of RCF-initiated failure at time t after
the k" grinding, where 0<t < T, »m. Its fluctuation is
caused by the periodic grinding operation. Coria
et al.*? proposed a hypothetic hazard rate which
smooths the original hazard rate by including T, as
a parameter. These two functions define the same arca
under the curves, i.c., the same expected number of
rail failures within a replacement cycle.* Finally, the
authors derived the adjusted Weibull hazard rate
h(l, T,,m) as follows, comparable to equation (2).

B B—1
h(t, Tym) = <%) 2 3)

o\

where T is the current grinding interval.

=== h(t,Tem)
— (1) .

Hazard rate

Time

Figure 6. Comparison of the (real) hazard rate and adjusted
hazard rate (adapted from Coria et al.3?).

Step 5 evaluates the overall reliability of the rails
considering the two failure modes. Assume the corro-
sion and RCF are independent and the rails are at risk
from either failure mode. Here the rails are considered
as series systems, where an important notion is: a
single component with several independent failure
modes is analogous to a system with several independ-
ent components.”> Following the series system prob-
ability argument, the total hazard rate of rail failures
hy(7) is calculated as®

h(t) = h(0) + hat) =21 (é)

1
4 (Tom Pp(\*
T() oy \ 2

Integrate reliability modelling into LCCA

—1
B Bi
o
1

4)

Step 6 extends the age replacement model to incorp-
orate the expenditures used for routine maintenance,
i.e. grinding, ultrasonic inspection and visual inspec-
tion, where the sum is considered as the operating
costs. Assume the activities are carried out at fixed
intervals, the cumulative operating costs C,(,)
incurred in [0, #,] are calculated as

ZP ZP l[’
- Cu' R CV' = 5
Tpm * l Tui * l Tvi ( )

Coltp) = Com -
where C,,, = costs of one-time grinding operation;
C,; = costs of one-time ultrasonic inspection; C,; =
costs of one-time visual inspection. T,; = ultrasonic
inspection interval and 7),; =visual inspection
interval.

Under the age replacement policy, the incurrence
of the operating costs is influenced by the rail failures.
Defining the PR interval as t,, if a failure occurs
before 1,, e.g. #(0 < ¢<t,), the operating costs are
incurred in the failure replacement cycle [0, ¢]; if no
failure occurs in [0,7,], the operating costs are
incurred in the full PR cycle. The weighted average
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of operating costs is a product of probabilities of the
two possible replacement cases with the associated
operating costs. The extended age replacement
model is therefore expressed as

Ce Fl1,) +Cp - R(1y) + /0 "0 - fnydt
+ Co(tp) . R(Ip)

C(ty) = 1 R(ty) +M(t,)F(t,)

(6)

Van den Boomen et al.'?> proposed an LCC
approach for including the time value of money in
the fundamental age replacement model (equation
(1)), which combines three common economic factors,
i.e. present worth factor «(f), annuity factor
(4/P,r,t), and capitalized equivalent worth (CW)
factor. The present worth factor represents straight-
forward discounting and is defined as o(f) = 1/(1 + r)’
where r is the annual discount rate and ¢ is the time.
The annuity factor transforms a present value into
equal annual costs over a life cycle ¢ by multiplying
this present value with (A4/P,r,t)=r(l1+7r)"/
[(147r)" —1]. The CW factor is used to transform a
present value into an infinite stream of equivalent
annual cost (EAC). This factor is obtained by letting
t approach to infinity in the annuity factor and simply
results in discount rate r. These factors will be used in
the following discounted LCC modelling.

Step 7 applies the methodology for cost discount-
ing in the extended model (equation (6)). This paper
considers discrete discounting on a monthly basis and
the following equations change the continuous prob-
ability distribution (equation (6)) to discrete distribu-
tion, where Y7 f(r) = F(1,), /(1) is assumed to be 0 at
time zero.

