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ABSTRACT: A main challenge in railway asset management is selecting the maintenance strategies to apply
to each asset on the network in order to effectively manage the railway infrastructure given that some perfor-
mance and safety targets have to be met under budget constraints. Due to economic, functional and operational
dependencies between different assets and different sections of the network, optimal solutions at network level
not always include the best strategies available for each asset group.
This paper presents a modelling approach to support decisions on how to effectively maintain a railway infras-
tructure system. For each railway asset, asset state models combining degradation and maintenance are used to
assess the impact of any maintenance strategy on the future asset performance. The asset state models inform a
network-level optimisation model aimed at selecting the best combination of maintenance strategies to manage
each section of a given railway network in order to minimise the impact of the assets conditions on service, given
budget constraints and performance targets. The optimisation problem is formulated as an integer-programming
model. By varying the model parameters, scenario analysis can be performed so that the infrastructure manager
is provided with a range of solutions for different combination of budget available and performance targets.

1 INTRODUCTION

The railway system is the result of the interaction of a
number of different systems and infrastructure with
the ultimate aim of transporting people and goods
safely and on time. It consists of a diverse portfolio
of assets, each bounds to deliver a specific function
but all together contributing to ultimately provide a
reliable and safe service. Each railway asset is subject
to degradation and failure processes, and maintenance
is performed in order to control the state of the assets
and ensure that each asset’s function is performed to
the required standard. Maintenance policies are de-
veloped as a combination of periodic inspection, rou-
tine and emergency maintenance, enhancement and
renewal activities, and these are specific to each rail-
way asset. As maintenance resources and budget are
limited, decisions have to be made on how to opti-
mally allocate the available resources among all the
asset on the network. Infrastructure asset management
is the process of allocating maintenance resources
among the assets comprising the system with the aim
of minimising the whole-life costs while maximising
the system performance. Optimal asset management
involves decision making and selection of the best in-
tervention strategy for each asset along the network
in order to ensure that the required level of service

reliability and safety risk is achieved within budget.
Determining the best set of strategies for a given net-
work does not simply consist in choosing the strategy
which is optimal for each asset. When a network per-
spective is adopted dependencies among different as-
sets and different sections of the network arise, due
for example to resource availability. This implies that
intervention strategies that are optimal when an asset
is considered individually, might not be optimal when
decisions are made at a network level.

1.1 Modelling approaches to infrastructure asset
management optimisation

Optimisation models have been presented in the liter-
ature to support infrastructure asset management from
different perspectives and to address different aspects
of the problem. Two main approaches to the optimisa-
tion of infrastructure asset management can be identi-
fied: asset-level and system-level optimisation. Asset-
level optimisation aims at determining optimal main-
tenance policies for an individual asset, while system-
level optimisation seeks the optimal combination of
maintenance policies for all the assets comprising the
system. The focus of this paper is on system-level op-
timisation; in the following, the modelling approaches
developed in the literature to determine the optimal



set of maintenance policies for infrastructure systems
composed of multiple assets are briefly discussed .

The authors in (Yeo, Yoon, & Madanat 2012) ad-
dress the problem of planning maintenance for a sys-
tem of heterogeneous facilities undergoing stochastic
deterioration over a finite time horizon. They develop
a two-stage bottom-up approach according to which
optimal maintenance policies are first determined for
each facility. The deterioration of each facility is mod-
elled as a Markov process. The state of the facilities is
known at the beginning of every year when inspection
is performed and maintenance activities are selected
year by year. The authors apply a dynamic program-
ming approach to find the optimal activity as well as
the alternative near optimal activities and associated
costs for each facility. Then, a system-level optimisa-
tion is developed to obtain the combination of activ-
ities, one for each facility, that minimise the system
expected cost-to-go while the agency cost (cost of the
maintenance activities) is kept within a given budget.
All facilities in the system are considered to be inde-
pendent and the system-level optimisation problem is
formulated as a constrained combinatorial problem.

