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ABSTRACT 

Understanding vertical rail deflection is essential for evaluating track support 

conditions to minimize derailments and optimize maintenance strategies. The 

objective of this study is to integrate multi-point Digital Image Correlation (DIC) data 

from vertical rail deflections for developing more refined track models that reflect in-

situ conditions. Utilizing a field-deployable DIC monitoring system, rail deflection 

profiles were captured from two field case studies with varying substructure 

characteristics to estimate rail deflections and overall track moduli. The field data 

were used to calibrate finite element (FE) models in ABAQUS.  A parametric study 

was conducted to evaluate the effects of subgrade modulus, ballast modulus, ballast 

thickness, and subgrade depth on vertical track deflection. Results demonstrated a 

nonlinear but consistent decrease in rail deflection with increasing subgrade and 

ballast modulus. Ballast thickness and subgrade depth showed complex influences due 

to their role in modifying load path flexibility. A minimum ballast modulus of 25,000 

psi was found necessary to maintain deflections within AREMA guidelines. The 

results also validated the Pasternak foundation model as a better representation of the 

observed track deflection behavior. This integrated approach enables more precise 

estimation of track stiffness, especially in transition zones, and supports the 

development of refined, data-driven models for rail infrastructure assessment. These 

findings can inform targeted maintenance, refined modeling approaches, and data-

driven infrastructure assessments. 
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Chapter 1 

INTRODUCTION 

1.1 Problem Description and Motivation 

Railway infrastructure is a critical component of global transportation, 

ensuring the efficient movement of freight and passengers. In the United States, the 

freight rail network spans nearly 140,000 route miles, making it the largest, safest, and 

most cost-efficient freight system worldwide. This network is operated by seven Class 

I railroads and numerous regional and local railroads, highlighting its extensive reach 

and significance (Federal Railroad Administration, 2023). The Northeast Corridor 

(NEC) alone, for example, stands as one of the world’s most heavily traveled rail 

routes, extending 457 miles and facilitating the daily transport of more than 750,000 

passengers on 2,200 trains operated by Amtrak and several commuter rail services 

(FRA, 2017).  

However, maintaining track stability and structural integrity is an ongoing 

challenge, particularly with increasing train speeds, axle loads, and frequency of track 

usage. Over time, repeated loading cycles, environmental factors, and substructure 

settlement contribute to progressive stiffness variations, structural weaknesses, and 

increased maintenance costs (Le Pen et al., 2016). These issues can lead to excessive 

settlement, uneven track surfaces, and dynamic loading conditions that degrade ride 

quality and safety, like in the case of derailments, for example. To ensure safe and 
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efficient railway operations, accurate track behavior assessment is essential, 

particularly in detecting early-stage failures associated with stiffness transitions. 

Accurate track behavior assessment is essential for managing and mitigating 

railway maintenance costs, which are directly influenced by train traffic and tonnage. 

Zarembski & Patel (2010) provide detailed insights into these cost dynamics as shown 

in Figure 1.1. For instance, data from their publication shows that an FRA Track 

Class 4 corridor with a passenger-to-freight train ratio of 2:1 and an annual load 

density exceeding 30 million gross tons (MGT) incurs a base maintenance cost of 

approximately $60,800 per track mile.  

 

Figure 1.1 Base Case Track Maintenance Cost Factors (Zarembski & Patel, 2010) 
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In contrast, lower tonnage operations, such as those handling 5 MGT, see 

reduced costs of around $26,600 per track mile. This illustrates how increased traffic 

leads to escalating maintenance expenses, reinforcing the need for continuous 

monitoring and assessment to optimize maintenance strategies and ensure cost-

effective infrastructure management.  

A fundamental parameter for evaluating track performance is track modulus, 

which quantifies the stiffness of the rail support system. A consistent track modulus is 

associated with stable support conditions, while significant variations often indicate 

subgrade instability, ballast degradation, or sleeper deficiencies (Zarembski & Choros, 

1979). Detecting and addressing these variations is crucial for preventing excessive 

settlement, high-impact forces, and eventual track failure. Traditionally, track modulus 

is estimated using point-based deflection measurements and theoretical modeling, 

including the Beam-on-Elastic-Foundation (BOEF) model. While BOEF remains 

widely used, its assumption of uniform support conditions does not always reflect real-

world track behavior, particularly in regions with variable ballast conditions or weak 

subgrades. Figure 1.2 shows a hy-rail used by rail inspectors for maintenance. 
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Figure 1.2 Hi-rail truck for way-side rail monitoring (Canadian Hi-rail, 2025) 

Rail deflection measurement methods have evolved from traditional static 

techniques to modern, real-time monitoring systems. Traditional methods, such as the 

Falling Weight Deflectometer (FWD), mechanical dial gauges, and extensometers, 

assess track stiffness and deformation but require track closures and only capture 

discrete data points (Selig & Li, 1994, Hussaini & Dukkipati, 2004). While FWD 

provides accurate stiffness estimates through dynamic load application, mechanical 

dial gauges and extensometers are limited to localized measurements, making them 

impractical for continuous monitoring (Stow, 2019; Hendry et al., 2008). Additionally, 

such methods cannot fully describe dynamic track interactions, making it difficult to 

detect progressive stiffness transitions, subgrade failures, or structural degradation 

over extended sections.  

Modern approaches incorporate advanced sensing technologies to enable 

continuous, high-resolution monitoring. Vehicle-mounted systems like MRail measure 
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deflections at operational speeds, improving defect detection and minimizing track 

disruptions (Hartsough et al., 2021). Geophones, laser-based systems, and inertial 

sensors provide additional monitoring capabilities but face limitations in 

environmental sensitivity and static deflection accuracy (Rizzo & Baraldi, 2010). 

Fiber optic sensors offer precise, long-term monitoring but are costly to implement on 

a large scale (Wen & Huang, 2020). These technologies improve track performance 

assessments but can sometimes lack the resolution needed for detecting subtle stiffness 

variations. 

More advanced approaches, such as FE modeling, incorporate material 

properties, boundary conditions, and load variations, offering more realistic 

simulations. However, FE models are typically validated using limited point-based 

field data, restricting their ability to capture continuous variations in stiffness and track 

deflections. DIC overcomes these limitations by enabling non-contact, multi-point 

deflection measurements across continuous track sections. When integrated with FE 

models, DIC provides a more comprehensive assessment of rail infrastructure, making 

it a critical tool for advancing railway condition monitoring and maintenance 

planning. Figure 1.3 illustrates the setup for a field test conducted for this research. 
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Figure 1.3 DIC setup for rail deflection monitoring at the Transportation Technology 

Center 

1.2 Research Knowledge Gap 

Recent advancements in imaging technology have demonstrated significant 

potential to transform railway track monitoring. Unlike conventional methods, which 

often rely on direct contact with infrastructure and provide limited coverage, video-

based techniques offer a non-intrusive, high-resolution alternative that integrates 

seamlessly with existing monitoring frameworks. These systems create a 

comprehensive digital record of track conditions, serving both as an immediate 

assessment tool and a long-term reference for predictive maintenance and model 

calibration. This approach aligns with the Federal Railroad Administration’s (FRA) 

strategic objectives to enhance rail safety and operational efficiency, highlighting the 

potential for these technologies to revolutionize the rail industry. 
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DIC offers a non-contact, multi-point measurement approach capable of 

tracking full-field deflections along extended track sections. By deploying multiple 

high-speed cameras along the track, DIC enables real-time, continuous spatial 

measurement of rail deformations under various loading conditions. DIC does not 

require physical sensors to be attached to the track, allowing for flexible, large-scale 

monitoring without interfering with railway operations (Wilk et al., 2023). This 

capability is particularly valuable for validating FE model simulations, refining track 

modulus estimation models, and improving maintenance strategies based on real-

world, high-resolution deformation data. Additionally, DIC enables continuous, non-

contact monitoring of track deflections over extended sections, providing insights into 

localized weaknesses, stiffness variations, and track degradation patterns. 

Multi-point DIC provides a potential solution by offering full-field deflection 

measurements along the rail track rather than isolated point-based data. While DIC has 

been successfully applied in structural health monitoring, its integration into railway 

track behavior analysis remains underexplored (Murray et al., 2015). This study 

addresses this gap by developing a methodology that combines synchronized multi-

point DIC deflection data with numerical modeling to improve track condition 

assessment. By integrating continuous measurement data with advanced 

computational models, this research enhances the accuracy of track modulus 

estimation and provides better insights into rail deformation behavior under real-world 

operating conditions. 

1.3 Research Objective and Task Breakdown 

The overarching objective of this study is to integrate multi-point DIC data 

from vertical rail deflections for developing refined track models that reflect in-situ 
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behavior. This objective is pursued through a structured approach divided into four 

interrelated tasks, each targeting a key aspect of DIC validation, model calibration, 

and analytical assessment of track behavior: 

 

1. To compare vertical and lateral displacement readings from a Gage Restraint 

Measurement System (GRMS) vehicle and digital level to assess viability of 

DIC readings for wayside track monitoring. The GRMS vehicle provides 

dynamic track displacement data directly under the loading, while wayside 

digital levels offer high-precision static measurements from a distance. By 

analyzing the agreement between these methods and DIC, the study will assess 

whether DIC can serve as an accurate, non-contact alternative for track 

deflection monitoring along multiple points along the track and not just under 

the wheel loading.     

2. To develop an enhanced DIC-based track numerical model based on multi-

point DIC deflection measurements from wayside monitoring. An enhanced 

baseline FE track model will be calibrated using deflection profiles obtained 

through field-deployed DIC monitoring. This study will compare FE outputs 

with theoretical models and experimental multi-point DIC deflection data to 

refine simulation accuracy. A parametric study will be conducted using the FE 

model as the baseline to study varying parameters on track deflection, predict 

track deflections, and analyze stiffness characteristics under various 

conditions.  The parametric study will provide insights into how well these 
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models reflect real-world track behavior, allowing for improvements in 

predictive modeling and infrastructure assessment.    

3. To validate the behavior of classical foundation models with baseline FE 

models. The calibrated FE model will be used to assess how well classical 

analytical models such as the Winkler and Pasternak foundation models 

represent actual rail deflection behavior. This comparison helps validate the 

theoretical basis of experimental measurements and supports model selection 

for stiffness estimation. Additional focus will be placed on identifying which 

foundation model best captures the shear interaction and vertical compliance 

observed in the field. This step strengthens the link between empirical 

measurements and theoretical assumptions in track modulus estimation. 

4. To analyze the effect of varying component parameters on the predicted 

deflections of the baseline FE model. This task focuses on analyzing the 

sensitivity of rail deflections to variations in subgrade modulus, ballast 

modulus, ballast thickness, and subgrade depth. The calibrated FE model will 

be used to simulate these variations, providing insights into the influence of 

key track components on structural response and aiding in predictive model 

development. Outcomes from this study will help determine threshold values 

and performance ranges for key parameters influencing deflection. This will 

also support targeted maintenance decisions and optimization of track design 

in areas with challenging substructure conditions. 
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1.4 Research Questions 

In meeting the research objectives stated above, this study aims to answer the 

following questions: 

1. From the field test measurements, what is the reliable length of track within the 

camera’s field of view, for which we can confidently determine track stiffness? 

2. Is there sufficient correlation between the deflection data obtained from DIC 

field testing, the theoretical models and FE model? 

3. Do DIC measurements from perspective cameras match those from in-plane 

measurements on the opposite side of the gauge? 

4. Can DIC accurately capture track behavior in zones of stiffness transitions? 

(abrupt tie-changes, bridge approach, grade crossings, etc.)  

1.5 Scope of Research 

The objectives of this research are actualized via the application of DIC 

displacement measurements of railway track monitoring.  The results are used to 

calibrate numerical models for estimating track modulus. The railway track testbeds 

for this research involves: 

 

¶ Field experiments at an ENSCO yard in Letterkenny, Philadelphia, and at the 

High Tonnage Loop at the Transportation Technology Center (TTC) in Pueblo, 

Colorado utilizing DIC to measure rail deflections under train loading 

conditions. 

¶ Comparison with existing methods, including GRMS and wayside digital 

levels, to validate DIC measurements. 
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¶ Development of a numerical model incorporating DIC-derived deflection data, 

which will be compared to existing theoretical formulations like the Winkler 

and Pasternak models to guide track modulus estimation.  

¶ Analysis of track behavior under varying conditions, such as different subgrade 

compositions and seasonal effects. 

1.6 Thesis Outline 

 

Chapter 1 (Introduction): Defines the problem statement, research knowledge gap, 

objectives, scope, and structure of the thesis.  

Chapter 2 (Literature Review): Provides a comprehensive review of previous 

research on railway track monitoring, track modulus estimation techniques, FE 

modeling, and the application of DIC in structural health monitoring. 

Chapter 3 (Methodology): Describes the experimental setup, data collection 

techniques, and the numerical modeling approach used in this study.   

Chapter 4 (Finite Element Modeling): Describes the development of a calibrated 

finite element model using nonlinear connectors informed by DIC data to simulate 

vertical rail deflection. Covers model configurations, geometry, material properties, 

and setup for three distinct field locations. 

Chapter 5 (Results and Discussion): Presents the findings from DIC measurements, 

comparisons with traditional methods, and FE model validation, followed by an 

analysis of the implications of these results. 
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Chapter 6 (Conclusion and Recommendations): Summarizes key findings, 

discusses the contributions of the study, and provides recommendations for future 

research in railway track monitoring and modeling. 
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Chapter 2 

LITERATURE REVIEW 

Rail infrastructure requires constant maintenance to ensure its structural 

integrity and longevity. Monitoring vertical track deflections (VTD) plays a critical 

role in identifying defects, minimizing derailment risks, and enhancing operational 

efficiency in modern rail systems. As Li and Selig (1998) highlighted, the track 

modulus, derived from multi-point VTD measurements, serves as a key parameter for 

characterizing track responses. The track modulus represents the stiffness of the rail 

foundation, which encompasses the fasteners, ties, ballast, sub-ballast, and subgrade 

layers. It is essential for characterizing track response under load (Davis, 1994). 

Higher modulus values indicate stiffer support conditions, leading to reduced track 

deflections, lower bending stresses, and improved track performance.  

Conversely, lower track modulus values suggest higher support flexibility, 

resulting in increased deflections, stresses, and potential track degradation (Li & Selig, 

1998). This parameter not only aids in assessing track stability but also informs the 

strategic placement of match-pads or under-sleeper pads to mitigate stiffness 

transitions, thereby enhancing overall track performance (Chang et al., 2015). Farritor 

and Fateh (2013) emphasized the importance of understanding variations in track 

modulus, as these variations often indicate stiffness changes along the rail, potentially 

revealing underlying defects. Le Pen et al. (2016) further demonstrated how analyzing 

the average values and variability in track modulus can provide a detailed 
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understanding of stiffness transitions, critical for maintaining track stability and safety. 

Recent advancements by Wilk et al. (2023) have underscored the value of using 

mechanics-based approaches to track geometry and modulus evaluation to predict and 

address potential failures effectively. The track modulus is representative of the 

stiffness of the track components within the track structure. In the beam-on-elastic-

foundation (BOEF) model, it represents the joint stiffness of the track substructure. 

This includes the layers even below the ballast (Kerr, 2002). Variations in track 

modulus can indicate changes in the substructure stiffness which may raise concerns 

such as ballast degradation, subgrade settlement or moisture variations (Sadeghi & 

Askarinejad, 2007). Early identification of these signs allows for detecting these 

potential failure points before they lead to significant disruptions of railway operations 

(Berggren et al., 2014). 

Past research efforts have estimated track moduli using traditional BOEF 

analysis and some static load tests (Zimmerman, 1888; Winkler, 1867; Talbot, 1920). 

Often, the focus is on maximum rail displacement at specific points, offering limited 

insight into the complexity of deformation patterns under various loading conditions. 

In their study, Hua et al., (2022) reviewed track estimation methods focusing on 

techniques like the Falling Weight Deflectometer (FWD), Light Weight Deflectometer 

(LWD), and the Dynamic Cone Penetrometer (DCP). Although these methods provide 

valuable insights into factors affecting track modulus, they often require track closures 

and usually offer measurements based on discrete points of interest. Zarembski and 

Choros (1979) investigated the derivation of vertical track modulus using Linear 

Variable Differential Transformers (LVDTs) and surveyor levels to measure track 

deflections under varying loads but was limited again to these discrete locations.    
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Do et al. (2017) also utilized train VTD measurements combined with artificial 

neural networks (ANN) and finite element modeling to predict track modulus. They 

discovered that ANN offers a more efficient estimation of track modulus over long 

distances, however, the prediction accuracy decreased with highly variable track 

modulus distributions. This is because track conditions may change from location to 

location, depending on the subgrade composition, ballast degradation, moisture 

content, and loading history. For instance, ballast degradation leads to localized 

reductions in track stiffness, while subgrade moisture variations alter the elasticity of 

the foundation, resulting in differential settlement. Consequently, the ability of ANN 

to generalize across different track conditions diminishes, making it necessary to 

refine predictive models with site-specific calibration and adaptive learning techniques 

to improve accuracy.  

In the research proposed here, Digital Image Correlation (DIC), a non-contact 

optical technique is used to capture multi-point deformation data to more accurately 

estimate track moduli distribution along the track. Previous research has demonstrated 

the versatility of DIC systems in a variety of structural monitoring applications. 

Murray et al. (2015) showcased the use of DIC to capture vertical and longitudinal rail 

displacements, highlighting its capability to measure deformations across multiple 

points with high spatial resolution. Similarly, Acikgoz and DeJong (2018) applied 

DIC to monitor dynamic displacements in masonry rail bridges, demonstrating its 

utility in assessing structural integrity under variable loading conditions. Du Bose et 

al. (2023) and Safari et al. (2023) extended these applications to multi-point 

measurements, emphasizing the technique's ability to capture comprehensive 

deformation profiles across extensive sections of infrastructure. In the context of 
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railway track analysis, this research seeks to leverage DIC’s potential to provide a 

more detailed understanding of track behavior under diverse conditions, enabling 

precise evaluation of the effects of changing track modulus across many points along 

the track. 

2.1 Methods for Rail Deflection Measurement 

Rail deflection measurement techniques can be broadly classified into 

traditional and modern approaches. Traditional methods, such as the FWD and 

mechanical dial gauges, have been instrumental in understanding track performance 

and guiding maintenance. However, these techniques often require track closures and 

are limited to static measurements, which fail to capture the dynamic and continuous 

nature of rail deflection under operational conditions. Modern methods, including DIC 

and vehicle-mounted systems, overcome many of these limitations by offering real-

time, multi-point measurements. The following sections detail the characteristics, 

advantages, and limitations of these methods. 

2.1.1 Traditional Methods for Rail Deflection Measurement 

2.1.1.1 Falling Weight Deflectometer (FWD) 

The FWD is a widely used method for evaluating rail deflection by applying a 

controlled impact load to the rail and recording the resulting displacement at specific 

points along the track. As Selig and Li (1994) demonstrated, the FWD is effective in 

evaluating track modulus and ballast stiffness, providing critical insights to inform 

maintenance decisions.  Fathi et al., (2023) employed the   FWD to assess railway 

track substructure by applying a 125 kN dynamic load and measuring vertical 

deflections. It is shown in Figure 2.1. The measurements were taken using geophones 
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placed at offsets ranging from 0 mm to 1500 mm, capturing deflections across 

multiple locations and providing input for deflection basin analysis. These deflections, 

derived from velocity measurements, were used to create deflection basins, which 

were compared against predictions from a validated FE model to ensure accuracy. 

This tool is highly accurate for assessing the stiffness and strength of ballast and 

subgrade materials, providing reliable data for track performance evaluations and 

maintenance planning. However, its application often requires track closures and is 

limited to static measurements, which do not capture dynamic rail conditions. These 

constraints make FWD less suitable for extensive or continuous track monitoring, 

emphasizing the need for advanced techniques capable of evaluating track 

performance under operational conditions. 

            

Figure  2.1 Arrangement of geophones in an FWD test used in Fathi et. al (2023) 
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2.1.1.2 Mechanical Dial Gauges 

Mechanical dial gauges offer a simple and cost-effective approach for 

measuring rail deflection by recording displacements between the rail and supporting 

components under applied load, making them useful for localized rail monitoring 

applications. Despite their affordability and precision in localized studies, mechanical 

dial gauges are labor-intensive and limited to static, point-based measurements. As a 

result, their reliance on static, point-based measurement limits their application in 

dynamic environments and for monitoring extended rail sections. As demonstrated by 

Stow (2019), dial gauges are effective in measuring deflections at discrete locations 

under controlled loading conditions, often used to validate theoretical models for track 

stiffness. 

