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Railroad infrastructure Reliability, Availability, Maintainability, and Safety 

(RAMS) is crucial in rail traffic operation. One of the approaches for improving the 

RAMS of railroad track assets is by enhancing either: inspection methods, or analysis 

methods followed by proper on-time action. Late, or inappropriate action will reduce 

RAMS by a reoccurrence of old defects and amplification (escalation) of new 

occurred defects. Besides, it will make maintenance works expensive, inefficient with 

unavailable track and less safe for the users and those around the track. 

This dissertation was based on research sponsored by the Federal Railroad 

Administration (FRA), which seeks to improve the interrelated analysis of track 

superstructure and substructure. Thus, it aims to find and develop relationships 

between inspection parameters of track geometry as measured by Track Recording 

Vehicle (TRV) and track substructure as measured by the Ground Penetration Radar 

(GPR). Those relationships have been widely discussed in the literature, but neither 

defined nor confirmed. The satisfactory results will allow the Infrastructure Managers 

(IM) to extract knowledge and learn from their massive multivariable inspection 

datasets and to act in preventative maintenance. Preventative maintenance is essential 

especially in track locations where there is a potential for development, growth, and 

propagation of track geometry defects due to the subsurface condition. The research 

was performed using emerging multivariate comprehensive analytical methods 

combined with track engineering insight. The data include Class 1 US Railroad 

companiesô inspections. The variables that were analyzed in the research include; 

ABSTRACT 



 xxxii  

Ballast Fouling and Ballast Layer Thickness, from GPR inspection and Profile 

(measured over a 62-foot chord) from Geometry Inspection. The track engineers chose 

those parameters to evaluate the condition of the track most effectively. 

The desired outcome is to develop a research methodology including a 

provisional empiric model that predicts the probability of co-occurrence of deviations 

of track geometry associated with given substructure conditions. Ultimately the 

objective is to allow the maintenance manager to take advantage of the existing 

massive amount of data and to make better decisions for the carrying out of 

preventative maintenance. After analysis, the results showed that there are significant 

relationships between geometry deviations and poor subsurface condition that were 

validated statistically. The subsurface conditions were defined by the GPR inspection 

parameters, such as Ballast Fouling Index (BFI) and Ballast Layer Thickness (BLT). 

Furthermore, the research results include several predictive models of the probability 

of a profile deviation as a function of the mentioned GPR parameters.
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INTRODUCTION  

National and international awareness and demand for rail transport are rising 

rapidly both for passenger and freight operations. This demand is due to road 

congestion, lack of alternatives for mass public transportation systems, awareness of 

the benefits of rail transport as mass and social mover of goods and passengers, and 

convenience. 

By comparing the rail passenger transportation mode with other passenger 

transportation modes, additional vital advantages of rail transport emerge. Figures 1.1 

and 1.2 below, present a monetary comparison of various external costs for different 

transportation modes. 

 

Figure 1.1: External Costs for Different Modes of Transportation Systems 

(INTERNATIONAL UNION OF RAILWAYS 2015) 

Chapter 1 
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Figure 1.1 includes aspects such as; accidents, air pollution, contribution to 

climate change, and noise per the 1,000-passenger km. In all of the criteria, rail 

transport is leading. 

 

Figure 1.2: Fuel Costs and CO2 Emission for Different Modes of Transportation 

Systems (INTERNATIONAL UNION OF RAILWAYS 2015) 

Furthermore, Figure 1.2 presents fuel costs consumptions and CO2 Emission 

results for the three primary passenger transportation modes; likewise, in all of these 

criteria rail transport has the best results. 

Moreover, the importance of rail transport has increased because of its role in 

city sustainability, national and international economic growth, as well as the need for 

moving increased volumes of goods and people. This is further seen as the world 

becomes a global village and this growing importance of rail is seen in international 

mega projects that are rising around the globe. For example, cross-country 

transnational transit projects in countries such as EU, China, Russia, and India. 



 3 

Developed countries lean toward the enhancement of current traffic flow and 

infrastructure while developing countries focus on building an entirely new and 

modern rail network. This includes commuter trains, intercity, transit, local and 

international freight lines, and high-speed lines. For example, as seen in the following 

Figure 1.3, there is a constant and a rapid increase in high-speed networks all over the 

world. 

 

Figure 1.3: Development of the World High-Speed Network (INTERNATIONAL 

UNION OF RAILWAYS 2015) 

The following Figure 1.4 for the US Rail Intermodal Freight traffic shows, 

likewise, an increasing trend for freight railroad intermodal traffic on an already 

developed freight rail network. 
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Figure 1.4: Rail Freight Intermodal Traffic (Transportation 2017) 

The railroad industry is continually improving itself, as it seen from Figure 1.5 

below, which shows an increase in efficiency of the railroad performance in terms of 

increasing traffic (in ton-miles) carried while network system length decreases. This 

parameter reaffirms rail transport importance in terms of rail traffic capacity, as shown 

in Figure 1.5. The improved efficiency is seen as the system mileage declines while 

traffic levels, measured in ton-miles, increases over the same period of years. 
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Figure 1.5: Class I Railroad System Mileage and Ton-Miles of Freight: 1960, 1965, 

1970-2015 (U.S. Department of Transportation 2017) 

To compete and become more attractive, rail transport continues to reinvent 

and improve itself with improvements in safety, comfort, energy consumption, higher 

operational speed, air pollution, noise, and vibrations. 

Furthermore, railroad track Reliability, Availability, Maintainability, and 

Safety (RAMS) is crucial in rail traffic operation. Infrastructure Owners (IO) and 

Infrastructure Managers (IM) seek improvements to RAMS on the track assets. One of 

the ways to achieve that is by enhancing safety through either improved inspection 

methods or analysis methods followed by appropriate on-time action. Moreover, late, 

or inappropriate maintenance activity will reduce RAMS and may result in 

reoccurrence or amplification of old defects. It will also make maintenance works 

expensive and inefficient while the track will be unavailable and less safe for the 

workers, customers, and those around it. 
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1.1 Problem Statement 

Track geometry is measured by the Track Geometry Car (TGC)/Track 

Recording Vehicle (TRV). It is the most common and frequently used inspection 

method for evaluating track condition around the world. Track geometry condition has 

a direct influence on the rail wheel interface, which makes it the best way of 

measuring track condition continuously. Moreover, geometry inspection is the most 

required inspection from the safety perspective by either: Infrastructure Manager (IM), 

or Infrastructure Owner (IO), or industry regulators. 

Most of the defects found during geometry inspection are represented as 

geometry deviations, It is difficult to identify the symptoms for a geometry defect 

since geometry is a symptom rather than a cause of the deficiency. 

Furthermore, based on the (Zimmermann 1941) theory, supported by (Kerr 

2003) and (Thambiratnam and Zhuge 1996), a ballasted track structure, such as shown 

Figure 1.6, can be represented as a beam on elastic foundation or as an elastic 

pavement. Therefore, track geometry, by and large, is not stable and prone to 

relatively rapid change and deterioration under traffic loading (Guler et al. 2011). This 

is especially true after correction works such as tamping. Moreover, differential 

settlement (Nielsen and Li 2017) followed by Million Gross Ton (MGT) of passing 

traffic over it, results in deformation of the track. Thus, track geometry quality is 

strongly influenced by the trainload and the number of train passes (Nguyen et al. 

2014). 
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Figure 1.6: Track Structure (Dingqing Li et al. 2015) 

A thorough evaluation and prediction of track geometry condition, as well as, 

its deterioration solely by geometry condition is difficult if not impossible. 

Furthermore, inadequate or late treatment of geometry degradation issues may 

significantly shorten the track structure lifespan, e.g., by developing into subgrade 

failures, which are very expensive to repair (Sussmann et al. 2017a), or even to safety 

issues. 

The condition of the substructure, which is made of interrelated base layers 

under the track superstructure, shown in Figure 1.6, has a direct impact on the 

roughness and condition of the track superstructure, which defines the track geometry. 

Thus, the substructure must be considered for evaluation and prediction of track 

geometry condition. In other words, for understanding and predicting precisely the 

deterioration of the condition, sub-structure condition has to be taken into account and 

be represented in the model. 

Substructure, i.e., the formation of the track, is a civil engineering structure. It 

brings complexity to the prediction model mainly due to its inhomogeneous nature. It 
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is also challenging to measure since the layers are hidden from the inspector's eyes and 

also under-occupancy by the train traffic. Furthermore, the variety of trackbed layers, 

including different layers, thickness, depth, as well as, changing moisture content 

during the changing seasons make it much more complicated to address. 

Nevertheless, development of the Ground Penetration Radar (GPR) inspection 

technology allows the track engineers to estimate track formation condition. Section 

2.2.4.1 discusses GPR inspection of railroad track in greater detail. 

In comparison to TRV inspection, the GPR inspection is a less frequently used 

method. That is due to the low rate of change in the trackbed condition and its 

underlying components condition. Furthermore, its inspection data interpretation is 

more complicated, less accurate and GPR inspection demands a substantial amount of 

track time occupancy. GPR inspection by itself does not reflect a complete picture of 

the overall track condition or its degradation rate. 

Stated above highlights the importance of understanding the physical 

relationships between both track geometry and substructure conditions, such as by 

using empirical data. Such a relationship for track settlement and deformation has 

been widely investigated and discusses in the following works (Dingqing Li et al. 

2015; Lichtberger 2005; Nielsen and Li 2017; Satyal et al. 2018; Selig and Waters 

1994; Tejada et al. 2017) for short term and long term degradation behavior, as well as 

for such substructure parameters as depth under the track, type of material, undulation 

and non-homogeneous subgrade and soil materials and stress. Furthermore, numerical 

studies were done in the field of geometry and substructure conditions including 

vibration, such as reported in (Gallego et al. 2013; Kouroussis et al. 2013; Moormann 

et al. 2016; Ngo and Indraratna 2016; Sayeed and Shahin 2016). 
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After performing that in-depth and thorough literature review, a full-scale 

analysis of all GPR and Geometry inspections data variables was accomplished by 

utilizing emerging statistical data analysis techniques and algorithms. 

1.2 Motivation to the Research 

The motivations for this study are presented in three parts as is illustrated in 

Figure 1.7 below. It is further described in the following three sections. The first 

motivation was from the physical railroad track engineering considerations. Second 

motivation comes from the need for this research due to the accident and derailment 

statistics due to failure in the track structure, particularly associated with track 

geometry causes. Lastly, the motivator is the potential for improvement in safety 

following the satisfactory results, if they would be found. 

 

Figure 1.7: Research Motivation Triangle 

1.2.1 Motivation from Physical/ Structural  Engineering Relationship 

The primary motivation for conducting this relationship analysis study is the 

possibility of the existence of relations between subsurface parameters and track 
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geometry degradation. In other words, before researching with data analysis into such 

a relationship, it is crucial to assess whether they exist, from the track engineering 

point of view, i.e., from the structureôs physical behavior. 