A similar approach has been used in (Furuya &
Madanat 2013) with application to a hypothetical rail-
way system, where facility-level and system-level op-
timisation are combined to obtain the best combina-
tion of activities for all facilities in a given network.
The authors demonstrate their approach on a hypo-
thetical dual redundant railway network. A number of
facilities are associated to each link in the network,
and a set of available maintenance activities is consid-
ered for each facility. As in (Yeo, Yoon, & Madanat
2012), the degradation and maintenance of the rail-
way assets is modelled as a Markov process, and the
facility-level optimisation problem is formulated as
a Markov decision process solved through dynamic
programming. In the system-level optimisation prob-
lem, the budget constraint includes the cost reduc-
tion that can be achieved when adjacent facilities are
maintained simultaneously. Constraints are also for-
mulated on the minimum capacity to be guaranteed
between an origin and a destination node and for each
individual route. This enables to consider the loss of
throughput due to maintaining adjacent facilities si-
multaneously. A numerical example is solved, which
demonstrates how including both economic (oppor-
tunistic maintenance) and functional (capacity loss)
dependencies arising between the assets when per-
forming maintenance, has an impact on the optimal
decision and associated lifecycle cost.

In (Robelin & Madanat 2008) the authors address
the optimisation of maintenance policies for a system
of bridge decks with the objective of determining the
optimal set of policies based on the current system
conditions as well as the prediction of future condi-
tions. The deterioration model of an individual deck
is Markovian, where each state is defined in terms of
the current condition of the deck, the last maintenance

action performed and the time since the last interven-
tion. The condition of a deck is given by its instanta-
neous probability of failure. A two-steps approach is
suggested. First, a facility-level optimisation is solved
to obtain the optimal cost of maintenance and replace-
ment for each facility. The facility-level optimisation
problem is solved for a discrete range of failure prob-
abilities. Then, at system level, the cost of the system
given by the combination of the cost for each facil-
ity, is minimised subject to budget constraint, and the
optimal threshold of failure probability is obtained.
This threshold is used backward within the facility-
level optimisation to obtain the set of policies for
each deck which are optimal at system level. Some of
the assumptions the optimisation model in (Robelin
& Madanat 2008) is based on are too restrictive to
be applied to the railway system. Many of the rail-
way assets exhibit multiple failure modes, each with
different probabilities and frequencies of occurrence.
Different failure modes usually have different effects
on system performance and must be therefore consid-
ered individually. Decisions on maintenance policies
must account for the different failure modes so that
different effects on service performance can be dis-
tinguished, and both safety and performance require-
ments can be addressed in a cost effective manner.
Another simplifying assumption made in this paper
is that at system level, the optimal threshold of proba-
bility of failure is the same for all the facilities. While
this makes the optimisation problem easier to solve,
it also produces a less realistic model. In real systems
the location of the assets on the network may play
an important role within the decision making process.
The railway network includes lines and routes with
different criticalities corresponding to different safety
and service performance targets. It is often the case
that in the trade-off between cost and performance,
more expensive policies are likely to be implemented
on assets located on lines with higher criticality, while
lower performance is accepted on lower criticality
lines.

The author in (Durango-Cohen 2007) presents a
method to simultaneously address the conditions and
costs forecasting problem and the optimisation of
maintenance action for transportation infrastructure
facilities. Facilities deterioration is represented as an
autoregressive moving average with exogenous input
model (ARMAX). Decision variables can be invest-
ment levels or maintenance rates and the optimisation
problem is formulated as a dynamic program seek-
ing the minimum expected discounted cost over the
planning horizon. Decisions are made based on the
information available at the beginning of the planning
period. The use of the ARMAX model is based on
the assumption that the effects of maintenance actions
are linear and additive. This assumption however is
too restrictive for many railway assets (e.g. track) as
it completely disregards the complexity of the com-
bined effects of different interventions on the future



asset state and the consequent impact on costs.
The approach presented in the aforementioned pa-

