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ABSTRACT 

Maintenance is one of the most representative processes of a railway from the 
perspective of operating costs. Ensuring the efficiency, competitiveness and 
profitability of the railway system requires the determination and maintenance of 
optimum levels of safety and availability of assets, in order to support the operational 
needs and financial objectives of the business. However, maintenance routines 
imply allocation of costs and operational windows, making essential, therefore, the 
development of maintenance policies and strategies that help in determining the 
optimal points for interventions, thus, seeking to maximize financial and operating 
results of the whole system. In this context, the permanent way maintenance 
represents a major challenge for managers and technicians, as dispersion, high 
costs of intervention and the mandatory interruption of traffic for the execution of 
services require robust and well defined equipment, processes, control and 
management techniques, making it necessary to validate the planning strategy of 
maintenance in criteria such as traceability and precision. Thus, inspection and 
monitoring routines play a fundamental role in the construction of maintenance 
strategies, since, through the development and application of new technologies and 
concepts enhance the collection of a significantly greater volume of information 
regarding the condition of the assets, enabling the optimization of interventions and 
the achievement of the aforementioned objectives. The present work proposes a 
review over the maintenance processes based on the evaluation of the operational 
and financial impacts of an alternative strategy, with the potential restructuring of 
the processes for prioritizing the maintenance of railway lines. To this end, the case 
of a Brazilian railway operator will be analyzed and, finally, an estimate of potential 
gains from the implementation of a new concept will be presented. 
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1. INTRODUCTION  
 
Generally, rail transportation is considered the most suitable transportation modal 
for bulk cargo, such as grains and ores. The railway doesn’t show the same agility  
and capillarity levels of the road transportation, but railways provide cheaper 
transport for large volumes of cargo on long distance journeys (ALVARENGA AND 
NOVAES, 2000). Brazil is a country of great territorial dimension and one of the 
largest producers of agricultural and mineral commodities, so the intensive use of 
railways in the handling of these loads is extremely important. 

In 1996, when the Brazilian railways were granted to the private sector, the 
transportation of cargo in Brazil has undergone a major transformation. The main 
reason for this is due to the fact that the companies that hold the concessions 
continuously seek improvement and productivity gain in their processes and such 
effort reflects positively on the volume numbers transported. Since the beginning of 
the concessions, the production of rail transport in Brazil has grown by 167%.  

 

 
Figure 1: Railway Transport Production. 

 Source: ANTF, 2020. 

 
During the same period, more than R$ 75 billion were also invested in the railway 
sector. These resources were mostly used to improve and recover the railway 
network, purchase and recovery of rolling stock and acquisition of new technologies, 
among others. 
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Figure 2: Railway Investment 

Source: ANTF, 2020. 
 
 
One of the most important aspects of rail transportation is operational safety. The 
railway modal, in addition to being cheaper, also provides better safety levels, 
compared to the road transport, with lower accident rates and smaller number of 
cargo theft incidents (SANTOS AND SILVA, 2015). 

It is also important to analyze the overall performance of railway taking into 
consideration the operational safety figures. According to ANTT (the Brazilian 
National Agency for Terrestrial Transportation), Article 2 of Resolution no. 1431, a 
railway accident is considered to be an occurrence that, with the direct participation 
of a railway vehicle, causes damage to itself, to people, to other vehicles, to 
buildings/structures, to the permanent way or to the environment, as long as traffic 
stops. In this context, between 1996 and 2019, Brazilian railways managed to 
reduce the Railway Accident Index (IAF) by 85%, observing international safety 
standards. 
 

 
Figure 3: Safety index 

Source: ANTF, 2020. 
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A railway accident is rarely the result of a single event. It is caused by a combination 
of unrelated events that occur simultaneously or in sequence. According to 
information from ANTT, the permanent way is the main cause of rail accidents.  
In this sense, it is extremely important for railways the development and 
implementation of robust maintenance strategies, with the objective of guaranteeing 
not only reduced overall costs, but also operational safety and efficiency. 
 
 
2. COSTS OVERVIEW 
 
 
Railway transport systems are built on a solid and broad base of assets and 
infrastructure, whose configuration and dimensioning are directly associated with 
the outputs that the system will provide to the business. The degradation of the 
assets and components that constitute the system is an inherent factor on 
transportation, making it necessary to carry out maintenance interventions in order 
to establish acceptable levels of safety, costs, availability, efficiency and compliance 
with current regulations. Analyzing the cost structures of a Brazilian company in the 
cargo transportation sector, it is possible to observe the distribution of operating 
costs on 3 major fronts: maintenance, labor (manpower) and fuel. An example of 
the cost structure of a Brazilian freight railway is shown below: 
 
 

 
Graphic 1: Operating costs from a typical Brazilian freight operator 

Source: Author. 
 
 
Although the pillars are presented separately, it is essential to understand the direct 
and dependent relationships that these processes have among themselves. 
Maintenance processes are essential to the operation process as they guarantee 
the appropriate condition of the assets, from the availability and security. These 
aspects directly influence the requirements for meeting production demands, such 
as number of employees, fuel consumption and number of assets. The configuration 

33%
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Maintenance
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Operating costs
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and integration of all these elements ultimately determines the efficiency of the 
transport system and the profitability of the railway business. (INTERNATIONAL 
TRANSPORT FORUM, 2017) 

It is necessary to understand the cause and effect and the relation between the 
pillars shown, as it becomes possible to refine strategic business decisions. As an 
example, if it is desired to improve profitability indicators, it is necessary to 
understand that the simple suppression of maintenance activities will lead to 
decreases in the quality of assets, whose responses comes in the shape of speed 
limits reduction, unscheduled stops and accidents. It is noticed that, in this case, the 
system would lose efficiency, experiencing an increase in fuel consumption, 
additional personnel for operating trains (which would run at reduced speeds), 
higher necessity of wagons and locomotives, emergency and costly interventions 
(especially in catastrophic events, like derailments) and even fines. Therefore, 
based on these formulations, the integrated analysis of processes and costs is 
proposed, aiming the optimization of business results through intelligent decisions, 
also observing the repercussions in the short, medium and long terms (DB AG¹, 
2019) 

Before proceeding with direct budget suppression, in the absence of a proper review 
of the maintenance strategy, the appropriate approach would be through critical 
analysis focused on eliminating waste, which can be manifested in different formats, 
such as inventory, transportation, failures, overprocessing, overproduction, motion, 
waiting and several other elements that influence the productivity of a the 
maintenance process. 

 

 
  

Figure 4: The main sources of waste.  

Source: SKHMOT, 2017. 
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Gillespie (2015) indicates that the optimal point for the cost overview must be 
determined by observing the costs of maintenance interventions and, also, the costs 
of interrupting the use of assets and possible corrections in the event of failures. It 
is also shown that the costs of recovering assets that reached advanced levels of 
degradation (or that remain long periods without major interventions) tend to be 
higher, compared to interventions in the initial stages of degradation. 
 
 

 
Figure 5:Time between Maintenance Intervals versus Cost  

Soruce: GILLESPIE, 2015. 

 
 
In this sense, given the representative figures presented by maintenance costs, and, 
also, the importance of the outputs from this process to the overall business 
efficiency, the permanent way maintenance costs will be addressed in the present 
work. 
 
 
2.1. PERMANENT WAY MAINTENANCE COSTS 
 
The initial analysis of the maintenance processes of railway assets allows us to 
observe that the amounts involved are distributed between maintenance costs of 
rolling stock, which correspond to approximately 30% of the total, and permanent 
way maintenance costs, that corresponds to approximately 70% of total. In this 
sense, the maintenance costs of permanent way can represent about 25% of the 
total railway operations cost, stablishing a direct connection with the business 
profitability. Therefore, it is necessary to understand and elucidate all aspects 
involved in the generation of these costs and, also, to plan maintenance strategies 
that ensure the levels of reliability and availability of the permanent way at the lowest 
possible cost and, then, increasing the efficiency level of the railway system on a 
financial perspective. (SWIER, 2017)  
The permanent way typical constitution is composed by elements of superstructure 
and substructure. The wide variety of materials and components makes it possible 
to build systems with different configurations, which must be adjusted to comply with 
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the main operational and economic aspects of a given railway. The following figure 
illustrates an overview of the classic cross section of the permanent way 

 
Figure 6: Configuration of a typical cross-section of permanent way. 

 
Source: GIANNAKOS, 2016. 
 
 
Generally, the superstructure is defined by the set of materials and components 
installed above the railway platform, which includes ballast, sleepers, rails, 
fastenings, level crossings and switches, in addition to accessories such as anchors 
and joints. Although it was not entirely covered in the image above, from a 
management and sectorial perspective, the substructure is composed not only of 
the formation and base layers, but also of bridges, turnouts, level crossings, 
embankments, cuts, drainage devices and switches. 
In general, both substructure and superstructure systems require the execution of 
maintenance, restoration and renovation services throughout the operating cycle of 
a railway system, making it necessary, therefore, to understand the mechanisms 
that generate these demands and establish efficient policies and strategies to reach 
the necessary levels of operational safety and road availability, linked directly to the 
quality level of the permanent road system. The direct costs of the interventions 
result, mainly, from the direct and accumulated degradation of components, caused 
by the railway traffic, and there is also, although to a lesser extent, the demand for 
the execution of complementary services, caused by adverse environmental 
conditions, such as vegetation suppression, cleanse of drainage devices and 
recovery of flooding points or landslides. The quality of the components used, the 
frequency of interventions and the coverage are the main components of the total 
permanent way maintenance costs, resulting in the general quality of the railway, 
which can be characterized by several aspects. In such a way, obtaining the level 
of track quality to comply with the desirable operational parameters is one of the 
main objects of study of the engineering sectors of Brazilian railway operators, which 
pursuit the development of components and processes that offers the acceptable 
performance parameters with the lowest cost possible. (VEIT, 2020) 
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Graphic 2: Average costs for substructure maintenance of general freight operation 

Source: Author  
 
There are several factors that determine the configuration and distribution of 
permanent way maintenance resources. The main ones are: 
 

• Demand for railway availability and utilization rate; 
• Financial objectives in short, medium and long terms; 
• Funding Sources (government subsidies, shareholders, etc.); 
• Backlog and average age of assets; 
• Components original configuration and railway design; 
• Standardization, procedures and regulations; 
• Skills and competences of manpower; 
• Regionalized costs for components, machines and labor. 
 
Based on these aspects, it becomes possible to establish the strategy for permanent 
way maintenance, which will be explained in the following topics. 
 
 
 
 
3. CONSIDERATIONS ABOUT MAINTENANCE STRATEGIES 
 
Ideally, the permanent way maintenance process can be interpreted as a closed-
loop control system, which is fed back by operational requirements (reliability), 
business limitations (such as regulations, standardization, costs etc.) and inspection 
and monitoring data, which will provide information about the actual condition of the 
assets. The comparison between the dimensioned track quality standards and the 
track quality effectively generated by the maintenance processes and degradation 
(by accumulated tonnage) will generate the maintenance backlogs, whose 
resolutions will be solved based on a maintenance strategy that is able to balance 
the inputs and outputs of this process as efficiently as possible. 
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Figure 7: Maintenance process as a closed loop system. 