By exploring the structure of the track, as illustrated in the Figures: 1.6, 1.8 

and 1.9, it is evident that there are direct relationships. Those relationships are widely 

discussed in the literature, as was presented in the Problem Statement subchapter. The 

track superstructure that defines track geometry and the subsurface are interrelated 

adjacent structures. Each layer that constitutes the overall track formation; receives, 

absorbs, transfers, and spreads the load down hierarchically from the rolling stocks 

wheels. The distribution of the loads is vertically from the wheel-rail contact point to 

the soil, as shown in Figure 1.8. 
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Figure 1.8: Load Distribution in Track Structure (Lichtberger 2005) 
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Figure 1.9: Wheel Load Distribution from the Contact Point to the Substructure 

(Selig and Waters 1994) 

The ballast and sub-ballast deterioration process that influence track geometry 

is further described in (Tzanakakis 2013): 

Due to stone reorientation, the ballast and sub-ballast layers experience 

differential settlement. This leads to wear of the ballast stones. Fines produced by this 

wear together with possible other material (ballast fouling), cause degraded drainage 

conditions. The subgrade may then be exposed to settlement. Varying settlement along 

the track (resulting in differential settlements) are directly visible as track geometry 

quality variations (Tzanakakis 2013). 

Also, the complicated relationship between all track components due to 

reduced track support will lead to failure or degradation of entire superstructure 

components (Nielsen and Li 2017; Sussmann et al. 2017a). Furthermore, the presence 
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of ñexcessiveò loads and excessive track movement influences track integrity, rail 

joints, welds, ties and fastener systems including tie plates, pads, insulators and clips, 

and ballast. For concrete ties, the risks include tie bottom abrasion, rail seat abrasion, 

cracking and structural failure, as well as deterioration of the elastic fastener 

(Sussmann et al. 2017a). 

1.2.2 Motivation from Accidents Statistics  

A strong motivation for performing this research and analysis comes from the 

large number of accidents, associated with track structure failure, both superstructure 

and substructure and track geometryôs share in those accidents. 

In the USA for example, railroad companies are obligated to report significant 

accidents to the FRA. The distribution of the those reported accidents data for the 

2016 fiscal year is illustrated in the Figure 1.10 below. The data shows that ~71%, 

which is 1413 reported accidents, of all reported accidents were derailments. A 

significant part of those derailments, 29% to be exact, was due to track defects. The 

bottom pie figure of Figure 1.10 shows that 4% of the derailments were reported as 

track substructure related defects, while 38% are derailments associated with track 

geometry defects. Both categories together represent the most substantial part of 

railroad track reasons for derailments. 
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Figure 1.10: US 2016 Accident Data Statistics (Federal Railroad Administration 2017) 

Furthermore, although, FRA 2016 Accident Data suggest Track Subsurface 

share is ñonlyò for 4% of derailments as their cause, thid is only as a direct cause, 

since the formation influences other causes. For instance, other derailment reasons 

such as Track geometry defects (38%), Turnout defects (22%), and Rail defects (34%) 

may be considered as an outgrowth of poor track support as mentioned in (Sussmann 

et al. 2017a) ña variety of problems then start developing in the better-supported ties 

due to increased tie load, rail stress, and vibration. 

These problems can be avoided if proper track support is uniformly provided 

and maintained (Sussmann et al. 2017b). Otherwise, it will lead to increased loading 

on track superstructure components. Furthermore, accelerated deterioration of the 
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overall track condition and the ballast (Sussmann et al. 2017b) is associated with and 

contributed to by poor subsurface condition. Eventually, the apparent reason for the 

failure or derailment was due to one reason, but the cause is another reason leading to 

other components deteriorations. 

1.2.3 RAMS as Operational Motivator in the Research 

As was mentioned previously, from the operational point of view Reliability, 

Availability, Maintainability, and Safety (RAMS) is a motivator for this study as it 

may contribute to improving all these aspects. The RAMS is used as a conceptual 

motivator to the proposed research, rather than a calculated example. 

This RAMS approach has been actively applied to railroad systems, such as in 

(British Standards 2007), but its methodology was originally developed in the 1960s 

in aircraft safety. Penetration into the railway industry started with signaling and 

rolling stock systems and lately to civil engineering infrastructure. 

The RAMS method is a common practice and widely used in EU1 as a 

standard as shown in ñRailway applications The specification and demonstration of 

Reliability, Availability, Maintainability, and Safety (RAMS)ò (British Standards 

1999, 2007, 2008). RAMS is also used to measure the performance of assets. It is a 

quantitative method for evaluating the numerical impact and influence on the system 

in the following ways: 

 

                                                 

 
1 European Union which governs railroad standards for all of the EU countries 
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Safety ï freedom from unacceptable risk of harm. One of the approaches to 

quantitively present safety is as presented in (British Standard European Norm 50126 

1999) where the risk of harm concept is calculated by a combination of two elements: 

- The probability of occurrence of an event or combination of events to a 

hazard or the frequency of such occurrences. 

- The consequence of the hazard. 

Availability  (technical) ï the ability of a product to be in a state to perform a 

required function at a given time. 

 Availability=
Up time

Total Time
=

MTBF

(MTBF+MTTR)
 2.1 

 

Reliability  ï the probability that an item can perform a required function under 

given condition for a given time (ɚ-failure rate).  

Mean Time to Failure ï MTTF 

 Ὑὸ Ὡ᷿  2.2 

 

When: 

 ʇÔ ÌÉÍ
Ўᴼ

 2.3 

 

Reliability describes the conditional probability that an item which has 

survived until time t will fail in the following period ȹt. 
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Maintainability  ï the probability that a given active maintenance action, can 

be carried out within a given time interval when the maintenance is fulfilled. 

MTTR ï Mean Time to Repair (µ-repair rate) 

 ὓὝὝὙ  2.4 

 

Improvement of RAMS is always a motivator for such research. Firstly, 

successful results will improve the safety level of the infrastructure due to a better 

understanding of the interaction of the track structure layers with given conditions. 

Secondly, correct action will improve the maintenance activities by making it more 

reliable and thus available for the traffic. Correct maintenance action due to a better 

evaluation of the condition will be preventative. Therefore, the time to repair will be 

longer, while the repair rate will be lower. 

1.3 Objectives of the Study 

The primary objectives of this study are to apply emerging data analysis 

techniques to find an empiric relationship between track geometry and track 

substructure conditions by determining and underlying the inter-variable correlations 

between the different inspections variables during the most significant part in the 

trackôs lifespan, i.e., the service life of the track illustrated in Figure 1.8 below. 
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Figure 1.11: Track Life Span (Dingqing Li et al. 2015) 

The developed methodology for such a model will contribute to the railroad 

engineering professional community and may be used as a decision-making tool as 

part of track maintenance. Those main objectives of this research will be achieved 

through the following sub-objectives: 

¶ To develop a methodology of research for creating an empiric relationship 

between track inspection data. 

¶ To find a mathematical expression, i.e., formulate a model of such a 

relationship using emerging data analysis techniques. 

¶ To conduct analysis and evaluate those relationships and relate them to the 

track engineering rational sense and understanding. 

¶ To validate found relationships statistically. 
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1.4 Research Approach 

The approach in the research is, in general, an application of various emerging 

data analysis methods supervised by Track Engineering domain knowledge. Massive 

multivariable datasets, which represent railroad track conditions from different 

possible sources, are analyzed. Track conditions represented by Geometry and GPR 

inspections variables are analyzed in order to reveal patterns in the data. 

The study was performed constitutively in four stages, as it is illustrated in the 

Research Approach Diagram see Figure 1.12 below.  

The starting step is a crucial part of the analysis, as well as the fundamental 

step. The following step presents an advanced analysis. In it, Logistic Regression (LR) 

algorithms are applied iteratively to create the optimal model of the relationships 

between inspections parameters. The following step, i.e., the third stage, includes in-

depth, emerging data analysis methods. This stage is a Hybrid of Hierarchical 

Clustering Analysis and Symbolic Data Analysis (SDA). Furthermore, the Higher 

Degree Polynomial method is used on the clustered variables. Lastly, in the fourth 

stage, an LR model is used to develop a model on top of the Stage 3 results. 

Overall, each stage has three main tasks, including preparation, execution of 

the analysis and results interpretation, as described in the Figure 1.12. 
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Figure 1.12: Research Approach Diagram 

1.5 Dissertation Structure 

This research proposal for this dissertation consists of the following main 

chapters and has been organized in a specific order to provide insight to the reader into 

the topic and for a better understanding of the work that was performed. Starting with 

the introductory chapter which provides necessary background knowledge for the 

following main chapters. The next four chapters describe chronologically the work 

that was done. The HIERARCHICAL CLUSTERING ANALYSIS OF 

HISTOGRAM-VALUED DATA  (Chapter 5) is the closing part of this research done 

and representing the most advanced analysis conducted herein. The dissertation also 
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includes a thorough description of the references used, in a separated chapter, as well 

as Appendices which provide supplemental support information. 

The chapters are as follows: 

Chapter 1: INTRODUCTION 

Chapter 2: BACKGROUND 

Chapter 3: EXPLORATORY DATA ANALYSIS (EDA) 

Chapter 4: LOGISTIC REGRESSION (LR) ANALYSIS 

Chapter 5: HIERARCHICAL CLUSTERING ANALYSIS OF HISTOGRAM-

VALUED DATA  

Chapter 6: SUMMARY AND CONCLUSIONS 

Chapter 7: REFERENCES 

APPENDIX 

1.6 Contributions of the Dissertation and Summary of Publications, and 

Conferences 

Portions of this dissertation study were published and/or presented in the 

following peer-review papers and conferences. 

1.6.1 Conferences and Presentations 

- Zarembski, A. M., Yurlov, D., Palese J. W., Attoh-Okine N, and 

Thompson, H, ñRelationship between Track Geometry Degradation and 

Subsurface Condition as Measured by GPRò, American Railway 

Engineering Association Annual Conference, Chicago, IL, United 

States, September 2018 (accepted for publication and presentation) 

- Zarembski, A. M., Yurlov, D., and Attoh-Okine N, Poster Presentation of 

the work done hitherto ñRelationship between Track Geometry 



 22 

Degradation and Subsurface Condition as Measured by GPRò Annual 

Delaware Center for Transportation Conference, Newark, DE, United 

States, May 2017. 

A Research Showcase to highlight current projects funded by the Delaware 

Department of Transportation and the U.S. Department of Transportation, 

such as the University Transportation Center awards. 

- Zarembski, A. M., Yurlov, D., and Attoh-Okine N, Poster Presentation of 

the work done hitherto ñRelationship between Track Geometry 

Degradation and Subsurface Condition as Measured by GPRò American 

Railway Engineering Association Annual Conference, Railway 

Interchange Student Poster Competition, Indianapolis, United States, 

2017. 