pers is aimed at selecting the maintenance policies
to be adopted year by year over a given time hori-
zon. Inspection is not considered as part of the poli-
cies as it is assumed to be carried out at the begin-
ning of every year. However, the frequency of inspec-
tion is an important aspect of every maintenance pol-
icy as it allows to reveal the conditions of an asset
before failures occur or unacceptable degraded states
are reached. Indeed it is the optimal combination of
inspection frequency, threshold values for assets con-
ditions triggering interventions and the time required
to perform maintenance that make an effective main-
tenance strategy. Furthermore, most of the contribu-
tions use a Markov approach to model the degrada-
tion and maintenance processes of the assets. How-
ever, the Markov approach has a few limitations that
prevent it from being an effective modelling tool for
many of the railway assets. A significant limitation is
the requirement of Markov models to restrict transi-
tions between states on the model (generally repre-
senting degradation or repair) to occur at a constant
rate. This means that the state residence times are ex-
ponentially distributed. The memoryless property of
the Markov approach restricts the ability of the model
to consider the maintenance history which is impor-
tant in some of the railway asset components such as
the track ballast. Furthermore, the size of a Markov
model can experience a state-space explosion with the
number of components considered, thus making diffi-
cult to model assets with many different components
or formed linking several sections of track. One fi-
nal significant limitation is its inability to represent a
route or network perspective. If Markov models exist
for two assets and it is required to account for their
dependencies in constructing a route model, this can
only be accomplished by the generation of a com-
pletely new model.

An alternative modelling technique that overcomes
some of the limitations of the Markov approach in
modelling railway asset degradation and maintenance
is the Petri Net (PN) method. PNs are a formalism for
modelling complex, dynamic systems characterised
by concurrency and dependencies, synchronisation
and resource sharing. PNs provide a valuable math-
ematical and graphical description of the system be-
haviour. PNs is a stochastic technique which allows
far greater detail in comparison to the alternatives
when modelling assets degradation and complex man-
agement strategies, whilst maintaining a manageable
model size. PNs account for any distribution of degra-
dation and failure times; thus increasing failure rate
typical of components subject to wear-out can be con-
sidered. PNs also enable the modelling of complex
maintenance processes including condition and risked
based inspection and maintenance, replacement prior
to failure based on either age, condition or use, reac-
tive repair, refurbishment and renewal and all the rules

for the implementation of such activities. The result-
ing PN models are usually smaller in size than the
alternative Markov representation. An additional and
very desirable feature of PN models is their modular-
ity. Models of assets consisting of many interacting
components can be built up in parts giving the model
a modular structure which is easier to analyse. Monte
Carlo simulation is the most common solution tech-
nique for PN models and produces distributions for
the output variables of interest. The PN approach is
suggested in this paper as a valid modelling technique
to produce models that combine the degradation and
maintenance processes involving the railway assets.
Such models can be used as a tool to investigate the
effectiveness of a variety of maintenance strategies for
each railway asset, covering a range of performance
and costs, so to provide the decision maker with a set
of potential strategies among which the ones which
are best from a system perspective can be selected.

2 THE METHODOLOGY

This paper presents a modelling approach to support
decisions on how to effectively maintain a railway
infrastructure system. First, for each railway asset,
a modelling tool is required to assess the asset re-
sponse to the implementation of a range of feasible
maintenance strategies. Such modelling tools, called
asset state models combine the degradation/failure
processes affecting the asset with the intervention
activities that can be performed in order to predict
the future asset state. The asset state models devel-
oped for each asset inform a network-level optimi-
sation model aimed at selecting the best combina-
tion of maintenance strategies to manage all the assets
on a railway network under budget and performance
constraints. The network-level optimisation model is
formulated as an integer program with multiple con-
straints (Hillier & Lieberman 2009). The model is
bounded to select one option for each individual as-
set located in the considered railway network. Con-
straints are formulated on the overall available budget
and on the availability required of each railway line.
Different lines in the network may have a different
criticality depending on the effect that failures have on
service. This is strictly linked to the frequency of the
service running on each line. Different lines criticality
are accounted for by imposing different thresholds to
the availability of each line. This modelling approach
has the advantage to enable the evaluation of a vari-
ety of different scenarios by changing the model pa-
rameters such as the available budget or the threshold
levels set for the lines availability.

2.1 Network segmentation for strategic planning
purposes

The UK railway network is segmented for policy de-
cisions. The whole network is divided into 19 Strate-



gic Routes, each divided into a number of Strategic
Route Sections (SRSs). An SRS is a section of the
railway network characterised by broadly homoge-
neous infrastructure type and traffic levels. Therefore
strategy decisions are taken at SRS level. It is assumed
that the same maintenance strategy will be applied
within the same SRS. Asset state models are devel-
oped for each asset type existing on each SRS and are
used to assess the impact of a range of maintenance
strategies on the assets’ performance.