2.1.1.3 Extensometers 

Hussaini and Dukkipati (2004) applied extensometers during cyclic loading 

tests to measure rail-to-sleeper displacements, refining sleeper stiffness estimates 

based on the collected data. Extensometers are used to measure deformation between 

specific track components, such as between rails and sleepers, by monitoring vertical 

or horizontal displacement under train loads. Hendry et al. (2008) used extensometers 

to measure vertical deflections in the railway embankment and underlying peat during 

cyclic train loading. These instruments provided data on strain distribution across 

different depths of the embankment and the peat foundation, aiding in the analysis of 

load transfer and foundation stability. The extensometers were installed at depths of 

7.46 m, 5.46 m, and 3.46 m, anchored within the silty-clay layer, above the peat 

interface, and in the corduroy layer. These tools are highly effective for capturing 

localized deflection data with precision, making them valuable for short-term studies 
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or research experiments. However, their deployment is intrusive, and measurements 

are limited to predefined locations, making them impractical for continuous or 

dynamic track monitoring.  

2.1.2 Modern Methods for Rail Deflection Measurement 

Modern rail deflection measurement techniques provide real-time insights into 

track performance, enabling early detection of structural weaknesses and optimizing 

maintenance planning. These methods capture deflection data over extended track 

sections, improving the accuracy of track condition assessments. The following 

sections explore advancements, like vehicle-mounted systems as seen in Figure 2.2, 

which offer efficient large-scale monitoring at operational speeds. 

2.1.2.1 Vehicle-mounted systems 

      

Figure 2.2 MRail© mounted on revenue car and MRail© vertical track deflection 

measurement system (Hartsough et al., 2021) 
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Vehicle-mounted rail deflection monitoring systems are a modern approach to 

efficiently assessing railway track conditions without the need for manual inspections. 

These systems continuously measure rail deflections at operational speeds, reducing 

disruptions to rail traffic. For example, Berggren et al. (2014) demonstrated the 

effectiveness of a track recording car in collecting stiffness and deflection data at 

moderate speeds. These data facilitated the early detection of defects such as weak 

subgrades and hanging sleepers, enabling timely maintenance interventions. By 

eliminating the need for manual track closures, these systems enhance safety for 

maintenance personnel while providing timely and actionable data that supports 

effective decision making and prioritization of repairs.  

Systems like MRail© can process vertical deflection measurements in real-

time, generating reports that prioritize maintenance tasks based on the severity of 

detected issues, significantly improving maintenance efficiency (Hartsough et al., 

2021). However, there may be some challenges on the reliability and repeatability of 

MRail©, where DIC systems can offer advantages for more consistent and accurate 

measurements. MRail© data relies on onboard sensors that may introduce noise or be 

affected by track irregularities, sensor drift and may require adjustments (FRA, 2016). 

It also actually measures relative vertical deflection of the rail and not the absolute 

displacement. DIC can directly capture the actual displacement and is capable of 

measuring both static and dynamic deflections over a continuous section of track 

without some of the afore mentioned constraints (Murray et al., 2015). 

2.1.2.2 Geophones 

Geophones are small devices that measure vibrations caused by train loads and 

infer deflection by converting these vibrations into electrical signals. They are cost-
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efficient and portable, making them suitable for monitoring dynamic rail behavior and 

assessing ballast or subgrade conditions. However, geophones are limited to 

measuring velocity, requiring integration to estimate displacement, which can lead to 

inaccuracies in static deflection studies. Noise from environmental factors and 

frequent calibration also pose challenges to their reliability. Rizzo and Baraldi (2010), 

applied geophones to monitor dynamic track responses under moving trains, using the 

data to evaluate subgrade stiffness and ballast stability. 

2.1.2.3 Laser-Based Systems 

Laser-based systems measure rail deflection by using reflective markers or 

direct laser scanning, enabling the precise capture of displacement data for high-

accuracy monitoring. These systems are non-contact and highly accurate, making 

them suitable for dynamic deflection monitoring. However, their reliability is affected 

by environmental factors such as dust, lighting, and temperature changes, which can 

interfere with the accuracy of laser readings. Furthermore, their high cost and limited 

applicability to short sections of track reduce their practicality for large-scale 

monitoring projects, particularly in budget-constrained settings. Xiao et al. (2015) 

applied laser systems to measure rail displacements under train loads, using the 

collected data to guide decisions on rail replacement and ballast strengthening, thereby 

improving track performance. 

2.1.2.4 Inertial Sensor Systems 

Inertial sensor systems, which include accelerometers and gyroscopes, measure 

deflection by capturing dynamic responses during train operations. These compact 

systems are easy to mount on vehicles and provide efficient data collection for 
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operational tracks. However, they struggle with accuracy for static deflections and 

require frequent calibration to maintain reliability. Smith and Zhou (2018) used 

inertial sensors to monitor rail deflections during high-speed train operations, and the 

collected data was utilized to identify weak ballast sections needing reinforcement. 

2.1.2.5 Fiber Optic Sensors 

Fiber optic sensors are installed within or near the track structure to measure 

strain and infer deflection by detecting changes in light properties. These sensors are 

highly reliable, immune to electromagnetic interference, and suitable for long-term 

monitoring. However, their deployment requires significant investment in installation 

and maintenance, making them less accessible for smaller-scale projects.  

Kishida et al. (2025) and Mishra et al. (2023) both explored the application of 

fiber optic sensing for railway monitoring, with a focus on track deflection and 

structural integrity. Kishida et al. (2025) implemented distributed fiber optic sensing 

(DFOS) on a railway bridge to measure strain and three-dimensional deformations 

over a 1 km section, demonstrating its effectiveness in assessing track behavior under 

both static and dynamic loads. Similarly, Mishra et al. (2023) deployed rail-mounted 

optical fiber sensors to monitor track transitions, capturing high-resolution strain data 

to detect stiffness variations and substructure weaknesses. Both studies highlighted the 

advantages of fiber optic sensors in providing continuous, real-time deflection 

monitoring, improving predictive maintenance strategies, and reducing reliance on 

traditional point-based measurement systems. Wen and Huang (2020) also embedded 

fiber optic sensors in rail components to monitor strain and deduce deflection profiles, 

enabling the tracking of long-term degradation of the track structure. 



 

 

 23 

Table 2.1 provides a synthesized comparison of existing methods for vertical 

rail deflection measurement, highlighting their dynamic capabilities, precision, cost, 

coverage, and key references. The table is designed to offer a comprehensive overview 

of the advantages and limitations of various tools used in rail deflection monitoring, 

facilitating informed discussions on their suitability for different research and practical 

applications. By comparing traditional, modern, and emerging methods, the table 

underscores the evolution of technologies and the trade-offs between their cost, 

accuracy, and implementation complexities. 
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Table  2.1 Comparison of Methods for Vertical Rail Deflection Measurement 

Method 
Dynamic 

Capability 
Precision Cost Coverage Key Reference 

Falling Weight 

Deflectometer 

(FWD) 

No High Moderate Localized 
Selig and Li 

(1994) 

Mechanical Dial 

Gauges 
No Medium Low Point-based Stow, J. (2019) 

Extensometers No High Moderate Point-based 

Hussaini and 

Dukkipati 

(2004) 

Track Recording 

Cars 
Yes Medium High Continuous 

Berggren et al. 

(2014) 

Geophones Yes Medium Low Localized 
Rizzo and 

Baraldi (2010) 

Laser-Based 

Systems 
Yes High High Limited 

Xiao and Li 

(2015) 

Digital Image 

Correlation 

(DIC) 

Yes 
Very 

High 
High 

Multi-

Dimensional 

Murray et al. 

(2015) 

Inertial Sensor 

Systems 
Yes Medium Moderate Continuous 

Smith and Zhou 

(2018) 

Fiber Optic 

Sensors 
Yes High 

Very 

High 
Continuous 

Wen and 

Huang (2020) 
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2.2 Digital Image Correlation (DIC)  

The urgency to improve inspection technologies is heightened by aging rail 

infrastructure and structural vulnerabilities that can lead to serious incidents like 

derailments. The integration of advanced imaging techniques, such as DIC, into 

current practices is pivotal for capturing real-time train/track interactions and refining 

track inspection methods. DIC is a non-contact optical technique used to measure full-

field displacements and strains, providing detailed surface deformation data across an 

entire material's surface.  DIC works by tracking the movement of a random speckle 

pattern applied to the surface of the object under investigation. Images of the patterned 

surface prior to and after deformation are compared and the result of the comparison 

allows the displacement to be calculated. 

2.2.1 History of DIC 

DIC originated in photogrammetry during the 1960s, focusing on 

reconstructing 3D topographies from aerial images (Anon, 2003). By the 1980s, Peters 

and Ranson (1982) pioneered 2D-DIC to measure in-plane deformations, applying it 

to problems in fracture mechanics.  The authors introduced a computer-based stress 

analysis technique combining digital correlation of speckle images with the 

Experimental Boundary Integral (EBI) method. They aimed to measure surface 

displacement components in laser speckle metrology and calculate surface traction and 

stresses within a defined boundary. The experimental setup utilized an image scanner 

interfaced with a computer to record and store laser speckle patterns of an object in 

reference and deformed configurations. Their method was successfully demonstrated 

using a plate under uniform tension. 
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Later Bruck et al. (1983) expanded the scope of DIC to rigid body mechanics. 

They combined the random nature of white light speckle with video digital data 

acquisition. This enabled the calculation of displacements, velocities, and other 

parameters relevant to rigid body dynamics. Experiments involving a rotating shaft, 

and a vibrating rod showed that digital methods effectively analyzed rigid body 

deformations, yielding accurate results for angular and linear velocities. 

The late 1980s saw the advent of 3D-DIC, also known as StereoDIC, which 

enabled the tracking of deformations in three dimensions, expanding the scope of 

digital correlation techniques beyond in-plane measurements. Luo et al. (1993) 

introduced its application for measuring displacements in deformable structures. By 

the mid-1990s, Sutton et al. (2000) applied StereoDIC to full-scale aircraft fuselage 

testing, marking a major milestone. Their work advanced the field by improving 

digital correlation methods for displacement determination. Recognizing the 

limitations of discrete intensity data from digital imaging, the authors introduced 

bilinear interpolation to create a continuous representation of intensity patterns. Their 

experiments with a cantilever beam under large uniaxial deformations validated their 

approach, with a maximum error of 5% when compared to finite element analysis 

results. This demonstrated the robustness of digital correlation methods, particularly in 

regions where elasticity theory is most accurate. Volumetric DIC (DVC), which 

employs X-ray computed tomography for internal strain measurements, became a 

critical addition to the field in the late 1990s (Bay et al., 1999). 

In recent years, DIC has advanced as a precise and adaptable tool for structural 

evaluation. Harris and Shafiei Dizaji (2021) integrated DIC with finite element model 

updating (FEMU) to enhance structural health monitoring, demonstrating its ability to 
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detect unseen damage in steel structures. Results from this work showed that full-field 

3D DIC measurements could be used to improve computational models for 

infrastructure assessment, making structural evaluations more accurate and data-

driven.  

Additionally, Oats et al. (2022) provided a comprehensive review of DIC’s 

core principles for field measurements, emphasizing its integration with 

complementary techniques such as FE modeling and remote sensing for enhanced 

assessment accuracy. Key highlights of the study included DIC’s role in high-

resolution strain mapping, crack propagation analysis, and full-field deformation 

tracking across various structural materials. Furthermore, they highlighted its 

practicality as a fully deployable, non-contact evaluation method, offering long-term 

monitoring capabilities with minimal intervention. Lattanzi et al. (2023) also 

investigated the reliability of ultrahigh-speed DIC for capturing dynamic rupture 

events, focusing on its application in high-strain-rate deformation studies. Their work 

addressed uncertainty factors such as subset size, lighting conditions, and noise 

effects, which are critical for applying DIC in extreme dynamic environments. 

2.2.2 Overview of DIC Technique 

DIC tracks displacement and strain fields by analyzing the deformation of 

speckle patterns applied to object surfaces. These patterns are recorded using cameras, 

and algorithms correlate subsets of the images to compute deformation fields (Sutton 

and Hild, 2015). In 3D-DIC, stereovision systems provide full-field 3D measurements 

(Helm et al., 1996). 
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Picture to Pixel Tracking: A digital image is essentially a discrete intensity record of 

light levels at various positions on an object, sampled by detector size and image 

magnification. The image is divided into small subsets, or facets, typically ranging 

from 5 to 20 pixels square. Each facet contains multiple speckles, and the center of 

each facet acts as a measurement point. The grey value distribution within each facet 

serves as a unique fingerprint, enabling precise tracking of deformation during 

analysis. 

Correlation Algorithms: When the object deforms, the speckle pattern within each 

facet also deforms. DIC algorithms track the movement of these facets by comparing 

the grey values in the deformed image to those in the reference image. A correlation 

function is used to find the best match between the reference subset and a 

corresponding subset in the deformed image. This matching process yields the 

displacement vector for each facet center, and by interpolating between these vectors, 

a full-field displacement map can be generated. Strains are then calculated from the 

displacement field. This pixel-to-pixel tracking, and correlation analysis provide data 

for displacement and strain measurements. For DVC, the same principles apply, but 

the correlation is performed on 3D image volumes rather than 2D images. 

 

Recent Trends in DIC 

Recent trends in DIC include the development of global methods that 

incorporate assumed functional forms for the deformation fields, enhancing the 

accuracy and efficiency of image matching. DIC is also increasingly used for model 
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validation, providing full-field measurements for direct comparison with 

computational model predictions. Standardization efforts are underway to ensure the 

reliability and reproducibility of DIC results. DIC techniques are becoming 

increasingly popular in civil engineering due to their non-contact and high-resolution 

capabilities.  

Sutton et al. (2016) highlighted the broad applicability of DIC in civil 

engineering and materials science. In civil engineering, StereoDIC (3D-DIC) has been 

used for full-field deformation measurements and crack mapping in confined masonry 

wall structures. The authors noted challenges such as surface preparation, imaging 

calibration, and error estimation. However, DIC’s ability to provide full-field 

quantitative measurements made it a viable alternative to traditional contact-based 

sensors. This viability stems from DIC’s capacity to capture continuous displacement 

and strain fields over complex geometries without requiring physical attachment to the 

structure. It enables quantification of localized deformations, such as crack initiation 

and propagation paths, which are difficult to monitor using discrete sensors like strain 

gauges. 

In materials science, Volumetric DIC (DVC) has been employed to study 

internal strain fields in fiber-reinforced composite materials under tensile loading. The 

researchers ensured quality resolution by designing specimens with internal markers 

like voids and glass microbeads. Their results demonstrated the effectiveness of DVC 

in visualizing internal strain fields and characterizing complex material behavior under 

load. 
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2.3  DIC in Rail Research 

DIC is emerging as a valuable tool in rail research, particularly in assessing 

railway tie and ballast support condition. Traditional methods are often limited to 

discrete point measurements, which can be time-consuming and expensive. DIC offers 

a non-contact, full-field, and high-resolution alternative, enabling more comprehensive 

assessment of track condition. One study demonstrated the feasibility of using a 3D-

DIC system mounted on a railcar to measure tie deflections with high accuracy, 

comparable to that of traditional LVDT sensors. Other research efforts have employed 

DIC to measure rail displacements during train passage, providing valuable 

information for determining subgrade stiffness and damping, and understanding 

factors influencing longitudinal rail displacement. 

Murray et al. (2015) applied DIC (shown in Figure 2.3) to measure rail 

displacements during train passages, linking these observations to subgrade stiffness 

variations. They investigated the application of a DIC system with four synchronized 

high-speed cameras to measure vertical and longitudinal rail displacements during 

train passages. Their study aimed to evaluate the feasibility of using DIC for real-

world rail monitoring by relating rail displacements to subgrade characteristics such as 

stiffness and damping. 
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Figure 2.3. Camera positions for track monitoring at high-quality subgrade site. 

(Murray et al., 2015) 

Experiments were conducted at two railway sites with differing subgrade 

qualities: one with a high-quality subgrade and the other with a peat subgrade. The 

researchers used tie-mounted targets and the natural texture of the rail for DIC 

analysis, enabling high-precision tracking of rail movements. Data from eleven train 

passages showed that DIC could accurately measure rail displacements under dynamic 

loading conditions and provided insights into subgrade properties. Larger longitudinal 

displacements were observed at the peat subgrade site, indicating weaker foundation 

support compared to the high-quality subgrade site. 

Wheeler et al. (2016) addressed a critical challenge in DIC applications: 

mitigating the impact of camera vibrations during rail monitoring. By developing a 

two-camera system that separated rail motion from camera movements, they 

successfully enhanced measurement accuracy in environments subject to ground 



 

 

 32 

vibrations and passing trains. Their experiments on peat subgrades demonstrated the 

system’s effectiveness, outperforming single-camera setups in error reduction. 

The researchers proposed integrating their two-camera system into mobile 

platforms and combining it with additional technologies like ground-penetrating radar 

for broader monitoring applications. These advancements directly relate to my 

research by providing practical solutions for overcoming field-specific challenges, 

ensuring reliable and accurate rail behavior assessments. 

Building on this, Sabato and Niezrecki (2017) explored the capabilities of 3D-

DIC in rail research by implementing railcar-mounted systems to assess tie 

deflections. Their work showcased the system’s ability to achieve accuracy 

comparable to traditional LVDTs, while offering the advantages of broader coverage 

and non-contact operation. In their approach, the authors focused on addressing the 

limitations of conventional track health monitoring tools, such as strain gauges and 

accelerometers, which often provide limited resolution. Through laboratory 

simulations of real-world tie displacement scenarios, they demonstrated how 3D-DIC 

could reliably measure deflections across entire crossties with high precision. 

Their findings revealed that 3D-DIC not only provides accurate displacement 

measurements but also holds promise for predicting stress and strain distributions, 

evaluating ballast support conditions, and supporting condition-based maintenance 

strategies. These benefits highlight its potential to reduce maintenance costs and 

enhance rail safety, reinforcing its suitability for modern track inspection practices. 

Gallou et al. (2020) conducted a series of investigations exploring the use of a 

Video Gauge (VG) system based on DIC principles for assessing track deflections and 

rail joint performance. This is illustrated in Figure 2.4. Their research combined 
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laboratory tests, field experiments, and numerical modeling to evaluate track stiffness 

and propose improvements to rail joint designs. Results revealed that rail joints 

exhibited significantly higher deflections than plain rail sections, identifying them as 

structural weak points. The VG system proved capable of accurately measuring track 

displacements under both static and dynamic loading conditions, validating these 

measurements through finite element modeling.  

 

 

Figure 2.4. Camera setup and video image displaying the target array for track 

displacement measurements Gallou et al. (2020)  
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This research highlights DIC’s utility in assessing track integrity, particularly 

at transitions and joints prone to stress concentrations. The authors proposed using 

external reinforcements to enhance rail joint performance and suggested mobile VG 

systems for monitoring larger track sections. These findings align with the goal of 

employing DIC to investigate rail deformation patterns which could give insight as to 

what subgrade interactions exist and defining more accurate track behavior models. 

Expanding the application of DIC to masonry viaducts Acikgoz et al. (2018) 

investigated the application of DIC for monitoring dynamic displacements in masonry 

rail viaducts, emphasizing measurement accuracy and error mitigation. The study 

utilized Imetrum’s DIC system alongside Fiber Bragg Grating (FBG) sensors for 

comparative validation, with experiments conducted on the Marsh Lane Viaduct in 

Yorkshire, UK. The DIC system monitored responses of the viaduct arches to passing 

trains, collecting data under various configurations to evaluate repeatability and 

precision.  

Results demonstrated the ability of DIC to provide non-contact, multi-point 

displacement measurements, but discrepancies in peak magnitudes were observed due 

to factors such as lighting, target quality, and calibration errors. The study’s findings 

underscore DIC’s potential for monitoring complex structural behaviors in rail 

infrastructure, particularly masonry viaducts. However, it highlighted limitations 

related to out-of-plane displacements and measurement noise, suggesting future work 

on automated error correction and post-processing algorithms. This work connects to 

rail research by demonstrating how DIC’s versatility in capturing precise displacement 

data can be adapted for dynamic structural assessments, complementing the objectives 

of this research to employ DIC for rail deflection and track behavior studies. 
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Also in the same year, Su et al., (2018) released a study evaluating the bonding 

performance between track slabs and CA mortar in CRTS II slab tracks using DIC 

technology. Splitting and shearing tests were conducted on composite specimens 

comprising concrete and mortar, with the DIC system capturing full-field strain 

measurements to analyze interface displacement and strain field distribution. 