Source: Author 
 
 
3.1. MAINTENANCE STRATEGIES 
 
A maintenance strategy can be built from three main perspectives: corrective, 
preventive or predictive maintenance, existing, also, other variations that can be 
mixed (often due to semantic and conceptual divergences) with the previous ones, 
such as the condition-based maintenance. These categories have fundamental 
differences between them and, therefore, it is necessary to understand the main 
aspects of each modality, aiming to comply with the policies, limits, frequencies and 
scope of the interventions that will be carried out on the assets. There is not a 
separation between better or worse maintenance strategy, but rather a better or 
worse choice, adjusted for each system that you want to maintain, observing all 
aspects of the business. (DB AG¹, 2019) 

In general, the different types of maintenance strategy (corrective, preventive or 
predictive) differ, mainly due to the definition of the triggers that will result in the 
execution of interventions in assets. Corrective maintenance is structured in order 
to correct a certain asset based on the identification of the performance reduction 
or its total failure, and it can be classified into scheduled corrective maintenance and 
unscheduled (or emergency) corrective maintenance. Preventive maintenance 
focuses on the execution of services on a periodic basis, based on the temporal 
accumulation utilization of a given asset. The interventions will be carried out 
regardless of the real condition of the asset (services will be executed even if the 
asset is able to keep operating with low failure rates, aiming at the lowest levels of 
risk or unavailability). Predictive maintenance concentrates on the optimization of 
the moment when the intervention is carried out, trying to bring it to as close to the 
failure moment as possible, avoiding the execution of unnecessary services (as well 
as the interruption of the operation) and still considering that the services should be 
scheduled and executed according to the convenience of the operations and the 
business (but before the occurrence of failures or the reduction of the performance 
of the assets to undesirable levels), using, mainly, monitoring and forecasting 
techniques. 

The following table illustrates the main aspects of each strategy: 
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Table 1: Key aspects of the three maintenance strategies. 

Source: DB AG¹, 2019. 
 

Corrective maintenance can be applied with success in systems with low traffic 
demand, where the occurrence of a failure causes few operational impacts, or 
financial impacts, which are lower than the costs of adopting more conservative 
maintenance strategies, such as the preventive one. 
The preventive maintenance strategy becomes a feasible option when there it is 
needed to obtain high levels of availability and general reliability of the railway 
system, or even adopting a financial perspective, when the financial impacts of 
failures in service entails costs of which the order of magnitude exceeds the costs 
of the early and preventive execution of maintenance services, despite the real 
condition of the asset. It is considered a conservative model, which implies 
representative costs, but it is able to provide a high level of reliability and availability  
of the permanent way. Railway systems focused on the mass transit, and systems 
with higher sensitivity to the perception of the service quality, can benefit from the 
adoption of this strategy, especially in the case of systems that receive government 
subsidies. 
Finally, predictive maintenance is characterized by performance based on control 
and monitoring parameters, whose measurement and monitoring, generally, 
requires the use of sensors, computational and analytical tools. One of the 
fundamental aspects of predictive maintenance is the detection of the assets 
condition changes, that allows, after studies and based on a sample of detected 
events, the construction of a predictive model, based on statistics and capable of 
predicting the moment of greatest probability of a failure occurrence, for example. 
In this sense, the interventions can be carried out before failure occurs, based on 
the estimate of the future condition of the asset, allowing enough time to optimize 
maintenance activities, according to the business needs. When compared to the 
preventive model, predictive maintenance could even provide higher levels of 
availability on railway systems, because, in addition to the low probability of 
unexpected failure (and an unscheduled traffic shutdown), the interruption of the use 
of assets for maintenance interventions can be planned to be executed on the 
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system idle period. This strategy can be applied to railway systems that have vast 
and precise inspection/monitoring capacity, as well as service execution 
arrangements that are capable of acting with flexibility and capillarity. 
As discussed earlier, the predictive maintenance strategy can be mixed up with 
other maintenance strategy concepts, such as condition-based maintenance. In 
fact, the differences are subtle, but result in different implications, methodologies, 
complexities and issues. Therefore, it is necessary to explore some aspects that 
underlie the differences between the two methodologies, aiming at the correct 
addressing of the issue and, eventually, adding precision to the decision-making 
processes. 
 
3.1.1. CONDITION-BASED MAINTENANCE, PREDICTIVE MAINTENANCE 
AND LIFE CYCLE COST (LCC) CONSIDERATIONS 
 
In analytical terms, Condition-based maintenance can be considered as a less 
complex model, however, easier to be implemented and with more potential short-
term gains (MCKINSEY, 2017). Depending on the characteristics of each business, 
condition-based maintenance can be taken as a stage prior to an eventual migration 
or implementation to predictive maintenance models.  
Both models focus at anticipating phenomena and signaling problems before they 
turn into critical failures, optimizing the utilization of maintenance resources and 
boosting its overall outputs. They use a frequent monitoring structure, where the 
higher the sampling rate, the greater the accuracy of the systems' accuracy, which 
demands a more robust data transmission, storage and processing infrastructure, 
compared to conventional models. 
Condition-based maintenance uses the monitoring data for a given parameter to 
issue alerts when specific triggers have been exceeded, which can be established 
by either human intervention, past experiences, norms or process-controlling 
techniques, like 6-sigma (based on means and standard deviations) or other. Thus, 
upper and lower limits are established which, given the policy of frequent monitoring, 
are identified as soon as they are overreached, enabling the analysis and request 
of the execution of maintenance activities. (SCHOONHOVEN et al, 2011) 

 
Figure 8: Condition limits for variable monitoring. 

 Source: NEUROSPACE, 2019. 
 

On the other hand, the predictive maintenance strategy uses historical data to apply 
statistical and probabilistic models, seeking to estimate the future condition of the 
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monitored variable. In this aspect, the main difference lies when compared to the 
condition-based maintenance model, since, in predictive maintenance, the triggers 
for intervention will be generated from the prediction of future events, whereas in 
the condition-based models, the triggers will be triggered from the actual value of 
the monitored variable. 

 
Figure 9: Dynamic limits for predictive variables. 

 Source: NEUROSPACE, 2019. 

 
In a less complex approach, it is possible to affirm that all processes that are 
oriented by triggering limits that precedes a failure carry on aspects of condition-
based maintenance. Examples include wide gauge control policies on the 
permanent way, where the intervention limits tend to be triggered long before the 
value at which the train will invariably derail. The figure below illustrates a simplified 
gauge degradation control process, whereas the gauge variation is monitored by 
track geometry recording vehicles (TGRVs). Once a given maintenance trigger is 
reached, the correction services can be performed, recovering fully or partially the 
original condition of the asset. 
 

 
Figure 10: Example of an effective application of a simplified condition-based maintenance. 

Source: Author 



21 
 

 

However, gauge inspection systematics carried out at intervals between cycles 
entail the need to adopt more conservative limits, keeping sufficient distance from 
the failure limit, given that the actual value of the monitored variable will not be 
known with sufficient accuracy and punctuality so that the gauge can be corrected 
when it reaches a trigger closer to the real point of failure. Thus, condition-based 
models that do not have well-adjusted cycles or that are not supported by very 
conservative maintenance triggers can generate inefficient responses to the 
maintenance process, as can be seen in the example below: 

 
Figure 11: Example of an ineffective application of a condition-based maintenance due to poor 

inspection cycle dimensioning 

Source: author. 

 
In the example highlighted in the figure above, the TGRV was not able to detect the 
rapid degradation of the asset condition, because in one of the intervals between 
inspection cycles (shadow zones), the actual gauge value exceeded the 
maintenance limits established and evolved in an accelerated way to the service 
failure condition, resulting in a derailment. Alternatively, when there are limitations 
to increasing the frequency of monitoring (or, also, when the mean time to repair is 
higher), but there is a solid and reliable data base for the monitored variable, it can 
be possible to build statistical models that can estimate the variation of the 
parameter of interest. In the example taken, the gauge variation, based on historical 
data, can be estimated even in the shadow zones, enabling the issuance of service 
orders for gauge fixing before the occurrence of critical and catastrophic failures. 
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Figure 12: Example of an effective application of a mixed condition-based maintenance integrated 

with a predictive model. 

Source: Author. 

 
Finally, in addition to the anomaly monitoring and intervention strategies, 
considerations must be made about the life cycle of the assets, especially when a 
financial perspective is adopted for decision making. As assets are degraded over 
their useful life, corrective activities may not be sufficient to fully recover the original 
condition of the asset, with other interventions tending to occur more frequently (and 
therefore, more frequently incidence of costs in the timeline). The sum of the costs 
of interventions (and possible impacts of failures) in a given time window is thus 
compared to the total cost of the new (or renewed) asset. Thus, total track renewal 
may be an efficient strategy, on the financial perspective. (DB AG¹, 2019) 
 
 

 
Figure 13: Example of a total track renewal triggered by life cycle cost analysis of a given asset. 

Source: Author. 
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It is important to understand that the decision regarding the adoption of a given 
maintenance strategy must be observed not only by the direct costs that it implies, 
but by the benefits and overall cost avoidance that it can provide to the entire 
transportation system. Still, it is important to emphasize that the maintenance 
strategy must observe regulatory and legal aspects of each business model, aiming 
at sustaining parameters that fully comply with the requirements. Therefore, the 
determination of the best strategy for permanent way maintenance requires 
multidisciplinary investigation and deep knowledge about the nuances of the 
business. 
 

 
 

Figure 14: An integrated perspective for permanent way maintenance strategies. 
Source: Author. 