AREMA provided an opportunity for students to present late-breaking 

results, on-going research projects, and speculative or innovative works in 

progress. 

- Zarembski, A. M., Yurlov, D., and Attoh-Okine N, Poster Presentation of 

the work done hitherto ñRelationship between Track Geometry 

Degradation and Subsurface Condition as Measured by GPRò "Big Data" 

in Railroad Maintenance Planning 2017, Newark, DE, United States, 

2017. 

- Zarembski, A. M., Yurlov, D., and Attoh-Okine N, Poster Presentation of 

the work done hitherto ñRelationship between Track Geometry 

Degradation and Subsurface Condition as Measured by GPRò 
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Transportation Research Board 97th Annual Meeting. Poster Session at 

Rail UTC Reception, Washington D.C, United States, 2018. 

1.6.2 Submission for Publications 

- Yurlov, D., Zarembski, A. M., Attoh-Okine, N, and Palese, J. W., 

ñCombinational Hybrid Analysis Approach to the Determination of a 

Probability Model for Development of Track Geometry Defects as a 

Function of Ground Penetrating Radar Measurementsò, Journal of 

Transportation Infrastructure Geotechnology, June 2018. (In Progress) 

- Zarembski, A. M., Yurlov, D., Palese J. W., Attoh-Okine N, and 

Thompson, H, Abstract Submitted ñDetermination of Probability of a 

Track Geometry Defect based on GPR Measured Subsurface Conditions 

Using Data Analyticsò, World Congress of Railroad Research Annual 

Conference, Tokyo, Japan, 2019. (In Progress) 
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BACKGROUND  

2.1 Introduction  

The research aims to explore and enhance the perception of the complicated 

relationship between different inspection parameters representing the track geometry 

and substructure condition. This achieved by the application of emerging statistical 

techniques of data analysis in conjunction with traditional railroad engineering. 

The study was done as part of an ongoing research project funded by the 

Federal Railroad Administration (FRA) no. DTFR53-16-C-00021. Inspection data 

analyzed in this research was measured and delivered by several major US Class 1 

Railroad companies. 

The results presented were achieved by using Exploratory Data Analysis 

(EDA) and application of Logistic Regression (LR) techniques, as shown in their 

respective chapters. Moreover, the use of hybrid emerging data analysis methods such 

as Hierarchical Clustering Analysis (HCA) with Symbolic Data Analysis (SDA) was 

also demonstrated and implemented.  

A detailed look at the engineering and data science used can be seen in the 

BACKGROUND AND LITERATURE REVIEW subchapter. Research results may 

shed light on the complex interrelationship of track geometry of ballasted track and 

ground conditions. This will improve the understanding of the influencing parameters 

on geometry degradation and eventually will allow for the identification of track 

Chapter 2 
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locations with potential for development, growth, and propagation of track geometry 

defects given a subsurface condition. 

The primary data used in this research was provided by The National Railroad 

Passenger Corporation (AMTRAK), as well as by CSX Transportation. It includes 

multiple and repeated track geometry inspections, as well as, Ground Penetration 

Radar (GPR) inspection data. This data was consolidated, explored, preprocessed, 

analyzed, post-processed and run through a machine learning algorithm using a 

combination of the softwares; MS Excel, MS Access, and R Software. 

The results of this research generate a relationship between the variable 

datasets because of the underlying engineering relationship between the track 

geometry and its supporting substructure layers. Those relationships are widely 

discussed in the literature, as described in the following BACKGROUND AND 

LITERATURE REVIEW chapter. Although there have been attempts to physically, or 

numerically model these relationships, up until now they are not well accepted and 

validated. A primary objective of this study is the finding of a statistically valid and 

physically meaningful relationship using the multiple years of inspection and 

maintenance data. 

2.2 The Railroad Track 

The railroad track system is a complex civil engineering structure comprising 

several essential parts and elements allowing it to function during its lifespan. Railroad 

trackôs primary purpose is to support and guide the rolling stock safely, as well as, to 

provide excellent ride quality. 
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The following Figure 2.1 illustrates in detail the systems of the track, including 

its components and their location in the structure, the inspections used, and possible 

defects. 

 

Figure 2.1: Track Structure Systems, Inspections, and Defects (Zeticarail 2017) 
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The track is being divided, for engineering purposes into two main parts; the 

superstructure and the substructure, as presented in Figure 1.6 above. Those part will 

be discussed in the following sections. 

2.2.1 Track Superstructure 

The superstructure of the track includes the main load supporting elements, 

such as rails, ties, and the fastening system. Its purposes are to support the rolling 

stock wheels, guide them and transfer the loads into the track substructure. Generally 

saying, it is the visual structure of the track if the ballast is excluded. 

Track superstructure defines the geometry of the track, with its geometry 

quality being measurements by taking the measures of the primary parameters such as 

gauge, alignment, surface, and superelevation, as well as their variation. The gauge is 

the distance between the rails, measured ¾ of an inch under the top of the railhead. 

The alignment is horizontal straightness of the rails. It is being measured in the center 

of the chord for three different universal length cords, e.g., 31, 62, and 124-foot cords. 

The surface, or the profile of the rails, likewise, is measured in similar length cords but 

it presents the vertical straightness of the rails, i.e., vertical rail alignment. Poor track 

profile, as evidenced by a profile defect is shown in Figure 2.2 below. 
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Figure 2.2: Profile Defect 

The superelevation presents the vertical difference between the top of the rails 

on the same tie, or track location. 
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Figure 2.3: Load Distribution and Accumulated Settlement per Tie (Nielsen and Li 

2017) 

The Figure 2.3 above, is an example of load distribution and accumulated 

differential settlement of the rail at a specific tie (sleeper). This chart illustrates the 

potential for the deterioration of the geometry of the track, i.e., of the superstructure. 

2.2.2 Track Sub-Structure/Formation 

The substructure, illustrated in Figures 2.4 and 2.5 below, includes the 

foundation layers of the track such as the ballast, the sub-ballast, and the subgrade. It 

is also known as either: the Formation, the Trackbed, or the subsurface of the track. A 

few of the many purposes of the substructure are to support the track superstructure 

and allow drainage of the structure. 
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Figure 2.4: Track Structure Components, Cross Section (Selig and Waters 1994) 

 

Figure 2.5: Track Structure Components, Longitudinal Section (Selig and Waters 

1994) 
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The Formation is a combination of several geotechnical layers, made of 

granular materials. The Formation condition and quality are being measured by its: 

layer thickness, ballast contamination, or fouling, and moisture content. Also, other 

measures include voids in the layers, the ability to drain the track, the stiffness of the 

track, which depends on the Formation elasticity, and layers intersection undulation. 

Formation condition and quality require frequent inspection and measurement. Since 

the substructure does not often change due to traffic cycle load, it is inspected in a 

lower rate comparing to superstructure inspection. 

2.2.3 Defect Development 

This study concentrated on the bottom-up degradation direction. In other 

words, concentration on defects initiated in the Formation and propagation in and 

degradation of the superstructure. The study does not include the opposite direction 

where poor geometry causes degrading of the substructure, i.e., poor geometry 

generates dynamic loads that influence and disturb the foundation structure. 

Bottom Up degradation is where defects initiate in the subsurface, ballast or 

soil layer, and propagate to the surface degrading the track geometry. The resulting 

defects may be individual, or combination of the following: 

- Deflection ï temporary settlement under a load. 

- Settlement ï permanent settlement of the track. 

- Formation of waves (undulation). 

- Water and drainage. 

- Consolidation of sub-grade layers. 

- Shear failure. 

- Longitudinal cracking the track bed substructure. 
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- Frost heaving. 

- Pumping. 

- Poor construction, e.g., poorly compacted fill material. 

- Slope failure. 

- Erosion. 

- Migration in groundwater. 

Poor subsurface, i.e., poor support of the sleepers (ties) or settlement of the 

subgrade and roadbed are the leading causes of the geometry deterioration (Sussmann 

and Selig 2000). This results in rapid degradation of track surface, i.e., track geometry, 

which may result in high deflection, or settlement of the track. 

Moreover, this mechanism may lead to high dynamic forces. Those forces will 

damage all the related elements of the track, both in the superstructure and 

substructure. Examples for such damage are: frequent and increased rail fatigue, rapid 

degradation of the ballast for example: ballast fouling, sleeper cracking and fracture, 

deterioration of the fastening system. Also, all the above-mentioned subgrade 

conditions can lead to poor drainage, and track modulus2 changes due to a change in 

the Formation. Other elements in the track such as turnouts will deteriorate due to 

mentioned increasing high dynamic forces over many loading wheel cycles. 

The substructure is a critical element since its failure causes significant 

interruption to traffic flow and require heavy, as well as expensive maintenance. 

                                                 

 
2 Track modulus is a measure of the vertical stiffness of the track structure 
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The following set of figures illustrate several types of Formation defects. The 

Figure 2.6 below present is of fouled ballast, where, according to (Selig and Waters 

1994), 76% of the fouling material in the ballast comes from the ballast itself. 

 

Figure 2.6: Ballast Fouling 

Figure 2.7 below, shows drainage issues since the water is standing in the 

culverts. 
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Figure 2.7: Poor Drainage Issue 

In Figure 2.8, severe mud present in the track structure is shown, the defect is 

known as a Mud Spot. 
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Figure 2.8: Mud Spot 

Due to inadequate drainage systems, erosion of the track Formation could take 

place, as in Figure 2.9, which shows several erosion examples of the track 

substructure. This may happen in places with insufficient drainage, thus the need for 

proper runoff of water. In the chart, the washout migrates the granular particles at the 

end of and under the ties. 
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Figure 2.9: Track Embankment Erosion 

Furthermore, drainage system failure, as presented in Figure 2.10, can result in 

full track flooding. 

 

Figure 2.10: Flooding on Track 
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2.2.4 Track Inspection 

As noted, this study concentrated on track geometry and substructure. Thus, 

the continuous inspection technologies that are presented for evaluation of their 

conditions are the Track Geometry inspection and the Ground Penetration Radar 

(GPR). Table 2.1 presented a list of the measured parameters for those inspections. 

The parameters presented are an interpretation of the measurements, rather than 

directly sampled from the track structure. 