2.2 Asset state models

The PN method is adopted as the modelling approach
to develop the asset state models. PNs are a formal-
ism for modelling complex distributed systems char-
acterised by concurrency and dependency, synchro-
nization and resource sharing. Petri nets provide a
valuable mathematical and graphical description of
the system behaviour. A PN is a directed, weighted
bi-partite graph where nodes are places and transi-
tions connected by arcs (Murata 1989). A PN can be
formally defined as follows.

Definition 1. A PN is a 5-tuple PN =
(P,T,A,W,M0) where: P = {p1, p2, ..., pm} is
the non-empty set of places, T = {t1, t2, ..., tn}
is the non-empty set of transitions, P ∩ T = ∅,
A ⊆ (P × T ) ∪ (T × P ) is the set of arcs,
W : A → {1,2, ..} is the multiplicity function,
M0 : P → {0,1,2, ..} is the initial marking.

Places may represent physical resources, condi-
tions or the state of a component. Tokens are held
in places and the number of tokens in each place de-
fines the marking of the Petri net which represents the
state of the system at a given time. The flow of to-
kens through the network is determined by transitions
and represents the evolution of the system state over
time. Transitions represent events that make the status
of the system change. Arcs only connect places with
transitions (input arcs) and vice versa (output arcs).
Inhibitor arcs are defined as well, which can be used
to stop the firing of a transition under certain circum-
stances. Arcs are characterised by a multiplicity. The
marking and the multiplicity of the arcs determine the
enabling conditions for each transition. Transitions
can be deterministic or stochastic. The former have an
associated constant firing time, while the latter sample
their firing time from stochastic distributions. Firing
of transitions is ruled as follow:

• If the number of tokens contained in the input
places is at least equal to the multiplicity of the
associated input arcs, and the number of tokens
in the places connected by inhibitor arcs is lower
than the arcs multiplicity, then the transition is
enabled.

• Once the transition is enabled, it will fire after
a time interval which is fixed for deterministic

transitions. For stochastic transitions the firing
time is sampled from a probabilistic distribution.

• When the firing time is reached and the transi-
tion fires, a number of tokens is removed from
the input places and added to the output places
according to the arcs multiplicity.

For the purpose of maintenance, a number of dis-
crete states are usually considered, corresponding to
levels of degradation that trigger maintenance inter-
ventions with different levels of urgency. The degra-
dation process can therefore be represented as a chain
of places and transitions as shown in Figure 1. Places

Figure 1: Degradation

Pdeg,i indicate different states which are relevant from
a maintenance perspective, namely each state (ex-
cept for the new statePnew) triggers maintenance with
different level of urgency depending on the level of
degradation. Transitions Tdeg,i represent the degrada-
tion from one state to the next (worse). These are
stochastic transitions whose firing time is sampled
from a stochastic distribution representing the distri-
bution of times to degrade between two consecutive
states. Asset conditions requiring a speed restriction
or a line closure can be included as well, these be-
ing usually the last two levels of degradation. Inspec-
tion is performed periodically to reveal the current as-
set condition so that degraded states can be discov-
ered and maintenance planned accordingly.In Figure
2) transitions Trev,i are timed deterministic and fire
at a fixed frequency. Once a degraded condition is

Figure 2: Degradation and inspection

revealed, maintenance in planned depending on the
level of urgency. Maintenance interventions are rep-
resented by transitions Trep,i (Figure 3). After mainte-
nance, the asset is usually restored to a good condition
(Pgood) rather than to new, unless a renewal is carried
out. If necessary, it is possible to account for the effec-
tiveness of maintenance by adopting a probabilistic
routing policy for transitions Trep,i so that the state af-
ter maintenance can be any of the degraded state with



Figure 3: Degradation, inspection and repair

a given probability. It is also possible to keep track of
the number of maintenance interventions performed.
This is achieved by monitoring the marking of place
PI which is marked every time an intervention is per-
formed (and therefore any of transitions Trep,i fires).
For some assets, the degradation might depend on the
past maintenance history; an example is the ballast for
which the rate of degradation increases with the num-
ber of tamping interventions performed. This can be
accounted for if transitions Tdeg,i update their distri-
butions of times to degrade according to number of
interventions performed on the asset. This modelling
approach enables the evaluation of a wide range of
maintenance strategies, for each of which it is possi-
ble to specify the inspection frequency, the thresholds
on the asset conditions that trigger maintenance, the
mean time to schedule and perform any maintenance
activity. Furthermore, by keeping track of the mark-
ing during the simulation, it is possible to evaluate the
probability of being in any of the considered states as
well as the number of interventions performed. The
probability of having a speed restriction and a line
closure is of particular interest to evaluate the impact
of a given strategy on service and safety risk.