Standard-sized specimens were subjected to controlled loads to observe cracking 

initiation, propagation, and failure under tensile and shear conditions. The cohesive 

zone model was utilized to describe the interface behavior, determining parameters 

such as interface stiffness, cohesive strength, and critical fracture energy. The findings 

revealed that bond failure between the track slab and mortar layer exhibited brittle 

characteristics, with stress-strain relations demonstrating a bilinear pattern. These 

results successfully described interfacial damage and crack evolution processes, 

providing a detailed understanding of adhesive performance critical to CRTS II track 

design. 

There are promising applications for DIC, although it still faces challenges 

such as varying lighting conditions in the field, achieving high data acquisition speeds 

to match train speeds, and efficiently processing the large amounts of data generated. 

Future research must address these limitations while exploring innovative 

applications, such as rail crack detection and wear measurement. By integrating robust 

vibration isolation systems and automated error correction algorithms, DIC can further 

solidify its role as a transformative tool in rail maintenance and infrastructure 

monitoring. 
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DIC-Based Track Modulus Estimation  

Track modulus, which quantifies the vertical stiffness of railway track 

structures under applied loads, plays a pivotal role in railway engineering. Accurate 

track modulus estimation is vital for ensuring optimal track performance, passenger 

safety, ride comfort, and the efficiency of maintenance activities.  

Various methods have been developed to determine the track modulus 

effectively. Some early investigations into track modulus by Hetenyi (1961) were 

based on the BoEF theory which established the relationship between track 

modulus(k0) and deflections (w) in Equation 2.1 as follows:  

p= k0* w                                                                                                               Eq. (2.1) 

 

Where p represents the reactive pressure exerted by the substructure.  

This foundational model provided a theoretical basis for further refinements in 

track modulus estimations. Kerr (2000) introduced a method that accounted for 

multiple wheel loads acting on the track. The Kerr model expresses the track modulus 

for this in Equation 2.2 as:  
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The relationships discussed so far approximate a linear correlation between the 

loads applied and resulting deflections. This poses a limitation of oversimplification 

since the track behavior is not fully captured by a linear model. Figure 2.5 illustrates 

the load-deflection response of rail track as defined by Kerr. 
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Figure 2.5 Load-deflection response of rail track (Kerr, 2000) 

Sussmann et al. (2001) developed a bi-linear approach to model the actual non-

linear behavior of the track during loading in these two phases. The first is the initial 

elastic response where the seating deflection occurs. In this stage the track exhibits a 

lower stiffness as loads begin to be applied prior to actual contact with the foundation. 

The second phase is the contact stiffening phase in which as loading increases, ballast 

compression and sleeper engagement cause a steeper stiffness gradient. Figure 2.6 

illustrates the bi-linear stiffness approximation approach by Ted Sussmann. 
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Figure 2.6 Bi-linear track load-deflection response (Sussmann et al., 2001) 

The theoretical and empirical models discussed describe how track modulus 

behaves under load, but their accuracy depends on the ability to measure deflections 

and stiffness variations under real operating conditions. Digital Image Correlation 

(DIC) provides a means to directly capture the deformation behavior described in 

these models by measuring full-field displacements across the track surface. 

DIC’s ability to measure deformations continuously allows for a more detailed 

evaluation of how track stiffness transitions from the initial elastic phase to the contact 

stiffening phase. By analyzing the spatial and temporal distribution of deflections, DIC 

can provide direct validation of bi-linear modulus models and improve understanding 

of how track components interact under different loading regimes. The data obtained 

through DIC can refine modulus estimations by revealing stiffness variations that are 

not explicitly accounted for in theoretical formulations. 

Furthermore, by integrating DIC measurements with computational track 

models, the relationship between track modulus and structural response can be 
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improved. The deformation fields captured by DIC can enhance the fidelity of FE 

Modeling simulations, enabling railway engineers to simulate track behavior with a 

higher degree of accuracy. This integration offers a more comprehensive approach to 

understanding track stiffness evolution under varying loads, improving predictive 

modeling for track design and maintenance. 

2.4 FE Modeling in Track Behavior Analysis 

FE modeling has evolved as a critical tool in railway track analysis, offering a 

means to evaluate track stiffness, load distribution, and rail deflection under various 

operational conditions. Early FE model studies were centered around simplified 

models that treated railway tracks as infinite beams on elastic foundations, while more 

recent research has incorporated discrete sleeper supports, nonlinear material behavior, 

and multi-scale modeling techniques to better represent real-world conditions. The 

integration of FE models with experimental methods such as Digital Image 

Correlation (DIC) has further refined its predictive capabilities, improving the 

accuracy of track stiffness estimations and rail deflection predictions. This section 

reviews the progression of FE models in railway engineering, highlighting the 

different modeling approaches, theoretical assumptions, material properties, and 

validation efforts undertaken in prior studies. 

As one of the foundational studies in FE modeling for railway tracks, this 

research modeled an infinitely long track using a Timoshenko beam, supported by 

discrete spring-damper elements to represent pads, ties, and ballast. Dong et al. (1994) 

incorporated nonlinear dynamics, such as wheel-rail contact loss and rail lift-off, 

offering a dynamic perspective on track behavior. Parameters included rail pad 

stiffness of 2.0 × 10⁸ N/m, ballast spring stiffness of 3.16 × 10⁷ N/m, and rail second 
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moment of area of 2.35 × 10⁻⁴ m⁴ which were indicative of ranges for well-maintained 

tracks. The simulation successfully demonstrated the sensitivity of track components 

to dynamic forces caused by wheel flats. It provided a strong correlation with 

experimental data, revealing how variables like axle load, vehicle speed, and tie mass 

influence rail deflections and stresses. While groundbreaking, the study’s simplified 

multi-point contact assumptions limited its accuracy. Future work suggested refining 

the wheel-rail interaction model and introducing track irregularities for more robust 

predictions.  

Expanding on the dynamic modeling foundations, Akama (2007) explored the 

use of FE modeling to predict rolling contact fatigue (RCF) in rails. It incorporated 

isotropic and kinematic hardening laws to simulate cyclic stress-strain behavior under 

rolling-sliding contact conditions. Stress and strain tensors were used to pinpoint areas 

susceptible to crack initiation. The model successfully identified crack positions and 

orientations, aligning with field data. Cumulative shear deformation due to repeated 

contact was found to drive crack propagation. This research demonstrated the 

capability of FE models to predict long-term rail degradation under operational 

conditions. However, the study’s scope was limited to fatigue cracks, leaving out other 

degradation mechanisms like wear and thermal stress. Expanding the model to include 

diverse track materials and validating these extensions with real-world scenarios could 

enable more comprehensive rail maintenance strategies. 

Taking a step further, Babu and Sujatha (2010) analyzed track modulus 

variations for Indian railways. This is shown in Figure 2.7. Using a 3D FE modeling 

approach, the model included prestressed concrete (PSC) and wooden sleepers with 

SOLID92, SOLID45, and SOLID95 elements for rails, ballast, and subgrade, 
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respectively. Key inputs were ballast modulus (60–80 MPa), representing well-

compacted and good-quality ballast, sleeper spacing (0.65 m), and subgrade depth (2 

m). The research highlighted the influence of sleeper material on track modulus. PSC 

sleepers provided higher modulus values compared to wooden sleepers, improving 

track stability and reducing deflection. Periodic boundary conditions effectively 

simulated axle load distribution. While the study assumed homogeneous properties for 

ballast and subgrade, future research could address the variability inherent in real-

world conditions by incorporating nonlinear soil behaviors and conducting field 

validations. These enhancements would bridge the gap between theoretical models and 

real-life rail performance. 

 

 

Figure 2.7 Wood track model & Sleeper track system with boundary conditions. Babu 

and Sujatha (2010) 
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Building on previous FE modeling advancements, Hamper et al. (2012) 

explored three approaches: Finite Element Method, Finite Segment Method (FSM), 

and the Floating Frame of Reference (FFR), to model rail flexibility under varying 

loads. Rail connections were modeled with spring-damper systems to represent track 

components. The FFR method provided detailed rail deformation profiles, while FSM 

offered computational efficiency for large-scale simulations. A hybrid FFR/FS 

approach balanced accuracy and resource demands, making it suitable for system-wide 

analysis of track behavior. Despite its strengths, the study’s reliance on simplified 

spring-damper properties and exclusion of soil-rail interactions restricted its relevance 

to highly dynamic scenarios. To refine these findings, future investigations could 

incorporate advanced material properties for ballast and subgrade, enabling more 

precise modeling of track flexibility under diverse operational conditions. 

Kalliainen et al. (2016) investigated the effects of subgrade stiffness and 

ballast fouling on track performance using FE modeling. This is shown in Figure 2.8. 

Nonlinear material models were employed for sub-ballast and subgrade, with 

parameters like rail pad stiffness (100 MPa), ballast stiffness (30–60 MPa), and 

subgrade stiffness (20–320 MPa). Lower ballast stiffness values corresponded to 

fouled or poorly compacted ballast, while subgrade stiffness values ranged from weak 

to strong conditions. The study highlighted the critical role of subgrade stiffness in 

maintaining track stability. Higher stiffness reduced stress concentrations on the 

superstructure, whereas fouling increased stress variability. Since the study used static 

loading conditions, its applicability to dynamic train operations was limited. 

Extending the analysis to include high-speed rail scenarios and dynamic loads could 



 

 

 43 

significantly enhance the understanding of track behavior under operational 

conditions. 

 

Figure 2.8 Schematic of FE-model used in Kallianen et al., 2016 

Ramadan et al. (2021) tackled the issue of subgrade settlement using a 2D FE 

model approach in ANSYS. Parameters included settlement values (5–10 mm), ballast 

stiffness (50–150 MPa), and friction coefficients (0.3–0.7). These settlement values 

represented localized weakening of the subgrade layer, potentially caused by poor soil 

compaction or water ingress. Ballast stiffness spanned from moderately fouled to well-

compacted conditions. Validation was conducted using Mohr’s circle theory and 

Zimmermann’s analytical method. Results indicated proportional stress increases in 

rails, sleepers, and ballast with settlement, leading to a polynomial equation for 

predicting stress variations. Although the research offered valuable insights into 

settlement-related failures, its focus on 2D simulations limited the applicability to real-

world scenarios. Expanding the framework to include 3D modeling and real-time 
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settlement monitoring could provide a more robust tool for predictive maintenance and 

rail design optimization. 

Contact-based FE modeling approaches have provided additional refinements 

in rail-track interaction modeling, particularly in addressing load transfer mechanisms 

between sleepers, ballast, and subgrade layers. Dersch et al. (2022) developed a three-

dimensional nonlinear FE modeling framework that utilized bilinear springs to 

simulate fastener demands and ballast slip behavior. Their study highlighted the 

importance of incorporating nonlinear track stiffness models, demonstrating that 

traditional BOEF formulations tend to overestimate rail deflections by 10–15% 

compared to field data. They also showed that hard contact models often result in 

exaggerated reaction forces at rail-seat interfaces, which may not reflect actual track 

conditions. 

This chronological progression reflects how FE modeling has matured into a 

powerful tool for modeling track behavior. By integrating DIC-derived data into these 

frameworks, future FE modeling applications can align closely with real-world track 

conditions, enhancing predictive maintenance and track design accuracy. 

 

DIC assisted FE Modeling 

The application of DIC data within FEMU frameworks represents a significant 

advancement in modeling railway track systems. FEMU enhances numerical 

simulations by aligning them with real-world observations, thus improving predictive 

reliability. Leveraging DIC’s capacity to simultaneously capture multi-point 

displacement fields allows FE modeling to be calibrated with higher precision, 

effectively addressing variability in stiffness transitions, dynamic deflections, and 

localized track anomalies such as deteriorated ballast or sleeper voids (Becker and 
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Marrow, 2021). This integration also aids in pinpointing areas that require targeted 

maintenance, optimizing resource allocation for track upkeep. 

Expanding on DIC-FE model integration, Zhang et al. (2018) investigated the 

use of DIC to enhance FE models in orthogonal cutting processes. Their study utilized 

DIC-derived displacement and strain data to optimize FE modeling velocity and stress 

calculations, ensuring congruence with experimental outcomes. This hybrid approach 

significantly improved the accuracy of stress field predictions compared to traditional 

FE modeling methods. Although the research was centered on manufacturing 

processes, the methodology is highly adaptable to railway engineering, especially for 

stress distribution analyses under dynamic train loads. However, further modifications 

are necessary to address the complexities of rail environments, such as fluctuating 

speeds and diverse load conditions. 

Similarly, Cheng and Huang (2024) explored the detection of hidden structural 

damage through an innovative combination of Stereo DIC and FEMU. This is shown 

in Figure 2.9. Their method utilized Stereo DIC to acquire full-field displacement data 

for calibrating FE models, resulting in highly accurate structural reconstructions. This 

approach achieved an impressive 90% accuracy in identifying concealed damage, 

underscoring its potential as a non-destructive evaluation technique. Although focused 

on static conditions, the study paves the way for dynamic applications in rail 

infrastructure, where real-time damage detection is critical. 
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Figure 2.9 Image-based damage detection method from Cheng and Huang (2024) 

Several studies highlight DIC’s role in addressing the challenges of dynamic 

railway environments. Nabochenko and Kovalchuk (2020) examined the influence of 

sleeper voids on track performance. Using LVDT sensors and accelerometers, the 

researchers identified significant increases in deflection and dynamic forces caused by 

these voids, emphasizing their impact on track stiffness. Traditional point-based 

methods were insufficient for capturing these localized anomalies, indicating the 

potential of DIC systems for continuous displacement profiling. By integrating DIC 

into dynamic models, future research can advance void detection and enhance 

maintenance strategies for rail tracks. 

Wang et al. (2019) introduced an advanced Structural Health Monitoring 

(SHM) system employing fiber Bragg grating (FBG) sensors combined with a 

Variational Heteroscedastic Gaussian Process (VHGP) to tackle data uncertainties. 

The system achieved remarkable forecasting accuracy for high-speed rail (HSR) track 
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slab deformations under operational loads. However, its reliance on localized sensor 

readings highlighted a limitation. The inclusion of DIC could augment this system by 

providing comprehensive, full-field deformation insights, offering a more holistic 

approach to monitoring and maintaining rail tracks. 

In their research, Zhai et al. (2020) deployed a full-scale testing platform to 

evaluate track-subgrade interactions in high-speed rail systems. Sensors on the 

platform recorded displacement, pressure, and strain under dynamic load scenarios, 

yielding critical insights into track-subgrade behavior. Nevertheless, the localized 

nature of the sensor data restricted its capacity to capture complete deformation 

patterns. The addition of DIC technology could significantly enhance resolution, 

enabling a more thorough understanding of the interactions between track and 

subgrade. Future integration of DIC with such platforms could refine track models and 

support resilient railway design. 

           Traditional models often assume uniform modulus distributions along tracks, 

an oversimplification that overlooks soil heterogeneity and localized structural 

weaknesses. DIC-informed FE models provide a more nuanced understanding of track 

variability, identifying stiffness transitions and other anomalies critical for effective 

maintenance and design optimization. By identifying low-stiffness zones and regions 

with excessive deflection, DIC enables targeted and cost-effective maintenance 

interventions. This proactive approach minimizes unnecessary repairs while extending 

the lifespan of critical infrastructure components (Becker and Marrow, 2021). 

2.5 Track Deflection and Track Modulus 

Track deflection is the vertical displacement of a rail under an applied load, 

primarily influenced by the stiffness of the track components, including the rail, ties, 
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ballast, and subgrade. It is a critical parameter for assessing track performance and is 

directly related to the track modulus, which quantifies the stiffness of the rail support. 

(Zarembski and Choros, 1979; Kerr, 2000). 

The track modulus (ό) is defined as the vertical load per unit rail length 

divided by the resulting deflection. This relationship is expressed mathematically in 

Equation 2.3 as: 

                                                          ό
 
                                                       Eq. (2.3) 

In this equation: 

¶ u represents the track modulus in (lb/in/in), 

¶ P is the applied vertical load per unit rail length in pounds per inch (lb/in), 

¶ Δ is the vertical deflection under the applied load in inches (in). (Kerr, 2000; 

Lu et al., 2022). 

2.5.1 Beam on Elastic Foundation (BOEF) 

In the BOEF model, the rail is treated as a continuous beam supported by 

elastic springs as shown in Figure 2.10. It also assumes that the foundation is 

comprised of independent, vertical springs. Each spring responds individually to the 

load applied directly above it. Due to these assumptions, the deflection at any point is 

proportional to the load at that point.  
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Figure 2.10. Beam on elastic foundation (Merheb et al., 2024) 

For a single point load P applied at x=0, the deflection solution in Equation 2.4 is: 

                                     ύὼ  Ὡ ȿȿÃÏÓ‍ȿὼȿ ÓÉÎ‍ȿὼȿ                   Eq. (2.4) 

Here, k is the track modulus, and ‍ is the stiffness decay parameter given in Equation 

2.5 by: 

                                                            ‍                                                 Eq. (2.5) 

The parameters E and I denote the modulus of elasticity of the rail material and the 

moment of inertia of the rail cross-section respectively. This model helps predict how 

deflection decreases with distance from the load. 

Limitations and Advantages 

The BOEF model is advantageous due to its simplicity and ease of 

implementation. However, it assumes uniform stiffness and neglects shear 

deformations, which can limit its accuracy. In contrast, the Pasternak model offers 

enhanced realism by accounting for shear interactions, but its complexity requires 

more detailed input data and computational effort. 
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Applications of BOEF in Railway Track Research 

The BOEF model, also known as the Winkler foundation model, simplifies the 

track system by representing the rail as a continuous beam supported by discrete, 

linearly elastic springs (Merheb et al., 2024). This approach has been widely used due 

to its simplicity and effectiveness in capturing the primary behavior of track structures. 

Researchers have utilized the BOEF model to estimate static track modulus by 

analyzing rail deflections under known loads. This method provides insights into the 

stiffness and support conditions of the track, which are crucial for maintenance and 

design purposes. The BOEF model has been employed to study the dynamic response 

of railway tracks subjected to moving loads (Kerr, 2000). By solving the governing 

differential equations, researchers can predict deflections, bending moments, and shear 

forces along the track, aiding in the assessment of track performance under operational 

conditions.  

2.5.2 Pasternak Foundation  

The Pasternak foundation model extends the BOEF framework by 

incorporating shear interactions between foundation elements as shown in Figure 

2.11. This is accomplished by introducing a parameter for shear stresses for a better 

and more accurate representation of soil behavior. Vertical deflection of a section 

leads to displacement of neighboring sections. The difference between this and the 

later model is more perceivable in low stiffness beams. 

 

Its governing equation is defined by Equation 2.6 as: 

                                               ὉὍ Ὃὴ 5ὴύ ή                           Eq. (2.6) 
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The deflection solution for a distributed load P is defined by Equation 2.7: 

ύὼ  ᶻ Ὡ ȿȿ‖ÃÏÓ‖ȿὼȿ ‌ÓÉÎ‖ȿὼȿ , Њ ὼ Њ             Eq. (2.7) 

 

Figure 2.11 Representation of the Pasternak foundation model (Xu et al., 2024) 

Here, G represents the shear modulus of the foundation (in pounds per inch), 

accounting for the shear deformations in the track support layers. This model provides 

improved predictions for stress distribution and deformation continuity, making it 

more suitable for analyzing high-speed tracks and regions with significant stress 

concentrations. 

 

Applications of the Pasternak Foundation Model in Railway Track Research 

Studies have applied the Pasternak model to analyze vibration behavior and 

dynamic responses under moving loads. The Pasternak model has been used to 

simulate advanced track support systems, such as ladder track systems, where 

traditional models may fall short. By accounting for shear layers and viscoelastic 
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behavior, this model provides a comprehensive tool for analyzing modern track 

designs (Ghosh et al., 2017; Zhu et al., 2022). 

The Pasternak model accounts for shear interactions, resulting in more realistic 

predictions of track behavior compared to the BOEF model. It reduces errors in stress 

distribution and deformation analyses, particularly for dynamic loading scenarios. 

While the Pasternak model is more accurate, it requires additional parameters such as 

shear modulus, which complicates its application. Computational demands are also 

higher than those of the BOEF model (Feng et al., 2019).  

The computational demand of the Pasternak model is higher than that of the 

BOEF model because of the additional second order term from the shear modulus. 

These equations require finer discretization and more complex numerical methods 

(e.g., finite element formulations with shear strain degrees of freedom), which increase 

the time and memory requirements during simulation. 

The choice between BOEF and Pasternak models depends on the level of detail 

required for track behavior analysis. As railway engineering continues to adopt more 

precise and data-driven approaches, integrating experimental multi-point deflection 

data—such as that provided by Digital Image Correlation (DIC) can further improve 

track modulus estimation and enhance the predictive accuracy of numerical models. In 

this study, theoretical comparisons using BOEF and Pasternak models are employed 

not only to validate the experimental DIC measurements but also to establish a 

baseline for calibrating finite element models used in subsequent parametric analysis. 