Table 2.1: Inspections Classification and Their Parameters 

Inspection Type   Parameters of the Inspection 

Track Geometry 

1 Gauge 

2 Alignment 31/62/124 chord 

3 Surface/Profile 31/62/124 chord 

4 Superelevation 

5 Warp 

6 Twist 31/62 chord 

7 Cross-Level Value Rate 

Ground Penetration Radar 

1 Ballast Fouling Left/Center/Right 

2 Layer Roughness Left/Center/Right 

3 Ballast Thickness Left/Center/Right 

4 Free Draining Layer Left/Center/Right 

5 Relative Moisture Left/Center/Right 

 

 

Track Geometry inspection performed by the Track Recording Vehicle (TRV) 

measures the track condition continuously, foot by foot. The results of the geometry 

inspection are presented mainly for different wavelengths, including 31, 62 and 124 

feet chords. Other crucial parameters, created from the previous measurements include 

cross-level, twist, and warp. 
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The Vertical Defection inspection, i.e., M-Rail inspection, is based on Beam 

On Elastic Foundation theory (Kerr 2003), to define the track support condition. It 

makes use of deflection of the track under load (Lu 2008). This technique develops a 

support parameter k, the track modulus, to define the track support condition. M-Rail 

makes use a loaded and unloaded track measurement to determine a value for the track 

support condition. The variables of the M-rail inspections are Yrel Left and Right that 

stand for relative vertical deflection Yrel. 

2.2.4.1 Ground Penetrating Radar (GPR) Inspection 

Ground Penetrating Radar (GPR) inspection is presented here as a separate 

section due to its importance in the study. 

Ground Penetrating Radar (GPR) inspection is a continuous and Non-

Destructive Testing (NDT) method. It provides a complete picture of the track 

Formation condition, as well as its quality. Moreover, it screens the information on 

failure and deformation conditions (Hyslip et al. 2005). 

The GPR measures, as summarized in Table 2.1 above, measures layer 

thicknesses and configuration, as well as the moisture content and fouling condition. It 

uses the different reflection of radar waves in the 300 to 400 MHz range to identify 

conditions of the substructure layers, i.e., ballast, sub-ballast and subgrade. It is the 

most common measurement of the trackbed support condition. The three main units 

that make up the GPR inspection are: the control unit, receiver and transmitter 

antennas, and the survey encoder. The antenna transmitted an electromagnetic signal 

into the track and received its reflection. Then the two-way travel time, as well as the 

amplitude of the incoming signal are measured. Knowing the given medium, and its 

associated dielectric permittivity, a screening of the subsurface is made. In other 
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words, measuring the change in the returning signal, one can interpret from them the 

changes in subsurface layers and its condition. The reflections can be used to develop 

the layering and material characteristics of the subsurface. The GPR is most suited to 

measurement of the condition of the ballast layer. It is a challenge to relate the 

physical state of the ballast (density, gradation, moisture content) (Sussmann et al. 

2017a). Furthermore, borehole drilling in the track is often made to calibrate the GPR 

inspection results. 

In the Figure 2.11 below, an example of a GPR inspection car, as well as its 

systems, is presented. 

 

Figure 2.11: Ground Penetrating Radar (GPR) Inspection Systems (Hyslip 2017) 

The GPR inspection system includes three transmitting and receiver antennas, 

as shown in the Figure 2.12 below. These measure the left, center and right sections of 

the ballast and subgrade. 
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Figure 2.12: GPR Survey Three Antennas 

In the Figure 2.13, the upper part shows the radargram of the raw data, i.e., 

pre-processed data of the GPR inspection, as well as layer thicknesses of the different 

layers, i.e., ballast, sub-ballast and sub-grade. The bottom part of the diagram in an 

interpretation, i.e., the raw data in the upper part post-processed into a useful 

representational. In it, the thickness and depths of the layers are seen. The results are 

presented continuously by track mileage. In the upper right part of the figure, the 

result of the bore drilling, for calibration purposes, can be seen. In the figure, the three 

colors; red, green, and yellow stands for the layers; ballast, sub-ballast and sub-grade 

respectively. The lines on the figures stand for the intersections between the layers. 



 41 

For both diagrams, the x-axis stands for the MP3 of the track. The y-axis, on the other 

hand, varies with measurement parameter, thus for the above diagrams it stands for the 

time, i.e., signals delay in seconds, in the bottom diagram it stands for depth. The y-

axis as presented for both diagrams, increases as the scale goes lower in the axis, in 

time for the upper diagram, or depth for the bottom diagram. 

 

Figure 2.13: Radargram and Post-Processed Diagram (ISR 2013) 

                                                 

 
3 Mile Post 
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Figure 2.14 shows in one image all the three post-processed signals, i.e., three 

sides of the track. In it, an understanding of the track Formation intersection could be 

made. 

 

Figure 2.14: GPR Survey Post-Processed Result for Three Sides of the Track (ISR 

2013) 

2.3 Data Analysis 

This research is intended to develop statistical relationships between inspection 

parameters from substructure and superstructure inspection technologies. Therefore 

data analysis is the crucial part of this research. 

Each following chapter presents a unique data analysis method. Thus they 

include a separate introduction and insight into to the used method. 

This subchapter gives a background to the data used, including its variables, 

structure, as well as the preparation techniques. 
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Inspections data analyzed in this research was measured by two major US 

Class 1 Railroad and the FRA4 inspection vehicles on freight and passenger lines. The 

data specifically came from: 

¶ CSX Transportation tracks on the Peninsula Sub-division 

o One set off track geometry, M-Rail and GPR data made of 4/2016. 

¶ Amtrak on the Northeast Corridor;   

o Continuous track geometry data for approximately two miles of 

track near Oakington Road Maryland; MP 62-64. 

o This represents monthly continuous geometry data from 06/2013 to 

09/2016. 

The inspection technologies include: 

¶ Ground Penetrating Radar (GPR) which uses the reflection of radar waves 

in the 300 to 400 MHz range to identify conditions in the ballast, sub-

ballast and subgrade. (Amtrak and CSX) 

¶ Track geometry data to include key parameters, such as surface, alignment, 

and cross-level data, as recorded from a track geometry car. (Amtrak and 

CSX) 

¶ Vertical Defection measurements (M-Rail) which make use of deflection of 

the track under load. (CSX) 

 

                                                 

 
4 FRA track recording car provided data on the CSX track 
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2.3.1 Data Collection and Organization 

The range and variability of the data acquired indicates that data processing, 

correlation and follow up data analysis are major task activities. The type of data 

issues to be addressed include data variability, data dispersion, data diversity, and data 

interdependence caused by such factors as: 

¶ Variable data source. 

¶ Various type of data, to include raw and processed data. 

¶ Differing inspection dates. 

¶ Differing locations to include division, sub-division, track and exact 

location (MP). 

¶ Misalignment of the inspections and missing data. 

2.3.1.1 Ground Penetrating Radar (GPR) 

The GPR inspection data was received from two different sources, the CSX 

and Amtrak. The CSX GPR Inspection was by the FRA T-18 measuring car, for 

example, and included the main following variables. 

2.3.1.1.1 Ballast Fouling Index (BFI) 

The Ballast Fouling Index (BFI) results, as was described in Subchapter 1.2.4, 

have been calibrated to the Selig Fouling Index (Olhoeft and Selig 2002) using data 

and ballast samples acquired in the USA in 2014. The BFI values of are classified as 

shown in Table 2.2 below indicating track Formation ballast condition. 
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Table 2.2: Ballast Fouling Indexes (BFI) CSX Classification Table 

BFI Category Description Modeled Fouling Index 

5 Clean 0 to <5 

4 Moderately Clean 5 to <10 

3 Moderately Fouled 10 to <25 

2 Fouled 25 to <30 

1 Highly Fouled >30 

0 Unavailable n/a 

 

 

2.3.1.1.2 Layer Roughness Index (LRI) 

The Layer Roughness Index (LRI) provides a classification and an indication 

of Trackbed layers variation level. It is designed to emphasize the layerôs interface 

locations that have irregularities. Such regions imply a poor Trackbed condition for 

instance either: ballast pumping, wet-bed Formation, or sub-grade erosion. For 

example; category three, i.e., good LRI condition indicates less than 2 inches of depth 

variance over 66 feet (see Table 2.3), 

Table 2.3: Layer Roughness Indexes (LRI) CSX Classification Table 

Category Description Variance (inch) 

3 Good < 2 

2 Poor 2 - 4 

1 Very Poor > 4 

0 Unavailable n/a 
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2.3.1.1.3 Ballast Thickness Index (BTI) 

The Ballast Thickness Index (BTI) categorize track locations that deviate from 

a defined, i.e., standard, ballast design thickness. Note: the categories are relative to 

the top of the tie (see Table 2.4). 

Table 2.4: Ballast Thickness Indexes (BTI) CSX Classification Table 

Category Description Thickness (inch) 

5 Positive Exceedance Level 2 > 23 

4 Positive Exceedance Level 1 17 - 23 

3 No Exceedance 11 - 17 

2 Negative Exceedance Level 1 5 -11 

1 Negative Exceedance Level 2 < 5 

0 Unavailable n/a 

 

 

2.3.1.2 Track Geometry 

As noted, track geometry data files have been obtained from several major 

Class 1 Railroad companies, specifically Amtrak and CSX. For example, from Amtrak 

data was obtained for a track on the Northeast Corridor of Oakington Road, 

specifically Track 2, MP 62-64 between Philadelphia and Washington DC. This data 

is continuous as shown in the Figure 2.15 below. 
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Figure 2.15: AMTRAK Continuous Track Geometry Data, Oakington Road 12.2013 

MP62.6 to 64 

2.3.1.2.1 Geometry in Track Quality Index (TQI) Representation 

In this study, a representation of track geometry known as Track Quality Index 

(TQI) was used. TQI is a transformation of the raw geometry data, as a single or as a 

set of parameters, into an alternate engineering quality value. This way a consolidation 

of the geometry inspection observations is presented for analysis convenience and 

better representations, for example eliminating the negative values. The TQI is a 

common engineering practice, and this research considers their use. 

The consolidation is being done by applications of calculations on the raw 

data. The TQI approaches such as: Running (RR), Standard Deviation (SD), and Root 

Mean Square (RMS) were used mainly during the EDA (Chapter 3). The formulas and 
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calculations of the TQIsô are presented below and in the EDA (Chapter 3) before 

being applied in the corresponding sections. 

TQI as Running Roughness (RR) 

A common way to define TQI is using the Running Roughness (RR). The RR 

calculation is based on the following equation: 

 Ὑ
В

 2.2 

di ï Mean Chord Offset (MCO) deviation in window i. 

n - the number of measurements in the length of track in the window. 

 

Standard Deviation (SD) as TQI 

Another commonly used approach for defining the TQI is using the standard 

deviation (SD) over a constant window of either 100ft or 200ft according to the 

following equation: 

 ὛὈ
В Ӷ

 2.1 

ὼӶ ï mean value of the measurements in the window 

xi ï measurement point value in the window 

n - the number of observations in the length of track in the window 
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TQI as Root-Mean Squared (RMS) 

The Root Mean Square (RMS)is a third TQI approach, calculated in this 

section, for a constant window of 100ft and 200ft, according to the following equation: 

 ὙὓὛ
ȢȢȢ

 2.3 

xi ï measurement point value in the window 

n ï the number of measuring points in the window 

 

2.3.1.3 Vertical Defection (M-Rail) 

M-Rail inspection is a new, and not fully established, inspection technique that 

was examined, on a limited basis in this research. M-Rail provides continuously 

measured data depicting the loaded deflection Yrel of the track. Table 2.5 shows an 

example that was obtained from the FRA measuring car that measured CSX tracks. 