This modelling structure can be used as a modelling
template to describe a variety of railway asset ex-
hibiting degradation during their lifetime. The num-
ber and features of places and transitions representing
the degradation processes and the maintenance activi-
ties can be easily fitted to characteristics of the spe-
cific asset to be modelled. Example of degradation
and maintenance models adopting a similar structure
have been proposed in the literature for a number of
railway assets such as track (Andrews 2012, Prescott
& Andrews 2013, Andrews, Prescott, & De Rozieres
2014) and bridges (Le & Andrews 2016, Le, An-
drews, & Fecarotti 2017).

2.3 Network-level strategies optimisation

The analysis conducted by means of the asset state
models results in a set of potential asset management
strategies covering a range of performance levels for

each asset group. Given a set of potential strategies for
each asset group, the infrastructure manager is faced
with the task of selecting one strategy for each asset
on the network given that a limited budget is avail-
able. Performance and safety targets are usually set
for each route and line along the network, and these
targets can be different depending on the route criti-
cality. Decisions are therefore bounded by the avail-
able budget and are made with the aim of minimising
the disruption caused to the railway service, while a
certain level of availability is ensured for each line
depending on the line criticality. Whatever asset fails,
the impact on trains service is due to either a speed re-
striction, leading to delays, or a section closure lead-
ing to journeys cancellation. The extent of the disrup-
tion depends on both the duration of such control ac-
tions and the location of the section(s) involved. If a
speed restriction or a section closure is imposed on a
section belonging to a high frequency line, or to more
than one line, then the number of journey affected by
the disruption will be high. With regard to the impact
of failures on service, for each section in the network
is therefore fair to define two failure modes, each
with a different effect on service: (i) section subject to
speed restriction, and (ii) section subject to closure.

Let us define a Strategic Route as a set of SRSs R=
{R1,R2, ...,Ri, ...,RnR

}. Railway services run along
a set of railway lines L = {L1,L2, ...,Ll, ...,LnL

},
each railway line consists of one or more SRSs.
Therefore each railway line can be represented as a
subset of set R, Ll ⊆ R,∀l = 1, ..., nL. A railway line
Ll will be unavailable if any of its SRS is unavail-
able. If a is the number of asset groups considered
and b is the number of strategies available for each as-
set group, then the set of maintenance strategies for
each SRS is given by all the possible combinations of
the individual asset groups’ strategies nS = a× b. The
set S = {S1, S2, ..., Sj, ..., SnS

} is defined, containing
nS potential strategies available for each SRS, each
corresponding to a given combination of the individ-
ual asset strategies. From now on the term strategy
will be used to indicate a strategy for the individual
SRS, among the available ones in set S. The index
j = 1,2, ..., nS will be used to refer to a generic strat-
egy within set S while the index i = 1,2, ..., nR will
be used to refer to a generic SRS within set R. The
vector of decisional variables X has components xij

such that xij = 1 if strategy j is applied to SRS i,
0 otherwise. The infrastructure manager is bounded
to choose only one strategy per SRS. Following the
implementation of a given strategy, each SRS will
be subjected to a given probability, average number
and duration of imposed speed restrictions and sec-
tion closure during the considered planning period.
Section closure contributes to define the availability
of the SRS. In fact a section closure means that the
section is not available for use and therefore all the
journeys that use that section are cancelled or rerouted
if possible. If a speed restriction is imposed, trains



can still run but at a reduced speed; this implies de-
lays and sometimes journey cancellations. Therefore
we assume that the number and duration of imposed
speed restrictions implicitly provide an indication of
the impact on service delay. Similarly, we assume that
the number and duration of imposed section closure
implicitly provide indication of the deleted services
due to section unavailability. The problem is formu-
lated as follows:

minZ(X) =

nR∑
i=1

nS∑
j=1

n
(SR)
ij · d(SR)

ij · fi · xij s.t (1)

nS∑
j=1

xij = 1 ∀ i = 1,2, ...nR, (2)

nR∑
i=1

nS∑
j=1

cijxij ≤ B, (3)

