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Abstract: In recent years, new diagnosis systems for railway infrastructure have been developed 

and launched into market. Their major objective is to increase the availability of railway 

infrastructure and its external systems by means of preventive maintenance, anticipating 

malfunctions and failures. The acquisition and installation of such systems comprises the investment 

of large amounts of money. In order to predict the potential benefit, it would be meaningful to 

model the current infrastructure maintenance process and simulate the effects of the introduction of 

modifications, e.g., a diagnosis system. In this work a Petri net based modeling method for Monte 

Carlo simulation is presented, and validated by means of a case study of a French high speed line. 
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1. Introduction 

     Maintenance of railway infrastructures is of high significance, both in the sense of 

operational costs and of system safety. In particular urban railways infrastructures are 

subject to increased traffic intensity and short night service interruptions, so maintenance 

becomes a particularly critical issue. In this framework an optimization of the process 

efficiency could avoid serious accidents and save large amounts of money. Therefore, 

before introducing changes in the maintenance process, it is very important to assess the 

potential benefit of each modification. In this context, in order to achieve an adequate 

modeling rigor, formal description methods offer a promising solution.  

     Modeling of railway infrastructure maintenance is a highly complex task. Besides the 

enormous number of maintainable items, the interaction between maintenance teams and 

system components constitute a high dynamic complexity degree. In this work a Petri net 

based modelling method for railway infrastructure maintenance is presented, which allows 

to satisfactorily describe the process, in the context of a reliability based dependability 

model. In order to validate it, the current maintenance strategy on a real French high speed 

line is modelled and simulated by means of Monte Carlo techniques, and then the benefit 

of introducing some possible modifications is evaluated.  

     The objective of the study is to quantify the impact of different maintenance strategies 

on the availability of the railway line. It is desired to predict the effects of a specific 

choice of organization or localization of the maintenance in order to take a decision on the 

amount of human and technical resources to be allocated.  

2. Generic System Infrastructure 

     In this work, the railway infrastructure and the mainenance staff are modeled according 

to the schema shown in Figure 1. In this model, railway lines are divided into interlocking 

sectors, which in turn have a given number of element types. Finally, there is a given 
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amount of items of each element type. Each element type is assigned a dependability 

model, basing on the a priori information. Besides, there are three types of maintenance 

teams and agents: a preventive maintenance team, corrective maintenance agents, which 

are in duty in normal labor times, and agents in on-call duty when the corrective 

maintenance agents are not in duty. 

 

 
Figure 1: Railway Line and Maintenance Team Models 

3. Modeling Method 

3.1  Requirements 

     The modeling method to be applied must fulfill the following requirements: 

1. Appropriate for modeling complex dynamical aspects of the process 

2. Adaptable for an RCM approach, e.g., capable of describing discrete states 

3. High degree of readability and ease of use 

     The fact that the railway infrastructure maintenance process has the dependencies 

described in Section 1, makes it impossible to describe it by means of static models such 

as fault trees. Although there is no modeling method capable of totally fulfilling 

requirements one and three above, in this work, stochastic Petri nets appear to be the best 

solution. For a comprehensive comparison of formal modeling methods see [6]. 

3.2 Stochastic Petri nets 

     IEC 60300-3-1 explicitly lists PN as applicable for general dependability as well as 

risk and safety tasks, while IEC 62551 describe them in detail. The overall view on Petri 

nets can be characterized and dependability interpreted as follows: Active and passive 

elements are differentiated (see Figure 2). The passive elements are called “Places”, they 

model conditions, e.g., distinguishable elementary states with certain duration. Places are 

represented graphically by circles. Transitions represent the active (dynamic) elements 

which change the elementary states. They are drawn as bars or rectangular boxes. 

Transitions are “activated” when the necessary conditions are fulfilled, i.e., when the 

corresponding places carry a token. Through switching a transition, i.e., the instantaneous 

event, new conditions may get valid and the preconditions lose their validity. Figure 3 

shows different kinds of events which can be modelled by the chosen class of Petri nets. 

Further information about Petri nets can be found in [4], [6] and [7]. 
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Figure 2: The Basic Symbols of Petri Nets 
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Figure 3: Modelling Events by Petri Nets: Graphical Symbols and corresponding Modelled Time 

pdfs 

     Immediate transitions can have a weighting factor: if several immediate transitions are 

active (can fire) simultaneously the probability of any transition to be chosen (to fire) is 

propotional to its weighting factor. 