The CSX data presented was taken from the T-18 from a continuous inspection made 

from MP67 to 69 on the Peninsula Subdivision on 04/2016. 

Table 2.5: M-Rail Data from FRA T-18 taken on CSX 

MP FT Speed TrackClass PostedSpeed TrackNum YRel Left YRel Right Latitude Longit. 

Counts Counts Mph Number Mph Number Inches Inches Degrees Degrees 

67 0 49 4 79 5 0.0261 0.15276 37.46 -77.14 

67 1 49 4 79 5 0.01618 0.14053 37.46 -77.14 

67 2 49 4 79 5 0.01222 0.13481 37.46 -77.14 

67 3 49 4 79 5 0.02503 0.10977 37.46 -77.14 

67 4 49 4 79 5 0.02046 0.10093 37.46 -77.14 

67 5 49 4 79 5 0.03794 0.12167 37.46 -77.14 
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2.3.2 Data Identification and Definition 

The following Tables 2.6 to 2.10 below describe the primary variables 

included in the different data sets, to include headers of the inspections, their data 

structure, and variables. Each railroad company has its own structure. To understand 

the accompanying analyses, various data elements within each dataset are described. 

Table 2.6: CSX Geometry Inspection Variable Definition and Cross Reference 

  Header code Header Description 

1 MP milepost 

2 GAGE     gauge 

3 SUP      superelevation 

4 ACCVR   vertical acceleration right [g] 

5 RCL Right rail cant [in] 

6 RCR Left rail cant [in] 

7 CRV      curvature in degrees 

8 ACCVL   vertical acceleration left [g] 

9 PRL62ft  profile left chord 62 

10 PRR62ft  profile right chord 62 

11 WP62     warp 62 

12 WP31     warp 31 

13 Lat GPS latitude coordinates 

14 Long GPS longitude coordinates 

15 Alt  altitude 
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Table 2.7: AMTRAK Geometry Inspection Variable Definition and Cross 

Reference 

  Header code Header Description 

1 CrossLevel cross level 

2 CrossLvl Rate cross level rate of change 

3 Right Profile Right Profile 31 

4 Right Prof 62 Right Profile 62 

5 Right Prof 124 Right Profile 124 

6 Left Profile Left Profile 31 

7 Left Prof 62 Left Profile 62 

8 Left Prof 124 Left Profile 124 

9 R Alignment Right Alignment 31 

10 R Align 62 Right Alignment 62 

11 R Align 124 Right Alignment 124 

12 L Alignment Left Alignment 31 

13 L Align 62 Left Alignment 62 

14 L Align 124 Left Alignment 124 

15 Curvature degree of curvature 

16 CTS curve delineation marker 

17 Warp62 warp 62 

18 LProfSC Left Profile space chord 

19 RProfSC Right Profile space chord 

20 LAlignSC Left Alignment space chord 

21 RAlignSC Right Alignment space chord 
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Table 2.8: CSX GPR Inspection Variable Definition and Cross Reference 

  Header code Header Description 

1 BMP beginning milepost 

2 EMP ending milepost 

3 LRI_CAT_Left Layer Roughness Index 

4 LRI_CAT_Center Layer Roughness Index 

5 LRI_CAT_Right Layer Roughness Index 

6 BTI_CAT_Left Ballast Thickness Index 

7 BTI_CAT_Center Ballast Thickness Index 

8 BTI_CAT_Right Ballast Thickness Index 

9 FDL_Value_Left Free Draining Layer 

10 FDL_Value_Center Free Draining Layer 

11 FDL_Value_Right Free Draining Layer 

12 FDL_CAT_Left Free Draining Layer 

13 FDL_CAT_Center Free Draining Layer 

14 FDL_CAT_Right Free Draining Layer 

15 BFI_Value_Left Ballast Fouling Index 

16 BFI_Value_Center Ballast Fouling Index 

17 BFI_Value_Right Ballast Fouling Index 

18 BFI_CAT_Left Ballast Fouling Index 

19 BFI_CAT_Center Ballast Fouling Index 

20 BFI_CAT_Right Ballast Fouling Index 
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Table 2.9: CSX T-18 Geometry, Mrail, and GPR Inspection Variable Definition and 

Cross Reference 

  Header code Header Description 

1 ALD automatic location detector 

2 LProf31 Left Profile 31 

3 LProf62 Left Profile 62 

4 LProf124 Left Profile 124 

5 RProf31 Right Profile 31 

6 RProf62 Right Profile 62 

7 RProf124 Right Profile 124 

8 LAlign31 Left Alignment 31 

9 LAlign62 Left Alignment 62 

10 LAlign124 Left Alignment 124 

11 RAlign31 Right Alignment 31 

12 RAlign62 Right Alignment 62 

13 RAlign124 Right Alignment 124 

14 LProfSP Left Profile space chord 

15 RProfSP Right Profile space chord 

16 LAlignSP Left Alignment space chord 

17 RAlignSP Right Alignment space chord 

18 YRel Left Y relative left 

19 YRel Right Y relative right 

20 AvgVertForce Average vertical force 

21 TotalLatForce Total lateral force 

 

2.3.3 Development and Consolidation of Data into Data into Common Datasets 

Any extensive data analysis demands the construction of relevant databases. 

Several examples are presented for database construction for use with the subsequent 

analyses. The consolidation and pre-processing of the data into a common dataset was 

done using a combination of; Microsoft Excel, Microsoft Access, and R Software 

through RStudio. Due to the disparate nature of the data, this step is a time consuming 

one. Incorrect data handling at this stage will lead to potential errors during analysis 
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since all the data analysis, both basic and advanced are highly depended on the quality 

of the data and the database. 

Another essential task in the research was data file organization and 

management since more than 180 files were received. The approach taken was the 

creation of a comprehensive traceability table and working according to it, as 

illustrated in Table 2.10. In it, the files were organized by their attributes, such as; 

type, location, version. 

Table 2.10: Data Traceability Table 

  IM Type 

of Insp. 

Sub-

division 

MP 

from 

MP 

to 

Filename Data 

Format 

Date 

1 BN

SF 

M-rail cherokee 308.1

63 

271.141 CSV__FT_BY_FT__MID8__UNK_

CHEROKEE_0__MP_309_to_268.cs

v 

CSV 20160

915 

2 BN

SF 

M-rail cherokee 268 308.999 CSV__FT_BY_FT__MID7__UNK_

CHEROKEE_0__MP_268_to_309.cs

v 

CSV 20160

915 

3 BN

SF 

TQI clovis 6550

00 

897000.

98 

Clovis_TQI_2009to2015 CSV 2009-

2015 

 

 

In the database construction, MP locations were the reference value for the 

combination and referencing of different datasets. However, the analysis goes beyond 

the simple reference locations, e.g., such as for relationship development between 

variables. 

The dataset has an analytical purpose. Therefore it is oriented by the research 

problem. Thus, the research problem definition outlined the dataset by its purpose and 

the data set was built for the analysis. The problem statement identifies required data 

parameters such as type, variables. The following steps were applied to the data for 

each inspection both separately and together for the database construction: 
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¶ Creation, of converting of files to .csv type files. 

¶ Extraction, splitting, combination, and grouping of the data frames 

for a specific problem analysis of the data. 

¶ Aggregating data frames by variables and observation 

manipulation, e.g., consolidation, cleaning, filtering, aggregating 

and processing. For example database per division, defect level 

tags, date of collection, defect type, magnitude, track class. 

¶ Organizing the data frame after simple plotting to find errors, 

missing data, or irregularities in the data. 

¶ Alignment if required of the observations. For some of the larger 

data files, this step was done in the following analysis stage, as 

described in Chapter 3 of this dissertation. 

2.3.3.1 Stiffness (Mrail) file 

The Mrail data inspection is a continuous foot by foot data of relative rail 

deflection and is representative of the vertical track stiffness. The inspection was 

originally developed by the University of Nebraska ï Lincoln (Palese et al. 2016). The 

primary database preparations for the Mrail data were: separating between the 

right/left rails and aligning the Mrail data longitudinally with other signals and defects. 

2.3.3.2 Geometry file 

The geometry inspection continuous data that was utilized in this activity is a 

continuous foot by foot data gathered from an inertial based track geometry inspection 

vehicle. The data includes measured values for each of the significant track geometry 

channels that describe the spatial relationship of the track structure, gathered every 
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foot. The Amtrak data was collected at a high frequency (once per month) and 

provides the ability to evaluate the track condition/degradation over time. 

It is important to note that sequential inspections result in continuous data that 

sometimes must be aligned longitudinally, as the linear identifiers (foot count) may be 

off by several samples. As an example, the geometry data received from AMTRAK, 

as was described in the Task 2 report, was considered. Specifically, the Right Profile 

62 (Rprof62) channels were chosen as a representative variable and were defined as a 

benchmark for the alignment of the times series data. A single time series dataset of 

Rprof62 was visually examined for each inspection date and aligned accordingly. The 

result of the shift of each inspection signal is summarized in Table 2.11. 
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Table 2.11: AMTRAK Time Series 06/2013 to 09/2016 Data Alignment Summary 

 Inspection date 

[mm/yyyy] 

Add 

/Deduct 

Relative 

shifting 

[mile]   

Total 

Shifting 

[mile] Direction of Shift  

X06_2013 + 0.013 X07_2013 0.013 move forward 

X07_2013   0   0   

X08_2013   0   0   

X09_2013   0   0   

X10_2013   0   0   

X12_2013   0   0   

X01_2014   0   0   

X03_2014   0   0   

X04_2014   0   0   

X06_2014   0   0   

X07_2014   0   0   

X10_2014   0   0   

X11_2014   0   0   

X12_2014   0   0   

X01_2015   0   0   

X02_2015   0   0   

X03_2015   0   0   

X04_2015   0   0   

X05_2015   0   0   

X06_2015   0   0   

X07_2015   0   0   

X08_2015   0   0   

X11_2015   0   0   

X12_2015 - -0.002 X11_2015 -0.002 move forward 

X01_2016 + 0.003 X12_2015 0.001 move back 

X02_2016     X12_2015 0.001 move back 

X03_2016     X12_2015 0.001 move back 

X04_2016     X12_2015 0.001 move back 

X05_2016 - -0.011 X04_2016 -0.01 move forward 

X06_2016 + 0.01 X05_2016 0   

X09_2016 - -0.028 X06_2016 -0.028 move forward 
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2.3.3.3 GPR files 

Raw and post-processed files of Ground Penetrating Radar (GPR) data were 

received from two different sources, Amtrak and FRA (CSX) with some differences. 