 
 
3.2. INDUSTRY 4.0 
 
The advent of new technologies and the wide range of possibilities that have been 
granted concerning the improvement of asset management techniques makes it 
important to include the subject Industry 4.0 (or the Fourth Industrial Revolution) in 
discussions about maintenance strategies. As an example, the use of autonomous 
and high-precision inspection systems boosts efficient asset control, based on 
practices such as feature tracking and condition monitoring. With this, it is possible 
to trace the behavior of a given asset, providing an understanding of fundamental 
aspects, such as degradation rates. (OLIVEIRA, 2019)  

In this context, the large set of data obtained from the use of these technologies is 
also presented, forming a base known as Big Data. Often, due to the large volume 
of data, the storage, processing and analysis of this database require the use of a 
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very robust IT infrastructure, given that conventional operation by analysts on 
personal computers would make this process inefficient. However, although it is 
necessary to make these resources compatible, Big Data analysis with 
sophisticated tools makes it possible to explain correlations that would hardly be 
possible with the manual processing in reduced data sources, compatible with 
human operation. Thus, the advanced processing of the extensive accumulated 
databases, added to the use of well-designed statistical methods, allows the 
construction of forecasting models, creating some of the necessary bases for the 
implementation of the predictive maintenance strategy. (OLIVEIRA, 2019) 

 

3.2.1. DATA SCIENCE 
 
Data Science is a set of fundamental principles that describe and guide the process 
of transforming data into useful information and knowledge. It involves procedures 
and techniques for understanding phenomena through automated analysis, 
combining big data and machine learning, also considering subjects such as 
statistics, analytics and mathematical methods that aim to process data and identify 
correlations and patterns, among others. (OLIVEIRA, 2019) 

Since the 1990s, the use of the acronym BI (Business Intelligence) has become 
common, being similar to Data Science, in terms of objectives: converting raw data 
into directions for the decision-making process. BI can provide analytical techniques 
that have been applied to organizations' systems and covers relational data storage, 
statistical methods and data mining techniques. With this, it is possible to employ 
descriptive and predictive analysis, which, together, are able to generate predictions 
of phenomena and events, based on historical data. (OLIVEIRA, 2019) 

In addition to BI, Data Science seeks, through advanced mathematical and / or 
statistical methods, to generate predictions from a larger volume and variety of data, 
also generating insights that are extremely relevant to the future of the organization 
and with great accuracy. In a simplified way, the application of big data and data 
science to maintenance processes is based on three stages: inspection (collection 
or sensing), processing and programming. In the first stage, all relevant information 
of one or more assets is collected through inspection equipment and, in the second 
stage, this information is stored in a single database, also supplied with general 
information, such as failure history, among others. This database is processed with 
the help of Big Data and advanced statistics tools, such as deep learning and 
artificial intelligence, which, based on the collected and related data, are able to 
identify the expected time of occurrence of a given event of interest (such as a 
failure, for example) and recommending, in this way, an action to avoid the 
unavailability of the asset, allowing the development of the third stage - the 
programming (or scheduling) of the interventions. (OLIVEIRA, 2019) 
 
 
 
3.3. ASSET INSPECTION 
 
As presented on previous topics., the inspection of assets is a fundamental 
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component of the maintenance processes, since, starting from this point, it is 
possible to characterize the condition of the permanent way from different 
perspectives and, from then on, address resources and services, upon reaching 
specific triggers of the adopted maintenance strategy. The permanent way 
inspection aims to provide proper classification, quantification and evaluation of the 
general super and infrastructure components and the track geometry, which can 
have direct implications for the dynamic behavior of the trains, and vice versa. 
Therefore, it is essential to monitor, in addition to the components and the track 
geometry, the dynamic response of the railway vehicles, with the purpose of 
reducing the degradation of the permanent way, the rolling stock and the risk levels 
of accidents. The figure bellow illustrates the main aspects involved in inspection 
and monitoring routines: 
 
 

 
Figure 15: Main objectives of permanent way inspection and monitoring. 

 Source: Author. 

 
3.3.1. COMPONENT INSPECTION 
 
Track component inspection covers both superstructure and infrastructure 
elements. In this part, the objective is the creation of quantitative and qualitative 
information about the greatest possible number of components of permanent way, 
that is, the counting of the number of existing components and the evaluation of the 
condition of each one, through criteria that can vary from according to business 
rules. Thus, through component inspection, it is possible to obtain data on degraded 
sleepers ratio, general backlog of rails (considering wear, fatigue and surface 
defects), degree of obstruction of drainage devices, degree of contamination and 
dimensions of ballast sections and wear of switches, among many others. The 
methodology, periodicity and criteria of the component inspection may vary 
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according to the specificities of each business, making it possible to establish 
principles that range from carrying out annual walking inspections, with human eye 
assessments and manual counting, to sensors, scanners, ultrasound devices and 
GPRs (ground penetrating radar) installed in unmanned vehicles, capable of 
generating information at high frequency, low subjectivity and a high degree of 
accuracy. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 16: Walking versus mechanized inspections, for track components assessment. 
 Source: PAVEMETRICS, 2019. 
 
 
3.3.2. TRACK GEOMETRY INSPECTION 
 
The track geometry has a direct impact on the dynamic response of railway vehicles 
and is also one of the main parameters used for calculating speeds and other 
operational premises. For this reason, limits and tolerances are established 
according to the specifics of each business, aiming to reach the desirable levels of 
operational safety and efficiency. However, the track geometry is also influenced by 
the efforts imposed by vehicle traffic, which promote the displacement, deformation 
and degradation of the superstructure and infrastructure components, thus affecting 
the spatial configuration of the permanent way. Also, the natural degradation of the 
components, such as, the decomposition of the wooden sleepers, can promote 
changes in the geometric parameters of the track, causing, therefore, changes in 
the dynamic responses of railway vehicles. It is also important to consider the 
influence of infrastructure conditions on the geometric parameters of the 
superstructure. Therefore, given the complexity of the discipline, the track geometry 
is analyzed over a wide range of parameters, through which it is possible to establish 
an assessment of the railway pavement general quality, to make decisions on 
operational variables (such as speed, size of trainsets and loads, for example) and 
also monitor the degradation rates of the permanent way.  
Often, track geometry limits are determined by objective technical standards. The 
assessment of track geometry can be performed by means of many techniques and 
instruments, being possible to perform, from punctual measurements, with manual 
instruments, to extensive measurements by manned and autonomous vehicles, with 
high precision and productivity. The decision about the inspection system for track 
geometry must be analyzed from different perspectives, aiming mainly to get the 
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largest number of conclusions and findings possible from the data obtained. 
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Figure 17:(a) Manual track geometry inspections, (b) Manned track geometry recoding vehicles 
and (c) Unmanned/autonomous track geometry inspection systems. 
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3.3.3. DYNAMIC RESPONSE 
 
The dynamic response of railway vehicles, as already explained, can represent the 
railway pavement quality and, in particular, the track geometry condition. In this way, 
monitoring vehicle behavior can provide important responses for risk management 
and corrective services prioritization, also generating reduction on the degradation 
levels of both permanent way and rolling stock.  
It is possible to assess the dynamic response from several points of view, such as 
analysis of manned inspectors on board the vehicles, external observations of the 
oscillation of the trains and the installation of sensors at points of interest in the 
railway vehicles, seeking the precise measurement of parameters such as 
acceleration, angular speeds, heading and vibration. Yet, with a higher complexity 
level, from the component and track geometry data, it is possible to simulate the 
dynamic response of railway vehicles on specific platforms, which is an interesting 
alternative from the perspective of risk reduction -in cases where a certain 
operational model is of interest, the possible dynamic response can be anticipated 
on a simulated environment.  
 
 
 

 
  
 
 
 
 

(a) 
 

 
 
 
 
 
 

(b) 
 

Figure 18: (a) Dynamic inspection by human observation and (b) example of sensors mounting. 
 
 

3.4. OPERATIONAL EFFICIENCY 
 
Transportation, from a macroeconomic point of view, is a fundamental service 
sector, that intermediates and connects supplier and client. In other words, 
transportation isolated does not create wealth, but it is fundamental to the sustain 
and develop the world economies. (BUSTAMANTE, 2005). 
One of the objectives of this work is the pursuit of possibilities to improve efficiency 
and productivity, increase profitability and raise customer satisfaction through the 
reduction of costs and cycle, improving the global performance of the transport and 
the use of the employed resources (MOREIRA, 2004). 
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The main objective of the railway transportation process is to meet and address 
customers necessities, for which is necessary to gather the transportation demands, 
and calculate the productive capacity needed, taking into consideration network 
availability, asset availability and operational manpower resources. From these 
main points, the major operational premises can be defined, being the production 
cycle one of the most important premises to be observed. 
The production cycle is defined as the process that begins in a stage prior to the 
loading of the wagons and ends when these wagons, after being unloaded, reach 
the starting point again. 
The cycle diagram can be seen in the following figure: 
 

 
 

Figure 19: The railway cycle diagram. 
Source: Author. 

 
Therefore, the cycle is related to productive capacity. This relationship can be 

described as follows: 
 

 
Where: 
 
PC: Productive capacity  
CV: Wagon capacity 
Dias: Period you want to raise the capacity 
Cycle: Wagon cycle 
 
The production cycle is inversely proportional to the productive capacity, in other 
words, reducing the cycle of wagons with the elimination or optimization of 
unnecessary process stages is essential. That’s a simple way to understand the 
impacts that maintenance activities and asset failures promotes in the overall 
wagons cycle. This relation can be depicted by Figure 20, where each stage that 
composes the wagon cycle can be seen -track anomalies exerts direct influence on 
the transit time of loaded and empty trains. 
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Figure 20: Transit time on railway cycle diagram. 

Source: Author. 
 
The following concepts are going to be presented, in order to facilitate the 
comprehension of the methodology adopted for conducting the estimation of 
impacts: Loaded Transit Time and Empty transit time (LTT e ETT)  
 
 

• Loaded transit time (LTT): is the accumulated time from the departure of the 
loaded wagon from the origin yard or from the Interchange Yard until the 
arrival of the wagon at the destination yard. 

 
• Empty transit time (ETT): is the time accumulated from the departure of the 

empty wagon from the origin yard or from the Interchange Yard until the 
arrival of the wagon at the charging yard. 

 
The transit times of the trains (LTT and ETT) are composed by the sum of two 
portions, the THC (Train-Hour Circulation) and THS (Train-Hour Stopped). In other 
words, the train circulates for a period of time between the yards and is stopped for 
some reason, such as track maintenance and crossing with other trains, or standard 
activities, such fueling and crew shifting.  

 
 
4. METHODOLOGY AND CASE STUDY 
 
The present study aims to evaluate the permanent way maintenance strategy of a 
Brazilian freight railway, in order to enable the elaboration of diagnoses, the 
investigation of hypotheses and the elaboration of proposals over the current 
strategy. 

As presented in the previous topics, the effectiveness of the maintenance strategy 
must be evaluated from several perspectives, in addition to the financial one. Still, 
the integrated view of the production chain suggests that maintenance processes 
must be interpreted as means, not ends, of the railway business. Thus, in order to 
characterize the effectiveness of the strategy of a Brazilian railway operator, two 
main aspects should be adopted for evaluation: track reliability (or operational 
safety) and operational efficiency. Although there are several other perspectives that 
deserve to be analyzed, the verification of these two disciplines already represents 
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an evolution in relation to the principles currently adopted by the observed company, 
where the current arrangement between maintenance processes and railway 
operation results in some conflicting KPIs, imprecise budgeting and additional costs 
for both parties. 

For the assessment of operational safety, the numbers of failures, speed restrictions 
and railway accidents caused by permanent way anomalies in a 24-month period of 
railway operations will be presented. Failure and derailment events will be 
addressed in greater depth, seeking to create correlations between the severity of 
events and the effectiveness of the preventive mechanisms (inspection). 
The repercussion of the reliability outputs of the permanent way and its impact on 
the operational efficiency of the rail system will also be analyzed. To this end, 
specific indicators will be implemented to make it possible to relate and quantify any 
effects related to permanent way anomalies. 
 