QLl
(xij) ≤ Q∗Ll

∀Ll ∈ L, (4)

xij ∈ {0,1} ∀ i = 1,2, ...nR; j = 1,2, ...nS. (5)

where the model parameters are:

• n
(LC)
ij the average number of closures in SRS i

following implementation of strategy j,

• d
(LC)
ij the average duration of closures in SRS i

following implementation of strategy j,

• n
(SR)
ij the average number of speed restriction

imposed on SRS i following implementation of
strategy j,

• d
(SR)
ij the average duration of speed restriction

imposed on SRS i following implementation of
strategy j,

• q
(LC)
ij the probability of a closure in SRS i fol-

lowing implementation of strategy j,

• Q∗Ll
the threshold on the unavailability of line Ll,

• cij the cost of strategy j implemented on SRS i,

• fi the frequency of trains travelling on SRS i,

• B the available budget.

The objective function Z(X) is representative of
the impact that the selected combination of strategies
has on service delay, which allows to compare dif-
ferent solutions. It represent the expected number of
trains affected by a service disruption during the con-
sidered time horizon. Each term n

(SR)
ij · d(SR)

ij · fi · xij

gives an indication of the contribution of each SRS
to the overall service disruption. This contribution

is proportional to the average number of speed re-
strictions imposed on the SRS and its average dura-
tion, and on the frequency of trains travelling through
the SRS. The train frequency is used to weight each
SRS proportionally to the normalised amount of flow
travelling on the SRS. The frequency also implicitly
weight each SRS based on the its centrality, namely
its role in serving more than one line. The set of con-
straints 2 indicates that only one strategy can be se-
lected for each link. Constraint 3 adds a bound on the
overall costs according to the available budget. The
set of constraints 4 put a threshold on the minimum
value of unavailability of each line. A line is unavail-
able if any of its SRSs is closed. Therefore, the prob-
ability of line Ll being closed QLl

(xij) can be written
as

QLl
(X) = 1−

∏
∀i|Ri∈Ll

(1−
∑
∀j|Sj∈S

q
(LC)
ij · xij) (6)

The optimal solution X∗ is given by the feasible
combination of strategies that will provide the min-
imum impact on service as represented by the ob-
jective function Z∗(X). The objective function in 1
Z(X) is linear in X , as constraints (1) and (2), while
constraints (3) are non-linear. Problem 1 is therefore
a non-linear integer otpimisation problem.

2.3.1 Solution method
There are no general-purpose solution methods yield-
ing the global optimum for non-linear (non-convex)
constrained optimisation problems and approximate
solution algorithms are usually used. However, it pos-
sible to solve a linear approximation of the original
problem if the non-linear functions (objective func-
tion and/or constraints) can be converted to an accept-
able linear form.

Problem 1 is transformed into a linear integer pro-
gramming model by replacing the left hand side of
constraint 4 with its rare event approximation (An-
drews & Moss 2002) as follows:

QLl
(X) = 1−

∏
∀i|Ri∈Ll

(1−
∑
∀j|Sj∈S

q
(LC)
ij · xij)

≤
∑
∀i|Ri∈Ll

∑
∀j|Sj∈S

q
(LC)
ij · xij.

(7)

The rare event approximation is an upper bound to
the top event exact probability and can be used when
the probability of the basic events is low. This an ac-
ceptable approximation for the problem at hand as the
probability of a link closure is usually small.

Integer programming is NP-hard, namely it can be
solved in non-polynomial time. Therefore, depending
on the problem size it can be difficult to solve in rea-
sonable computational time. In such circumstances,



Table 1: SRSs and trains frequency.
SRS Train per hour
01 London St. Pancras-Bedford 20
02 Bedford-Nottingham 8
03 Wichnor Jn/Long Eaton-Chesterfield 8
04 Chesterfield-Nottingham 4
05 Nottingham-Newark Castle 1
06 Matlock-Ambergate 1
07 Netherfield-Grantham 2

the associated relaxed problem obtained through Con-
tinuous relaxation can be studied. The relaxed prob-
lem is a linear continuous programming model which
can be solved by means of the simplex method. The
optimal solution of the relaxed problem is a lower
bound of the global optimum of the original problem.