The next section outlines the methodology employed, focusing on the application of 

DIC for track modulus estimation and its integration into FE modeling for a more 

comprehensive analysis of railway track behavior. 
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Chapter 3 

RESEARCH METHODOLOGY 

3.1 Overview of Research Approach 

 

This study integrates two main methods to develop an advanced approach for 

estimating track modulus and characterizing track behavior for better calibrated 

models using track deflection data obtained at multiple points via DIC measurements. 

The research is structured to provide a comprehensive understanding of track behavior 

under varying, realistic load conditions. Field measurements are used to calibrate finite 

element models developed in ABAQUS, ensuring that the simulated deflection 

profiles reflect in-situ track behavior. The calibrated models form the basis for a 

structured parametric study evaluating the influence of key substructure parameters on 

track response. This combined experimental-computational framework enables the 

development of more representative track models. 

3.2 Background for Hypothesis  

This research is based on the hypothesis that multi-point vision-based 

monitoring offers a more accurate and spatially representative method for developing 

better track models from rail deflection measurements. DIC is uniquely suited for this 

application because it allows for: 
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¶ Real-time, non-contact measurements 

¶ Continuous tracking of rail deflections over multiple points simultaneously 

with high accuracy 

¶ Monitoring of the deflection behavior of both rails with cameras on either side 

Combination of experimental and computational methods 

To accomplish the objectives of the study, the experimental measurements 

obtained from the various tests conducted are compared with results from finite 

element model representations of the tests, capturing the nuances of each test setup 

and cycle. The goal is to use this comparison as a means of validating the theoretical 

basis of the experimental readings, by comparing them with the BOEF and Pasternak 

models, and also to use them as a baseline for developing the FE models for 

parametric study. Three-dimensional FE model simulations presented in this research 

were performed using commercial finite element analysis software ABAQUS/CAE 

2024. More details on the calibration procedure to develop the FE models are 

discussed in a later section. The next section discusses Imetrum VideoGauge,™  

which is the dynamic monitoring system employed for all in-house and field-testing 

procedures for this study. 

 

 

Theoretical basis for numerical analysis 

The analytical modeling of the rail-track system in this study draws its 

theoretical foundation from classical and extended elastic foundation models, with a 

specific focus on the BOEF and Pasternak foundation formulations. These models 
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offer a bridge between simplified representations and the more complex behavior of 

layered track systems under realistic loading conditions. 

A detailed exposition of these theoretical models including governing 

equations, assumptions and prior applications, is provided in Chapter 2 (Literature 

Review), sections 2.5.1 and 2.5.2. This section emphasizes the role these theories play 

in informing the structure and parameterization of the finite element model. The 

choice of modeling framework was guided by the physical characteristics of the 

railway structure and the need to capture both localized support reactions and inter-

element shear continuity. Also considered in this framework was the availability of 

field-observed deflection data for model calibration. 

In this study, the BOEF model serves as the foundational model for 

interpreting the rail as a continuous beam subjected to discrete, elastic support 

reactions. However, to overcome the classical model’s limitation in handling shear 

transfer between adjacent support points, the Pasternak extension was adopted. This 

extension introduces a shear coupling parameter that enables the modeling of 

horizontal interaction within the foundation layer, a key feature when simulating 

deflection behavior under distributed and transitional loads, which is also realistic and 

indicative of in-situ conditions. 

Furthermore, the implementation of DIC to capture field deflection data 

allowed for a data-informed calibration of the theoretical parameters. The stiffness 

coefficients derived from DIC-based deflection profiles were used to tune the model 

inputs, thereby strengthening the empirical validity of the theoretical framework. This 

enhanced the model’s predictive power, especially in contexts where idealized support 
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assumptions are limited such as track transitions, ballast degradation zones, or regions 

with non-uniform subgrade response. 

3.3 Dynamic Monitoring System Setup – Imetrum VideoGaugeTM 

The Imetrum VideoGauge™ system uses DIC to measure 2D displacements 

and surface deformations. At a basic level, the system works by capturing a sequence 

of images of the track surface and analyzing how specific patterns or features on the 

surface shift over time due to loading. These shifts are tracked using software that 

matches changes in the position of small image regions—called subsets—between 

frames. The displacement of these regions is then calculated to build a map of how the 

rail or ballast has moved during train passage. This method has been widely validated 

for structural and rail applications, including field-based rail deformation studies 

(Murray et al., 2015; Wheeler et al., 2016), tie displacement analysis (Sabato & 

Niezrecki, 2017), and strain field assessments in both materials and infrastructure 

(Sutton et al., 2016). Figure 3.1 shows the Imetrum VideoGauge™ camera sensor on 

a tripod during wayside testing. 
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Figure 3.1 Camera sensor mounted on tripod for wayside testing 

During each test campaign, the average system setup time was approximately 

one hour. This included camera alignment, lens calibration, gauge point selection, and 

validation of lighting conditions to ensure consistent image quality. The system's 

design and intuitive software interface supported efficient field deployment, even 

under variable site conditions. 

A key feature of the Imetrum VideoGauge™ is its ability to post-process 

recorded data. Video sequences are retained for later analysis, allowing new 

measurement points to be defined retrospectively if emerging behaviors or locations of 

interest warrant investigation. This capacity to revisit and re-analyze previously 

captured footage supports broader spatial coverage and deeper insight into track 

behavior under dynamic loading. When used with multiple synchronized cameras, the 

system can simultaneously observe and record deformations across both rails and 

multiple locations, facilitating richer resolution in characterizing track performance. 
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Despite these advantages, optical systems like Imetrum VideoGauge™ can be 

affected by environmental and geometric factors that influence measurement quality. 

These include fluctuating natural light during outdoor tests, limited working distances 

imposed by lens focal lengths, camera alignment errors, and geometric distortion due 

to perspective angles. To address issues of perspective skew and ensure accurate 

scaling, the VideoGauge™ system utilizes calibrated targets positioned in the 

camera’s field of view. These targets serve as fixed references during image 

correlation and allow the software to apply geometric corrections, enhancing the 

fidelity of the displacement data. 

Moreover, the integration of modern data processing capabilities, including 

automated image processing and artificial intelligence tools, supports batch analysis of 

multiple test runs. This allows patterns and anomalies in track behavior to be 

compared, contributing to more accurate interpretations of track conditions and track 

response variability. The following sections address some of the requirements and 

components of the dynamic monitoring system.    

3.3.1 Camera Lens and Image Processing System 

The Imetrum VideoGauge™ system relies on high-resolution digital cameras 

to capture visual data for displacement analysis. The choice of camera lens, 

particularly its focal length, plays a key role in determining the field of view and 

image clarity. A lens with a shorter focal length provides a wider view, which is 

beneficial for covering longer sections of the rail; however, this typically results in 

lower image detail and reduced precision at distant points. An example is illustrated in 

Figure 3.2. Conversely, longer focal lengths enhance detail and measurement 

accuracy but reduce the overall area captured in the frame. Selecting the appropriate 
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focal length is therefore a trade-off between coverage and resolution, depending on the 

monitoring objectives. This flexibility supports the system’s ability to measure 

displacements across localized or extended sections of the track, as demonstrated in 

past rail applications using stereo-DIC systems (Gallou et al., 2020). Stereo DIC 

requires paired cameras for full 3D measurements while the Imetrum VideoGauge™ 

uses single camera 2D measurements, simplifying the setup but maintaining precision.  

 

 

Figure 3.2 Camera lens used in Imetrum VideoGauge™ system with adjustable focus 

and aperture 

3.3.2 Sensors and Targets 

The Imetrum VideoGauge™ employs charge-coupled device  (CCD) sensors 

within its cameras to record visual information with high fidelity. These sensors 

convert light into digital signals and play a critical role in determining the resolution 

of the captured images. Frame rate, the frequency at which images are captured, 

dictates how effectively the system can track movement during dynamic loading. 

Higher frame rates are essential for accurately capturing fast-moving events, such as 
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axle passages during train loading, while maintaining resolution to track small 

displacements. Chess-patterned and bullseye targets used during wayside testing are 

shown with arrows for emphasis in Figure 3.3. Chess-patterned targets were placed on 

the railweb, while the bullseye target was on the railhead. 

 

 

Figure 3.3 Image showing targets placed on web of rail for aiding calibration and 

accuracy 

While the system can operate on natural surface features, calibrated targets are 

often used to enhance tracking performance. These targets increase contrast and 

provide consistent reference patterns, especially in conditions where surface texture is 

insufficient. They are not mandatory but help ensure repeatable and accurate 

displacement tracking, particularly during outdoor monitoring where lighting and 

surface visibility can vary. 
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3.3.3 Plane Calibration and Data Acquisition 

Accurate displacement measurement in Imetrum VideoGauge™ requires 

precise plane calibration. This involves defining the measurement plane within the 

software by inputting known real-world distances and lens characteristics. Bullseye 

targets are used to define reference points during plane calibration, ensuring accurate 

displacement measurements. By establishing fixed coordinates, they correct for 

angular misalignment and minimize perspective errors. This point-to-point tracking 

also enhances the system’s stability under field conditions, reducing drift from 

vibrations or lighting changes. Calibration ensures that the displacement values 

obtained from image tracking correspond to actual physical movements in the 

monitored system. It also corrects for geometric distortions such as perspective skew, 

which is particularly important when cameras are positioned at oblique angles to the 

measurement surface. As shown in Figure 3.4, the DMS allows for plane definition 

and calibration before and after field tests. The calibration process typically includes 

placing known reference markers or scale bars in the field of view. 

 

Figure 3.4 Field calibration setup showing the placement of virtual measurement 

points and a calibrated target used to define the measurement plane and 

coordinate axes 
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These markers allow the system to relate pixel movements in the image to 

millimeter-scale displacements in the field. This step is essential for generating 

accurate data, especially when correlating displacement measurements to physical 

properties such as track modulus or tie support conditions. Here are the typical steps 

involved in the plane calibration process for the Imetrum VideoGauge™ system: 

¶ Placement of Calibration Targets: A calibration grid is positioned at the 

desired measurement location to define the measurement plane. 

¶ Camera Alignment: The cameras are positioned such that the entire 

calibration grid is clearly visible and fills a substantial portion of the field of 

view. 

¶ Calibration Image(s) Capture: Images of the target are recorded to document 

the arrangement and perspective needed for processing. 

¶ Real Field-Distance Entry: Known physical dimensions of the calibration 

target are entered into the software for scale reference. 

¶ Software-Aided Calibration: The Video Gauge software is employed to 

process the calibration image and create a relationship between image pixels 

and real-world coordinates. 

¶ Calibration Verification: The calibration is verified by checking software 

indicators (like RMS error) and verifying that scale measurements match real 

distances. The finalized calibration is applied and fixed within the software to 

ensure that all subsequent displacement measurements are accurately scaled. 

The following section describes the initial field deployment of the Imetrum 
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VideoGauge™ in assessing its capacity to accurately measure rail 

displacements 

3.4 In-House System Validation and Calibration Procedures 

3.4.1 Laboratory Verification and System Familiarization 

Before field deployment, controlled laboratory-scale tests were conducted to 

evaluate the DIC system's performance in a simplified environment. These tests served 

multiple purposes: validating the core measurement capabilities of the system, 

identifying operational limitations, and optimizing system setup parameters. The 

process also provided a structured opportunity for user training and calibration 

practice using physically manageable test models. Figure 3.5 illustrates the scaled 

model for testing. 

 

Figure 3.5 Scale Model of BOEF. 
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3.4.2 BOEF Model Testing 

To simulate track behavior under controlled load conditions, a bench-scale 

BOEF model was constructed. The initial prototype used a balsa wood beam 

supported by compression springs, but due to premature failure under load, the design 

was revised. An aluminum ruler was selected for its elastic consistency and isotropic 

properties, allowing for more predictable mechanical behavior under loads. The model 

was supported by two types of steel springs to simulate substructure stiffness 

variability.  

The beam used had the following mechanical and geometric properties: 

¶ Length: 36 inches 

¶ Modulus of Elasticity (E): 10 x 103 ksi  

¶ Width: 1.125 inches 

¶ Thickness: 1/16 inch 

¶ Moment of Inertia (I): 2.3E-5 in⁴ 

Predicted deflection profiles for both configurations were generated 

analytically using standard BOEF formulations. The models were assembled using 

epoxy to secure the aluminum beam to the spring array, which was then mounted onto 

a rigid steel base. 

 

3.4.3 Experimental Measurement with DIC System 

The Imetrum VideoGauge™ system was used to record deformation under 

load. A three-camera setup was deployed to capture displacements from multiple 
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viewing angles. The cameras were aligned to track deformation across the beam 

length, ensuring sufficient overlap in the field of view. Displacement data were 

extracted and compared against the theoretical predictions for both spring 

configurations. Figures 3.6 and 3.7 illustrate the test setup and load application 

procedure for the scaled model test described above. 

 

 

Figure 3.6 Imetrum VideoGauge™ testing setup  

 

Figure 3.7 Imetrum VideoGauge™ testing setup and BOEF model under loading 
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3.4.4 Lighting Condition Evaluation 

A separate series of experiments investigated the influence of lighting 

conditions on the DIC system’s accuracy. Since field deployment would involve 

ambient and potentially unstable lighting, artificial lighting conditions were simulated 

in the laboratory. AC-powered light sources were tested to examine their impact on 

image capture consistency, particularly flicker, which can degrade image correlation. 

Figure 3.8 illustrates the in-house testing conducted by the team to control lighting for 

future field tests. 

 

 

Figure 3.8 In-house lighting control testing 

Lowering the camera sensor frequency was tested as a mitigation strategy. 

While this helped reduce flickering, it also led to reduced frame rates, posing a trade-

off between signal stability and resolution. These tests helped establish optimal 
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lighting and sensor configurations for use during field measurements, particularly 

under variable lighting. 

 

3.5 Letterkenny Deployment – Rail Vertical Deflection Monitoring 

3.5.1 Background of Site Selection 

The test site selected for initial field deployment was located at the ENSCO 

yard in Letterkenny, Pennsylvania and is shown in Figure 3.9. The selection was 

guided by the availability of a well-defined test track with known geometric 

properties, ease of accessibility, and compatibility with controlled vehicle loading. The 

FRA’s DOTX218 Gage Restraint Measurement System (GRMS) was used in the 

simulation of near-operational loading conditions and to evaluate the capacity of the 

DIC system in accurately capturing the deflection profile along the rail track. 

 

Figure 3.9 Aerial view of ENSCO yard used in Letterkenny deployment. 
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FRA DOTX218 – Gage Restraint Measurement System T-18 

 

Figure 3.10 FRA’s DOTX218 GRMS car 

This GRMS captured by Figure 3.10 is a specialized rail inspection vehicle 

used by the FRA in evaluating the structural integrity and safety of rail tracks. The 

GRMS car is designed to assess lateral rail restraint and includes an integrated system, 

commonly referred to as the deployable fifth axle as shown in Figure 3.11, that 

utilizes hydraulic actuators to impose controlled vertical and lateral forces onto the 

rails. This mechanism simulates loads less than operational loads typically exerted by 

passing trains and are then projected to typical load levels. In addition to its load 

simulation capabilities, the vehicle performs track geometry evaluations by capturing 

data related to alignment, cross-level, and curvature, enabling detection of 

irregularities that may compromise track safety. 
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Figure 3.11 Deployable 5th wheel of GRMS (RIGHT) 

3.5.2 Test Objectives 

 

The primary goals of the initial deployment were to: 

¶ Validate the DIC-based measurement setup under outdoor, field 

conditions. 

This involved confirming that the system could operate effectively 

outside the controlled laboratory environment, including stable camera 

calibration, image acquisition, and displacement tracking in open-air 

settings. 

¶ Capture vertical rail displacements under controlled loading using the 

DOTX218 GRMS car. Displacement data were recorded statically and 
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during a slow vehicle pass to observe how the rail responded under axle 

loads, enabling evaluation of both vertical deflection and lateral 

movement patterns. 

¶ Assess the stability and accuracy of DIC tracking in varying light and 

surface conditions. Testing in natural light was used to determine how 

well the DIC system-maintained image quality and correlation accuracy 

despite environmental changes such as shadows, reflections, and glare. 

¶ Generate displacement profiles to support estimation of track modulus 

and structural stiffness characteristics. The captured data would be used 

to derive deflection curves, which are essential inputs for estimating 

track stiffness based on beam-on-elastic foundation models. 

¶ Evaluate how variable support conditions along the track influence 

deflection response. Displacement variations across different points 

along the rail were analyzed to assess how changes in substructure 

support (e.g., ballast quality or subgrade depth) affected rail behavior 

under load. 

3.5.3 Loading Protocol and Experimental Setup 

Figure 3.12 illustrates the setup for measuring the deflection for the initial test. 

Cameras 1 and 3 were positioned with perspective while Camera 2 was positioned 

perpendicular to the other side of the rail. This was done to compare DIC readings of 
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the measured deflection from both sides of the rail. The two cameras were placed on 

one side of the rail to capture the deflection behavior of the track for a wider field of 

view. On average, the cameras were positioned about 17 ft away from the rail.  

 

Figure 3.12 2D aerial view of DIC camera setup and standoff distances for test             

3.5.4 Camera and Sensor Configuration  

Selecting the appropriate combination of camera, sensor, and lens was a 

critical step in optimizing data quality for the field test. This setup directly influenced 

key aspects such as perspective, field of view (FOV), resolution, and the frequency of 

data acquisition. Each camera included a built-in sensor and was paired with a lens of 

specific focal length, which largely determined the system’s FOV. 

The FOV governs the extent of the area being monitored and is central to 

identifying the displacement points of interest across the track. Figure 3.13 shows an 

example of a perspective camera FOV. A larger FOV allows for monitoring a broader 
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section of the rail, which is advantageous for assessing overall structural behavior, 

while a narrower FOV enhances precision, enabling detection of finer deflections with 

higher spatial resolution. Adjusting focal length and sensor parameters allowed for 

trade-offs between these capabilities depending on the monitoring objective. Table 3.1 

describes the camera specifications used during the field test while Figure 3.14 shows 

the digital level used for comparative analysis.  

 

Figure 3.13 Perspective field of view for DIC camera 

 

Figure 3.14 Digital level used for comparative analysis 
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Table 3.1 Camera and Sensor Specifications Used During Field Test 

Camera ID Data Rate 

(Hz) 

Focal Length 

(mm) 

Approximate 

Standoff 

Distance (ft) 

Image 

Resolution 

(pixels) 

1 100 25 17 728 x 544 

2 50 25 17 1936 x 1216 

3 50 12 18 1936 x 1216 

 

3.5.5 Target Placement Strategy 

To enhance image contrast and improve the accuracy of displacement tracking, 

various types of targets were applied to the rail and surrounding areas. These included 

bull’s eye markers, pre-printed chessboard patterns, and custom spray-painted patches. 

The chess-patterned targets were used for calibration, and their spacing was physically 

measured using a tape to ensure scaling accuracy in post-processing. The painted 

regions helped reinforce visual contrast for tracking virtual gauge points defined after 

image capture. 

Although the DIC-based Video Gauge system does not require any specific 

target shapes to function, the use of distinct patterns such as bulls’ eyes and 

checkerboard grids significantly improves correlation quality. Figure 3.15 captures a 

sample of the calibration and tracking targets employed for this test.  
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Figure 3.15 Sample of pre-printed calibration and tracking targets used in the field 

setup. 

3.5.6 Static Load Testing Protocol 

The static load test was the initial field procedure used to evaluate the system’s 

ability to monitor deflections under controlled vertical force application. The 

deployable fifth axle of the FRA DOTX218 GRMS vehicle was positioned over the 

central bull’s eye target on the rail shown in Figure 3.16. Initially, the wheelset was 

lowered onto the rail without any applied load to establish a zero-load baseline. 

 

Figure 3.16  FRA DOTX218 GRMS 5th wheel over the central target 
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Subsequently, load was applied incrementally in 2-kip increments starting 

from 10 kips up to a maximum of 22 kips. After reaching the peak, the axle was 

unloaded and retracted. This loading-unloading sequence was conducted twice to 

verify repeatability and to compare response behavior under identical load conditions. 

This also allows the capture of any permanent or time-dependent deformation. 

Deflection readings were recorded simultaneously using both the Digital Measurement 

System (DMS) and an optical leveling device. The loading protocol is illustrated in 

Figure 3.17. 

 

Figure 3.17  Stepwise static loading cycle showing force increments from 10 to 22 

kips 

3.5.7 Crawling-Speed (Quasi-static) Testing 

Following static testing, two quasi-static passes were executed using the FRA 

DOTX218’s deployable axle. In the first pass, the axle was fully unloaded, while in 

the second, it was loaded to 20 kips. These tests simulated slow-moving freight 
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conditions typical on North American railway networks. Deflections at the point of 

interest (POI) were captured concurrently using both the DMS and a digital leveling 

instrument. However, the DMS provided significant advantages by enabling 

continuous data capture at multiple points across the field of view. This allowed for a 

detailed understanding of the track’s behavior as the axle moved through. 