3.3 Maintenance Call Generation Management 

     When a failure or partial failure is detected, maintenance calls are generated and sent to 

the corresponding maintenance teams. According to the type of the detected failure (total 

or partial), different maintenance calls are generated: 

     Call for corrective maintenance. This call is generated upon appearance of a fault state. 

The agents responsible for handling the fault will be the ones in duty at the failure call 

generation, e.g., the corrective maintenance agents in labour time and the agents in on-call 

duty otherwise. Since agents in on-call duty are at their homes, in case they are called they 

need to first go to the maintenance base, so the total failure time is longer. 

     Call for preventive maintenance. In this work it is assumed that the preventive 

maintenance team works a whole week in a given interlocking sector, so that they choose 

every Monday morning which sector to attend. This decision is taken basing on the 

information provided by the diagnosis system. The decision algorithm can be described as 

follows: the main step is to make a list with the sector or sectors with maximal number of 

partial faults. In case that the list has only one sector, it is chosen and the algorithm is 

ended. If the list has more than one sector, the one which has not been maintained the 

longest is chosen. 

4. Generic Reliability Model 

     The reliability of each of the the items subject to failure (namely switches, interlockig 

points and track circuits) was modelled using the generic reliability model shown in 

Figure 4.  

 
Figure 4: Generic Reliability Model 
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     Following [2] and [3], the model represents multi-state degraded elements subject to 

two competing failure processes: one degradation process and a random shock 

(catastrophic failures). The degradation process is represented by the partial faults (which 

may be either active or passive, see below), and the random shock by the possibility of 

entering the fault state directly from the intact state.  

     The model considers four different reliability states: 

• Intact State: Faultless state stands for full availability of the item. 

• Active Partial Fault State: A partial fault is a defect in a component which 

does not impede normal railway operation, and is repaired through 

preventive maintenance. Active means that the fault is detected and reported 

at a surveillance centre which generates a call for the preventive 

maintenance team. 

• Passive Partial Fault State: Same as active fault state, but the fault remains 

undetected until the preventive maintenance team or a testing coach detects 

it by inspection. 

• Fault State: The state of the component affects the railway operation and 

causes unavailability. Failure state is detected (during operation) and can be 

repaired through corrective maintenance. 

     The transitions Active partial failure, Passive partial failure, Shock failure, Failure at 

active partial fault state, and Failure at passive partial fault state have constant failure 

rates, i.e., exponential probability distribution functions. In fact, the failure rate is function 

of the age of the components, which may be mechanical or electronic. [1] acts on the 

assumption that signalling equipment failure rate is increasing over time and generally 

follows laws of Weibull or Bertholon. Their failure rates are calculated based on SNCF 

statistical data recollection since TGV’s beginning of operation. Additionally, they are 

dependent on the time of day, according to the traffic density.  

     The effect of the introduction of a diagnostic system is modelled as an increment of the 

active (detected) partial failures, while the total number of  partial failures remains 

unchanged. 

5. Case Study 

5.1 Modeled Railway Line 

     In this case study, we consider a real French high speed line section of approximately 

100 kms. The line is divided into 10 interlocking sectors, each of them comprising about 

10 kms. Each interlocking sector has in turn 3 element types: interlocking points 

(representing interlocking electronic parts), switches, and track circuits. Although this is a 

high speed line, the applied maintenance process modelling could very easily be adapted 

for an urban railway line. Actually the main difference would be the addition of level 

crossings as element type. These are absent in this study because TGV lines have no level 

crossings, as these would be unsafe for the current 320 km travelling speed. Figure 5 

shows a scheme of the modelled railway line, and Table 1 shows the location of each 

interlocking, as well as the quantity of components of each modelled type in each sector. 

5.2 Model Analysis Technique 

     The developed model has been analysed by means of Monte-Carlo simulation. The 

choice of this simulation technique has two major reasons:  

1. The use of programmable transitions. 

2. The use of arbitrary probability pdfs. 
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     Both of these reasons prevent the feasibility of steady state analysis basing on Markov 

Chains. As stated in section 2, the ageing of signalling equipment can be modelled by 

means of Weibull pdfs. [8] shows that the Monte Carlo approach is a powerful tool to 

solve this kind of systems. 