 
 
4.1. GENERAL INFORMATION 
 
Below, it is presented the main characteristics of the railway, taken as the study 
object for the present work: 
  
Cargo Bulk cargo (58%), grains (40%) and iron ore (2%) 
Ownership Private owned company, leasing of the operational goods 

(state-owned assets), no subsidies from government. 
Locomotives 700 
Cars 24.000 
Employess 7.000 
Lenght (active 
network) 

6.500 km, 100% single track 

Gauge 1.000 mm (75%) and 1.600 mm (15%) 
Corridors 5 
Average speed  32 km/h 
MGT High density corridors (40%): 15-30 MGT 

Low density corridors (60%): 1-5 MGT 
Sleepers Wood (80%), concrete (18%) and steel (2%) 
Rail profile TR-68 (14%), TR-57 (25%), TR-50 (5%), TR-45 (11%) 

and TR-37 (45%) 
Fastening High density corridors: Elastic clips 

Low density corridors: Rigid (screws and spikes) 
Axle load 18-25 ton / axle 
% curvas 50%, predominantly 
Switches 2.250 

 

Table 2: Key aspects of the three maintenance strategies. 

 Source: Author. 
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Inspections of permanent way components are carried out entirely by network 
patrolling, with manual accounting and classification of observation items. For track 
geometry inspections, two manned vehicles are used as a priority, in addition to 
punctual inspections carried out manually in specific situations. Dynamic response 
assessments are carried out on demand, conducted by experienced professionals 
who travel on trains and register track quality information from their perceptions. 
Specific analysis of dynamic response are also carried out occasionally, on multi-
body simulation platforms, especially when it is necessary to further investigate the 
causes of accidents or when the objective is to promote changes in train 
configuration or in other operational aspect. 

The analysis of the reliability data, alone,  does not diagnose the effectiveness of 
the maintenance strategies adopted because, as presented in the previous items, it 
is necessary to understand if the outputs obtained with the maintenance processes 
are sufficient to achieve the expected results for the business. However, an 
alternative approach can be presented, seeking to verify if alternative models have 
the potential to generate better results in terms of network availability, operational 
safety and overall costs, compared to the current configuration. 

 
 
4.2. DIAGNOSIS OF THE MAINTENANCE PROCESS 
 
4.2.1. RELIABILITY PERSPECTIVE 
 
The effects of the permanent way maintenance strategy, adopted by the railway 
taken as the subject of the case study, can be seen in the table below: 
  

High density 
 corridors 

Low density 
corridors 

Components assessment 
cycle 1/year 1/year 

Track geometry inspection 
cycle 3-4/year 2/year 

Dynamic response 
inspection cycle on demand on demand 

Maintenance strategy 
Schedulled and 

emergency corrective 
and preventive 
maintenances 

Schedulled and 
emergency 
corrective 

maintenances 
Budget share 65% 35% 
Speed-restricted extension 40% 20% 
Share of derailments 24% 76% 
Share of service failues 44% 56% 

 

Table 3: General data f rom permanent way maintenance process. 

Source: Author. 
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For the output analysis of the maintenance process, from the reliability perspective, 
the evaluation of failures and derailments that occurred in a two-year period were 
considered. The graph below illustrates the distribution of these events, with the 
classifications of the detection agents: 
 
 

 
 
TGRV: track geometry recording vehicle; US: ultrasonic inspection (rails); Service failure: conditions reported by train drivers 

 

Graphic 3: Traf fic shutdown events due to track-related issues, by detector. 
 Source: Author. 
 

 
The graphs below show the main causes of derailments, the main types of 
anomalies found by trains and those detected by inspection mechanisms. 
 

 
Graphic 4: Derailment distribution, by cause 

Source: Author. 
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Graphic 5: Service failure (train detection) distribution, by cause. 

Source: Author. 

 
 

 
Graphic 6: Number of anomalies identified by means of inspections. 

Source: Author. 
 
 
The analysis of the data makes it possible to establish a relationship between the 
number of anomalies identified by means of inspections (walking inspections, TGRV 
and US), by the trains (service failure/warnings) and by means of derailments, where 
the identification is late and involuntary. Analyzing specifically this last anomaly 
class -derailments, it is understood that the maintenance efforts should prioritize the 
maximum reduction of these events, through early detection and execution of 
preventive/corrective services of the generating condition. Considering, a financial 
perspective, understanding the feasibility of this alternative (early identification and 
correction of anomalies that can cause accidents) does not require complex 
calculations, since anomaly correction services must be performed invariably when 
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derailments occur, so that circulation on the track is reestablished. However, in 
addition to the direct costs involved in the correction, which could have been done 
in advance (if detected), additional costs will be incurred as a consequence of the 
derailment, such as traffic interruption, extension of track deterioration and damages 
to the rolling stock, in addition to other problems and costs that may arise according 
to the severity of the accident, such as fines, indemnities and even cancellation of 
the operating license by the granting authority. 
 
 
 

 
Figure 21: Sketch of the relation between Early faults (detected by walking inspectors, TGRV and 

US), service faults (reported directly by trains) and catastrophic events (derailments) 

Source: Author. 

 
The analysis of the correlation shown in the pyramid of above allows us to conclude 
that, of a given number of track anomalies in the railway, 26% of the anomalies were 
not detected in advance by the inspection agents, and almost 20% resulted in 
catastrophic events (derailments and railway accidents). Therefore, the conclusion 
is that it is necessary to increase the inspection capacity of the system, which 
represents a possibility of reductions of the train-detection of anomalies and of the 
derailment number. In other words, the maintenance strategy of this railway must 
aim, initially, the widening of the base of the pyramid, in order to carry on as many 
anomalies as possible to the inspection-detected failure zone. The idea is illustrated 
by the image bellow: 

 

 

Figure 22: “Curve f lattening” for network failures caused by track-related issues 
Source: Author. 
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However, despite being logical and more feasible than the one currently used, the 
aforementioned model would still be characterized by frequent interruptions on rail 
traffic, caused by the increased capacity of inspection agents and anomalies 
detection. During the accommodation period, until the new anomaly detection level 
can be accommodated and normalized by the maintenance fronts, some noise in 
process control is expected, requiring frequent adjustments and route corrections. 
Therefore, several opportunities for maintenance strategy proposals and solutions 
appears, so that it can be proven to be more efficient for the railway business, 
according to an integrated perspective. Thus, the hypotheses raised will be 
presented in the subsequent topics. 
 
 
4.2.2. OPERATIONAL EFFICIENCY PERSPECTIVE 
 
The data analysis of reliability makes it possible to understand part of the effects of 
the maintenance strategy based on the observation of the number of failures 
occurrences and railway accidents and their respective financial impacts. However, 
in addition to the direct costs of failures and accidents, related to damage to assets 
and corrective services, it is important to measure the operational impacts caused 
by the quality of the railway. 

The general quality of permanent way is a result from decisions and actions related 
to the execution of maintenance processes, the operational availability and 
efficiency of the railway system. Thus, seeking to elucidate parameters for 
measuring operational impacts, it is possible to analyze the indicators of TT (transit 
time) and THS (train hour stopped), through which it is also possible to establish 
approximations of impacts from a financial perspective. 

In this way, it becomes possible to establish the required hypotheses and seek, 
through bibliographic review and experimentation, to build a maintenance strategy 
that can promote improvements in the identified pillars and, thus, improve the 
efficiency, productivity and profitability of the business. 

As explained in the operational efficiency topic, the increase in train hour stopped 
(THS) provides an increase in loaded transit time (LTT) and empty transit time (ETT) 
that promotes an increase in the cycle and consequently decreases the production 
capacity. 

The TT (transit time), THC (Trains hour circulation) and THS (train hour stopped) 
per train was calculated as shown in tables 4 and table 5 for loaded and empty trains 
respectively. As a project proposal, we focus on the impact of THS of a permanent 
way. 

The permanent way impact in THS (train hour stopped) was calculated for the main 
train flows that constitute each of the company’s corridors. 
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Table 4: Loaded train transit time 

 
Source: Author 

 

 
Table 5: Empty train transit time 

Source: Author 

 
By the implementation of the proposed work, a reduction of anomalies occurrences 
in the permanent way is projected. With the permanent way THS data, it was 
calculated the portion related to anomalies in the railway network for each corridor 
of the analyzed company. 
 

Corridor 1 Corridor 1 Corridor 3 Corridor 4 Corridor 5
TT = THC+THS 35:25 17:51 41:30 22:36 23:24 

THC 22:38 13:35 31:03 17:44 17:52 
TOTAL THS 12:47 04:15 10:26 04:51 05:31 

OCC THS 05:31 02:34 03:47 01:26 01:41 
YARD THS 01:23 00:28 01:15 00:53 01:34 

PERMANENTE WAY THS 01:57 00:38 02:08 00:51 00:36 
OPERATION THS 01:15 00:22 01:45 00:59 00:36 

LOCOMOTIVES THS 00:31 00:03 00:25 00:23 00:41 
ELECTRONICS THS 00:12 00:02 00:10 00:06 00:03 

ACCIDENT THS 00:09 00:00 00:13 00:03 00:08 
WAGONS THS 00:14 00:03 00:20 00:01 00:10 

CONSTRUCTION THS 00:00 00:00 00:00 00:00 00:00 
PORTS AND TERMINALS THS 01:30 00:01 00:18 00:06 00:00 

LTT

Corridor 1 Corridor 2 Corridor 3 Corridor 4 Corridor 5
TT = THC+THS 37:32 15:01 44:28 20:48 22:39 

THC 22:51 11:39 31:47 18:27 17:52 
TOTAL THS 14:40 03:21 12:40 02:20 04:47 

OCC THS 06:07 01:52 04:40 00:38 01:39 
YARD THS 02:15 00:35 01:11 00:23 00:48 

PERMANENTE WAY THS 01:51 00:25 02:31 00:27 00:47 
OPERATION THS 01:26 00:17 01:21 00:33 00:47 

LOCOMOTIVES THS 00:27 00:04 00:26 00:09 00:22 
ELECTRONICS THS 00:17 00:02 00:07 00:02 00:03 

ACCIDENT THS 00:06 00:00 00:17 00:03 00:05 
WAGONS THS 01:17 00:01 00:16 00:01 00:13 

CONSTRUCTION THS 00:00 00:00 00:00 00:00 00:00 
PORTS AND TERMINALS THS 00:51 00:01 01:46 00:01 00:00 

ETT



38 
 

 
Graphic 7: Permanent way detail per type of impact 

Source: Author 

 
Using the percentage of corrective maintenance by anomalies generated per 
corridor, it is calculated the THS impact referred to permanent way anomalies. The 
results is shown in table 6: 
 

 

Table 6: Permanent way impact by anomalies 
Source: Author. 

 
Having the THS per train caused by permanent way anomalies for loaded and empty 
trains, it is possible to calculate the cycle of wagons reduction based on anomalies 
reductions by the proposed work. 
 