The ability to monitor multiple locations simultaneously from a single video 

file introduces considerable efficiency in rail condition assessment. This approach 

offers track owners a flexible and scalable solution for assessing degradation over 

time, comparing responses at different POIs, and tailoring maintenance actions based 

on empirical rail movement data. 
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3.6 Pilot Deployment at Transportation Technology Center (TTC) 

3.6.1 Background and Site Selection 

 

Figure 3.18  The High Tonnage Loop at the Transportation Technology Center in 

Pueblo, Colorado 

The High Tonnage Loop (HTL) at the Transportation Technology Center 

(TTC) in Pueblo, Colorado, served as the pilot testing site for evaluating the field 

deployment of the DIC-based rail monitoring system. The HTL, a facility shown in 

Figure 3.18, is dedicated to full-scale rail testing and managed by the FRA by 

ENSCO, Inc. to support rail research, testing and training. The facility is designed to 

simulate heavy axle load conditions and evaluate track infrastructure under controlled 

yet realistic operational environments. Three distinct track segments within the HTL 

were selected for testing. Each of these segments presented unique characteristics that 
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made them valuable for a comprehensive assessment. These included variations in 

ballast condition, tie combination and other factors known to influence track stiffness 

and vertical rail deflection. This allowed for comparative analysis of rail performance 

across differing support conditions, helping to validate the sensitivity and versatility of 

the DIC system under diverse loading and environmental scenarios. 

3.6.2 Testing Objectives 

¶ Use GRMS for static and quasi-static load application modes. The FRA 

DOTX 218 was used as the Gage Restraint Measurement System for different 

load simulations of real-world conditions. This included static load application 

for each location from 3kips and then 2kip increments from 10 to 22 kips. A 

quasi-static load was also applied at 4mph to replicate the gradual application 

of loads during freight operations. This was to enable a better understanding of 

track behavior under diverse loading scenarios.    

¶ Measure in-situ deflections on both sides of the rail at multiple points. Using 

the Imetrum VideoGauge™ DIC system, deflections were simultaneously 

captured on both rails across multiple discrete points within the camera’s field 

of view. Multi-point deflection measurements highlight the advantage of DIC 

over traditional methods of wayside monitoring.  

¶ Compare with wayside digital level readings. Since the GRMS system 

captures lateral rail displacements, especially through the deployable fifth axle, 

and the DIC system allows multidirectional analysis of rail displacement, the 

measurements were compared to give a fuller picture of the mechanical 
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response of the track and the connection to gauge widening and lateral 

instability. 

¶ Use DIC measurements as inputs for extended analysis via finite element 

modelling. The deflection data collected from the DIC system were 

subsequently used as input for extended modeling using Finite Element 

Methods. These inputs helped refine the model geometry, loading conditions, 

and boundary constraints, enabling realistic simulation of track responses 

under varying support and load scenarios. Chapter 4 explains the model in 

more detail and how it is used to simulate track behavior, estimate track 

modulus under varying support conditions, and validate DIC-based 

measurements through finite element analysis. 
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3.6.3 Experimental Procedure at Different Locations 

 

Figure 3.19  Location A: Concrete tie partially displaced 

At Location A, the concrete-tie track displayed a moderately fouled ballast, 

and the central tie was partially displaced (shown in Figure 3.19). This gave a unique 

characteristic to this location as a higher deflection would be expected at the section 

with the removed tie due to the absence of support. Some clips were also removed 

from the ties, further loosening the restraint usually provided to the ties and the track 

in general. The track uses a 136 RE rail section which is in good and serviceable 

condition. The results in this location would provide valuable data on the influence of 

the absence of proper tie support on rail deflection and track stability.  
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Figure  3.20  Location B: Concrete to wood ties transition 

Location B (shown in Figure 3.20) represents a transition from concrete to 

wood ties with good, clean ballast conditions. This track uses a 141 RE section in a 

healthy condition. The transition from concrete to wood ties offers a critical feature for 

investigation since these transitions generally cause localized stress points where 

deflections may vary, especially as the concrete ties provides higher stability and 

rigidity compared to the wooden ties. 
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Figure 3.21 Location C: Wood ties over rainy spot 

Location C presented wood ties but with a fouled ballast and expected weaker 

substructure conditions. These conditions exacerbate ballast degradation due to water 

accumulation causing uneven track support and larger deflections. This location was 

dubbed the “Rainy spot”. The rail track section is a 141 RE rail which is generally 

more durable. Figure 3.21 shows a cross-section of the tested track, and a summary of 

the details of all locations is provided in Table 3.2. 

Table 3.2 Conditions and details of tested locations 

 

Location 

ID 
Track condition 

Crosstie (sleeper) 

material 

Rail 

section 

A Hanging Tie Concrete 136 RE 

B Concrete to wood tie transition Dual 141 RE 

C Rainy Spot Wood  141 RE 
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3.6.4 Camera Positioning  

 

Figure 3.22 Placement of cameras and sensors on both sides of track for wider track 

coverage 

As shown in Figure 3.22, four cameras were used for all tests for each location 

to ensure wider track coverage and displacement measurement. Two of these cameras 

and sensors were used for each rail enabling a comprehensive observation of the full 

response and potential non-uniformities in the displacement of each rail. Sensors 1 and 

4 on either side of the rail were oriented at an angle to maximize the field of view to 
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facilitate gage variation analysis. This configuration also allowed for monitoring of 

deflection behavior at multiple points along the track. Table 3.3 summarizes the 

details of each camera used in the deployment. 

Table 3.3 Camera and Sensor Specifications Used During TTC Field Test 

 

 

 

3.6.5 Loading Protocol 

Two modes of the static load testing were conducted with L/V ratios ranging 

between 0.7-0.8 for safety implications during the testing period for each test location. 

The first static load test had a varying lateral load while the vertical load was 

maintained constant throughout the test. The second static load test had both the lateral 

and vertical load increasing while maintaining the stipulated L/V ratio. Figure 3.23 

describes the static loading procedure for all test locations.                                                                                     

Camera ID Data Rate 

(Hz) 

Focal Length 

(mm) 

Approximate Standoff 

Distance (ft) 

1 50 25 16 

2 300 25 16 

3 300 25 20 

4 50 12 18 
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Figure 3.23  Table of load-steps for two modes of static loading used in the test 

For the quasi-static loading sequence, the GRMS car running at 4mph 

traversed each of the three selected locations. A slight alteration was made to the 

quasi-static loading sequence for Location C. For multiple runs at 4mph, the GRMS 

deployable 5th wheel increased its applied vertical load from 12kips to 20kips in 2kip 

increments. This was done to assess the impact of increased quasi-static loading on a 

location with weak substructure conditions. These three locations provide a broad 

spectrum of real-world track conditions worthy of investigating DIC’s abilities and 

advantages. This would offer greater insight into estimating track models through 

finite element modelling and theoretical and understanding track behavior. 

3.7 Finite Element Modeling Framework Using ABAQUS 

ABAQUS/Standard, a robust finite element solver developed by Dassault 

Systèmes, was chosen for this study due to its extensive capabilities in simulating 
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complex mechanical behaviors in railway systems. It is particularly effective in 

addressing nonlinearities related to material behavior, geometric configuration (e.g., 

large deformations), and contact interactions, which are critical for accurately 

capturing rail–track behavior. Moreover, its flexibility in defining user-specific 

materials, incorporating hybrid modeling approaches (e.g., spring-dashpot systems), 

and controlling load application sequences make it an ideal tool for simulating railway 

engineering simulations. 

The ABAQUS/CAE (Complete Abaqus Environment) interface was used for 

both preprocessing and postprocessing tasks. In the preprocessing stage, model parts 

were defined, material properties assigned, parts assembled, the mesh generated, and 

loads, and boundary conditions applied. For postprocessing, ABAQUS was also used 

for visualizing the results, extracting the displacements, and comparing them with 

field measurements. Direct editing of the input files (.inp) was also carried out for 

more detailed control over model parameters, particularly when defining spring and 

connector elements for simulating substructure stiffness variability. 

3.8 Rail Track Modeling in ABAQUS – Precedents and Motivation 

ABAQUS has been extensively utilized in various studies to model and 

simulate critical aspects of railway track systems. For instance, Jayakumar and 

Ramesh (2025) developed a 3D finite element model to study rail-tie-ballast-subgrade 

interaction under varying loading conditions, using ABAQUS to evaluate dynamic 

responses such as displacement and stress. Similarly, Krishnamoorthy et al. (2018) 

leveraged ABAQUS to explore the mechanical characteristics of track structures, 

focusing on the influence of under-sleeper pads on sleeper and ballast bed behavior. 

Their study demonstrated how ABAQUS could capture the effects of different ballast 
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conditions on track performance. In the context of track transitions, Yin and Wei 

(2020) used ABAQUS to create a model of a railway bridge transition zone, 

considering vehicle dynamics and track irregularity, highlighting ABAQUS’s utility in 

simulating complex track interfaces.  

Lastly, Du et al. (2021) combined ABAQUS with SIMPACK to analyze the 

dynamic behavior of rail tracks under operational loading, showcasing the software’s 

capability to model and simulate track responses to high-speed loading conditions. 

These studies collectively illustrate the versatility and reliability of theoretical F.E 

models in rail track modeling, addressing various components such as rail-tie-ballast 

interaction, track transitions and ballast settlement. This research builds on these 

precedents by using ABAQUS/standard to replicate deflection measurements obtained 

from DIC under controlled and quasi-static field conditions. The FE models are 

calibrated using real-world rail behavior to support parametric studies on stiffness 

variation, tie degradation, and track modulus estimation, specifically for the ballast 

and subgrade moduli.  
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Chapter 4 

FINITE ELEMENT MODELING  

4.1 FE Modeling Track Assembly, Geometry, and Element Selection 

4.2 Model Development 

This chapter outlines the progressive development of the finite element model 

used to simulate the vertical response of the railway track system under static loading. 

Several modeling options were evaluated, each offering unique advantages and trade-

offs. The final modeling configuration was selected based on its ability to most 

accurately replicate field-observed behavior, especially from DIC measurements, 

while maintaining computational feasibility and theoretical robustness. The evolution 

of the model is described in the following sections. 

 

¶ Rail Base as Elastic Foundation 

The first modeling approach considered the rail as a continuous beam resting 

on an elastic foundation. This simplified representation treated the foundation as a 

spatially uniform, linear elastic support, consistent with classical BOEF theory. While 

this model yielded good agreement with analytical predictions and offered 

computational efficiency, it lacked the physical fidelity to account for the layered 

complexity of a real rail track system. In particular, the absence of discrete 

components such as sleepers and ballast limited its utility in simulating local 
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interactions or evaluating component-specific performance. As such, this approach 

was deemed to be oversimplified for the full-scale track response analysis. This is 

shown in Figure 4.1. 

 

Figure 4.1 Model with rail base defined as an elastic foundation 

 

¶ Spring Elements Between Rail, Ties, and Ballast 

The second modeling option involved a series of linear spring elements in 

ABAQUS, used to simulate the vertical interactions between the rail and the ties, and 

subsequently between the ties and the ballast. This is shown in Figure 4.2. While 

conceptually appealing, this approach introduced several modeling challenges. First, 

the limited number of spring elements led to localized overestimation of deflections, 

deviating significantly from expected structural behavior. Second, implementing 

multiple layers of spring interactions proved laborious within the ABAQUS graphical 

user interface (GUI), particularly as nonlinear spring definitions are not natively 

supported in the GUI. Although manual input file editing could overcome this 

limitation, the overall approach was deemed impractical and prone to implementation 

errors. 
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Figure 4.2 Series of springs connecting rail to ties and ties to ballast layer 

 

¶ Ties-to-Ballast Springs with Tied Rail–Tie Interface 

The third configuration retained spring elements only between the ties and the 

ballast while modeling the rail–tie interface as a perfectly bonded, tied constraint. This 

reflected a reasonable assumption under static loading, where frictional or relative slip 

effects between the rail and sleepers are negligible. However, this configuration 

suffered from the same implementation challenges as the previous model: spring-

based representations within ABAQUS offer limited flexibility and are cumbersome to 

scale. Additionally, without direct nonlinear control, it was difficult to capture the 

progressive stiffness behavior observed in experimental DIC data. This is illustrated in 

Figure 4.3. 

 

Figure 4.3 Series of springs connecting only ties to ballast layer 
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¶ Surface Contact with Springs to Ground 

In the fourth approach, the rail was tied to the ties, and the ties were positioned 

directly onto the ballast with surface-to-surface hard contact. This is shown in Figure 

4.4. The ballast was in turn supported by a set of vertical spring elements representing 

the underlying ground. This model configuration improved physical realism by 

including explicit contact between components. However, the hard contact interface 

lacked the gradation of stiffness that typically governs the behavior of granular media 

such as ballast. Consequently, the model could not reflect the nonlinearity in track 

deflection associated with variations in seating and bearing stiffness observed in the 

field. 

 

Figure 4.4 Surface to surface contact between ties and rail and springs connected from 

the ballast to the ground 

 

¶ Ballast as Elastic Foundation with Hard Contact Interfaces 

A variant of the previous model replaced the spring supports with an elastic 

foundation beneath the ballast layer. While this modification improved the 

representation of continuous support, the model still relied on hard contact definitions 

for tie–ballast interaction, which again limited the ability to incorporate DIC-derived 
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nonlinear load–deflection behavior. This configuration, like its predecessor, lacked 

sufficient malleability in defining progressive stiffness transitions at different layers of 

the track structure. Figure 4.5 illustrates this model setup. 

 

Figure 4.5 Linear model with ballast defined as an elastic foundation 

 

¶ Final Model: Nonlinear Connector-Based Support System on Subgrade 

Layer 

The final and adopted model addressed the limitations of the earlier approaches 

through a hybrid configuration. In this model, the rail and ties were connected using 

tied constraints to represent bonded contact under static loading. The ties were then 

supported by a series of connector elements placed between them and the ballast layer. 

These connector elements were defined with nonlinear force–displacement 

relationships derived from DIC measurements, allowing the model to capture the 

progressive deformation behavior observed in the field. The ballast itself rested on an 

underlying subgrade modeled as an elastic foundation, providing continuous support 

condition at the base. This is illustrated in Figure 4.6.  
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Figure 4.6 Non-linear model defined by connector elements connecting ties to the 

ballast layer on a subgrade layer 

This configuration proved to be both physically representative and 

computationally stable. Importantly, the use of connector elements in ABAQUS 

allowed greater flexibility in assigning custom stiffness characteristics including 

nonlinear, rate-dependent, or tabular input curves directly from experimental datasets. 

Among all modeling options evaluated, this model offered the best agreement with 

field-measured deflection profiles, while maintaining a clear representation of 

component-wise interactions. 

In Figure 4.7, three connector models are shown. The green dashed line 

represents the non-linear connector model with both a ballast and a subgrade layer. It 

is compared with another nonlinear model with just a ballast layer and a linearly 

defined connector model. All models seemed to overshoot the predicted DIC 
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deflection within the range of 0.03-0.05 inches. The differences of the order of 

hundredths of an inch were due to calibration of the various parts within each model 

and were easily corrected by adjusting the stiffness of either the ballast or subgrade. 

The final model selected as described in Figure 6 is chosen because of the flexibility in 

defining non-linearity from direct DIC field data and ease with conducting parametric 

studies for analysis. 

 

Figure   4.7 Comparison of different connector models with DIC measurements during 

calibration 

4.2.1 Geometry and Assembly Description 

  

The model in Figure 4.8 represents a 3D segment of a railway track system 

composed of steel rails, sleepers (both concrete and wood), ballast, and subgrade. 
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These components are discretized geometrically to reflect real-world spacing and 

properties. In the following sections of this chapter, the various part geometries, 

material properties, contact interfaces between surfaces, loading and boundary 

conditions and meshing are discussed.  

 

Figure 4.8 3D representative model of railway track system for one rail 

4.2.2 Element Types and Their Justification 

¶ Steel Rails (Beam Elements): These elements are ideal for simulating the 

flexural behavior of rails under load. Beam elements are 2-node Euler-

Bernoulli beams which efficiently capture both longitudinal and transverse 

stiffness of the rail. 
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¶ Sleepers (Solid Brick Elements): Solid elements were chosen for both concrete 

and wood ties, representing their mass and stiffness. The reduced integration 

formulation ensures computational efficiency while maintaining accuracy in 

modeling tie deformation under load. 

¶ Ballast and Subgrade: Solid elements were also used to model ballast and 

subgrade. These components are represented as deformable volumes, with 

lower stiffness values to simulate granular and cohesive soils that exhibit 

nonlinear behaviors under load. 

¶ Connector Elements: Initially, support springs were utilized to simulate the 

interaction between the sleepers and the rigid base. However, to more 

accurately represent the non-linear behavior of track components in contact, 

connector elements were preferred. These connector elements were defined 

between the bottom of the sleepers and the rigid base to simulate the variable 

support stiffness and to better capture the nonlinear behavior of track 

components under real-world conditions. By using connector elements, the 

model was able to more accurately represent the interaction between track 

components, such as rail-tie-ballast interactions, and provide more reliable 

results for load transfer and track deformation behavior. Figure 4.9 shows the 

interactions between the various track components. 
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Figure 4.9 Cross-section showing the various interactions between track components 

4.2.3 Parameters and Assumptions Used in FE Modeling 

4.2.4 Material Property Definition 

 

Material properties were assigned based on a combination of literature values, 

laboratory testing, and field calibration. Although the field tests were conducted for 

multiple sections of track, they were all within reasonable range of each other, and so 

the same ballast and subgrade conditions were used for all locations, except when 

performing parametric studies. These material properties were validated by ensuring 

the predicted displacement profile under standard axle loads matched within 5-7% of 

the DIC-measured values. The material properties are described in Table 4.1 
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Table 4.1 Material properties of various track components used for baseline model 

 

Component E (psi) Poisson’s ratio (ν) Weight Density (lb/in3) 

Steel Rail 29,000,000 0.3 0.283 

Concrete Sleeper 5,000,000 0.2 0.12 

Wood Tie 1,600,000 0.25 0.06 

High Quality Ballast 50,000 0.35 0.09 

Fouled Ballast 15,000 0.35 0.09 

Subgrade 14,500 0.3 0.001 

   

4.2.5 Contact Interactions and Interface Definitions 

 

¶ Rail-Tie Interface - Constrained, Master-Slave Surfaces 

The rail and tie are constrained with the rail as the master surface and the tie as 

the slave surface. This approach ensures that the rail, being stiffer, dictates the 

deformation of the tie, avoiding interpenetration and ensuring accurate load transfer. It 

is computationally efficient as it reduces the number of variables while still 

maintaining the integrity of the load-deformation interaction. 

 

¶ Tie-Ballast Interface - Nonlinear Connector Element - Axial 

A nonlinear connector element is used to model the tie-ballast interface, 

capturing the non-linearity in the ballast behavior based on load-deflection properties 

derived from DIC measurements. The connector type is axial, allowing for both tensile 
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and compressive deformation, accurately reflecting the ballast's reaction to loading. 

Figure 4.10 illustrates this connection between the tie and ballast.  

 

Figure 4.10  Cross-section of connector elements for tie-ballast contact 

 

¶ Ballast-Subgrade Interface (Surface-to-Surface Contact with Small 

Sliding): 

The ballast-subgrade interface is initially modeled using surface-to-surface 

contact with small sliding to represent the interaction between the ballast and the 

subgrade. The model accounts for the frictional behavior and pressure distribution 

between the two layers while permitting small movements as the ballast settles and 

deforms. This contact formulation ensures that the early stages of track deformation, 

such as slight relative movements between ballast and subgrade, are accurately 

captured. 
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4.2.6 Boundary Conditions and Load Application 

 

Rail Ends: Various alternatives were experimented with restraints applied to 

the rail ends, from having completely free ends to restraining in the longitudinal and 

lateral directions. It was found that due to the length of the model in question there 

were no major changes seen in the downward or vertical deflection of the rail, which 

is the key point of this study. Therefore, only the vertical translations and rotations 

were left unrestrained in the final model. 

Sleeper Ends: These were allowed to move vertically but laterally constrained 

to simulate lateral ballast resistance. 

Subgrade Base: All degrees of freedom were restrained with the exception of 

the vertical direction to model a semi-rigid base since the subgrade layer also has 

some degree of settlement under load. 