     The simulation algorithm was implemented in C++. The evaluation of 5 years of 

operation on a 1.6 Ghz AMD Turion TL-50 Processor took less than one minute. For 

more details on the Petri net model, simulation process and the transition parameterization 

see [5]. 
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Figure 5: Modelled Railway Infrastructure and Maintenance Teams. 

Table 1: Modeled Railway Track Configuration 

Nr. Location 

 (Km.) 

Interlocking 

Points 

Track 

circuits 

Switches 

1 380 1431 14 2 

2 389 1723 14 5 

3 398 548 8 0 

4 409 5095 24 18 

5 416 2891 14 4 

Base 420    

6 429 1665 14 4 

7 442 862 8 0 

8 454 1834 14 5 

9 464 940 14 4 

10 476 2181 16 4 

5.3 Alternative Maintenance Strategies  

     Five different improvements of the existing (basic) maintenance strategy have been 

investigated: 

1. Addition of a Regional Supervision Centre: This centre would be placed at the 

maintenance base, so that it would allow having the failures reported immediately, which 

would lead to decrementing the failure call generation from between 45 and 60 minutes to 

between 1 and 15 minutes. 

2. Agents Domicile Relocation: It would be assumed that the agents in on-call duty 

live 30 minutes nearer from the interlocking sectors. This would result in an significant 

reduction of the failure time in those cases which are attended by such agents, which 

represents approximately 75% of all failure repairs. 

3. Addition of a Remote Surveillance System: This modification would lead to 

incrementing the fault recognition rate from 2% to 50%. This would permit a more 

efficient work of the preventive maintenance team, as they would choose every week to 
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attend a faulty sector, so they would repair at least one faulty element per week. This 

would have a direct effect on the mean number of faulty elements, which could then 

increase the mean time between failures, (considering that faulty elements have higher 

failure rates).  

4. Splitting the Preventive Maintenance Team into Two Teams: This modification 

would lead to improving the fault repairing efficiency, leading to a decrement of the mean 

number of faults. 

5. Addition of a Second Corrective Team: The teams would be on duty from Monday 

to Friday, from 5:00 AM to 10:00 PM. This would mean that a corrective team would be 

available on the times of highest failure rates. This modification would slightly reduce the 

mean failure time, but its main effect would be dramatically decreasing the team in on-call 

duty failure attendance share. The benefit is significant if considering that every time the 

team in on-call duty is called the agents are paid an extra fee. 

     We consider thus two kind of improvements: those which comprise the acquisition and 

installation of new devices (alternatives 1 and 3), and those which comprise a different 

(possibly more efficient) use of the available resources. This shows that the improvement 

of the maintenance process is not necessarily associated with large financial efforts. 

Likewise, some affect the mean down time (alternatives 1, 2, 5), and other affect the mean 

time between failures (alternatives 3 and 4).  

5.4 Simulation Results  

     The alternative configurations hereby presented show the system sensibility to possible 

maintenance organization changes. In order to compare the results of each case, in this 

section charts showing the impact on values of the most relevant parameters are presented. 

     In Figure 6, the Mean Failure Time, the mean number of faults, e.i. the mean number 

of patial faults, either active or passive, and the Mean Time Between Failures are shown 

for the current and each of the alternative strategies. Table 2 shows the infrastructure 

unavailability rates achieved by each of the proposed strategies. The first and second 

largest reduction of the system unavailability are achieved by the regional supervision 

centre and the agents domicile relocation, respectively, which are the only modifications 

affecting the time to repair repair time directly. The rest of the modifications also achieve 

reduction of the mean failure duration, but only slightly. 

 
Figure 6: Simulation Results of 6 different Maintenance Improvement Strategies as compared to the 

basic Configuration. 
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     The system unavailability decrease achieved by the alternative strategies yield the 

following remarks: 

1. The existence of an enlarged remote monitoring centralized by a supervision 

centre has a positive impact on the availability rates of the equipment (from 

98.9% to 99.2%). The unavailability rate is thus reduced by 25.8% with respect 

to the current situation;  

2. The subdivision of the district maintenance crew achieves significant 

unavailability reduction of 8% with respect to the current situation; 

3. The location of the on-call personnel has a high impact on the availability of the 

equipment. Intervention delays are shorter if the maintenance support point and 

the crew domiciles are close to the center of the line. 