The numerator of equation (6) expresses the total
maintenance costs over [0, £,]. Its PV, denoted as PV,
is calculated as

PV, =C,- Xﬂ:f(t)a(t) + C, - R(ty) - a(ty) + PV,

=1

(N

The first expression on the right side designates the
discounted expected costs of a corrective replacement,
the second expression designates the discounted
expected costs of a preventive replacement and PV,
represents the discounted expected total operating
costs in interval [0, ,], calculated as

PV, = Coalty) - R(ty) + 3" Coalt) - FOO)
=1

= [Z Comma(r)} R(ty) + [Com(De(1)] - F(1)
=1

+ [Com(De(1) + Com(2)(2)] - F(2)

+ ..+ |:Zp: Cam(l)a(l)] . F(lﬁ)
=1

where C, 4(t,) =discounted cumulative operating
costs and C,,,(f) = monthly operating costs in time t
without discounting.

The annuity factor, (4/P,r,t), converts a PV to
EAC over a life cycle t. EAC here is interpreted as
the equivalent monthly cost (EMC) because of the
monthly discounting, where the monthly discount
rate, 7, is used. The annuity factor is therefore denoted
as (A/P,i, t). This step converts the PV, (equation
(7)) to the EMC over the expected cycle length E(L)
which is defined by the denominator of equation (1),
by the annuity factor where ¢ equals to E(L)
(equation (8)).

EMCgyy = PV -(A/P,i, E(L)) ®)

When ¢ approaches infinity, the limit of (4/P,i,t)
is 7.%* Assuming 7 approaches infinity means assuming
perpetual life and repeated replacements, where EMC
is a constant equivalent cash flow regardless of the
number of life cycles, so that EMCgy;y = EMCy.
This typical characteristic of EMC (or EAC in gen-
eral) allows for comparison of EMC values when
alternatives have unequal lives as is by definition the
case in optimization challenges where the replacement
interval is a variable.

Moreover, there is still a one-time initial invest-
ment at 1 = 0 with probability 1 which has to be con-
sidered and translated into an EMC value for
comparison. This first investment is not yet included
in equation (7). Equation (7) only accounts for suc-
cessive repetitive investments from #, onwards. The
CW approach is used to calculate the EMC,, of this
initial investment: the initial investment costs (Cj,) are
equally distributed over infinity and the EMC of the
initial investment costs is calculated as

EMCin =Cjy-i (9)

Combining equations (8) and (9), the total EMC
(the sum of maintenance and investment costs) over
infinity is obtained

EMCIotal = EMCE(L) + EMCin (10)

Equation (10) is an objective cost function that
links the impact of rail degradation and maintenance
decision variables (¢,,tpm, tui i) to LCC. The minimum
of EMC,,;,s provides an economic optimum for sup-
porting the replacement decision.

Application

In this section, the model for replacement optimiza-
tion is applied to an ERS case study. Field data and
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cost information are collected from ProRail, Strukton
and ASSET Rail. Maintenance policies refer to
ProRail’s practices.

Twenty-one rail breaks (in four years) that
occurred in Harmelen LC of ProRail’s network are
collected. It was found that nearly all the rail failures
were caused by corrosion. One of the reasons is the
RCF defects can be detected and prevented early and
the exact times of potential RCF-initiated rail failures
can hardly be observed.

ProRail defines four severity levels of rail defects
and corresponding time horizons for preparing the
PR activities. Generally, the defect diagnosis and
replacement decisions are recorded on the ultrasonic
inspection report. It is proposed to combine the ultra-
sonic inspection data with expert judgment on the
question, ‘‘starting from the inspection date (when
the RCF defect is defined to a certain level), how
long can the rail stand before it breaks, considering
‘do nothing’ scenario?” For instance, if the time frame
from the level 2 to the potential failure occurrence is
one year and the age of the rail when it is inspected is
20 years, it is possible to infer that the potential rail
failure caused by the recorded defect may occur
during the 240th—-252nd month. This kind of failure
data refers to interval data.