4.2.7 Load Application Strategy 

 

In the model, the highest static load of 22kips was first used to compare with 

the maximum central deflection of the field data. As the model complexity developed, 

the full vertical loads and lateral loads as seen in Static Test 2 were applied as 

amplitudes over normalized timestamps. These timestamps correspond to the test 

duration for each of the locations to mimic the field test. The vertical loads were 

applied to the central point of the rail as concentrated loads and laterally on the insides 

of the railhead. Pressure loads were also applied over a 1 square inch area and 
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compared to the concentrated load of the same magnitude. The concentrated load was 

chosen due to the precision of its results. 

4.2.8 Element Meshing  

 

Figure 4.11Meshing strategy for each part in the track model 

To ensure accurate representation of stress distributions and deflections across 

the rail-track system, an optimized meshing strategy was adopted based on the 

geometry and mechanical function of each component. In Figure 4.11, the meshing is 

shown for all elements in the track model. The meshing process was carried out using 

ABAQUS/CAE, utilizing hexahedral elements for all solid parts to maintain numerical 

stability and improve solution accuracy.  

¶ Subgrade 

The subgrade was assigned a mesh size of 5 inches and was meshed using 

structured hexahedral elements. The mesh control technique was set to 

Structured, enabling regular grid alignment along principal geometric axes. 

This approach ensures smooth stress propagation from the superstructure to the 
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foundation and provides a stable base for the simulation of vertical loads and 

boundary constraints. 

¶ Ballast 

The ballast layer was discretized with a finer 2.5-inch mesh size using the 

Sweep meshing technique. Hexahedral elements were generated with the 

sweep algorithm, with Medial axis and Minimize mesh transition options 

activated to control mesh distortion and ensure smooth transitions near 

interfaces. This configuration allowed for better resolution of stress 

concentrations and settlement patterns, especially in regions near the tie-ballast 

interface. 

¶ Rails 

For the rail components, a 1-inch mesh size was applied to capture the flexural 

response with high fidelity. The mesh control strategy used was Sweep 

meshing with hex elements. The sweep direction was aligned longitudinally 

along the rail axis to support the accurate simulation of bending and contact 

interactions with the ties. This fine mesh resolution was essential for 

evaluating vertical deflection under moving loads, particularly in DIC-based 

validation studies. 

¶ Wood and Concrete Ties 

Wood ties were meshed using a 1-inch mesh size with Structured mesh control 

and hexahedral elements. The regular grid ensured consistent element quality 

along all three axes, enabling accurate transfer of loads between the rail and 
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ballast layers. The structured mesh configuration was selected due to the 

prismatic geometry of the ties, allowing efficient mapping of element layout 

without distortion. 

4.3 Development of FE Models for Each Testing Location 

4.3.1 Location A 

 

Location A reflects the 136RE section of track with the central tie displaced on 

one end and partially supporting the opposite end. To model this, two different 

connector sections were defined in ABAQUS; one based on the DIC load-deflection 

measurements at this location and the second was set to have a stiffness of zero. The 

“zero stiffness” connector element was defined as the contact for the region of the 

track with the missing tie. This was done for modeling ease in ABAQUS. All other 

details were defined as specified in the earlier sections on model development. Figure 

4.12 illustrates the full model setup for this location. 
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Figure 4.12 Final FE Model developed for Location A 

4.3.2 Location B 

 

For Location B, as shown in Figure 4.13, wood ties and concrete ties with 

different material properties were assigned. The connector elements differed for both 

the wood ties and concrete ties to reflect the differences in stiffness. The rail section 

was a 141 RE section and the full sequence of lateral and vertical loads as defined 

earlier were applied. The ballast was in relatively good condition for this section of 

track, and this was reflected in the material properties assigned to the section.  
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Figure 4.13 Final FE Model developed for Location B 

 

4.3.3 Location C 

 

The model for Location C was designed to reflect the substructure variability 

that was observed from the DIC readings. To reflect the effect of substructure 

variability on each 141 RE rail section, the seating deflection was set to different 

magnitudes. The wood tie section and condition was consistent throughout this section 

of the track and hence modeled as such. Figure 4.14 depicts the final model setup for 

this location. 
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Figure 4.14 Final FE Model developed for Location C 

4.4 Location Selection Justification 

 

The three field testing locations were selected to capture a range of track 

conditions that are commonly encountered in railway operations. Each location was 

intentionally chosen to address specific research objectives related to the evaluation of 

track modulus variability and the performance of the FE models under distinct support 

scenarios. 

¶ Location A (136RE Section - Tie Support Deficiency): 

This location was selected to study the effect of localized loss of tie support on 

rail deflections and track modulus estimation. Tie support deficiencies, such as 
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displaced or deteriorated ties, are frequently observed in aging track 

infrastructure and can cause sharp local variations in stiffness. By selecting this 

site, the intent was to evaluate how the finite element model can capture 

localized non-uniform support conditions and to assess the sensitivity of track 

modulus estimates to such partial support failures. Additionally, this location 

allowed for the validation of the DIC system’s capability to detect and quantify 

deflection changes associated with tie displacement. 

¶ Location B (141RE Section - Mixed Sleeper Types): 

The presence of both wood and concrete sleepers at this site provided an 

opportunity to investigate the influence of sleeper material differences on track 

stiffness and deflection behavior. Mixed sleeper sections are often used during 

maintenance and rehabilitation phases, resulting in composite track structures 

with varying stiffness characteristics. This location was selected to observe 

how material property variations propagate into track modulus estimation and 

to test the FE model’s ability to resolve deflection differences arising from 

heterogeneous support systems. The location also allowed isolation of sleeper 

material effects since the ballast condition was relatively uniform. 

¶ Location C (141RE Section - Substructure Variability): 

This location exhibited variability in subgrade support stiffness, as identified 

from preliminary DIC measurements. Variations in substructure properties are 

a major contributor to non-uniform track modulus and deflection profiles along 
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the track. By selecting this location, the study aimed to evaluate the FE 

model’s ability to incorporate subgrade stiffness variability and to investigate 

how these variations influence vertical deflections and overall track modulus 

calculations. This site also provided an opportunity to assess the advantages of 

using multi-point DIC data to capture distributed substructure effects that are 

not easily identified with conventional point-based measurement systems. 

Collectively, these locations were selected to systematically capture the range 

of structural behaviors critical to the assessment of track modulus using DIC-

integrated finite element modeling. 
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Chapter 5 

RESULTS AND DISCUSSION 

This chapter presents the results of static and quasi-static rail deflection tests 

conducted for the Letterkenny and Transportation Technology Center deployments, at 

multiple track locations under various support conditions. The central objective of this 

work was to develop and validate a FE model informed by DIC measurements, 

capable of capturing both uniform and localized variations in track support. 

To ensure the reliability of the FE model predictions, a multi-stage validation 

protocol was employed, consisting of the following steps: 

 

¶ Error Minimization and Model Validation: The FE model was iteratively 

calibrated against DIC-measured deflection profiles to minimize the deviation 

between simulated and experimental results. This calibration process focused 

on adjusting local stiffness and boundary conditions, particularly in areas with 

known support deficiencies, such as displaced ties. 

¶ Convergence Validation: Mesh independence and numerical stability were 

verified through convergence checks. These ensured that the FE model’s 

results were not sensitive to element discretization or solver settings, and that 

simulated responses remained consistent under refined mesh conditions. 
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¶ Consistency Check with Classical Methods: Analytical deflection profiles 

derived from BOEF and Pasternak models were used as benchmarks. These 

classical solutions, computed using equivalent stiffness and shear parameters, 

provided a means to contextualize and contrast the FE model outputs.  

The charts and plots that follow illustrate the effectiveness of these validation 

steps across different test sites. They serve both as a demonstration of model accuracy 

and as a foundation for parametric studies to be conducted in later stages of the 

research. 

5.1 Letterkenny Deployment – DIC Measured Deflection Results  

 

Figure 5.1 Vertical Rail Displacement as DOTX-218 Approaches POI 
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As shown in Figure 5.1, the vertical displacement data captures the early 

deflection behavior of the rail as the FRA DOTX218 GRMS vehicle approaches the 

measurement zone. Even before the fifth axle directly loads the rail, small but 

measurable downward displacements occur across all evaluated points. These initial 

deformations are attributed to the distributed weight of the vehicle acting on adjacent 

segments of the track and introducing flexural effects ahead of direct loading.  

The deflection profiles recorded at varying distances from the load (6¼ in., 

13⅕ in., 19 in., and 27 in.) show a consistent downward trend beginning prior to 240 

seconds, which reflects the influence of the approaching axle group. This early 

displacement confirms the rail's sensitivity to the oncoming mass and the continuity of 

rail deflection response along its length. The trace labeled “Under the 5th axle” shows 

the most significant deflection, with peak values nearing -0.16 in, indicating the direct 

load path.  

In contrast, displacement magnitudes decrease progressively with increasing 

distance from the axle, as expected from BOEF behavior. It is also important to notice 

the permanent deformation induced on the rail due to the presence of the GRMS car at 

the area of interest. These final deflection values become the starting points for 

analyzing the results for subsequent tests, accounting for that initial settlement and 

hence offering a more accurate analysis. 

This early deflection behavior highlights the importance of using distributed 

displacement measurements when assessing track response. It also demonstrates how 

the Video Gauge system captures the full sequence of rail interaction under rolling 

stock, including subtle lead-in responses prior to maximum loading. 
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5.1.1 Static Stepped Loading 

 

Figure 5.2 DIC-tracked displacement under static stepped loading 

The DIC measurement results in Figure 5.2 show a well-defined, continuous 

vertical displacement profile corresponding to the stepwise static loading cycle applied 

through the deployable fifth axle. Each red-circled point represents the rail deflection 

under a specific load increment, beginning at 10 kips and increasing by 2-kip steps up 

to approximately 22 kips. 

The displacement values recorded by the DIC system for each load application 

demonstrate clear, discrete steps with minimal noise, indicating stable image tracking 

and consistent correlation accuracy throughout the test duration. The initial deflection 

of approximately -0.0765 in. occurs upon axle contact with the rail before a significant 

load is applied. As load increases, DIC captures incremental downward shifts: -0.138 
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in. at 10 kips, -0.153 in. at 12 kips, progressing to -0.223 in. at the approximate peak 

load. 

This gradual and uniform progression confirms the effectiveness of the DIC 

system in capturing load-dependent deformation behavior. The preservation of 

temporal continuity and the lack of significant anomalies between load steps validate 

the reliability of the DIC data for use in load-deflection modeling and modulus 

estimation. These results reinforce the system’s capacity to detect even subtle 

deformation responses with high resolution under controlled loading conditions. 

 

 

Figure 5.3 Chart comparing precision of DIC measurements to Wayside Digital level 

at each load-stamp 
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Figure 5.3 presents a side-by-side comparison of vertical rail deflection values 

obtained from the DIC system and a traditional digital level for each stepped load 

applied by the 5th axle. Across the entire loading range, from 3 to 22 kips, both 

measurement methods follow a consistent deflection trend, with DIC values closely 

aligning with digital level readings. 

At lower loads, such as 3 kips, the DIC measured slightly higher displacement 

(-0.0571 in.) compared to the digital level (-0.04 in.), likely due to DIC’s increased 

sensitivity to small deformations. As the load increases, the deflection values recorded 

by both systems converge more tightly. For instance, at the maximum load of 22 kips, 

DIC measured -0.22 in. while the digital level recorded -0.21 in., representing less 

than 5% difference. This small variation supports the reliability of DIC as a viable 

alternative to conventional methods, particularly when continuous, multi-point 

measurements are required for track response evaluation. 
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Figure 5.4 Vertical rail displacement profile fitted to the BOEF model for Letterkenny 

deployment 

The displacement data shown in Figure 5.4 were fitted using a second-order 

polynomial curve, representing a simplified BOEF solution for a beam subjected to a 

concentrated load. The curve captures the typical symmetric displacement shape 

expected in elastic foundation behavior, with deflections increasing as the distance 

from the load increases. This parabolic form is consistent with classical BOEF theory, 

where the rail behaves as a beam resting on a continuous, linear elastic foundation. 

Each data point is labeled (1 through 8) and corresponds to a known horizontal 

offset from the applied load. The smallest displacement occurs near the load 

application point, with larger displacements observed toward the edges of the 

measured span. This pattern reflects the way vertical force diffuses along the rail and 
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is resisted by underlying support, validating the use of a quadratic fit to approximate 

the displacement basin.  

5.1.2 Track Modulus Estimation 

 

Modulus Estimation Using Adapted Kerr Method 

The first approach adopts a linear elastic assumption based on a modified 

version of the model proposed by Kerr (2000). This method builds upon the beam-on-

elastic-foundation (BoEF) theory, incorporating the effects of adjacent axles through a 

superposition of loads and measuring deflection at the leading axle. Equation 5.1 

describes the general form of the equation where: 

ρ Ὡ ÃÏÓ‍ὰ ÓÉÎ‍ὰ Ὡ ÃÏÓ‍ὰ ÓÉÎ‍ὰ Ὡ ÃÏÓ‍ὰ

ÓÉÎ‍ὰ                                                                                                               Eq. (5.1) 

 

¶ ύ  = measured vertical deflection 

¶ P = applied axle load 

¶ β = rail-foundation stiffness parameter 

¶  l = distance from the nth axle to the point of interest 

Using this method, the estimated rail support modulus was found to be 950 lb/in/in, 

consistent with the response of a track segment in relatively uniform condition with 

linear elastic behavior. 
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5.1.3 Bi-linear Modulus Estimation Based on In-Service Track Behavior 

Recognizing that real-world tracks often exhibit non-linear deflection behavior, 

particularly due to ballast fouling and fastener wear, a bi-linear model was also 

applied. Prior studies (Sussmann et al., 2001; Kerr & Shenton III, 1986) describe this 

behavior as having an initial "seating" phase with low stiffness, followed by a higher-

stiffness phase as the structure fully engages under increased load. 

DIC-derived deflection data from static stepped loading of the FRA DOTX218 

GRMS vehicle (3 to 20 kips) were used to develop the load-deflection curve, shown in 

Figure 5.5. 

 

Figure 5.5 Load-deflection curve from DIC-based vertical rail deflection 

measurements showing dual-phase stiffness behavior. 

Table 5.1. Computed modulus values for each static load test 

Test ID Seating Modulus 

(lb/in/in) 

Contact Modulus 

(lb/in/in) 

Static Test 1 271 1329 

Static Test 2 180 1647 
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Table 5.1 summarizes the computed modulus values for each static test. These 

values reflect typical characteristics of track with moderate ballast degradation, where 

load is not immediately transferred to the full support system, but instead develops 

through settlement and tie engagement over the load range. For Test 1, the initial 

response revealed a seating load near 3 kips, with a stiffness of about 271 lb/in/in. As 

the load increased, the stiffness transitioned to 1329 lb/in/in in the post-seating phase. 

Applying the relationship between stiffness and modulus presented by Sussmann et al. 

(2001), the corresponding track modulus values were then calculated. 

 

Figure 5.6 Comparison of foundation model deflection profiles against DIC 

measurements 

Figure 5.6 shows the following profiles: 
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¶ the Pasternak foundation model (red curve), 

¶ the BOEF method using Kerr’s formulation at 950 lb/in² (green curve), and 

¶ two BOEF bilinear approximations with moduli of 1329 lb/in² (blue) and 1647 

lb/in² (orange). 

¶ The DIC results, shown as black diamond markers, serve as the reference for 

model accuracy. 

The comparison of rail vertical deflection profiles using different foundation 

models against DIC measurements reveals critical insights into model accuracy and 

suitability. Among the evaluated methods, the Pasternak foundation model 

demonstrated the closest agreement with the DIC-observed deflection profile, 

particularly at the loading center. With a predicted peak deflection of -0.211 inches, it 

differed by only 5.2% from the DIC-measured -0.2 inches. This strong alignment is 

attributed to its consideration of shear deformation effects and flexible foundation 

behavior, which more accurately capture the complexity of substructure interactions.  

The BOEF model using a Kerr-derived modulus of 950 lb/in² also performed 

well, showing a reasonably close fit with a deviation of about 6.5% at the peak. Its 

deflection curve closely followed the measured shape, suggesting its reliability for 

practical use when detailed shear parameters are unavailable. However, the bilinear 

BOEF models, despite accounting for variable stiffness with load, showed larger 

deviations, underpredicting and overpredicting peak deflection by approximately 30% 

and 62.6%, respectively. These deviations highlight the importance of precise 
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parameter calibration when using simplified bilinear stiffness models, as they can 

misrepresent deflection basin shape and magnitude. 

In summary, the Pasternak model is the most representative of real-world 

behavior, particularly due to its inclusion of additional subgrade mechanics. The Kerr-

based BOEF method provides a solid compromise between accuracy and 

computational efficiency. Meanwhile, the bilinear BOEF models require refinement 

and cautious application, especially when modeling deformation at critical locations 

along the track. 

5.2 Letterkenny Deployment – FE Model vs Theoretical Estimates 

 

Figure 5.7. Comparison of rail deflection profiles from analytical and numerical 

models against DIC field measurements at the Letterkenny deployment 



 

 

 121 

In Figure 5.7, the FE model (blue dashed line) closely aligns with the DIC 

deflection measurements (black diamonds), particularly at the center of the load 

application, accurately capturing the peak deflection of approximately 0.2 inches. All 

models agree reasonably well near the loaded region. However, the Pasternak 

foundation model demonstrates a more distributed response beyond the central loading 

zone, more closely reflecting the deflection spread seen in the DIC data. In contrast, 

the BOEF model, while effective at peak locations, exhibits a sharper decay and less 

realistic stiffness distribution in the surrounding regions. 

This comparison plot serves as a crucial validation step for the modeling 

approach. The agreement between the FEM results and the DIC measurements at the 

Letterkenny deployment, especially in capturing both the peak magnitude and 

distribution of rail deflections provided confidence in the model’s ability to represent 

real track behavior under static loading. Notably, the Pasternak foundation model’s 

better alignment with the observed deflection spread highlighted the importance of 

incorporating shear interaction effects for distributed support representation, which 

classical BOEF fails to capture. This successful match at Letterkenny justified 

extending the same FEM methodology, including nonlinear support calibration using 

DIC data, to the TTC deployment, where a broader set of parametric studies and 

design evaluations were carried out. 
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5.3 TTC Deployment – DIC Measured Deflections and Theoretical Estimates 

5.3.1 Location A 

 

Figure 5.8 Vertical Rail Deflection (VRD) profiles at the 5th axle alignment of the 

GRMS vehicle, showing initial and final deflection states at points along 

the rail under a 3 kip load. 

Figure 5.8 presents the vertical rail deflection (VRD) behavior measured at 

various points along the rail during a GRMS (Gauge Restraint Measurement System) 

deployment. Each colored line corresponds to a different measurement location from a 

perspective or perpendicular view. This is relative to the point of interest (POI) either 

with or without partial tie support. The GRMS 5th axle was initially positioned over 

the rail to establish the initial VRD values, followed by the application of a 3 kip load, 
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producing final VRD readings. The chart demonstrates that deflection is more 

pronounced at locations lacking tie support. Notably, the orange and blue lines 

(representing no tie support) show significantly larger downward movement, with the 

final VRD reaching -0.135 inches, in contrast to -0.019 inches at partially supported 

locations. This highlights the critical role of tie support in limiting vertical 

deformation under concentrated axle loads. 

 

Figure 5.9. Vertical Rail Deflection from 5th Axle Variable Vertical Loading: 

Comparison of Deflection Measurements from DIC and Digital Leveling 

Figure 5.9 presents VRD data obtained during a stepped vertical loading 

sequence from the 5th axle of a test vehicle. The blue line represents the deflection 

trendline at the POI directly under the 5th axle, while the green and violet curves 
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correspond to deflection measurements taken 36 inches (3 feet) away from the POI, on 

opposite sides of the rail. 

The overlaid yellow “X” markers denote raw DIC measurement points, and the 

orange “X” markers show deflections obtained from digital level readings, serving as a 

validation benchmark for the DIC system. The general agreement between DIC and 

leveling highlights the accuracy of the DIC measurements. A key feature demonstrated 

here is the multi-point capability of the DIC system. Unlike single-point contact 

methods, the DIC setup allows simultaneous tracking of vertical displacement across 

various locations along the rail. This enables a more comprehensive understanding of 

the spatial distribution of deflections, especially important in transition zones or areas 

with non-uniform support. The figure also shows that the deflection magnitude 

attenuates with distance from the POI, as expected under localized loading. 
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Figure  5.10. Load–Deflection Characteristics at Rail Without Tie Support – Location 

A: Bi-Linear Behavior Captured by DIC System 

Figure 5.10 illustrates the load–deflection response of the rail at Location A 

under increasing static vertical loads, as captured by the DIC system. The plot presents 

rail VRD against applied load on both the left and right sides of the POI, clearly 

showing a bi-linear behavior typical of track systems with localized tie support loss. 