Table 2: Overview of the Evaluated line Unavailability by the Simulation of Maintenance 

Improvement Alternatives 

Maintenance Strategy  Line Unavailability   

(%) 

Unavailability 

Reduction 

with respect to the 

Current (%) 

Strategy 

Rank 

Current 1.12 - - 

Regional Supervision Centre 0.83 25,89 1 
Domicile Relocation 0.86 23.21 2 
Surveillance System 0.99 11.60 3 
Second Preventive Team 1.03 8.03 4 

Second Corrective Team 1.07 4.46 5 

6. Simulation and Analysis Software Tool Support 

     For the implementation of the modeling method proposed here a deep Petri nets 

knowledge would be required. In order to overcome this, a software tool with graphical 

user interface has been developed, on the basis of the stochastic Petri net analysis and 

simulation software π-Tool, developed at the TU Braunschweig. In this section the main 

features of the tool are presented. 

6.1 Model Specification 

     The main components of the modelled systems are the interlocking sectors, and the 

maintenance teams. Each interlocking sector has a number of element types, and each of 

them must be correspondingly parameterised. Concerning maintenance teams, there are 

two basic types: preventive and corrective maintenance teams. Figure 7 shows the 

parameterisation of the current loop of a given interlocking sector. The rates to be 

introduced correspond to the rates of the transitions of the generic dependability model of 

Figure 4.  

6.2 Simulation 

     After completion of the modelling process, simulations can be performed. For a 100- 

km railway track with 10 interlocking sectors and about 19,000 elements, and a simulation 

time of 50 years, the processing time is under one minute using a standard PC. This highly 

efficient performance is achieved due to the Petri net based simulator running behind the 

graphical interface. Besides, a graphical animation can be run for a better understanding 

of the modelled process. Figure 8 shows a screenshot of a 10 sector track animation. Each 

small box on top of the interlocking sectors represents an element type, and the colour is 
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green, yellow or red, if its current state is intact, partial fault or fault, respectively. The 

figures representing the agents move to the sectors according to their parameterisations. 

6.3 Simulation Results Reports  

     The figures representing the agents move to the sectors according to their 

parameterisations. The simulation results include Mean Time Between Failures (MTBF) 

and MFT (Mean Failure Time) and their respective variances, both for the global system 

as for every individual interlocking sector. Figure 9 shows these parameters for a 25-year 

simulation, as well as a graph with the simulated element type failure share. Similar 

graphics can also be shown for maintenance team failure attendance share, i.e., what 

percentage of the total failures was attended by each team. 

 

 
Figure 7: Parameterization of an Infrastructure Element 

 

 

Figure 8: Screenshot of a 10-sector Railway Track Animation 
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Figure 9: Relevant Simulation Output Parameters 

7. Conclusions 

     The proposed modeling approach successfully models the railway infrastructure 

maintenance process stated in section 1. Additionally, the use of extended Petri nets as 

modeling method enhances the possibility of performing Monte Carlo simulation, in order 

to assess the effects of alternative maintenance policies on infrastructure availability. This 

approach offers some advantages: 

1. A unique formalism, namely stochastic Petri nets, allows a global representation 

that makes it possible to easily manage all types of dependencies that could exist 

concerning the occurrence of events during the lifetime of the system (an 

unambiguous description of the system function and the corresponding 

organizations, etc.). 

2. It is easy to express operational restrictions, alternative maintenance strategies, 

the introduction of new monitoring systems, etc. 

3. The simulation takes correctly into account the time and space coordinates of  

failure events, call generation delays, maintenance teams travelling times and 

repair durations  (time is explicitly considered); 

4. The possibility of modeling the ageing of the components and the policy of 

restoration of these components. This would be enhanced by using Weibull 

probability distribution functions to model the unit failure times, allowing thus 

non constant failure rates. 

     Sensitivity analysis of the simulation results allows to optimise the system architecture 

as well as the maintenance strategies (load estimation, the stress of various actors and the 

sensitivity of the organization to various parameters, etc.). The model permits to choose 

the best strategy in terms of maintenance engineering in order to guarantee over a long 

period the availability ratio aimed under the lowest costs.  

     Concerning the case study results, it has been shown that significant enhancements of 

the infrastructure maintenance process are not necessarily associated with large financial 

costs. In other words, not only the aquisition of new technologies may lead to an increased 

infrastructure availability, but also a more efficient deployment of the available resources.  

     The presented method can also be deployed without deep knowledge of Petri nets by 

means of the user-friendly graphical tool presented in section 6. 
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