3 NUMERICAL EXAMPLE

The optimisation approach presented in this paper has
been applied to select the best combination of main-
tenance strategies for a set of SRSs comprising one
of the UK Strategic Routes, the East Midlands (EM)
Route. Details of the EM route and it SRSs can be
found in (NetworkRail 2015). A schematic represen-
tation of part of the EM route showing seven of its
eleven SRSs is given in Figure 4. The set of SRSs

Figure 4: Map of part of the EM Route, including SRSs 11.01 to
11.07

considered in this example are listed in Table 1 along
with the train frequency.

Railway services running along the EM Route
which have been considered here are listed in Table 2
along with the service type (Long distance high speed
-LDHS, interurban and local), while Table 3 lists the
SRSs included within each service.

For each railway service, different availability re-
quirements are considered depending on the type of
service. Three potential maintenance strategies are

Table 2: Railway services.
Service name Service type
London St.Pancras to Nottingham LDHS
London St.Pancras to Sheffield(via Derby) LDHS
Norwich to Liverpool Interurban
Nottingham to Leeds Interurban
Newark Castle-Nottingham-Derby-Matlock local

Table 3: SRSs included within each railway service.
Service name SRSs
London St.Pancras to Nottingham {01, 02}
London St.Pancras to Sheffield(via Derby) {01, 02, 03}
Norwich to Liverpool {02, 04, 07}
Nottingham to Leeds {02, 04}
Newark Castle-Nottingham-Derby-Matlock {02, 03, 05, 06}

considered, S = {S1, S2, S3}. The evaluation of the
maintenance strategies through the PN asset models
yields the input parameters to the optimisation model.
The values of the model parameters used to run this
numerical example are detailed in Table 4 where ci, qi
and nSR

i indicate the cost, unavailability and number
of speed restriction due to the implementation of the
available strategies.

Table 4: Model parameters.
SRS c1 c2 c3 q1 q2 q3 nSR

1 nSR
2 nSR

3
01 50 70 85 0.9 0.95 0.99 4.7 3.8 2.5
02 50 70 85 0.9 0.95 0.99 4.7 3.8 2.5
03 60 80 95 0.9 0.95 0.99 4.7 3.8 2.5
04 60 80 95 0.9 0.95 0.99 4.7 3.8 2.5
05 60 80 95 0.9 0.95 0.99 4.7 3.8 2.5
06 50 70 85 0.9 0.95 0.99 4.7 3.8 2.5
07 60 80 95 0.9 0.95 0.99 4.7 3.8 2.5

The optimisation model has been solved for eight
different values of the available budget B1 = 350,
B2 = 400, B3 = 450, B4 = 500, B5 = 550, B6 = 600,
B7 = 650, B8 = 700, while the thresholds on the un-
availability of each railway service remain unchanged
and equal to Q∗L1

= 0.98, Q∗L2
= 0.98, Q∗L3

= 0.98,
Q∗L4

= 0.95, Q∗L5
= 0.9. The results of the scenario

analysis are summarised in Table 5 and Figure 5. Ta-
ble 5 details the optimal maintenance strategies for
each SRS, while Figure 5 shows the corresponding
value of the objective function which is indicative of
the expected number of trains affected by a speed re-
striction.

Table 5: Maintenance strategies selected.
SRS

Scenario 01 02 03 04 05 06 07
1 - - - - - - -
2 - - - - - - -
3 - - - - - - -
4 - - - - - - -
5 S3 S3 S3 S3 S1 S1 S2

6 S3 S3 S3 S3 S1 S3 S3

7 S3 S3 S3 S3 S3 S3 S3

8 S3 S3 S3 S3 S3 S3 S3

Results show that no feasible solution can be found
for budgets B1 to B4 as the strategies that would be
achievable within the available budget do not ensure



Figure 5: Expected number of disrupted trains for different avail-
able budgets.

the required level of availability for each railway ser-
vice. If the budget is increased solutions can be found.
Budget B5 is enough to find a feasible solution but
does not allow the selection of the best strategy avail-
able for each SRSs. The algorithm selects less expen-
sive strategies for SRSs 05, 06 and 07 as they belong
to those railway services for which a less restrictive
value of availability is required. Furthermore, the train
frequency on those sections is lower than in the oth-
ers. By further increasing the available budget, better
strategies can be chosen and the impact on service de-
creases.