Due to the inadequacy of the ultrasonic inspection
data, this paper assumes the time intervals (Table 1a)
where RCF failures may occur based on the 20-year
expected rail life (defined by ProRail as stated before)
to demonstrate the model application. The estimates
start on month 180 as it assumes no RCF-initiated
failure occurs before that time. The varied number
of failures in the same time interval is caused by the
different local operating conditions (including envir-
onmental factors) of Harmelen LC, e.g. tonnage, train
speed, humidity, road debris, that influence the rail
degradation. Since corrosion is the dominant rail fail-
ure mode in Harmelen LC, the 20-year average is
mostly influenced by the problem of corrosion and
the rails when solely considering RCF failure mode
may stand longer than the average 20 years.
Therefore, in the estimation, within the same time
interval (20 months, i.e. duration of the intervals
220th—240th, 240th-260th months, etc.), the max-
imum four RCF-initiated failures are estimated in
the interval 280th—300th rather than the intervals
around the 20-year average (interval 220th—240th,
240th-260th).

The corrosion failure mode is modelled by field
data, as presented in Table 1b, where 19 (corrosion-
related) out of 21 failure times are used. The registra-
tion starts on the 163rd month as no failure caused by
corrosion occurs before that time.

The maintenance decision variables are fixed as
Ty = 12 months, T, =12 months (reference scen-
ario), T,; = 6 months, 7,; = 12 months.

Figure 7 presents the Weibull probability plotting
of corrosion failure data. The dots represent the

Table |. Failure data.

(a) Estimated RCF failure data (month).

Failures in
Interval start Interval end intervals
180 200 |
200 220 |
220 240 2
240 260 2
260 280 3
280 300 4
300 320 3
320 340 |
340 360 |

(b) Registered corrosion failure data (month)

Failure Failure Failure Failure
count i times t; count i times t;
| 222 Il 296
2 163 12 379
3 237 13 163
4 365 14 308
5 281 15 440
6 268 16 320
7 224 17 331
8 224 18 300
9 187 19 300

10 339

RCF: rolling contact fatigue.

sample data. It is observed that the plotted points
appear to be linear. Regression analysis shows
R?> = 0.965, indicating the Weibull distribution pro-
vides a good fit to the given data. The regression
line is y = 4.137x — 23.729, which provides the par-
ameter estimates as presented in Table 2. Similarly,
the RCF failure data are plotted, as shown in
Figure 7 (squares); the regression line is y =
7.397x — 41.945. R?> equal to 0.997 indicates the
good model fit of the Weibull distribution.

Table 2 presents the parameter values solved by
least squares (LS) and MLE. As the MLE is usually
a recommended approach,” Weibull estimates pro-
vided by MLE are used in the following steps.

In steps 4 and 5, substitute «; and B; in equa-
tion (2); a; and B, in equation (3); the overall reliabil-
ity of the rails is assessed by equation (4). The
cumulative hazard function is calculated by integrat-
ing the total hazard rate. The other functions of
the Weibull distribution are derived with their rela-
tions to the cumulative hazard function (see details
in Appendix 1).

In steps 6 and 7, considering an 18-m long
Harmelen LC, the following financial parameters are
fixed (Table 3). The difference between C, and C. lies
in the social costs and indirect costs. The social costs
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Figure 7. Weibull probability plot of corrosion and RCF failure data.

Table 2. Comparison of LS and ML estimators.

Maximum
Weibull Least squares likelihood
Failure mode parameters estimation estimation
Corrosion o 309.845 309.272
Bi 4.137 4.280
RCF a 290.177 289.720
B 7.397 7.619

RCF: rolling contact fatigue.

measure the economic impact of track unavailability
in case of failures and its cost elements represent the
average level in the Netherlands.