 
5. HYPOTESES FORMULATION 
 
The hypotheses surveying is a fundamental step when evaluating an initiative that has the 
potential to promote changes in processes and organizations. Thus, the hypotheses raised 
must be investigated, gathering information that can confirm or reformulate the possibilities 
raised. 
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Figure 23: From information about hypotheses to intervention. 

Source:  DB AG², 2019. 

 
Under this context, from the analysis of the information gathered from the case study, the 
following hypotheses were stablished, which will be invested in the present work: 
 

• The efficiency of the maintenance process for the permanent way is directly related 
to the quality and sampling of inspections. 

• Reducing inspection intervals, or the increasement of inspection cycles quantity can 
reduce maintenance costs. 

• Predictive and condition-based maintenances have the potential to drive down 
railway's overall operating costs. 

 
 
6. LITERATURE REVIEW AND HYPOTHESES EXPLORATION 
 
The first hypothesis -the efficiency of the maintenance process of the permanent way is 
directly related to the quality and sampling of the inspections- emerges from the 
observations of the analyzed data, where it was possible to verify that 26% of the permanent 
way failures are not detected by inspection mechanisms (ultrasonic inspection, TGRV and 
walking inspections). Since the data analyzed refers to network interdictions, it appears that 
the anomalies identif ied by inspector were effectively resolved, which is the condition for 
restoring rail traffic. It is still possible to speculate about the services performance quality, 
but it will the assumed that the activities were properly carried out. 
Walking inspections were able to detect 41% of critical anomalies that demanded an 
immediate intervention on the permanent way. Thus, it is understood that the analyzed 
system has a large sample of anomalies yet to be identif ied, given that most anomalies are 
identif ied through a less productive and less precise method -the walking one, when 
compared, for example, to an inspection carried out via track geometry recording vehicles 
(TGRV). This idea is sustained by the fact that trains are also detecting anomalies and 
derailments are occurring, indicating that the preventive methods for anomalies detection 
delivers an inefficiency of almost 26%. 
 
According to Nasa (2008), the degradation of assets tends to be easily detected the greater 
is the level of accumulated degradation. Thus, the degradation evolves from a perfect level 
until, due to the accumulated use of the asset, the degradation process begins and, due to 
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the small size or extent, may eventually not be detected by the available inspection 
mechanisms. The point from which the degradation is identif iable is called the “Point P” 
(potential failure), being possible, from then on, to establish the monitoring of asset condition 
until the end of its useful life -or its failure point  (“Point F”). 
 
 

 
Figure 24: P-F curve. 

Source: Adapted from NASA, 2008. 
 
From the graph above, it is possible to understand that maintenance interventions must be 
planned and executed within the interval between points P and F, aiming to avoid the 
allocation of resources where the degradation is reduced to a point that it cannot even be 
detected (therefore, avoiding possible unnecessary expenditure) and after point F, where 
the failure occurs and makes it impossible to use the asset, with possible additional 
consequences according to the severity of the failure. 
The more accurate the inspection systems available, and the more frequent the data 
collection cycles, as well as the sampling rate, the greater the chances of obtaining asset 
degradation trending curves, making it possible to build better models which, depending on 
the quality of the inspections and the predictive tools used, are able to determine safety and 
risk intervals for the operation of the assets. Thus, the possibilities for early and late 
expenditure of maintenance resources can be reduced. 
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Figure 25: Conceptual Degradation Detection 
Source: NASA (2008). Reliability-Centered Maintenance Guide for Facilities and Collateral 
Equipment. 
 
Gillepsie (2015) highlights that, in order to be successful in a condition-based maintenance 
strategy, the following aspects must be observed: 
 

• The potential point of failure must be clearly defined 
• The interval until the final point of failure must be clearly defined 
• The time elapsed between the discovery of the potential failure point and the 

occurrence of a failure must be long enough for maintenance actions to be taken. 

 
Veit (2020) developed a model for monitoring and forecasting degradation of the permanent 
way using data from track geometry, having been able to obtain useful information for 
directing geometric correction resources, carrying out total track renewal, and even for 
indication of locations with possible ballast and subgrade anomalies. The methodology was 
applied to several railways, such as SBB (Switzerland), OeBB (Austria), ProRail 
(Netherlands), Bane NOR (Norway) and Banedanmark (Denmark). 
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Figure 26: Regression Model driven by Track Geometry past data. 
Source: VEIT, 2020. 

 
 

Yeo (2017) developed models for monitoring and forecasting the degradation of the 
permanent way through the use of inertial sensors placed on rolling sotck, being also able 
to determine the total stiffness of the track. Among the hypotheses evaluated, the study 
concluded, through the experiments carried out, that it is possible to align and compare 
multiple runs on the same line, making it possible to create a method for assessing and 
forecasting degradation rates over time. 
The references presented support the hypothesis that it is possible to predict the 
degradation of assets through precise inspection models with adjusted sampling rate and 
cycles, as this information can be used to direct maintenance resources at priority points, 
in a timely manner. 
 
The second hypothesis created - “The reduction of inspection intervals, or even the increase 
in the inspection cycles number, is capable of promoting the reduction of maintenance 
costs” - is part of the theme addressed by Kasraei et al (2020), where investigations and 
experiments were conducted on the influence of the interval between inspection cycles of 
permanent way and the total maintenance costs. On the study, statistical models were 
developed to generate predictions of degradation of track geometry, in addition to a model 
for forecasting maintenance costs generated for different scenarios, which varied mainly in 
relation to the interval between track geometry inspection cycles, with the use of a TGRV. 
The figure below illustrates the correlation described by the authors: 
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Figure 27: Total maintenance costs for different time between inspection intervals. 
Source: KASRAEI et al, 2020. 

 
The analysis of the image above allows us to understand that it is possible to determine an 
optimal point for minimum maintenance cost by varying the interval between inspections. It 
is important to note, however, that a very high sampling rate will result in higher inspection 
costs, too; on the other hand, very low frequencies do not allow the early identif ication of 
anomalies, resulting in a higher number of emergency corrective interventions (which 
interrupts traffic abruptly) or in a higher number of interventions carried out in more 
advanced stage of degradation, that tend to be more complex and expensive. 
 

 
PM = preventive maintenance / CM = corrective maintenance 

Figure 28: Overall maintenance costs composition. 
Source: KASRAEI et al, 2020. 

 
The study's conclusions reinforce the hypothesis that the reduction of the interval between 
inspection cycles may promote reductions in overall maintenance costs, provided that the 
inspection costs are not excessively increased. Thus, looking for alternatives that can 
generate greater inspection productivity and with reduced costs is a viable path to be 
applied to the railway taken as a case study in the present work. 
 

The third hypothesis raised - predictive maintenance, or condition-based, has the potential 
to promote a reduction in the global operating costs of a railway- was the subject of the 
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experiences reported by Staplin (2014). The work justif ies the use of Big Data and Data 
Science as one of the only feasible ways for AMTRAK to achieve one of its strategic 
objectives: the reduction of up to 60% of derailment events in 16 years. Therefore, Staplin 
reinforces the need to increase the volume and the quality of data used. Dick (2014), 
presents the results generated by the installation of inertial measurement units in wagons, 
whose practice, associated with platforms that allow the superimposition (or clustering) of 
events, was able to highlight points with accelerated degradation. The correction of 
anomalies made it possible to reduce almost 80% of the financial losses generated by 
derailments. 
 
Still, Melish (2014) presents the work developed by CSX, where the effects of the 
implantation of a high precision track inspection vehicle, productivity and number of 
monitoring parameters are presented. In general, there was a substantial increase in the 
amount of information collected per inspection cycle, compared to conventional models and, 
thus, also in association with ultrasound equipment and the use of vehicle-track interaction 
monitoring systems, CSX was able to reduce 57% of permanent way anomalies in 5 years. 
 

 
Figure 29: CSX’s results obtained from the implementation of condition-based maintenance for 

inf rastrutcture. 

 Source: MELISH, 2014. 
 
In a broader approach, the studies developed by Mckinsey (2017) projected reductions 
between 10% and 15% in overall railway maintenance costs from the implementation of 
condition-based maintenance strategies. It is also estimated that the combination of 
condition-based with predictive maintenance strategies can promote reductions of 15% to 
25%. 
The studies carried out by Mckinsey (2017) were based on the European rail transport 
model, with different characteristics from the Brazilian freight transport railways, and 
included a view of the gains in efficiency in the maintenance processes of both permanent 
way and rolling stock -which will not be considered in the present work. However, the 
hypothesis that the data-driven, analytical and technological approach have the potential to 
promote significant cost reductions in railway systems is positively reinforced. 
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Figure 30: Expected benefits for the implementation of new maintenance strategy models. 

Source: MACKINSEY, 2017. 
 
 
7. PROPOSITION 
 
The hypotheses analysis and the reinforcement obtained by the literature research 
indicate that the review of the maintenance strategy with an integrated and 
technological approach is capable of promoting global cost reductions, increased 
levels of operational safety and efficiency of the transportation system.  

Given that the analyzed environment already holds maintenance practices and 
processes ingrained over many years, the proposal for possible changes should 
also be analyzed from the perspective of the global costs of change, as well as the 
preparation of the environment for greater permeability of the proposals. 
 

 
 

Figure 31: Creating Changing readiness. 
Source:  DB AG², 2019. 

 

Although the focus of the present work is on the technical and financial evaluation 
of a possible revision of maintenance processes, it is important to point out that the 
cultural aspects of the change must be extensively explored, before eventual 
changes begin. 

Thus, based on the foundations presented, a proposal for migration of maintenance 
strategy for the railway adopted as the object of study will be presented in this topic, 
and the expected impacts will also be evaluated and quantified. In addition, in the 
subsequent topics, the financial feasibility analysis of the project will be presented, 
as well as the risk analysis and the implementation planning. 
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7.1. INSPECTION SYSTEMATIC REVIEW 
 
 
The outputs of the railway reliability process related to opportunities to reduce the 
detected anomalies number and, also, the number of derailments. This conclusion 
is made possible by the fact that most of the anomalies are detected through walking 
inspections, therefore, there is room for using more accurate and productive 
equipment for permanent way inspection, aiming to identify the anomalies not found 
by inspection teams (which causes service failures and derailments). It is important 
to emphasize that it is not just a matter of acquiring and operating sophisticated 
inspection systems, but promoting the entire infrastructure for the transmission, 
storage and analysis of the collected data, in addition to manpower training to 
ensure the sustainability and independence of engineering and planning teams.  
In a simplified view, it is possible to establish a ratio between derailments and 
anomalies identified by trains and inspections, indicating the overall effectiveness of 
the inspection scheme. The table below illustrates this correlation: 
 
 

Root cause Derailment Service 
warning Inspection 

Gauge (wide/variation) 1 0,3 22,2 
Cross level (twist/warp) 1 0,7 17,0 
Horizontal allignement 1 5,1 0,7 
Rail deffect 1 14,3 28,9 
Longitudinal level 1 0,0 0,0 
Deffective switch 1 7,6 5,5 
Cant (variation) 1 0,9 4,8 
Poor subgrade 1 0,0 1,0 
Landslide 1 46,0 10,7 
Falling trees 0 276 52 
Flooding 0 22 4 
Washout 0 25 8 

 
Table 7: Ratio between failure modes and detection mechanisms.   