An alignment process, similar to previous processes, was completed for the GPR data. 

Three antennas signals; Left, Center, and Right of the Ballast Fouling Index (BFI) 

defining Moisture Content and Layer Thickness were obtained. 

2.3.4 Data Alignment 

Alignment of the variables, as part of dataset construction, was a significant 

part of the analysis, which depended entirely on the data quality. Data alignment was 

done at different levels such as, the alignment of observations of variables of different 

inspections that were measured on the same track MP. 

Amtrak Oakington Road data, presented in the section 2.3.4.1 below, is an 

example of alignment of observations of variables of similar inspection type, i.e., 

observations of variables of Geometry Inspection. 

2.3.4.1 Similar Inspection Alignment Example for Amtrak Oakington Rd . Data 

EDA of the different continuous geometry inspections of Amtrak Oakington 

Road data showed a misalignment between their variable observations. Therefore, the 

data frames were carefully and individually examined and then re-alignment by their 

MP. Table 2.12 below illustrates the change in MP that was done per variable for each 

of the inspections Time Series from June 2013 to September 2016.  

By examination and comparison of the same inspection variables, e.g., Right 

Profile for different inspection dates, it was possible to identify the misalignment and 

align it afterward. Other variables in the data sets could be aligned using the alignment 

shifting value as seen in Table 2.11. 
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A consolidated database for the analysis required the evaluation of 39 sets of 

geometry measurements and their grouping into a single data frame. Initially, all the 

files were converted to a common .csv format and renamed to a typical, i.e., easily 

recognizable programming identifying the name. Then all the files were loaded into 

the software, either: R software, or MS Access by their key variables and 

observations. 

Figures 2.16 and 2.17 present an example of four sets of geometry signals 

before and after alignment. This graphical illustration of the time series data before 

and after alignment shows the cross-correlation for several variables. Note the 

significant increase in correlation after a proper longitudinal alignment of the data. 
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Figure 2.16: Graphical Illustration of the TIME SERIES of the Variable, a Correlation 

Plot Before Alignment 
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Figure 2.17: Graphical Illustration of the TIME SERIES of the Variable, a Correlation 

Plot After Alignment 

2.3.4.2 Different Inspection Alignment Example for Amtrak Oakington Rd. 

Data 

As noted, the analysis involves variables from different inspections such as the 

Time Series alignment as presented in section 2.3.4.1, a multivariable multi-inspection 



 62 

alignment. Another example of such an alignment will be presented in section 

3.3.1.3.3, where it is being used for further analysis. 

2.4 Remarks 

Before conducting the primary analysis of the possible interrelation between 

track geometry and track substructure condition, a preliminary investigation and 

literature review were done in this chapter. The following remarks on the Background 

chapter can be made: 

1. The proposed relationships appear to be possible and have been widely 

discussed in the literature as discussed in this chapter. 

2. The optimal Track Geometry condition for development such mutual 

structural relations could be by the representation of the track in either of 

two ways: 

¶ Using raw data, with the profile (surface) as the dominant 

geometry inspection parameters for such a relations development. 

¶ Using Track Quality Indices (TQIs), such as Standard Deviation 

SD, Running Roughness (RR), and Root Mean Square (RMS). 

3. The Track Substructure representation is possible in either of two 

inspections ways: Mrail or the GPR. However, GPR inspection provides 

the best thorough condition of the track formation, i.e., substructure for all 

its layers. 

4. The feasibility and the importance of the research are due to the three 

primary motivators for the correlation: 

¶ Engineering examination showed the feasibility of this study. 
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¶ The statistical accidents FRA data pointed toward the importance 

of this research. 

¶ The successful output of the research will benefit the railroad 

industry, the passengers, and the stakeholders. 

5. Data preparation, including collection, definition, consolidation, and 

alignment of the variables is a vital part of the data analysis. Thus, dataset 

construction is a significant part of the process, and its quality will have an 

enormous impact on the analysis success. 
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EXPLORATORY DATA  ANALYSIS (EDA) 

3.1 Introduction  

Exploratory Data Analysis (EDA) is an approach that uses a variety of 

techniques, most of them graphical, to allow the first insight into a data set. EDA helps 

characterize the data in the following ways: 

¶ Whether there are anomalies in the variables (outliers) (Attoh-Okine 2017) 

¶ If there are simple relationships between the variables, such as patterns.  

The EDA in this study is presented in two main parts; initial EDA and 

advanced EDA, including data mining. 

EDA includes the basic EDA approaches that are used to explore each 

inspection/dataset separately (Cox 2017) This includes analysis of a single data 

variable, as well as, a multivariable analysis within an organic dataset. This way, 

preliminary relationships between individual parameters are being developed. EDA of 

a single data variable uses, for example, its statistics to understand its behavior. 

It also identifies potential relationships between multiple datasets, such as the 

track geometry, Mrail, and GPR data discussed previously. An Advanced EDA 

approach is presented in section 3.2 of the EDA chapter and requires extensive data 

preparation. 

The EDA presented in this chapter applies to all data that was received and 

presented in the previous Chapter. Overall the approach included the following 

analysis steps: 

Chapter 3 
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¶ Data cleaning ï a process of removing noise and inconsistent data. 

¶ Data integration ï a process of selection, grouping, combining, matching, 

alignment multiple data sources variables and its observation for the creation of 

relevant datasets and structures from the existing database for the sake of specific 

analyses. 

¶ Data description and transformation ï a process to measure data spread 5and 

develop an overall description of a set of data using descriptive statistics and other 

methods. Evaluation of dataset: by class, structure, summary, aggregation, and its 

sample. 

¶ Pattern evaluation ï a process to identify patterns based on domain knowledge6 

and origin of the data. Develop preliminary relationships between track subsurface 

data and track geometry. Identify potential correlation relationships between data 

sets such as geometry defects and subsurface measurement data. 

¶ Data visualization ï a technique to graphically represent valuable information 

regarding the data. 

This chapter has been structured to provide insight to the reader regarding the 

EDA approach, particularly its application and implementation. The chapter includes a 

discussion of EDA and Advanced EDA with its all related subsections and ends with a 

                                                 

 
5 Spread measures; the similarity, or the variety of the variableôs observations. The 

spread includes; the range of the quartiles and the interquartile, the variance, and the 

SD of its observations. 

6 Domain knowledge - any specialized discipline or field knowledge that is essential in 

performing data analysis 
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Preliminary Observations section, which represents comments and observations 

regarding the EDA analysis performed. The chapter includes preliminary results. 

3.2 Exploratory Data Analysis (EDA) Results 

The EDA presented here was performed on available data provided by several 

major Class 1 US Railroad and the FRA, to include railroad companies such as CSX, 

and AMTRAK. 

The central part of the analysis presented in this subchapter (3.2) was applied 

on the CSX Peninsula Subdivision MP 67-69 data as was measured by the FRA using 

the T-18 track inspection vehicle. 

3.2.1 Dataset Description 

EDA in particular and data analysis, in general, requires the construction of an 

appropriate relational database, before any significant statistical analyses can be 

performed. Performing fundamental statistical analyses for each variable allows for 

the exploration and measurement of the following: quartiles and interquartile range, 

spread/dispersion and distribution of data. These analyses describe the variability in 

the data sample. It also measures the central tendencies, such as the mean and the 

median.  

Table 3.1 presents by rows, the following: 

¶ Number of columns that each data type is stored in 

¶ Relation of the inspection to the right/left side, or not related to side 
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3.2.2 Descriptive Statistics 

Descriptive statistics measured the raw and processed data information, such as 

its: spread, variance, and Standard Deviation by describing data summary 

observations. 

Table 3.2 below provides definitions for the descriptive statistics output 

samples presented in Table 3.2 and Table 3.3. Note that the descriptive statistics were 

determined using R, an open source software package for advanced statistical analysis. 

Table 3.1: Variables Summary Output and Rows Description 

Row number Information About the Variable 

1 Variable name 

2 Number of observation and min value 

3 Class of the variable and its 1st Quartile 7value 

4 Provide the Mode of the character and its Median 

5 Provide the Mean 

6 Provide the 3rd Quartile value 

7 Provide the Max value 

 

3.2.3 Descriptive Statistics and Software Output 

Tables 3.2 and 3.3 are samples of the descriptive statistics for the complete 

dataset, including all inspection compiled as part of this activity. The tables give the 

descriptive statistics for the Geometry and Mrail inspections variables that had been 

collected. The data include the summary of CSX Peninsula Sub-Division MP67-69 

                                                 

 
7 Quartile stands for one of four equal groups that include the population of the dataset 

according to its distribution 
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track sections. The tables describe, for each variable, its values in four equal groups 

into which they are being divided. 

Table 3.2: Descriptive Statistics CSX Peninsula Subdivision MP 67-69, Sample 1 

 LProf31 [in] LProf62 [in] LProf124 [in] RProf31 [in] 

Min.    -1.263 -1.466 -1.604 -1.086 

1st Qu. -0.095 -0.096 -0.148 -0.093 

Median  0.006 0.005 -0.002 0.005 

Mean    0.000 -0.001 -0.003 0.001 

3rd Qu. 0.106 0.103 0.161 0.104 

Max.    0.945 0.847 1.365 1.078 

 

 

Table 3.3: Descriptive Statistics CSX Peninsula Subdivision MP 67-69, Sample 2 

 LAlignSP [in] RAlignSP [in] YRel Left [in] YRel Right [in] 

Min.    -0.759 -0.778 -0.263 -0.283 

1st Qu. -0.055 -0.061 0.066 0.065 

Median  0.000 0.000 0.114 0.111 

Mean    0.005 0.006 0.123 0.116 

3rd Qu. 0.056 0.063 0.167 0.158 

Max.    0.811 0.849 1.267 0.620 

 

3.2.4 Dataset Structure and Variable Class 

Proper analyses of the data have to include investigation of each variable, 

particularly its: type, class, and structure. The variable structure varies between either: 
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numeric, double8, categorical, or character9. Numerical variables are variables that 

take numbers, which are classified as discrete or continuous. Categorical variables are 

variables that present a label from a group of labels. 

For performing specific analyses method, it is essential to know the type of the 

variable and data set, for example, the class, and the number of variables. Also, the 

form of the variable is necessary to be defined, such as; qualitative, or quantitative. 

For instance, in a qualitative variable, the frequency is being measured, while for 

quantitative the measure is of central tendency and dispersion. 

Table 3.4 defines the data structure that will be used in Table 3.5. Table 3.5 

presents an output example containing the dataset structure definitions as defined by R 

for several examples of sampled data. 