Substituting the result of reliability modelling, fixed
maintenance variables and financial parameters in
equations (5) and (6) and following the discounting
procedures (equations (7) to (10)) yields the bold
black reference curve in Figure 8. This curve repre-
sents the total EMC curve versus the PR interval. The
EMC curve expresses the EMC for each PR interval
at the x-axis and balances the costs of a preventive
replacement with the costs of a probable corrective
replacement. For example, the black curve shows
the EMC for all life cycles induced by preventive
replacements of the scenario with the 12-month grind-
ing interval. At first, the EMC curve will decline as a
consequence of a very small probability for a rail
break and subsequent corrective replacement. The
EMC curve will reach an optimum and increase
again because the probability of the failure costs
increases as the life cycle increases. At a certain life
cycle the probability of a failure will be 1. Hereafter,
the EMC curve will become constant but this will not
have a physical meaning as a broken rail will not be
left broken.

The teeth on the EMC curve are caused by period-
ically incurred operating costs (grinding and inspec-
tions). Note that EMC is not the amount of total costs
over a lifecycle but the costs per unit time, which is
used for cost comparison and replacement opti-
mization, i.e. compare LCC with different PR
policies (associated with different expected lifecycles)
and advise to the optimized PR interval at
minimized EMC.

The modelling yields an optimized PR interval, 179
months (15 years), where the EMC,,,,; 1s minimized as
556. It is interpreted as, given the rail degradation,
maintenance policies and financial parameters, if one
asset manager decides to preventively replace the rail
when it reaches the 15th year (in case no failure occurs
in that period) or correctively replace the rail upon
failure (and the next PR is scheduled after 15 years),
the asset manager is able to own the asset at the mini-
mized costs.

The above optimum is found by fixing ¢,, as 12
months. Figure 8 also presents the total EMC curves
under six grinding scenarios. It is observed that the
more frequent grinding operations postpone the eco-
nomic optimum for the PR interval, as the grinding is
effective in controlling the RCF degradation and by
cost tradeoff the model advises to preventively replace
the rails later.

The calculation of the mean time to failure
(MTTF) indicates the impact of grinding on the rail
reliability: when T, =16, MTTF = 16years; when
Tpm = 6, MTTF = 23years. Moreover, Figure 9 pre-
sents the hazard rate graph under different grinding
scenarios. When T, = Ty = 12, equation (3) is sim-
plified to the basic form of Weibull hazard rate (equa-
tion (2)). Taking the curve (7, = 12) as a baseline, it
is obvious that with more frequent grinding oper-
ations, the hazard rate only shows a slight increase
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Table 3. Financial parameters.

Financial parameters Values Remarks
Annual discount rate (r) 5%
Monthly discount rate (j) 0.407% i=(+ r)ﬁ —1
Investment (C;,) €40,000
Preventive replacement (C,) €36,000 €30,000 for single rail replacement; additional 20% for indirect
cost
Social cost (C;) €69,632 Unit cost of track availability |17/h/passenger
Average number of passengers 128 passengers/train
Average number of trains 4 trains/h
Unavailability duration 8 h (fault duration 12 h minus free night
possession time 4 h)
Corrective replacement (C.) €108,632 €30,000 for single rail replacement; additional 30% for indirect
cost; social cost included
Preventive grinding cost (Cym) €2000 One-time operation cost for an 18-m long Harmelen LC
Ultrasonic inspection cost (C,) €200
Visual inspection (C,) €300
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2
=
E 900
)
o
[©]
= 700
w
©
<= 600
)
500
400
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24 48 72 96 120 144 168 192 216 240 264 288 312 336 360 384 408 432 456 480
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b) ==Tpm=8 months
(d) e=eTpm=12 months (reference)
(f) Tpm=16 months

Figure 8. Total EMC and replacement optimization with different grinding frequencies.

over time. By contrast, when T7,, =Ty =12, the
hazard rate dramatically increases.