Source: Author. 
 
 
Evaluating the experiences addressed in the literature review, it is estimated that 
the implementation of data-driven and analytical models can promote up to 60% 
reduction in the rate of derailments, in addition to an overall reduction in 
maintenance costs of up to 25%. From the analysis of the database, it was possible 
to estimate the percentage of increase in the anomaly detection capacity needed to 
comply with the suggested derailment reduction levels (60%), creating the proposals 
for revising the permanent way inspection scheme: 
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High density corridors Low density corridors  
Current Demand Current Demand 

Components 
assessment cycle 1/year 2/year 1/year 2/year 

Track geometry 
inspection cycle 3-4/year 6/year 2/year 4/year 

Dynamic response 
inspection cycle on demand 6/year on demand 12/year 

 
Table 8: Proposed revision of inspection cycles. 

Source: Author. 
 

For the suggested increases in inspection capacity, it is understood that the walking 
inspections of some components and track geometry should be gradually converted 
into mechanized inspections, enabling the collection of data with uniform criteria, 
accuracy and georeferencing. Dynamic response assessments also have great 
potential for generating information on priority anomalies, making it possible to 
promote substantial increase in the inspection capacity of this aspect via 
instrumentation of railway vehicles. 
 

a) Component inspection 
 
Internal studies carried out on the quality of sleepers' walking inspections have 
shown that the inaccuracy in the classification of the condition of sleepers can be of 
up to 32%, with a dispersion of up to 18% comparing different inspectors (which 
gives an idea about how subjective this process is). Rail wear measurements, 
carried out annually using manual calipers, also pointed to deviations greater than 
5 mm in relation to the actual wear value. In addition, the 400,000+ rail joints existing 
in the network would require a great deal of effort so that they could be inspected 
twice a year through walking inspections. Therefore, as an alternative to the points 
presented, technologies capable of carrying out the qualitative and quantitative 
evaluation of the components of the permanent way superstructure were studied, 
with the goal of implementing a scanning system for the execution of this activity, as 
a single unit would be able to fulfill the two annual cycles proposed across the 
network. In addition, the specified equipment can be easily configured to carry out 
inspection in different railway gauges, which would be necessary for the 
contemplation of all evaluated corridors. 
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Figure 32: Overview of the component evaluation system suggested for acquisition of implantation. 
 
The sensors can also be installed in revenue vehicles, allowing autonomous 
inspections to be carried out. However, given the low number of cycles demanded 
for a year, it is recommended to install these sensors on an independent and 
manned vehicle, given the sensitivity of the equipment, the risks of vandalism and 
the need to monitor the inspections in the early years (given that inspections of 
components by laserail have never been carried out at the company before), with 
the ultimate goal to mount it on an autonomous vehicle. Thus, the following 
parameters will be monitored: fastening systems, sleepers, rails, joints, switches, 
ballast section and rail wear and surface defects. The system is also capable of 
measuring track geometry, but this application will be addressed from another 
principle, once it demands different inspection frequencies. 
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It is important to mention that the proposed technology will not extinguish other 
component assessment methodology or system in use, once it cannot cover crucial 
ongoing and effective tasks, like rail ultrasonic testing, bridges, tunnels, and culvert 
and ditches inspections, ground penetrating radar for ballast and substructure 
assessment, surge emergency inspections (like washouts, falling trees, floods and 
landslides) and so on. Given that most of these causes are less representative, in 
terms of derailment causes (less than 5%, with exceptions for broken rail, with 
8,8%), it was considered that the current methodologies used are effective enough 
for not becoming the early priority for changes. Rail inspection holds several 
peculiarities and, except for rail head wear, other parameters are not going to be 
covered by the present work, as it is being conducted by other internal project of the 
company. 
 
 

b) Track geometry inspection 
 
The track geometry inspection comprehends the measurement of gauge, cross 
level, horizontal alignment, cant and longitudinal leveling, among other derived 
parameters. Given the necessity to perform analysis taking several bases and 
formulas for calculating some of the parameters (most of them standardized), it is 
not possible do rely on walking inspections for collecting a comprehensive amount 
of data from the entire length of the railway. That’s why most of the geometry-related 
defects (55%) are detected by track geometry recording vehicles, while 2 of which 
are currently in use for covering the studied network. Yet, the regular track geometry 
vehicles are capable of collecting samples at rates higher than every 25 mm, adding 
time and GNSS (GPS coordinates) stamping to every measured point. This general 
configuration allows an accurate geometry reconstruction and opens path to the 
comparison between different runs, consolidating some of the fundamental bases 
for a predictive model approach. In this sense, the growth in track geometry 
inspection capacity must be driven by the acquisition and deployment of 
mechanized track geometry systems, reducing the demand of walking inspectors 
for track geometry measurement. 

For providing the demanded capacity for geometry inspection, 2 alternatives were 
taken into consideration: implementation of another 2 manned track geometry 
recording vehicles, in addition to the 2 existing ones, and implementation of 5 
autonomous track geometry measurement systems. The first option holds the 
advantage of a high quality and refined inspection principle, once false positive and 
outliers can be identified and segregated by human action. Yet, it is possible to 
assess and control several other conditions that may cause influence on the quality 
of the measured values, like temperature, humidity, vibration, speed and lighting. 
The action of vandals and third parties influences are also reduced when using a 
manned system in the analyzed environment. Finally, the manned and independent 
vehicles hold more independency for the controlling of cycles and the routes of 
interest, which add ease for management matters. The measurement principles are 
relatively similar to the ones adopted in the autonomous vehicle, nowadays relying 
on lasers, inertial units, odometers and GNSS (GPS). In both cases, the inspection 
data can be instantly transmitted via 3G or 4G networks (or accumulated while no 
signal is available) for cloud storage, for further application 
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Figure 33: Manned track geometry vehicles 

Source: Author. 
 
On the other hand, autonomous systems perform runs on unmanned platforms, 
directly mounted on both revenue cars, locomotive or special vehicles that can be 
towed by regular trains. There are many advantages that can be listed, from the 
reduced costs for acquisition and operation until the dismissed need of track 
occupancy for proceeding with inspections. The inspection runs under actual rolling 
stock conditions, in terms of dynamics, which adds accuracy for the assessment of 
the so-called dynamic track geometry (when using manned or light vehicles, the 
dynamic factor must be estimated and added to the final value, that is considered 
as a static measurement). Additionally, there is nearly no fuel consumption for 
propelling the system and no need for on board operators or technicians, reducing 
the overall costs with personnel. On the other hand, the system may be vulnerable 
to the action of vandals and also experience variations in the quality of measurement 
when the environment conditions turn odd (for example, the laser lenses may 
accumulate dirt and struggle with direct solar incidence). Identifying outliers and 
false positives/negatives is not as easy as when inspections are run on manned 
vehicles, as well. Finally, dispatching concerns may add some more complexity for 
controlling the allocation of the system in trains, specially when it runs at no closed-
loop routes (and, so, it is necessary to perform shunting movements). 
 

 
Figure 34: Example of autonomous geometry systems. 

 
 
The technical and financial analysis pointed out that the adoption of autonomous 
systems is, by far, the most efficient alternative for providing the demanded 
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frequency of track geometry inspection. The following imagens depict the concept: 
 

Figure 35: Illustration of the concept behind autonomous track geometry measurement systems. 

Source: STUART, 2017. 

 
Some autonomous systems also claims the capability of performing components 
assessment using the same platform (including rail, sleepers, ballast and fastening 
assessments), but the diverging cycle demands, additional complexity and costs led 
the components and geometry inspection systems to be splitted in different devices, 
in this proposal. 
 

c) Dynamic response 
 
For completing the inspection methodology, there were evaluated and compared 
different technologies that could provide information about the dynamic response of 
rail vehicles, taken as a decisive factor for a refinement of the prioritization and 
planning of maintenance tasks. 

There are several aspects and possibilities regarding vehicle dynamics, but the 
application specified (identification of track anomalies) opened the possibility to 
gather relevant information using inertial measurement units, mounted on rail cars. 
The inertial box contains triaxial accelerometers and gyros, and also provides time 
and GNSS stamping for the measured values. It can be easily installed and removed 
form cars and relies on solar panels or alternators for providing power supply to the 
devices. Data can be instantly transmitted via 3G and 4G, for cloud storage. In this 
sense, it was recommended the acquisition and installation of 10 inertial units, 
covering the entire network at adequate levels, initially. 
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Figure 36: Dynamic response devices. 

Source: Author. 
 
 
7.2.  DATA INFRASTRUCTURE, GENERAL ARCHITECTURE AND 
STRUCTURE 
 
The acquisition and installation of sensors, followed by a huge accumulation of data 
may not be capable of promoting any changes in the maintenance processes, even 
less in the final outputs of the business, if not followed by a comprehensive data 
infrastructure, analytical and business intelligence architecture -not to mention the 
requirements regarding skills and competences of personnel. 

Basec on Panfilov et al (2018) studies, whose proposal aimed to “[...] a fully 
automated approach to monitor company assets, analyze their status and trigger 
subsequent maintenance actions in case of a suspicious or anomalous behavior”, it 
was possible to build the basic model for the implementation of a mixed condition-
based and predictive maintenance strategy: 

 

 
Figure 37: Predictive model process 

 Source: PANVILOV et al, 2018 

 

From this point, the general description evolved to an architecture depicted in the 
following image: 
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Figure 38: Sketch of the architecture for implementing a condition-based maintenance strategy. 

Source: Author. 
 
 
There were also considered the requirements for data transmission, and storage, 
analytical model development, deployment of visualization and human interface 
platforms, as well as the demands of personnel and competences. Regarding the 
organic structure, the following proposal was generated: 
 
 

 
 

Figure 39: Proposed structure for implementing the new maintenance strategy. 

Source: Author. 
 
It is necessary to define how the flows and structure of the process in question will 
be organized. The analyzed environment presents traditional management models: 
a manager for a team responsible for dealing with issues related to the prioritization 
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of maintenance of the railway. Typically, these teams are divided into sectors, 
known as "Engineering" or "Reliability". In both cases, there are teams of analysts 
and engineers responsible for analyzing field measurements and prioritizing 
services, standardizing processes, treating deviations etc. In this sense, the final 
structure was designed, based on the model proposed by Cachada et al (2018), 
which is presented in the figure below. 

 
 
 
 
 
 
 



 

 
 
 

Figure 40: Complete structure proposed for implementing the mixed condition-based/predictive maintenance strategy. 