4 CONCLUSIONS

This paper presents a modelling approach to support
decisions on how to effectively maintain a railway
infrastructure system. First, for each railway asset, a
modelling tool is required to assess the asset response
to the implementation of a range of feasible main-
tenance strategies. Such modelling tools, called as-
set state models combine the degradation/failure pro-
cesses affecting the asset with the intervention activ-
ities that can be performed in order to predict the fu-
ture asset state. The modelling approach suggested
to develop the asset state models is the PN method.
A modelling template based on the PN method have
been presented, which can be specified to represent
a variety of railway assets undergoing degradation
and ageing. The asset state models developed for
each asset inform a network-level optimisation model
aimed at selecting the best combination of mainte-
nance strategies to manage all the assets on a railway
network under budget and performance constraints.
The network-level optimisation model is formulated
as an integer program with multiple constraints. A
numerical example has been presented to show the
capabilities of the optimisation model. An advantage
of mathematical programming formulation is that the
model is not a black box. Furthermore, when the prob-
lem size is such that global solutions cannot be found
in reasonable computational time, the mathematical
programming formulation allows the use of tools to

estimate the goodness of approximate solutions. By
varying the model parameters, scenario analysis can
be performed so that the infrastructure manager is
provided with a range of solutions for different com-
bination of budget available and performance targets.

ACKNOWLEDGMENTS

John Andrews is the Royal Academy of Engineer-
ing and Network Rail Professor of Infrastructure As-
set Management. He is also Director of The Lloyds
Register Foundation Resilience Engineering Research
Group at the University of Nottingham. Claudia Fe-
carotti is a Research Associate supported by Network
Rail. They both gratefully acknowledge the support of
these organisations.

REFERENCES

Andrews, J. (2012). A modelling approach to railway track asset
management. Proceedings of the Institution of Mechanical
Engineers, Part F: Journal of Rail and Rapid Transit 227(1),
56–73.

Andrews, J., D. Prescott, & F. De Rozieres (2014). A stochastic
model for railway track asset management. Reliability En-
ginering and System Safety 130, 76–84.

Andrews, J. D. & T. R. Moss (2002). REliability and Risk As-
sessment. Professional Engineering Publishing.

Durango-Cohen, P. (2007). A time series analysis framework
for transportation infrastructure management. Transporta-
tion Research Part B 41, 493–505.

Furuya, A. & S. Madanat (2013). Accounting for network for
effects on railway asset management. Journal of Transporta-
tion Engineering 139, 92–100.

Hillier, F. & J. Lieberman (2009). Introduction to Operations
Research. McGrow-Hill Higher Education.

Le, B. & J. Andrews (2016). Petri-net modelling of bridge asset
management using maintenance-related conditions. Struc-
ture and Infrastructure Engineering 12(6), 730–751.

Le, B., J. Andrews, & C. Fecarotti (2017). A petri net model for
railway bridge maintenance. Proceedings of the Institution of
Mechanical Engineers, Part O: Journal of Risk and Reliabil-
ity 231(3), 306–323.

Murata, T. (1989). Petri nets: properties, analysis and applica-
tions. Proceedings of the IEEE 77(4), 541–580.

NetworkRail (2015). Route specifications: London north eastern
and east midlands. Technical report.

Prescott, D. & J. Andrews (2013). A track ballast maintenance
and inspection model for a rail network. Proceeding of the
Institution of Mechanical Engineers, Part O: J Risk and Re-
liability 227(3), 251–266.

Robelin, C. A. & S. M. Madanat (2008). reliability-based
system-level optimization of bridge maintenance and re-
placement decisions. TRANSPORTATION SCIENCE, 1–6.

Yeo, H., Y. Yoon, & S. Madanat (2012). Algorithms for bottom
up maintenance optimization for heterogeneous infrastruc-
ture systems. Structure and Infrastructure Engineering 1, 1–
12.