Discussion

Due to the non-repairable feature of the ERS, the
lifetime of the rails is taken as a random quantity
and the Weibull distribution is applied to account
for the randomness of the rail failures. The life distri-
butions assume that the time to failure is a sample of
independent and identically distributed (i.i.d.) obser-
vations. In the literature, some assume that the arri-
vals of rail failures follow NHPP. The rail breaks in
the ballasted tracks can be repaired by partial rail
replacement. In its lifecycle, several rail failures may
occur and a trend may exist in the failure times, as
each subsequent failure depends on the actions taken

for rectifying the previous failures. The NHPP focuses
on the interarrival times of failures.

In the railway practices, whether to choose the
Weibull distribution or NHPP for modelling the rail
failures depends on the i.i.d. premise. The first task in
rail reliability modelling is to test against this assump-
tion. It also sheds light on the model applicability to
the ballasted tracks. In this paper, the repeated
replacement, life distribution and perpetual annuity
(EMCg;y) = EMCy) share the iid. assumption.
Whether the assumption holds is the key to justify
the model used for the ballasted tracks. In the test
against the i.i.d., “test for trend” is generally per-
formed to check whether the times between failure
follow a common distribution; and ‘‘test for serial
correlation” is applied to check for independence.
Once the assumption is verified given the failure
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Figure 9. Impact of grinding frequencies on the total hazard rate of rail failures.

data, the reliability modelling can be connected to the
proposed model.

An observation worth mentioning is that an opti-
mal maintenance regime should minimize the LCC of
the assets without compromising its safety. The elastic
compound in the ERS allows for (accidental) CR as it
protects the structure from full collapse in the case of
a rail break. Rail assets which are not allowed to fail
can also be modelled with the same age replacement
model; however, in those cases the CR costs are mod-
elled as extremely high, due to the impact of failure.
Alternatively, the dominant optimization objective is
set as reliability instead of costs. In general, the age
replacement model allows for optimizing replacement
intervals based on a (combined) cost or reliability
objective.

Conclusions and future work

This paper developed an empirical LCC optimization
model for the embedded rails in Harmelen LC. The
applicability to the ballasted tracks was elaborated.
The model incorporates the uncertainties involved in
the rail degradation and maintenance policies by inte-
grating the reliability analysis and maintenance mod-
elling to a discounted age replacement model.

The model yields an optimal time interval to
inform the decision maker on the average preventive
rail replacement of Harmelen LC. It builds on current
best knowledge of a reliability profile, financial par-
ameters and maintenance policies for specific variable
conditions. The model demonstrates a significant role
of grinding frequencies on extending the service life
and replacement of rails. As the corrosion-initiated
rail breaks are difficult to predict and the model
includes estimated RCF failure data, it is recom-
mended to validate the model by gathering more feed-
back data like NDT inspection reports and break
records from the Harmelen LC service.

This paper assumes the independency between the
corrosion and RCF failure modes. Future research
could incorporate the interaction, i.e. explore how
the random failure times caused by the failure
modes are correlated and integrate its impact to
LCCA to improve the quality of replacement deci-
sions. Besides, the current study uses time as an indi-
cator to model the randomness of rail failures. Future
extensions can investigate the impact of the operating
factors, e.g. traffic tonnage, train speed, curvature, on
the rail degradation and adapt the model to different
operation conditions. Also, it is worth studying the
interactive effect of rail degradation with ERS and
the adjacent ballasted track to improve the structural
design and life cycle management.
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Appendix

Notation

Ce

corrective replacement cost [currency]
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C(z,) expected cost rate per unit time [cur-
rency/unit time]

Co(1) cumulative operating cost incurred in
[0, t]; [currency]

Co.a(t) discounted cumulative operating cost
incurred in [0, t]; [currency]

Com(1) monthly operating cost in time t with-
out discounting; [currency]

C, preventive replacement cost [currency]