Source: Author. 
 



7.3. EXPECTED RESULTS 
 
7.3.1. PERMANENT WAY 
 
The case study made possible to estimate the potential failures and derailments 
reduction within a reasonable time frame. It is expected that the changes, specially 
due to the growth in inspection capacity, promote an overshoot of reliability outputs, 
leading the system to experiment a chaotic increase in number of failures over the 
first two years, given that the maintenance resources will struggle to accommodate 
the new scenario in the short term planning. It is important to mention this aspect in 
order to prepare the environment for turbulence, preventing the early death for lack 
of credibility or “early wins”.  

Nevertheless, in the long run, the gains and benefits might overcome the trouble 
that may be caused during the implementation period. The estimations were built 
for a 30 years period of valuation, taking into consideration the following aspects: 
 

a) Reduction of 100% on the number of shifts for operating manned 
inspection vehicles (TGRVs)  

b) Reduction of ~10% on the number of walking inspectors for track 
geometry and components assessment 

c) Reduction of up to 60% (ramp) on the number of derailments caused 
by track-related condition. 

d) Reduction of up to 20% (ramp) on the number of failures caused by 
track-related condition. 

 
 
 

 
Graphic 8: Estimated reductions of failure and derailments. 

Source: Author. 
 

The graphic above depicts a prediction of 10% of growth in failures at the first year, 
with further and consistent reduction of 5% a year until stability is achieved, around 
the 7th year after the implementation of the project. There were predicted no 
reductions in derailments on the first 2 years, given that, despite the higher level of 
failure detections, the triggers and eventual prediction models may issue non 
consistent outputs, leading the maintenance crew to print efforts on non-prioritary 
points. After the initial accommodation, it is predicted that the derailments will reduce 
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on a pace of 5% a year, achieving stability of 60% on the 10th year after the 
implementation of the project. 

For a sensitive analysis about how bold or conservative these figures are, together, 
the cost reduction estimated from the sources ranked for the present work (items a-
d), already discounting the additional costs for sustaining the new structure, 
represents less than 3% of the total maintenance costs of permanent way -the 
references presented showed that up to 25% on overall maintenance costs can be 
obtained through the condition-based/predictive strategies-, which adds safety for 
the premises calculated for the value generation of the project. Yet, it is still 
necessary to sum up gains obtained by operation efficiency, closing the loop for an 
integrated perspective for maintenance strategy. 
 
 
 
 
 
7.3.2. OPERATIONAL EFFICIENCY 
 
 
By projecting the reduction of permanent way failures, the positive impacts on THS 
can be calculated, which generates cycle efficiency and reduces the number of 
wagons needed for production. The chart bellow illustrates the scale of fleet 
reduction according to the percentual reduction over permanent way-related 
failures, converted to THS: 
 

 
 

Graphic 9: Scale of wagons necessity according to percentual THS reduction. 

Source: Author. 
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The potential cost avoidance scale according to percentual THS reduction is 
depicted in the following chart: 
 
 

 
Graphic 10: Scale of non-recurring cost reduction according to percentual THS reduction. 

Source: Author. 
 

 
Therefore, given that the implementation of condition-based maintenance will 
promote 20% in reduction over failures, there will be possible to eliminate 7 wagons 
from the future rolling stock fleet, comprising 2,1 million reais in non-recurring 
divestment. 
Due to cycle reductions, there were estimated reductions over recurring operating 
costs, such as personnel (train drivers) and rolling stock maintenance. Estimated 
values are shown in the table below: 
 

Description Annual value 
(reais) 

Reduced wagon maintenance expense 81.170,19 
Reduction of locomotive maintenance 
expenses 107.412,83 
Increased trains driver productivity 86.014,80 

Total 274.597,83 
 

Table 9: Cost reduction by cycle improvement.  

Source: Author. 
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8. FINANCIAL ANALYSIS 
 
 
Several factors influence the determination of the financial feasibility of a project. In 
the present study, these factors were divided in two groups. The first, consists of 
variables that will be positively affected by the condition-based maintenance 
strategy implementation. In this group, it was observed: 
 

• Recurring cost reduction related to railway accidents caused by permanent 
way-related issues 

• Recurring operational gains resulting from the reduction in the number of 
derailments 

• Recurring reduction in labor costs for walking inspections 
• Recurring reduction in operational costs for manned inspection vehicle 
• Non-recurring gains due to rolling stock divestment. 

 
The second group is composed by recurring and non-recurring costs that will 
emerge before, during and after the implementation of the project, such as costs for 
acquisition and operation of the new systems, IT infrastructure, analytical platforms, 
training, hiring of personnel and other necessary resources for keeping the new 
strategy running. 
 
After determining the value of each variable described above, the net present value 
was calculated over a period of 30 years, which is the timeframe recommended by 
the company. At this point, it was possible to calculate the payback period. The 
obtained values are show in the table bellow: 
 
 
 

Financial Data Value 

NVP (BRL millions)  64,93 

Payback (years) 7,90 
 

Table 10: Financial Data 

 
Source: Author. 
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9. RISK ASSESSMENT 
 
 
The risk of a project must be assessed with the use of appropriate tools that allow 
to identify possible failures and their consequences for the business. One of the 
characteristics that defines and differentiates a railway from other systems is the 
dispersion, configured in a large network with several kilometers of extension. To 
guarantee the real-time monitoring of assets in this condition requires to install 
remote systems that allow the railway's performance to be remoted monitored. In 
this scenario, the railway is vulnerable to damage cause by vandalism and theft of 
the equipment (PENG, 2016). 

In addition, data transmission technology can present a series of problems related 
to signal, data storage, system intrusion, among others. Therefore, any project of 
this nature requires an assessment of risks and mitigating and blocking actions to 
ensure the success of the project and avoid financial losses for the company. 

The risk assessment of a system can be treated as one of the stages of the system's 
life cycle. For this, it can be adopted the criteria based on EN 50126, which present 
the process of managing the railway system by controlling limits and criteria related 
to system reliability, availability, maintainability and security, or “RAMS”. RAMS 
(Reliability, Availability, Maintainability and Safety) makes it possible to structure the 
demands of the railway from the perspective of production and asset safety. The 
focus is on reducing the incidence of failures and their consequences over the useful 
life of the asset. In this respect, it is essential to define a life cycle model for the 
system, referred to in EM 50126 as the “V-model”, as shown in the figure below. 
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Figure 41: Scheming of the "V-model": proposed model for the life cycle of a system. 

Source: EN 50126 

 
As shown in the list below, the analysis regarding the system risk are treated in step 
3 of the referenced model. 

According to EN 50126-2, the risk analysis stage “[…] shall start with the definition 
of the system under consideration. Then the hazards, the risks, the associated 
safety measures, and the resulting safety requirements for the system under 
consideration shall be identified”. 

Considering this fact and that one of the main purposes of this study is the 
implementation of a decision management system, based on the concepts of 
predictive 4.0, for the maintenance criteria of the permanent way, the table below 
organizes the system model for the structure under analysis. 
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Table 11: Structure based on the V-Model adopted to reference the risk analysis of the proposed 

project 
Source: Adapted from EN 50126 

 

PHASES DETAILS

Concept

Objectives: implement the maintenance process of the permanent way with the concepts of predictive 
Activities: the purpose of this project is to increase efficiency and reduce costs in the railroad 

Deliverables: measurement reports, labor appropriations, payment reports, operating procedures, plans and 
projects as built, system operating flows; 
The system includes implantation of sensors, acquisition of equipment, network connection systems, mobile 
device applications, software, server structure and specialized teams in information technology and railway 
maintenance; 
It is necessary to evaluate communication systems with adopted technology (manufactured outside the 
country), in addition to guaranteeing licenses and authorized operators to guarantee the provision of 
appropriate communication services
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Table 12: Structure based on the V-Model adopted to reference the risk analysis of the proposed 

project.  

Source: Adapted from EN 50126 

 

The risk analysis will be grounded by the model presented on item 7.2. In this sense, the 
main steps were marked in the figure bellow and analyzed in table 16. 

PHASES

The mission of this project is, as mentioned above, to increase the efficiency in the 
maintenance of the permanent way and, consequently, to improve the results of the 
transport.
The project boundaries can have two understandings. The first is the financial limits 
for implementing technologies (assuming that a larger volume of sensors and 
measurement equipment would bring greater coverage and, consequently, greater 
data reliability). The second refers to the period necessary for the projection to 
mature. The volume of data and algorithms required implies a long period of analysis 
of the development of machine learning and, therefore, it is necessary to be very 
involved in the decisions of technicians currently focused on monitoring and 
prioritizing maintenance.

The risks of the project are detailed in detail in the following section, with the 
implementation of the HAZOP methodology. However, the most critical scenarios in 
relation to security will receive actions aimed at reducing risk or elimination.

Safety 
Plan 

The operation and implementation of the entire system will be conducted based on 
the criteria of personal, operational and patrimonial security adopted by the 
companies, which are notoriously strict and efficient for all projects. In relation to 
data security and emergency modes, the project has a risk analysis with structural 
actions in cases of failure or defects. The HAZOP methodology was used for such an 
analysis, and can be verified in the following items of this document.

DETAILS

The implementation of the project requires large investments in equipment and 
technology; not discarded hiring a specialized team for implementation and initial 
operation.
To operationalize the project it is required to assemble an exclusive team to conduct 
the process to be structured after installation of all equipment, with specialists in 
the IT area. 
The system will be managed based on the RAMS precepts. The criteria, indicators 
and controls will be structured by the organic structure created to manage the 

Safety plan: Detailed security plan, based on analysis of specific tools for this purpose (such as 
the HAZOP used in this study), covering all points of the system's routine operation.

Risk Analysis

Objectives: 
Monitor points and mesh assets with sensors;
capture in real time the consequences of the dynamic efforts in the store;
implement algorithms to draw better maintenance strategies;
reduce subjectivity in the technical limits of maintenance of the permanent way;
reduce, with these goals, the operational losses due to failures in the railway due to errors of 
prioritization of services.

System Definition & 
Application Condition

Activities 

Deliverables 

General

RAM Plan 

System structure defined and cataloged with training structure, pointing out details of the 
functionalograms and the results monitoring system.

RAMS Plan with all details of the system maintenance procedures and parameters. Preventive 
and predictive schedule, indicators, investment forecasts and maintenance costs, as built 
registration projects, technical specifications and flows of all processes registered in the 
company's document control systems.



 
Figure 42: Point of interest for risks analysis to be considered for the permanent way maintenance process. 

Source: Author.



9.1. ANALYSIS TECHNIQUES 
 
There are several tools to analyze the risk in a process or system, some of which 
are already quite traditional in the area of railways, such as hazard and operability  
study (HAZOP), failure mode and effect analysis (FMEA), fault tree analysis (FTA), 
functional hazard analysis, and event tree analysis (ETA).  
 