Two key zones are observed: 

¶ The seating phase, where the initial 3 kip load produces a VRD of 0.138 

inches, indicating early contact with the support medium. 
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¶ The contact phase, where continued loading past this threshold stiffens the 

response, culminating in deflections of 0.219 in. (left) and 0.311 in. (right) 

at 20 kip load. 

The ability of the DIC system to capture these distinct behavioral regimes 

proves invaluable for finite element model calibration, particularly in accurately 

modeling nonlinear track stiffness. This characterization informed the parametric 

study by replicating how rail support conditions evolve under increasing loading, 

especially at locations with partial or absent tie support. 

Table 5.2 Track Modulus and Stiffness Derived from Load–Deflection Curve at 

Location A Using Bilinear Approximation Method 

Seating zone 

Location Stiffness (kip/in) u(lb/in2) 

Both (left side and right side) 21.7 108.5 

Contact Zone 

Location Stiffness (kip/in) u(lb/in2) 

Left side from POI 230 2520 

Right side from POI 205 2162 

 

Table 5.2 presents the stiffness and track modulus values derived using the 

bilinear approximation method for Location A, based on linear regressions of the 

load–deflection curve. The stiffness (kip/in) values were calculated as the slope of the 

load–deflection graph in the seating and contact zones, capturing the two distinct 

phases of rail support behavior. The track modulus u (lb/in²) values were then obtained 

using Ted Sussman’s approach, which relates the stiffness of the rail to the 

corresponding modulus beneath it in each phase. This method allows for a simplified 
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yet effective estimation of foundation stiffness by segmenting the behavior into initial 

seating and full contact responses. 

5.3.2 Location B 

 

Figure 5.71. Vertical Rail Deflection at Location B (Concrete–Wood Tie Transition) 

under Static Vertical Loading. 

Figure 5.11 illustrates the vertical rail deflection responses at various distances 

from the point of interest (POI) at Location B, which features a concrete–wood tie 

transition. Each curve represents a unique measurement location under increasing 

static load, with solid lines denoting concrete tie support and dashed lines denoting 

wood tie support. Despite being equidistant from the POI, points located above wood 

ties consistently exhibit higher vertical deflection than their concrete counterparts. 

This contrast highlights the reduced stiffness and support characteristics of wood ties 
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compared to concrete ties. The figure emphasizes the effect of tie material on rail 

deflection profiles under load and provides insight into localized stiffness transitions 

along the track structure. 

 

Figure 5.12. Load–Deflection Characteristics at Rail Without Tie Support (Location B 

– Concrete-Wood Tie Transition) 

Figure 5.12 presents the bi-linear load–deflection behavior at Location B, 

which corresponds to a concrete–wood tie transition zone. The data was collected 

from measurement points situated above both concrete and wood ties under static 

stepped loading. A clear distinction in stiffness is observed between the two tie types. 
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The wood tie region (green curve) exhibits initial seating at approximately 3 kips, 

whereas the concrete tie region (blue curve) resists seating until around 10 kips, 

reflecting its stiffer support conditions. This bilinear response is marked by a softer 

initial phase followed by a stiffer response, provides essential calibration input for the 

nonlinear foundation behavior modeled in the finite element analysis for this location. 

Table 5.3 summarizes the computed moduli and stiffness values for Location B. 

Table 5.3.Track Stiffness and Modulus Values Derived from Load–Deflection 

Response at Concrete–Wood Tie Transition (Location B) 

Seating zone 

Tie Type Stiffness (kip/in) u(lb/in2) 

Concrete 150 1395 

Wood  75 554 

Contact Zone 

Location Stiffness (kip/in) u(lb/in2) 

Concrete 300 3516 

Wood  173 1687 
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5.3.3 Location C 

 

Figure 5.13. Vertical Track Deflection (VTD) Profiles at Location C Under Moving 

Load Test 

Figure 5.13 illustrates vertical rail deflection responses at Location C under 

moving load conditions, captured from the POI and several lateral distances away 

(ranging from 18 inches to 216 inches). Each trace represents a different measurement 

position along the track, highlighting how vertical deflection propagates and attenuates 

with distance. The red horizontal line at -0.25 in. corresponds to the AREMA-

specified deflection threshold, serving as a benchmark for evaluating track stiffness. 

This visualization enables identification of potentially weak or soft zones along the 

track by observing where deflection magnitudes exceed the threshold, particularly near 
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the POI and adjacent points. The ability to detect excessive deformation offers 

practical insight for targeted maintenance. 

 

Figure 5.14.Cross-Level Vertical Rail Deflection Under 5th Axle Load – Left vs. 

Right Rail 

Figure 5.14 is a bar chart which presents the cross-level variation in (VTD 

between the left and right rails under varying magnitudes of vertical load from the 5th 

axle of the GRMS vehicle. The deflections were measured using synchronized camera 

systems mounted on both sides of the track to monitor each rail individually. The x-

axis indicates the applied load (in kips), while the y-axis shows the resulting deflection 

in inches. Notably, the right rail (blue bars) consistently exhibits greater deflection 
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than the left rail (red bars), with a peak cross-level difference of 0.06 in observed at 22 

kips. This asymmetry in rail support response may reflect differences in tie condition, 

ballast stiffness, or underlying subgrade properties and is crucial in assessing track 

geometry stability and ride quality. 

Figure  5.15. Load–Deflection Curve at Location C Showing Field Test Response and 

Linear Regression Fit 

In Figure 5.15 the load–deflection response at Location C from static testing is 

presented. The orange dotted curve represents the measured field data, displaying a 

clear bi-linear characteristic with an initial low-stiffness "seating" zone followed by a 

stiffer "contact" region. The magenta line labeled “R Test 1” shows a linear regression 

applied to the stiffer portion of the curve, representing the contact phase. This linear 

segment is used to estimate the track modulus using Ted Sussman’s bilinear 

approximation method. Table 5.4 summarizes the computed moduli and stiffness 

values for Location C. 
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Table 5.4. Track Stiffness and Modulus Values Derived from Load–Deflection 

Response at Location C 

Contact Zone 

Location Stiffness (kip/in) u(lb/in2) 

Seating 36 213 

Concrete  213 931 

5.4 Convergence, Validity and Consistency Checks for Location A 

The plot includes DIC-measured deflections, FE model predictions, and 

analytical BOEF and Pasternak solutions. This location reflects a localized tie support 

loss with the central tie displaced, modeled using a "zero stiffness" connector element 

in ABAQUS. 

 

Figure 5.16 Comparison of rail deflection profiles under a 22-kip static load at 

Location A. 
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As seen in Figure 5.16, the FE model prediction closely follows the DIC-

measured rail deflections, especially around the central tie where support loss is 

modeled. This validates the model’s calibration process and confirms the utility of 

DIC in capturing real-world, non-uniform support conditions. Although efficiently 

capturing the shape of the deflection basin from the DIC, the classical BOEF model’s 

assumption of continuous, linear support in BOEF oversimplifies the localized 

deterioration modeled at this site, using a uniform stiffness of 300 kip/in/in.  

 With a foundation stiffness of 285 kip/in/in and a shear modulus Gp, of 

300,000 psi, the Pasternak model better approximates the FE model readings 

compared to the BOEF data. Considering that the FE model was calibrated on the DIC 

results, one could argue that the Pasternak model is more holistic in its assessment of 

track behavior. However, discrepancies remain away from the central tie 

displacement, indicating that even Pasternak's shear-interaction term does not fully 

capture localized support failures without further refinement. 
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Figure 5.17 Rail deflection profile for Location A under a 22-kip static load, measured 

on the side where the displaced central tie provides partial support 

(fasteners removed).  

Figure 5.17 depicts the rail section on the opposite side of Location A, where 

the central tie, although displaced, retains partial contact with the rail. Despite the 

removal of fasteners, some mechanical bearing is preserved, leading to a stiffer 

response than the fully unsupported condition. This setup allows for an evaluation of 

how varying degrees of tie engagement affect deflection behavior and how well 

different modeling approaches capture these subtleties. 

 

¶ Reduced Deflections: Compared to the fully unsupported section, the 

deflections here are significantly smaller, indicating increased local stiffness. 
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This is evident in both the DIC data and FE model predictions, with maximum 

deflections under 0.25 in. 

¶ DIC vs. FE Model: As with the previous case, the FE model calibrated using 

DIC-measured data tracks the DIC points very closely across the region of 

interest. This confirms that the FE configuration accurately captures the 

partially supported behavior introduced by the displaced but still load-bearing 

tie. 

¶ Pasternak vs. BOEF: Both classical models (with stiffnesses of 750 and 800 

kip/in/in respectively) perform reasonably well in capturing the shape and 

magnitude of the rail’s deflection envelope. However, the Pasternak model 

more consistently overlays the FE model profile particularly in areas extending 

beyond the measured DIC points. This improved match is due to the Pasternak 

model's inclusion of a shear interaction term, which enables it to account for 

localized load redistribution more effectively than the BOEF model. BOEF, 

while adequate in the mid-span, slightly under-predicts deflections in extended 

areas, likely due to its assumption of purely vertical foundation stiffness and 

lack of shear coupling.  

Table 5.5  Location A – Model Parameters 

Model Rail 1 (No Tie Support) Rail 2 (Partial Tie Support) 

BOEF K = 300 kip/in/in K = 800 kip/in/in 
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Model Rail 1 (No Tie Support) Rail 2 (Partial Tie Support) 

Pasternak K = 285 kip/in/in K = 750 kip/in/in 

 

 

Figure 5.18  Comparison of FE model and DIC vertical deflections under a stepped 

static loading sequence at Location A. 

 

Table 5.5 summarizes the moduli corresponding to both Pasternak and BOEF 

models for Location A. Loads ranged from 3 kips to 22 kips and back to zero, with 

measurements recorded at each increment. The FE results were compared directly to 

DIC data to validate the model's response under gradual loading conditions. The 

highest computed relative error was 11%, and the RMSE was 0.00841 in. Figure 5.18 

presents the vertical rail deflections observed during a controlled, stepped static load 

sequence, comparing the FE model predictions against the field-measured Digital 
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Image Correlation (DIC) data. The sequence was designed to evaluate the FE model’s 

ability to capture realistic rail behavior under gradually increasing and then decreasing 

load conditions. 

This test serves as a quantitative validation of the FE model and provides a 

cross-check on the linearity assumptions embedded within certain elements of the 

model. The Root Mean Square Error (RMSE) of 0.00841 in, indicates a close average 

match between the FE model and DIC measurements across all load steps and the 

maximum absolute relative error of 11% remains within acceptable bounds for field-

scale structural modeling and reflects reasonable agreement across the load spectrum. 

 

Key Observations 

The overall trend of the FE model closely mirrors the DIC across all load 

levels, both during the loading and unloading phases. The deflection profiles suggest 

near-linear elastic behavior in the mid-range (10–20 kips), where FE results and DIC 

values nearly converge. Minor deviations at certain load steps particularly at lower 

loads (e.g., 3 kips) and at the unloading phase may be attributed to: 

 

¶ Material and boundary nonlinearity: Real-world components such as ballast, 

rail pads, and displaced ties exhibit nonlinear behaviors even at relatively low 

loads, especially due to frictional interfaces, gap closure, or bedding effects. 

¶ Model simplifications: In this study, some components were modeled using 

linear elastic assumptions. For instance, if ballast or tie supports are modeled 

as linear springs, they may not fully replicate the true stiffness progression 

observed in field conditions. 
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¶ Hysteretic effects: During unloading, slight discrepancies may arise from 

energy dissipation mechanisms in the field (e.g., micro-settlement, frictional 

loss), which are not explicitly represented in a linear static FE model. 

Significance for Model Confidence 

¶ The strong alignment between FE results and DIC across load increments 

supports the credibility of the FE model framework for predictive analysis. 

¶ The modest RMSE and bounded error justify the use of this FE model in the 

parametric study phase, where varying subgrade and ballast conditions will be 

explored. 

¶ Importantly, this stepped test confirms that the DIC-calibrated FE model can 

track both incremental and cumulative deflection behavior, not just peak values 

which is critical for evaluating stiffness degradation or transitional support 

conditions in future simulations. 

5.5  Convergence, Validity and Consistency Checks for Location B 

All models are designed to incorporate the effect of the transition from wood 

ties to concrete ties. It can be seen that the green profile representing the BOEF has 

slightly different uplift peaks on either side of the point of interest, and different 

deflection magnitudes at approximately 22-25 ft away from the center. This shows it 

adequately captures the stiffness properties on either side. The same observation is 
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made for the Pasternak model. Table 5.6 summarizes the moduli corresponding to 

both Pasternak and BOEF models for Location B. 

Table 5.6 Location B – Model Parameters 

Model Mixed Sleepers (Wood + Concrete) 

BOEF K₁ = 700, K₂ = 750 kip/in/in 

Pasternak 
K₁ = 650, K₂ = 750 kip/in/in 

Gₚ₁ = 300,000 psi, Gₚ₂ = 400,000 psi 

 

In the FE model, different connector elements were defined with non-linear 

behavior for either side of the track, adequately representing the mechanical effects of 

the transition. As similarly observed in the previous location, both classical models 

demonstrate good agreement with the DIC readings, especially within the zone of 

transition and at the point of application of the load. However, it is observed that the 

Pasternak model matches more closely the DIC measurements and shows a better 

spread of the deflection profile. The FE model provides a good agreement by passing 

through the maximum deflection point and also reflects the reality of the transition 

with lower deflection magnitudes on the left (wood section) than the right (concrete) 

section. Due to the length of the rail (28 ft) modeled in ABAQUS, the actual shape 

beyond the uplift point is not obvious. These results are illustrated in Figure 5.19. 
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Figure 5.19 Deflection profile at Location B under a 22-kip static load showing a 

mixed sleeper transition zone.   
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Figure 5.20 Comparison of FE results and DIC vertical deflections under a stepped 

static loading sequence at Location B. 

Figure 5.20 represents results for a track section with mixed sleeper materials 

placed over uniform, well-conditioned ballast. The FE model at this location was 

configured with distinct connector properties for each sleeper type to capture the 

material-induced variation in support stiffness. This scenario is commonly 

encountered in transitional or rehabilitated track zones and offers a controlled setting 

to isolate the effects of sleeper material heterogeneity on rail deflection and track 

modulus behavior. 

The maximum relative error is 8.33%, indicating tight agreement between FE 

predictions and DIC measurements. Root Mean Square Error (RMSE) computations 

yield the value 0.00024 in, significantly low, affirming that the FE model reliably 

reproduced the measured deformation behavior. 
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Key Observations 

Across all load levels, the FE results and DIC deflection values show excellent 

agreement, with discrepancies well below field tolerance thresholds. The close match 

is maintained even through the full loading and unloading cycle, suggesting minimal 

hysteretic behavior, likely due to the stable ballast and well-distributed support. Minor 

deviations at select load steps may arise from local sleeper-bed interaction differences 

or unmodeled small-scale nonlinearity in the rail-sleeper interface. 

 

Modeling Implications 

¶ The strong FE model-DIC correlation, despite the presence of mixed sleepers, 

validates the model’s capability to incorporate material property gradients and 

resolve local deflection nuances. 

¶ The results suggest that material-specific calibration of tie connectors in the FE 

model is an effective method for modeling stiffness variations introduced by 

composite track construction. 

¶ Given the low RMSE and relative error, the FE model at this location is 

considered sufficiently accurate for subsequent parametric studies involving 

sleeper replacement strategies or stiffness transition analysis. 
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5.6 Convergence, Validity and Consistency Checks for Location C 

This section of track featured consistent wood ties but non-uniform subgrade 

stiffness, as detected from DIC data. The FE model was configured to reflect these 

substructure differences by using different connector elements along and varying 

seating deflections along the rail. Table 5.7 summarizes the moduli corresponding to 

both Pasternak and BOEF models for Location C. 

Table 5.7 Location C – Model Parameters 

Model Rail 1 Rail 2 

BOEF K = 500 kip/in/in K = 931 kip/in/in 

Pasternak K = 460 kip/in/in K = 850 kip/in/in 

 

 

Figure 5.81 Deflection profile for Rail 2 at Location C under a 22-kip static load, 

where subgrade stiffness variability was observed. 
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Figure 5.92 Deflection profile for Rail 1 at Location C under a 22-kip static load, 

where subgrade stiffness variability was observed. 

Rail 2 shown in Figure 5.21, represents a stiffer system, reflected in shallower 

peak deflections (~0.21 in) and a tighter grouping between FE model, BOEF, and 

Pasternak models. This suggests a more uniform and firmer substructure. Rail 1 

illustrated in Figure 5.22, shows significantly greater peak deflection (~0.27 in), 

indicating reduced support stiffness or possible substructure degradation under that 

rail. The BOEF and Pasternak stiffness values are also lower, confirming the disparity. 

In both plots, the BOEF model diverges more from the FE results and DIC 

data in the shoulder regions. This is especially noticeable in Figure 5.21, where BOEF 
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underestimates peak deflections and fails to capture the curvature in extended regions. 

The Pasternak model performs better across both rails, closely following the FE model 

profile, especially beyond DIC-measured points. Its incorporation of shear interaction 

allows it to handle varying stiffness and distributed support effects more accurately. 

The FE results follow DIC measurements reliably for both rails, validating the 

modeling approach and the use of DIC-derived boundary and material inputs. 

The comparison highlights asymmetrical rail behavior at Location C, driven by 

differences in subgrade stiffness. Rail 1 exhibits more flexibility and higher deflection, 

consistent with lower support stiffness values. Across both rails, the Pasternak model 

offers superior agreement with the FE results, especially in areas not directly 

constrained by DIC data. This affirms its suitability for capturing nuanced rail 

behavior in the presence of subgrade variability, where BOEF assumptions fall short. 
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Figure 5.103 Comparison of FE model and DIC vertical deflections under a stepped 

static loading sequence at Location C. 

For results in Figure 5.23, the maximum absolute relative error observed 

between both sets of data was 14% and the RMSE value was 0.014 in. These reflect 

differences which are within allowable tolerances for modeling real-world 

complexities not explicitly modeled. 

 

Key Observations 

The FE results and DIC curves match closely across the load range, with the 

FE model slightly underpredicting at lower and peak loads. Most load steps show 

near-identical performance, particularly between 12–20 kips, indicating stable and 

linear behavior in this mid-load range. Discrepancies at extremes (3 kips and 22 kips) 

may arise from simplifications in the model, such as modeling certain materials as 
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linear elastic, whereas real-world trackbeds can exhibit nonlinearities under small and 

large loads (e.g., seating, ballast compaction, or cracking). The return-to-zero values 

show symmetric recovery, supporting the repeatability of both the DIC system and the 

FE model structure. Despite the subgrade variability at Location C, the model captures 

the load-deflection behavior with acceptable accuracy. The error metrics support the 

model's use for further parametric investigations.  

5.7 Parametric Analysis Using FE Modeling 

This section presents a FE parametric study aimed at evaluating how changes 

in foundational track components, specifically ballast modulus, ballast thickness, 

subgrade modulus, and subgrade thickness influence vertical rail deflection. The study 

builds directly on the validated FE model configurations for each test location (A, B, 

and C) and isolates the effect of each parameter by varying them independently while 

holding all other model settings constant. 

5.7.1 Justification for Selected Parametric Study Variables 

The selection of ballast and subgrade stiffness and thickness parameters is 

grounded in established railway geotechnics principles, particularly as described in Li 

and Selig (1998). In their multi-layered track foundation model as shown in Figure 

5.24, modulus and thickness of ballast and subgrade are recognized as the primary 

drivers of track structural behavior and deflection. 
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Figure 5.24 Effect of key substructure parameters (ballast modulus & thickness, 

subgrade modulus & thickness) on computed track modulus using the 

multi-layer foundation model, based on Li & Selig (1998) 

¶ Ballast modulus governs how efficiently wheel loads are transferred through 

the ballast layer into deeper sublayers, directly influencing vertical stiffness 

and permissible deflection limits. Variations in ballast stiffness from fouled or 

waterlogged states to well-conditioned aggregates significantly alter track 

modulus. 

¶ Ballast thickness determines the load dispersion distance before subgrade 

engagement. Though thicker ballast generally improves load distribution, 

without increasing stiffness, the increased layer depth can introduce additional 

deflection due to strain accumulation across a thicker medium. 
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¶ Subgrade modulus is cited by Selig & Li (1994) and others as the most 

influential factor affecting track modulus and settlement under static and cyclic 

loads. A stiffer subgrade greatly reduces deflection and supports rail longevity  

¶ Subgrade thickness further extends the load-bearing influence of the 

foundational layer. Even with constant modulus, a deeper deformable layer can 

alter deflection trends due to changes in stress transfer and boundary 

conditions, as captured in multi-layer elastic models. 