Com cost of one-time grinding for a (defined
length) Harmelen LC [currency]

Cyi cost of one-time ultrasonic inspection
for a (defined length) Harmelen LC
[currency]

C,i cost of one-time visual inspection for a
(defined length) Harmelen LC
[currency]

cw capital equivalent worth; CW = £M4€

E(L) expected cycle length [unit time];
denominator of equation (1)

1@ probability distribution function
(PDF); [, fi)dt = F(t,)

K1) cumulative distribution function
(CDF); F(t)=1— R(?)

h(t) Weibull hazard rate

hy(£) total hazard rate of rail failures, equa-
tion (4)

hi(?) hazard rate of corrosion failure mode,
equation (2)

ho(1t) hazard rate of RCF failure mode,
equation (3) ]

i monthly discount rate; i = (1 + )2 — 1

M(tp) expected length of the failure cycle [unit
time]

r annual discount rate

R(7) reliability function

t lifetime (time to failure) of the rail [unit
time]; >0

1 preventive replacement interval [unit
time]

Ty current grinding interval [unit time]

Tom grinding interval variable [unit time]

T, ultrasonic inspection interval [unit time]

T, visual inspection interval [unit time]

o Weibull scale parameter; o > 0

o) Weibull scale parameter (corrosion)

a Weibull scale parameter (RCF)

a(t) present worth factor at time t;
a(t) = ﬁ

B Weibul sflape parameter; 8 > 0

Bi Weibull shape parameter (corrosion)

B> Weibull shape parameter (RCF)

(A4/P,i,1) annuity factor; (4/P,i,t) = (140

(14+i)'—1

Appendix |. Weibull distribution
Hazard function: A(f) = g(i)ﬂ_1

o

Cumulative hazard function: H(f) = (i)ﬁ

a

PDE: /() = ()" e @ = (1) - =10
CDF: F(t)=1—¢ @ =1—¢ 10
Reliability function: R(¢) = e~ () = ¢=H0®

Appendix 2. Probability plotting

Taking natural logarithms of Weibull CDF twice, the
Weibull linear transformed CDF is given by

ln{—ln[l — F(t)]} =pBInt—Blna

If the Weibull distribution holds, the plot of
In{—In[1 — F(1)]} versus In ¢ on linear axes should
result in data points that approximately form a
straight line, with slope B and intercept b (i.e.
—Blnw). F(r) is estimated from the sample data,
which is called empirical CDF, F(f). The following
are two estimates for deriving ﬁ(t).

Benard’s median rank estimate is expressed as’

F(t) = n’;%i i=1,2,3,..., where t; = time to the
ith failure and t;>1t,_1; n; = total number of exact
failure times.

Binomial estimate: let 7;(i=1,2,3...) denote a
fixed time interval and d; be the number of failures
in the i interval, i.e. (T;_;, T}), the binomial estimate
at the k" interval H(Ty) is”

BTy = L i=1,2.3,.... where n =total
number of failures in the interval data.

Appendix 3. Maximum likelihood
estimation

Given the data, MLE attempts to find the parameter
values that maximize the likelihood (LIK) function.
The LIK function varies depending on the type of
failure data. The observations that have exact failure
times f; contribute to the form PDF, f(¢;), to the
LIK function. As for the Weibull distribution, LIK
is written as

]

LIK@p) = [ [re) =[] (2) e e
i=1 1!

y o
=

For interval data, where failures occur in an
interval, (Ti_siars» Tiend) contributes the form
[F(Ti—end) — F(Ti_gtarr)] in the LIK equation. The
LIK for the Weibull distribution is defined as

r

LIK(a, B) = H[F(ti_emz) — Fli—star))]

i=1
ST = e ] [ sy
H e L |

To obtain the “most likely” values that maximize
the LIK functions, the common way is to take natural
logarithm of the LIK, i.e. log LIK, and numerically
solve for a minimum.