9.1.1. HAZOP  
 
According to IEC 61882, Hazard and Operability (HAZOP) “[…] is a structured and 
systematic technique for examining a defined system, with the objective of: 
identifying potential hazards in the system […]; identifying potential operability  
problems with the system and in particular identifying causes of operational 
disturbances and production deviations likely to lead to nonconforming products.” 
For this, all the elements that may cause deviations in the system - related to the 
projected - are analyzed. The analysis is carried out through questions about the 
process, based on “guided words”. IEC 61882 establishes the guided words, which 
are listed in the table below. 
 

 
Table 13: Basic guide words according to IEC 61882 and their generic meanings 

Source: IEC 61882  

 
Tabela 1 - Basic guide words according to IEC 61882 and their generic meanings. 

 
Table 14: Basic guide words according to IEC 61882 and their generic meanings. 

Source: IEC 61882  
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Table 15: Basic guide words according to IEC 61882 and their generic meanings. 

Source: IEC 61882  

 
Based on these questions, all possible scenarios that may represent some risk to 
the project, as well as their causes, consequences and treatments, are analyzed. 
The application of HAZOP for the present study can be evaluated in the table below. 



 
Table 16: HAZOP for the present study 

Source: Author

N° ELEMENT CHARACTERISTICS
GUIDE 
WORD

DEVIATION POSSIBLE CAUSES CONSEQUENCES SAFEGUARDS COMMENTS ACTIONS REQUIRED
ACTION 

ALLOCATED TO
No space left

Damage hard disks
No power Backup energy system Predict backup energy system project

Lost connection -
ERP problems -

No power
Provide backup energy 

system
- Predict backup energy system project

NOT Processing
PART OF Results

LESS Results
Collected data incorrect loss resource and reliability

Error in the algorithm loss resource and reliability
Inconsistency in criteria loss timing, resources and reliability

NOT Receive the order ERP/app error loss timing, resources and reliability Backup plans - Structure contingency plan Planning manager

NOT Register all data Defective component lost measures
NOT Receiving data Network unavailable lost measures
NOT Failure lost measures
NOT Robbery lost measures

As well as
Wrong amplitude 
of measure

Lack of calibration loss data and reliability

NOT Register all data Defective component loss data and reliability

As well as
Wrong amplitude 
of measure

Lack of calibration loss data and reliability

NOT Available Failure/defects equipament lost measures

LESS
Inspection than 
necessary

Failure/defects equipament lost measures

NOT Receiving data Available network data unavailability

LESS
Data than 
measured

Algorithm Failure/defects loss data and reliability

SHEET: 1 of XX
DATE: NOV/2020

quickly restored: no action
reestablished in more 
than a month: adopt 
sensory inspections

-
quick corrective action, preventive 

maintenance and monitoring plans for 
equipaments

Maintenance 
workshop teams

MEETING DATE: SET/2020

TO PROVIDE DATA AND INPUTS TO PRIORIZE RAILWAY MAINTENANCE

Hazard and Operability (HAZOP) analysis

Prioritize with sensitive maintenanceSaving data1 Storage system Save data NOT

DESIGN INTENT:
PART CONSIDERED:
TEAM COMPOSITION: ENGINEER/RELIABILITY TEAMS
REFERENCE DRAWING N°: CHART FIGURE
STUDY TITLE: PREDECTIVE MAINTENANCE RAILWAY

REVISION N°: 001

INPUT FROM RELIABILITY TEAMS, SENSORS E MONITOR EQUIPAMENTS

- Analytics group

2
Visualization 

App

Dashboard with 
mantenance 
informations

NOT Displaying KPI's

Use a cloud storage system with backup 
savings

Measuring 
equipment

Data collection 
app

Records data

Backup data system

3

4

5

6

7

Prioritize with sensitive maintenance
Periodic report with 

manual prioritize routine 
defined

ERP to consolidate 
all data

Sensors

Atributtes to 
execute the 

prioritize service

Records data

LATE/
EARLY

Than necessary

- Create written procedure for prioritization Priorization group

Prioritize with sensitive maintenance

Order for 
maintenance

Prioritize app.
Algorithm to 

prioritize based on 
data analytics

Malfunction on algorithm

quickly restored: no action
reestablished in more 

than a week: adopt 
-

quick corrective action, preventive 
maintenance and monitoring plans for sensors

Maintenance IT 
technician

Specialists monitoring 
routine and audits

designate a team of specialists to monitor and 
set up a contingency plan

Inspectors/
technical 

specialists
-

Available -
quick corrective action, preventive 

maintenance and monitoring plans for sensors
Maintenance IT 

technician

quickly restored: no action
reestablished in more 
than a month: adopt 
sensory inspections



9.1.2. EVENT TREE ANALYSIS 
 
Event Tree Analysis (ETA) is a common tool for risk analysis that allows assessing 
the probability of the consequences of an unwanted event occurring and, thus, 
defining a risk rate for a given process or system. According to Peng et all (2016), 
“FTA is an important logic and probabilistic technique, and is mostly used in system 
reliability and safety”. 
According to Ahsan (2016) “the fault tree is a logic diagram based on the principle 
of multi-causality, which traces all branches of events which could contribute to an 
accident or failure”. The symbology for building an ETA follows a logical 
understanding with binary sequencing that directs the outcome of decisions to 
possible consequent events. Each decision is analyzed based on the probability of 
a consequent event, allowing, in the end, to measure the risk of a certain event 
occurring. 
For the purpose of this study, the items to be analyzed were those identified through 
HAZOP, according to the spreadsheet of the previous item. Approximate 
probabilities were adopted and based on the experience of the authors - 
professionals in the railway maintenance area. The table below shows the analysis 
performed for item 3 of HAZOP. The others will not be presented because they 
follow the same principles and, therefore, with similar results. 
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Figure 43: Details of the elements used in an Event Tree Analysis (ETA). 
Source: ROBERTS et al, 1981. 



 
Figure 44: Fault Tree Analysis with hazard 

Source: Author

Prioritization 
system does not 

work

No technical data to 
priorize services

80% 20%

80% 20% 70% 30%

Speed restriciotn 
placed in the right 

time

Speed 
restriciotn 

placed too late

Train operator 
identify the 
anomalie e 

indicates speed 
reduction

Train operator 
does not identify 

the anomalie

90% 10% 50% 50%
80% 20% 10% 90%

Safety 
operation Acident

Safety 
operation Acident

Corrective 
executed 

before failure

Corrective not 
executed 

before failure
Safe operation Acident

51% 13% 2% 14% 3% 3%

95% 5% 50% 50%

Safety operation Acident Safety operation Acident Safety operation Acident

12% 1% 1% 1% 68% 32%

Speed restriction in 
the right spots (based 

on experienced 
workers)

Speed restriction in the wrong 
spots (based on experienced 

workers)

Bounderies assets approaching

Hazard rates



10. IMPLEMENTATION PLAN 
 
The implementation of the initiative, observed from a changing perspective, can be 
divided in main steps: preparation phase, planning phase and roll-out phase. 
 
 

 
 

Figure 45: Change architecture 

 Source: DB AG², 2019. 

 
The first two phases, preparation and planning, will be covered within 1 year. The roll-
out and effective implementation phase is expected to take place subsenquently, with 
a gradual and input and output approach. The overall plan can be seen in the figure 
bellow: 
 

 
Figure 46: Project Schedule 

Source: Author. 
 
It is possible to estimate that the machinery acquisition and installation must not take 
place all at once, given that it could lead to a lack of capacity for dealing and training 
staff and, also, for promoting the opportunity to identify improvements necessary for 
the upcoming devices, after the first experiences in field (regarding the inspection 
systems, specifically). In addition, shutting down all the current inspection vehicles 
and methodologies at once could represent risks, in case the new machinery does 
not perform well on a short-term basis (a ramp-up curve for maturity and performance 
is expected). So, in this sense, the pipeline for machinery implementation will be 
adjusted, preventing the undesired effects mentioned above. 
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Figure 47: Pipeline for machinery implementation 

Source: Author. 
 
However, given the complexity of such change, especially considering that there is 
already a functional structure running the ongoing maintenance processes, it will be 
necessary to develop further and more detailed planning, in case the project is 
approved for implementation. 
 
 
 
11. DISCUSSION 
 
 
The present work sought to evaluate the general effectiveness of the permanent way 
maintenance strategy of a Brazilian cargo railroad from an integrated perspective, 
evaluating not only the direct costs of the strategy, but the general implications for the 
generation of value in the business. In this sense, through the survey of hypotheses, 
the literature review and the research and analysis of data obtained, it was possible 
to identify that there are relevant opportunities for improvement in the company's 
processes from the revision of the maintenance strategy adopted until then.  

The evaluation of general data of failures and derailments pointed out that the current 
permanent way inspection scheme, which relies heavily on walking inspections, is not 
effective enough to prevent unidentified track anomalies to be found by trains, 
resulting in thus, in service failures and accidents. The interventions eventually 
executed in identified anomalies proved to be relatively efficient, however, it is only 
able to act through condition triggers which are not sufficiently provided and planned 
by the system. 

Thus, a wide and in-depth review of the permanent way inspection process was 
proposed, starting from the acquisition and implementation of a consistent fleet of 
equipment and sensors capable of providing enough data for an appropriate tracing 
and monitoring of the condition of the permanent way. And so, after the processing 
and analysis of a vast amount of good quality data, it will be possible to act before 
critical failures occur, and, still, allowing models of track degradation forecasting to 
be developed. In addition, the IT requirements and infrastructure were dimensioned 
so that the voluminous data generated by the new inspection processes can be 
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stored, processed and transformed into useful information for the business. Thus, it 
is estimated that the gradual conversion of the current maintenance strategy to a 
condition-based maintenance model, with opportunities also for predictive 
maintenance initiatives, may promote a 60% reduction in the number of derailments 
caused by permanent way anomalies and , also, a 20% reduction in the number of 
general failures. Gains of 10% were also estimated on the number of walking 
inspectors, as well as a 100% reduction on the costs of operating manned TGRVs. 

From the operational perspective, after the implementation of the project and capture 
of the aforementioned track reliability gains, there will be a general gain in capacity 
gain for the transport system, making it possible to eliminate future investments in 
wagons, that is, being that operational cycles are predicted to be shortened (or more 
efficient), a fewer number of assets (rolling stock) will be needed to transport the 
contracted demand. 

From the obtained data, the financial analysis of the project was performed, being 
relevant values  obtained, in terms of net present value: 64,93 million reais. The 
payback period was estimated in 7,9 years. Also, after a promising financial return 
was issued, risk analysis were carried out for the implementation of the project, 
through which it was possible to figure out several critical points that deserve to be 
addressed, in case the project is approved for implementation. 

The initial planning of the project was also structured, which made it possible to create 
a horizon where, through the processes transformation proposed by the present work, 
the company will find additional means for becoming even more efficient, safe and 
profitable, leveraging the overall efficiency of the transport system, customers 
satisfaction and the success of the organization. 
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