Table 3.4: Variables Data Structure Output, Rows Description 

Row number Information is given about the variable: 

1 Name of the dataset and the variables that will present below 

2 Classes of the dataset, number of observations and number of variables 

3 

Name of the variables, value of the, five samples of the variable 

observations 

4 

Name of the variables, value of the, five samples of the variable 

observations 

5 

Name of the variables, value of the, five samples of the variable 

observations 

6 

Name of the variables, value of the, five samples of the variable 

observations 

 

                                                 

 
8 In Computer Science, double is a numeric variable that can hold many Bitsô 

9 In Computer Science, is a variable type which can hold any type of data 
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3.2.4.1 Dataset Structure and Variable Class R Software Output Rows, Sample 

The data presented in this section was measured by the FRAôs T-18 inspection 

car on the CSX track sections. It includes Geometry and Mrail inspection parameters. 

Table 3.5: CSX Peninsula Subdivision Data Structure, Sample 

Classes ótbl_dfô, ótblô and 'data.frame':       10629 obs. of  4 variables: 

LProf31 [in]  num 0.011 0.002 -0.015 -0.038 -0.057 

LProf62 [in]  num -0.070 -0.079 -0.087 -0.096 -0.105 

LProf124 [in] num 0.233 0.221 0.204 0.184 0.161 

RProf31 [in]  num -0.095 -0.089 -0.087 -0.084 -0.075 

LAlignSP [in]   num 0.733 0.718 0.711 0.712 0.713 

RAlignSP [in]   num 0.665 0.680 0.690 0.696 0.700 

YRel Left [in]  num 0.026 0.016 0.012 0.025 0.021 

YRel Right [in] num 0.153 0.141 0.135 0.110 0.101 

 

3.2.4.2 The Head and Tail of a Dataset 

For extensive datasets, a useful tool for describing the datasets is the head and 

tail function, which identifies the first five and last five observations of the variables in 

the dataset. Table 3.6 is a sample dataset providing the results of the head of dataset 

observations for each variable. The sample generated on CSX Peninsula Subdivision 

data is presented as an example. Head of the data, in this case, describes the 

perspective on the variable; type, magnitude, or scale of the variables observations. 

For presentation convenience, the data in the table is reversed, between rows and 

columns. 
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Table 3.6: Head of the Dataset 

 Observation number 

Variable 1 2 3 4 5 

LProf31 [in] 0.011 0.002 -0.015 -0.038 -0.057 

LProf62 [in] -0.070 -0.079 -0.087 -0.096 -0.105 

LProf124 [in] 0.233 0.221 0.204 0.184 0.161 

RProf31 [in] -0.095 -0.089 -0.087 -0.084 -0.075 

RProf62 [in] -0.181 -0.162 -0.143 -0.134 -0.129 

RProf124 [in] -0.084 -0.084 -0.090 -0.096 -0.101 

LAlign31 [in] 0.017 0.002 -0.002 0.002 0.009 

LAlign62 [in] -0.108 -0.119 -0.122 -0.115 -0.102 

LAlign124 [in] -0.009 -0.040 -0.070 -0.098 -0.119 

RAlign31 [in] -0.012 0.013 0.037 0.055 0.070 

RAlign62 [in] -0.155 -0.143 -0.137 -0.129 -0.114 

RAlign124 [in] -0.206 -0.197 -0.182 -0.163 -0.140 

Gage [in] 56.7 56.7 56.7 56.6 56.6 

Crosslevel [in] 0.807 0.793 0.782 0.770 0.752 

LProfSP [in] 0.655 0.632 0.605 0.576 0.546 

RProfSP [in] 0.454 0.446 0.432 0.420 0.410 

LAlignSP [in] 0.733 0.718 0.711 0.712 0.713 

RAlignSP [in] 0.665 0.680 0.690 0.696 0.700 

Yrel Left [in] 0.026 0.016 0.012 0.025 0.020 

Yrel Right [in] 0.153 0.141 0.135 0.110 0.101 

 

3.2.4.3 Use of Visualization Techniques 

Visualization and graphical analysis play a significant role in finding 

relationships and patterns in the data. In the EDA, several basic visualization 

approaches have been used to examine a direct correlation between the variables of the 

inspection datasets, without any substantial modification to the data. Visualization 

may point to relationship and patterns, as well as guiding the analyst towards 

advanced analyses techniques, which is the primary purpose of the EDA. 

The section presents the application of several visualization techniques used in 

the EDA in this activity. 
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3.2.4.3.1 Base and Exploratory Graphics 

The base plotting system of the data visualization and representation are shown 

below applying the following tools on the data taken from the CSX Peninsula 

Subdivision MP 67 to 69. 

3.2.4.3.2 Bivariable Visualization 

Bivariable visualization is the simplest method of finding patterns between two 

variables. Figure 3.1 below shows the relationship of two variables of the CSX 

Peninsula Subdivision dataset for MP 67 to 69; Yrel Right (from Mrail) and Right 

Profile 31 (from the track geometry car), and the possible correlation between them. A 

predominant decreasing linear relationship band appears to exist. 

 

Figure 3.1: CSX Peninsula Subdivision MP67-69; Yrel Right and Right Profile 31 

Correlation Plot 
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3.2.4.3.3 Multivariable Visualization  

Figure 3.2 below illustrates the graphical relationship between five variables in 

this dataset. This chart is an illustrative example, the full set of variables is presented 

in the Appendix A.1.2. Each figure contains a different combination of variables, to 

evaluate patterns, and identify changes and behaviors. The first variable in each chart 

is MP-Mile Post. The rest of the variables are usually unique; however, in some cases, 

variables are intentionally repeated, e.g., to find patterns between the right, and left 

measurements. For example, there appear to be inverse correlations relationships 

between Lprof31, Lprof62, Lprof124 and Yrel L, particularly with Lprof31. 

 

Figure 3.2: CSX Peninsula Subdivision MP67-69 Multivariable Scatter Plot, Sample 
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3.2.4.3.4 Box and Whisker Plot 

Box and whisker plots, which are part of the EDA analysis, explicitly depict 

the shape of the data distribution as well as its central value and variability.  

Due to either high variability of the samples, or an error in the inspection, 

some of the observations can be identified as outliers. In other words, the outlier is a 

distant observation from the others. Furthermore, an outlier may cause a misleading 

understanding of the pattern in the data and unreliable predictive models (Grubbs 

1969). Thus, the outliers give perspective on the variables variety and have to be 

considered and either: ignored or used in specific cases from the data. 

Figure 3.3 below is an example for a Box and Whisker plot of the CSX 

Peninsula Subdivision MP67-69, to include the Mrail and the Geometry inspection 

results for four variables such as LProf31, LProf62, LProf124, and Yrel Left. The rest 

of Box-Plot figures are presented in the Appendix A.1.3. The box plot variables show 

the most extensive spread for LProf124, while the smallest spread is for Yrel L. By 

these figures, it seems to be that all the geometry variables that are presented are 

highly spread, which characterize track geometry. Thus, those outliers will not be 

deleted and will be incorporated into the analysis. The same conclusions were reached 

on the Mrail inspection variable (Yrel). 
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Figure 3.3: Box and Whisker Plot CSX Peninsula Subdivision MP67-69 data, 

Sample 

3.2.4.3.5 Combination of Box-Whisker Plot and Scatter Graphical 

Representation 

Figure 3.4 below presents the Yrel Left, one of the variables presented in 

Figure 3.3, as a function of the MP. The opportunity of such a graphical combination, 

of the Box and Whisker plot and the bivariable, scatter plot, is in its visualization. It 

provides to the analyst a tool and the ability for deeper understanding of the variable 

behavior. For example, in Figure 3.4 three abnormal observations of the Yrel Left 

variable of the Mrail inspection can be seen together with their location in the track. 

One of them is a distinct outlier. 
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Figure 3.4: Box-Whisker plot and Scatter CSX data; Yrel Left and MP 

3.2.4.3.6 Histograms 

A histogram is presented for one variable and provides an accurate 

visualization of the distribution and the frequency, or density of a continuous 

numerical variable in a specified interval, therefore it is an integral part of the EDA. 

Moreover, due to its nature, it shows the probability distribution. Thus, it is used to 

estimate the probability density function and possibly find the distribution that will fit 

the variable. 

Figure 3.5 shows a Yrel Left variable, which appears to be a normal 

distribution, that fact will be proven or disproved in the QQ Plot analysis. 
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Figure 3.5: Histogram, CSX Peninsula Subdivision MP67-69 

3.2.4.3.7 Combination of a Histogram and Kernel Density Estimation (KDE) 

A combination of Histogram and Kernel Density Estimation (KDE10) creates a 

useful illustration of the optimally smoothed distribution of random variables in the 

histogram with high bin numbers. All the variables in the CSX Peninsula Subdivision 

MP67-69 inspection data were plotted and are presented in the Appendix A.1.4. Figure 

3.6 presents a sample plot of this data combination. The chart show KDE of the 

RProf3111, the line in red color, on top of a histogram of that variable. The figure, in 

                                                 

 
10 A nonparametric density estimation line that make estimation of a probability 

density function (Parzen 1962), in addition, used to ñassess the multimodality, 

skewness, or any other structure in the distribution of the data.ò (Botev et al. 2010) 

11 Left rail profile measured over a 31-foot chord 
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particular, the KDE line, illustrates a behavior which appears to be a normal 

distribution. This normal behavior of the variable, as well as the other variables, will 

be examined in the following section. 

 

Figure 3.6: Histogram and KDE of CSX Peninsula Subdivision MP67-69 inspection 

RProf31, Sample 

3.2.4.3.8 Quantile-Quantile (QQ) Plot 

The Quantile-Quantile (QQ) probability plot is a subsidiary graphical 

technique for EDA, which compares two probability distributions by their quantiles 

against one another. The two probability distributions may be of two variables, an 

ordered variable, and a reference, or a variable and a theoretical distribution. 

A typical QQ plot of the variable observations would suggest that they are 

normally distributed if the observation points in the figure would create an 

approximately straight line passing through the first and third quartiles, as shown 

below. Thus, the QQ plots are used to measure whether variable observations are 

normally distributed. Figure 3.7 presents a sample of the QQ plot for the same 



 79 

LProf31 variable shown in Figure 3.6 above. Figure 3.7 remove all doubts and clearly 

show that LRrof31 is not normally distributed. 

The rest of the QQ plots for the other variables of the dataset are presented in 

Appendix A.1.5. 

 

Figure 3.7: Q-Q Plot, CSX Peninsula Subdivision MP67-69 Inspection Lprof31, 

Sample 

3.2.4.3.9 Multivariable Scatter Plot  

A related EDA approach allows for a graphical presentation that allows for 

analysis of the behavior of two different parameters with different distributions. For 

example, consider the BFI R, BFI C, and BFI L signals as a function of the Beginning 

of Mile Post (BMP). For the FRA GPR inspection, each sample has Beginning of Mile 

Post (BMP) and End of Mile Post (EMP) since each one of its values represents a long 

segment (15.84 ft) of a track. 
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EDA is not a data analysis tool by itself in this dissertation, but a principal 

subsidiary and valuable tool for examining data for further data analysis and it is a 

non-detachable part of it. For example, the EDA help us to identify the most useful 

variables in the dataset. In the GPR inspection of CSX Peninsula Subdivision MP67-

69, it was found that the BFI Right variable in this dataset may be corrupted as it seen 

in the Multivariable Scatter Plot, Figure 3.8 and the Box and Whisker Plot, Figure 3.9. 

Thus, BFI R was excluded from further analysis. 

 

Figure 3.8: Multivariable BFI and BMP Correlation Scatter Plot on CSX Peninsula 

Subdivision MP 67-69 
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Figure 3.9: Box and Whisker Plot of the BFI signals and BMP, CSX Peninsula 

Subdivision MP67-69 data 

The next two figures, the Figure 3.10 and the Figure 3.11 present the BFI left 

and BFI center signals separately, while the Figure 3.13 puts them together in the 

same figure aligned by the MP. The variables in the three figures are for both MP, i.e., 

BMP and EMP. 
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Figure 3.10: BFI Left vs. MP, include (BMP & EMP) Plot, CSX Peninsula 

Subdivision MP 67-69 

 

Figure 3.11: BFI Center vs. MP, include (BMP & EMP) Plot, CSX Peninsula 

Subdivision MP 67-69 
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In the Figure 3.12, the blue color stands for Left signal, while the orange color 

stands for the Center signal. The combined Figure allows for the identification of 

suspicious locations for further analysis. 

 

Figure 3.12: BFI L BFI C vs. MP, include (BMP & EMP) Plot, CSX Peninsula 

Subdivision MP 67-69 

3.3 Advanced EDA 

Advanced EDA includes a more extensive analysis that can be performed 

before moving forward to the more formal data analysis techniques. These analyses 

were conducted on the same datasets as the previous EDA analyses. 

The primary focus of Advanced EDA is an exploratory analysis of 

multivariable inspection parameters, such as from the different subsurface and surface 

inspection technologies data presented previously. The intent is to expose the hidden 

features of the data, mainly when visualizing multivariable high dimensional data. 
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The advanced EDA techniques include the following: 

¶ Frequency Multivariable Analysis. 

¶ Advanced graphics to include: 

ü Multivariable inspection correlation. 

ü Three signals in one 2D figure. 

ü Correlation plot with Linear model fit. 

ü Correlation plot with linear and parabolic model fit. 

ü Cumulative PDF/histogram. 

ü Track Quality Index (TQI) analyses and visualization were used in 

this subchapter to describe the variables. 

Also, Advanced EDA adds knowledge about the given data by extracting from 

it pattern information. Using Advanced EDA, together with intelligent data analysis 

methods. hidden patterns and relationships in large quantities of data can be identified, 

such as to develop relationships between geometry data (to include Track Quality 

Indices or TQIs) and other inspection data. 

The analyses included derived or analytical parameters such as Track Quality 

Index (TQI) from the primary dataset, i.e., raw (track geometry parameters). These 

parameters describe the geometry data. Additional outcomes of these analyses are the 

identification of otherwise unsuspected relationships and summaries of the railway 

data in forms and ways that are both understandable and practically useful. 

For each of the key identified parameters, preliminary relationships were 

developed between the different technology-based inspection parameters. Thus, for 

example, is there a potential relationship between ballast fouling as measured by GPR 

and vertical track modulus as measured by Mrail. Furthermore, this relationship 
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affects the track geometry degradation parameters as measured by the track geometry 

system. 

Figure 3.13 describes the path that the data must go through in this EDA task. 

 

Figure 3.13: The EDA Path of Data Hitherto (Attoh-Okine 2017) 

3.3.1 Track Quality Index (TQI) Analysis 

The different Track Quality Indices (TQI) used in this study were defined in 

Chapter 2 Background. There are different numerical techniques used to calculate TQI 

which include: Running Roughness (RR), Root Mean Square (RMS), and Standard 
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Deviation (SD). Often different TQI analyses are used for different track geometry 

parameters. Thus, for example, Standard Deviation is often used for Profile data, such 

as used in this dissertation. 

In some cases, TQI can be used as an alternative to ñrawò track geometry 

outputs for more detailed analysis of track degradation trends and behavior. 

As noted previously, the primary data sources used in these analyses were data 

from the CSX Peninsula Subdivision MP67-69 and AMTRAK Oakington Road 

Track2 MP 62-64. The resulting examination focused on generating metrics in the 

form of TQIs, particularly for profile/surface, and to compare them to the various 

inspection data parameters, to identify potential relationships that can be used for the 

more in-depth analyses. 

3.3.1.1 Raw Data Signal Figures, Without TQI  

The primary variables evaluated as part of the TQI analyses presented here are:  

¶ LProf31. 

¶ LProf62. 

¶ LProf124. 

¶ BFI C. 

¶  BFI L. 

¶  Yrel L. 

Among the different cross-correlation combinations are Mrail ïGeometry 

[Delta(Yrel L-Lprof31), Delta(Yrel L-Lprof62), and delta(Yrel L-Lprof124)]. 

As a first step, the relationship between the CSX Peninsula Subdivision 

geometry raw data and the Ballast Fouling Index (BFI) inspection data is evaluated, as 

shown in Figure 3.14 through Figure 3.18. For example, in Figure 3.14, the x-axis is 
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the Mile Post (MP), the y-axis is LProf62, and the secondary y-axis (right side of the 

graph) is the BFI L. Note the BFI, which follows the Selig Fouling Index (Selig and 

Waters 1994), starts at the value 16, which represents Moderately Fouled ballast. As 

BFI increases, it goes from fouled to a highly fouled ballast. 

 

Figure 3.14: Lprof62 & BFI L vs MP, CSX Peninsula Subdivision MP67-69 

The Figure 3.14, above, shows a good correlation between the peaks of BFI L 

and Lprof62 variables. In the figure, there are about ten sites where correlation seems 

to occur, corresponding to observed peak matching behavior. 

Figure 3.15 below, shows similar parameters, but with BFI C instead of BFI L; 

It likewise shows good peak correlation, but at a much lower rate, i.e., five matching 

peaks. 
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Figure 3.15: Lprof62 & BFI C vs MP, CSX Peninsula Subdivision MP67-69 

The following three figures, Figure 3.19 to 3.21, present BFI C from GPR 

inspection and a new calculated parameter Delta. The Delta is the difference between 

the Profile and Yrel. This parameter was observed during the EDA. where there was a 

possible correlation between the geometry inspection Profile variable and the Mrail 

inspection Yrel variable. Thus, the figures examine the difference between the Profile 

and Yrel. The Figures 3.16, 3.17 and 3.18 present the Delta parameter as the 

difference between Yrel L and Lprof124, Lprof62 and Lprof31 respectively. 

Figure 3.19 examine the behavior of BFI C and the Delta parameter calculated 

by subtracting Lprof124 from Yrel L. There is some correlation, but it is not as good 

as in the previous Figures. 
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Figure 3.16: Delta(Yrel L-Lprof124) & BFI C vs MP, CSX Peninsula Subdivision 

MP67-69 

Figure 3.17 repeats exactly the Figure 3.16, but the Delta uses Lprof62 instead 

of the Lprof124 variable, thus changing the measurement chord from 124-foot to 62-

foot chord. The correlation seems to improve in this chart as compared to the previous 

chart particularly for values of Delta greater than 1 and BFI C greater than 46. 
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Figure 3.17: Delta(Yrel L-Lprof62) & BFI C vs MP, CSX Peninsula Subdivision 

MP67-69 

Figure 3.18 uses Lprof31 for Delta calculation. The correlation also seems to 

improve in this figure, as compared to Figure 3.17 and 3.16. This relationship of 

profile variable with 62-foot chord BFI C is another sign of preferring it over other 

profile variables. 
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Figure 3.18: Delta(Yrel L-Lprof31) & BFI C vs MP, CSX Peninsula Subdivision 

MP67-69 

Overall, using the Delta parameter illustrates a possible improvement in the 

correlation between Profile and Ballast Fouling Index. 

3.3.1.1.1 AMTRAK Oakington R oad Tr ack 2 

This section presents the raw data signal analysis figures for the Amtrak track 

site near Oakington Road, Maryland. These are presented in Figures 3.19 to 3.24, 

without application of Track Quality Index (TQI). Each chart below uses a different 

variable for the y-axis. 

The variables used in this analysis are Rprof62, abs(Rprof62), BFI C, BFI R, 

BLT C and BLT R. The geometry inspection variables, i.e., Rprof62, or abs(Rprof62) 

are present as 22 individual time series from June 2013 to September 2016 (see legend 

of the figures). 

The relationship between the raw geometry data and BFI Center is shown in 

Figure 3.19 which presents BFI C and the 22 different time series of Rprof62 as a 
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function of MP. Note: BFI C has two values for each MP; one is for the Beginning 

Mile Post (BMP), and the other one is for Ending Mile Post (EMP). This is due to the 

post-processed sample rate of AMTRAK GPR inspection variables. In it, each GPR 

sample has a length of 16.67 ft. The EMP and BMP of the BFI are presented as two 

red lines shows the beginning and the end of the fouling index location. 

 

Figure 3.19: AMTRAK Oakington Rd Trk2 Rprof62 and BFI Center vs. MP that 

includes BMP & EMP 

All the following Figures in this subchapter, i.e., Figures 3.20 to 3.24 have the 

absolute values of the Rprof62 time series as the vertical (y-axis). This is because the 

profile has positive or negative values, but it is the magnitude which determines the 

defect, so absolute value allows for more natural correlation with either positive or 
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negative defects. Moreover, it can be seen in Figure 3.19, that the negative and the 

positive are in the same location and with about the same opposite magnitude. Note, 

the isolated defects are represented by the amplitude from zero to the peak, as defined 

in the European Norm (British Standard European Norm 13848-1:2003+A1:2008 

2008). 

In Figures 3.21 to 3.23, the BFI is represented separately in the secondary y-

axis (right-hand side of the chart) and ranges between the index values 16 to 33, as per 

the Selig Fouling Index which is defined in Table 3.7 and reflects Moderately Fouled 

to Fouled ballast locations. 

Table 3.7: Selig Fouling Index (Selig and Waters 1994) for the Ballast 

Category Fouling index [%] 

Clean <1 

Moderately Clean  1 to <10 

Moderately Fouled  10 to <20 

Fouled  20 to <40 

Highly Fouled Ó40 
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*

 

Figure 3.20: AMTRAK Oakington Rd Trk2 abs(Rprof62) and BFI Center vs. 

BMP&EMP 






































































































































































































































































































































































































































































