 

Figure 5.25 Schematic representation of the track system used in the finite element 

model and properties varied for parametric study 
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Given the literature-supported hierarchy it is both theoretically and practically 

justified to focus the parametric study on these four variables illustrated in Figure 

5.25. By altering these parameters across a realistic engineering range, the analysis 

identifies the relative sensitivity of track performance to substructure stiffness and 

depth. This insight supports more informed decisions regarding maintenance 

interventions, such as ballast renewal or subgrade reinforcement, and contributes to 

the development of more adaptive and location-specific track models. Comparative 

plots are provided for each parameter at individual locations, followed by cross-

location comparisons to assess how parameter effects vary under different support 

conditions. The results for each location are shown in Figures 5.11 to 5.21. 

5.7.2 Location A Parametric Study Results 

 

Figure 5.26  Influence of ballast modulus on maximum rail deflection at Location A 
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Figure 5.2711 Influence of ballast thickness on maximum rail deflection at Location A 
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Figure  5.28 Influence of subgrade modulus on maximum rail deflection at Location A 

 

Figure 5.29 Influence of subgrade depth on maximum rail deflection at Location A 
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5.7.3 Location B Parametric Study Results 

 

Figure 5.30 Influence of ballast modulus on maximum rail deflection at Location B 

 

Figure 5.31  Influence of ballast depth on maximum rail deflection at Location B 
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Figure 5.32 Influence of subgrade modulus on maximum rail deflection at Location B 

 

 

Figure 5.33 Influence of subgrade depth on maximum rail deflection at Location B 
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5.7.4 Location C Parametric Study Results  

 

Figure 5.34 Influence of ballast modulus on maximum rail deflection at Location C 

 

Figure 5.35 Influence of ballast depth on maximum rail deflection at Location C 
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Figure 5.36 Influence of subgrade modulus on maximum rail deflection at Location C 

 

Figure 5.37  Influence of subgrade depth on maximum rail deflection at Location C 
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5.8 Combined Influence of Ballast Depth, Ballast Modulus, Subgrade Modulus, 

And Subgrade Depth on All Locations 

5.8.1 Ballast Depth – Parametric Study 

 

Figure 5.38 Variation of maximum rail deflection with ballast depth at Locations A, B, 

and C 

Ballast depth varied from 4 in. to 20 in. while other parameters remained constant in 

each FE model simulation. The results in Figure 5.38 show the influence of ballast 

thickness on structural stiffness and rail response. 
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¶ Decreasing Deflection with Increased Ballast Depth (5–10 in): All three 

locations exhibit a noticeable reduction in maximum deflection when ballast 

depth increases from 5 to 10 inches. This behavior is expected and aligns with 

classical substructure mechanics: a thicker ballast layer provides greater energy 

dissipation and load distribution capacity, which reduces stress concentration 

on the subgrade and rail interface. 

Mechanically, ballast acts as a buffer that spreads vertical train loads over a larger area 

of the subgrade. A thin ballast layer (e.g., 5 in) is insufficient to develop full shear 

resistance and may allow stress concentrations, leading to higher rail deflections. 

Increasing depth improves confinement, frictional resistance, and structural stiffness 

up to a certain point (Indraratna et al., 2011). 

¶ Diminishing Returns Beyond 10–15 in: For all locations, additional increases 

in ballast depth beyond 10–15 inches yield minimal further reduction in 

deflection. This reflects a well-documented behavior where the ballast layer 

reaches an effective load distribution depth often cited in literature as 12–15 

inches; beyond which added thickness contributes less to track stiffness (Selig 

and Waters, 1994). At this stage, subgrade stiffness becomes the governing 

factor. 

¶ From the strain-deflection relationship, deflection is a function of strain and 

depth. Strain is a function of applied stress and modulus. With modulus 

constant, increasing depth increases deflection because the same strain now 
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extends over a longer distance. This introduces greater vertical flexibility, 

particularly in FE modeling, where the extended depth increases deformation 

paths to the subgrade. 

Noteworthy Location-Specific Observations 

¶ Location A (Displaced Tie Support): The deflection curve plateaus earlier (~10 

in), suggesting that rail performance at this site is governed more by local tie 

support deficiencies than by ballast layer depth. This aligns with the physical 

condition of Location A, where support is non-uniform and shallow ballast 

improvements are quickly limited by structural discontinuity. 

¶ Location B (Mixed Sleepers, Uniform Subgrade): This location shows a 

smooth and consistent response to increasing ballast depth, indicating a 

balanced interaction between ballast and subgrade layers. This trend supports 

the assumption that a uniform subgrade support allows the ballast to function 

efficiently, leading to a predictable deflection reduction with increased 

thickness. 

¶ Location C (Variable Subgrade): This site displays the steepest initial 

sensitivity to ballast depth and sustains deflection reductions up to 15 in. This 

indicates that in subgrade-variable zones, ballast plays a larger compensatory 

role in mitigating uneven substructure stiffness. Similar results were reported 

by Li and Selig (1998), who noted that increasing ballast thickness can 
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temporarily mask underlying subgrade inconsistencies in areas with poor soil 

support. 

5.8.2 Ballast Modulus – Parametric Study  

 

Figure 5.39 Variation of maximum rail deflection with ballast modulus at Locations 

A, B, and C 

Ballast modulus varied from 15,000 psi to 50,000 psi in each FE model simulation 

while other track parameters were held constant. Figure 5.39 illustrates the 

relationship between ballast stiffness and vertical rail deflection.  
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Common Patterns Across All Locations 

All locations show a decrease in maximum rail deflection with increasing 

ballast modulus, affirming the general mechanics that stiffer ballast more effectively 

distributes vertical loads and limits vertical displacement. Diminishing returns are 

again observed beyond 35,000–45,000 psi, where deflection reductions taper off 

(Indraratna et al., 2011). 

According to the AREMA manual, deflection should be limited to 

approximately 0.25 inches to maintain geometric stability and minimize maintenance 

needs. This limit is breached when the ballast loses stiffness due to fouling, 

degradation, or moisture intrusion. Nonlinear reduction in deflection with increasing 

modulus aligns with classic track models, where rail deflection inversely relates to 

foundation stiffness. When the ballast modulus drops below 25,000 psi, all locations 

exceed the AREMA-recommended maximum rail deflection of 0.25 inches, 

confirming its role as a lower bound for safe stiffness in track design. 

 

Noteworthy Location-Specific Observations 

Location B  

¶ This location, with a combination of wood and concrete ties, shows the 

greatest deflections, especially at the lowest ballast modulus (−0.42 in at 

15,000 psi). This behavior is expected due to the lower stiffness of wood ties, 

which are less effective at transferring and distributing vertical loads into the 

ballast. The sharp reduction in deflection as ballast stiffness increases reflects a 

strong dependence on ballast quality. In wood tie zones, weaker support 
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requires stiffer ballast to stabilize rail movement. The combination of soft tie 

elements and intermediate subgrade stiffness makes this section highly 

sensitive to ballast stiffness enhancements. 

Location C  

¶ Location C uses only wood ties but is built on a lower subgrade modulus 

compared to the other sites. This weaker foundational layer results in a 

moderate baseline deflection. The variability and softness in subgrade support 

drive a consistent but gradual response to ballast modulus increases. Increasing 

ballast modulus helps distribute loads more evenly, compensating for subgrade 

variability, but the benefits taper as the subgrade remains a limiting factor. This 

aligns with Li and Selig (1998), who note that ballast improvements yield 

diminishing returns when subgrade stiffness is low or inconsistent. 

Location A  

¶ Location A, featuring uniform concrete ties and a higher subgrade modulus 

shows the lowest overall rail deflections, even with a missing or displaced tie 

in the model. The uniform stiffness of concrete ties and stiffer subgrade offer a 

strong foundational system. Even when one tie offers partial or zero support, 

the continuity and stiffness of the surrounding structure minimizes the global 

rail deflection at the web. The flat trend line across ballast moduli suggests that 
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ballast stiffness has minimal marginal effect here. The structural capacity is 

already high due to the concrete tie configuration and favorable subgrade. 

5.8.3 Subgrade Depth – Parametric Study 

 

Figure 5.40 Variation of maximum vertical rail deflection with subgrade depth across 

three test locations 

During this round of parametric studies, the subgrade depth was varied from 24 inches 

to 96 inches (2 – 8ft).  
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Maximum rail deflection also increases across all three locations A, B, and C 

as subgrade depth increases. This is most evident in Location C as seen in Figure 

5.40, which exhibits the highest deflection values at every depth, and least pronounced 

in Location A, which consistently records the lowest deflections but still shows an 

upward trend. The numerical results show that increasing the depth of a subgrade layer 

while keeping its modulus constant actually introduces greater vertical flexibility in 

the system. 

As described earlier, mechanically, this behavior aligns with strain-deflection 

principles. Deflection is the product of strain and depth, where strain itself is defined 

as the applied stress divided by modulus. With stress and modulus held constant, 

increasing depth inherently increases deflection. In finite element modeling, this 

relationship becomes more prominent because deeper deformable layers extend the 

load path and allow more vertical compliance.  

In the context of FE modeling, this increased depth allows the system to 

deform more freely, especially when the lower layers are not significantly stiffer. The 

contribution of additional depth does not stiffen the system unless the modulus 

increases correspondingly. Instead, it amplifies overall system deformability. This 

explains the observed increase in deflection with greater subgrade depth across all 

locations. 
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5.8.4 Subgrade Modulus – Parametric Study 

 

Figure 5.41 Variation of maximum vertical rail deflection with subgrade modulus 

across three test locations  

The chart labelled as Figure 5.41 illustrating Subgrade Modulus vs. Max 

Deflection demonstrates a consistent inverse relationship across all three locations: as 

the subgrade modulus increases, the maximum vertical rail deflection decreases. This 

is expected from a mechanics standpoint, as a stiffer subgrade resists deformation 

more effectively under applied loads. The reduction in deflection becomes less 

pronounced at higher modulus values, particularly above 15,000 psi, indicating a 

nonlinear but stabilizing behavior. Location C, which starts with the lowest baseline 
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subgrade modulus, exhibits the largest deflections overall, while Location A (with 

concrete ties and a relatively stiffer structure) shows the least. Location B presents 

intermediate values, reflecting the influence of its mixed wood and concrete sleeper 

configuration. 

From a mechanical perspective, this trend aligns with the foundational 

relationship in elasticity: strain is inversely proportional to modulus, and since 

deflection is the integrated effect of strain over depth, increasing the subgrade 

modulus reduces strain and therefore deflection. Moreover, the AREMA guidelines 

emphasize the importance of subgrade stiffness for track stability and performance, 

and this chart quantitatively reinforces that principle higher subgrade stiffness helps 

maintain rail deflections within acceptable service limits. The results also echo 

findings from previous literature (e.g., Selig & Waters, 1994), which identify subgrade 

stiffness as a dominant factor in controlling long-term track deformation. 

5.9 Interpretation of Nonlinearity in System Stiffness 

Although individual components of the track model, namely the rail, ballast, 

and subgrade, were assigned linear elastic properties, the system exhibits an overall 

nonlinear response with respect to changes in component stiffnesses. This behavior 

arises from the mechanics of series springs, where the combined inverse stiffness of 

all supporting layers governs the total deflection under load. While the load-deflection 

relationship for a given configuration remains linear, varying the stiffness of a single 

layer (e.g., ballast or subgrade) leads to a nonlinear change in the system’s effective 

stiffness. This is because the equivalent stiffness, Keq, is defined by the harmonic sum 

of the individual stiffnesses and is more sensitive to changes in the softer layer. 

Therefore, the nonlinearity observed in the parametric study does not originate from 
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nonlinear material behavior, but from the structural configuration of linear 

components in series. Equation 5.2 describes the effective stiffness of multiple linear 

springs in series, such as rail, ballast, and subgrade layers as: 

 

Ễ                               Eq. (5.2) 

 

For a two-layer system, it’s simplified in Equation 5.3 to: 

 

ὑὩή                                Eq. (5.3) 

 

Where: 

¶ Keq is the equivalent stiffness of the system, 

¶ k1 and k2 are the individual layer stiffnesses (e.g., ballast and subgrade). 

This relationship shows that the softer layer dominates the system response, 

and as one stiffness increases, the overall Keq increases nonlinearly, even though each 

k is linear. 
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5.10 Subgrade Stress Behavior and Ballast Design Limits – Location C 

 

Figure 5.42. Subgrade Stress Distribution Along Track for Varying Ballast Moduli 

Figure 5.42 illustrates how subgrade stress varies along the track for different 

ballast moduli. Softer ballast (e.g., 15,000 psi) results in a broader distribution of 

subgrade stress, reducing peak magnitudes beneath individual tie locations. In 

contrast, stiffer ballast (e.g., 50,000 psi) concentrates the load into narrower zones 

beneath each tie, increasing localized subgrade stress. This plot and subsequent 

analysis in this section are only performed for Location C due to it being the weakest 

location. 
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Figure 5.43  Subgrade Stress vs. Ballast Modulus 

Figure 5.43 shows the variation in subgrade stress with increasing ballast 

modulus values. A clear trend is observed where increasing ballast modulus leads to 

greater subgrade stress magnitude (more negative). This occurs because stiffer ballast 

transmits load more directly to the subgrade with less distribution, concentrating stress 

beneath loaded ties. 

 

Discussion and Relation to Thresholds: These stress results reinforce the threshold 

observations drawn from deflection behavior in the parametric study. Specifically: 

¶ The 25,000 psi ballast modulus identified as a practical minimum aligns with 

the point where subgrade stress magnitudes begin to increase significantly. 

-7.4

-7.2

-7

-6.8

-6.6

-6.4

-6.2

0 10000 20000 30000 40000 50000 60000
S

u
b

g
ra

d
e

 S
tr

e
s
s
 (

p
s
i)

Ballast Modulus (psi)

Subgrade Stress vs Ballast Modulus - Location C



 

 

 171 

While softer ballast (below 25,000 psi) reduces stress concentrations, it also 

fails to control deflection within AREMA’s recommended limits. 

¶ As shown in the stress plots, stiffer ballast enhances vertical stiffness but at the 

cost of increasing subgrade stress, potentially accelerating subgrade 

deformation or failure in weak soils. This supports the conclusion that beyond 

35,000 psi, the added stiffness offers diminishing performance gains, as stress 

localization rises without significant reductions in deflection. 

¶ These findings demonstrate the trade-off between stiffness and load 

distribution, validating the use of DIC-informed FE models not only for 

deflection prediction but also for assessing subsurface stress behavior critical 

to long-term performance. 
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Figure  5.44. Subgrade Stress Distribution vs. Location for Various Ballast Depths at 

Location C 

Figure 5.44 illustrates how changes in ballast depth affect the distribution of 

subgrade stress along the track. Shallower layers (e.g., 4 in.) result in sharply peaked 

stresses concentrated near the loading points, indicating poor stress dispersion. As the 

ballast depth increases, the stress distribution becomes more uniform and the peak 

compressive stress reduces. However, beyond approximately 15 inches, additional 

depth yields only marginal stress reduction, suggesting diminishing returns. This 

confirms the plateau behavior observed in the deflection results and supports the 

conclusion that ballast thicknesses beyond 15 inches may not provide meaningful 

structural benefit. 
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Figure  5.45. Ballast Thickness vs. Peak Subgrade Stress at Location C 

Figure 5.45 quantifies the relationship between ballast depth and maximum 

compressive stress on the subgrade. The trend shows a clear reduction in subgrade 

stress as ballast thickness increases, validating the role of thicker ballast in protecting 

underlying layers. The curve levels off beyond a depth of 15 inches, indicating that 

further increases in thickness do not substantially reduce subgrade loading. This 

reinforces the parametric finding that 12–15 inches of ballast represents an optimal 

range for structural efficiency and material use. 

Subgrade stress results supported the deflection-based thresholds identified in 

the parametric study. Increased ballast stiffness reduced deflections but concentrated 

load transfer, raising subgrade stress, while softer moduli distributed stress more 

evenly. This reinforces 25,000 psi as a practical lower bound and 35,000 psi as an 

upper bound for ballast modulus. Similarly, increasing ballast thickness reduced 
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subgrade stress effectively up to 12–15 inches, beyond which benefits plateaued. 

These results confirm the trade-offs in optimizing ballast properties for both structural 

performance and subgrade protection. 

5.11 Limitations and Sources of Error 

 

¶ Model Length Constraints: The FE rail model was of limited length, which 

may have introduced boundary effects and constrained wave propagation and 

deformation behavior. Extending the model length could improve accuracy, 

especially in low-stiffness zones. 

¶ Additional GRMS Axle Loads: The simulation treated the load as a single 

static force. Including additional axle loads explicitly, (e.g., a full wheelset or 

bogie representation) would better represent realistic track loading scenarios 

and influence load distribution and rail bending. However, the effect of these 

loads was accounted for in the definition of the non-linear connector elements 

which utilized load-deflection data from DIC readings (DIC measurements 

include the effect of these loads). 

¶ Limited DIC Measurement Targets: DIC data were captured at discrete, limited 

points. Increasing the number of DIC targets across longer segments of track 

and both rails would enable better spatial resolution and more robust 

comparisons with theoretical and FE model outputs. 

¶ Short Load Application Time in FE model: The static loading in ABAQUS was 

implemented over a relatively short time window. Spreading the stepped load 
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over longer timestamps improved convergence with DIC deflection patterns, 

suggesting that even quasi-static problems benefit from temporally smoothed 

application in numerical models. 

¶ Lack of Field-Based Substructure Properties: The ballast and subgrade moduli 

used in the model were based on typical literature values. In-situ field tests 

would offer more accurate parameterization, enhancing the fidelity of the 

model’s substructure response. 

¶ Neglect of Mass and Inertial Effects: The quasi-static model omitted inertial 

and mass effects. Although acceptable under slow loading, including these 

could capture low-frequency dynamics or rail-bed interaction nuances that 

affect deflection patterns. 

¶ Simplified Material Modeling: All layers in the trackbed were modeled using 

linear elastic properties, with the exception of the connector elements. Real 

materials, especially ballast and subgrade, may behave nonlinearly under 

stress. Future models should consider incorporating plasticity or nonlinear 

elasticity to capture deformation more accurately. 
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Chapter 6 

CONCLUSIONS AND FUTURE WORK 

6.1 Parametric Study Observations 

The parametric study and FE model validation led to several conclusions 

relevant to both modeling fidelity and track design: 

Ballast Modulus: Increased ballast modulus leads to a nonlinear reduction in rail 

deflection, with diminishing returns beyond 35,000 psi. Below 25,000 psi, AREMA's 

0.25-inch deflection limit is exceeded, establishing this value as a practical threshold 

for ballast maintenance. 

Ballast Thickness: While increasing thickness improves deflection performance up to 

~10–12 inches, further gains plateau. This matches literature consensus that ballast 

performance saturates beyond 12–15 inches. Deeper layers introduce vertical 

flexibility without proportionally enhancing stiffness unless modulus also increases. 

Subgrade Modulus: This was the most influential parameter. Deflection reduced with 

increasing subgrade modulus, especially between 5,000–15,000 psi. Beyond that, 

reductions stabilize, confirming findings from Selig & Waters (1994) on modulus 

dominance in deformation control. 

Subgrade Thickness: Increasing subgrade depth increased rail deflections due to 

mechanics of strain distribution. Deeper deformable layers allow more vertical 

compliance under constant stress conditions. 
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6.2 Location-Specific Trends 

Location A (displaced ties, concrete sleepers): Least sensitive to ballast 

stiffness changes due to strong subgrade and tie configuration. 

Location B (mixed sleepers): Most sensitive to ballast modulus; wood sleepers 

amplify load-induced deflections unless counteracted by stiff ballast. 

Location C (subgrade variability): Deflection sensitive to both ballast depth 

and modulus; soft subgrade necessitates strong upper layers for mitigation. 

6.3 Key Findings 

¶ Track Length Validity in DIC Measurement 

Based on comparisons at Location B, the reliable track length over which 

stiffness can be confidently extracted using the DIC system is approximately 

30 feet. This segment showed strong agreement between FE results, DIC, and 

theoretical models. 

¶ Correlation Between FE model results, DIC, and Classical Models 

Across Locations A, B, and C, the FE results showed consistent agreement 

with DIC readings. The Root Mean Square Error (RMSE) was below 0.015 in 

in all cases, and relative errors were within field-modeling tolerances (8–14%), 

affirming the accuracy of the finite element models. 

¶ Perspective vs. In-Plane DIC Accuracy 

Comparisons between perspective and in-plane DIC measurements confirmed 

close alignment, although minor differences suggest that post-processing 

refinements could enhance reliability, especially in 3D configurations. 

¶ Stiffness Transitions and Heterogeneity 
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¶ At Locations B and C, characterized by sleeper transitions and subgrade 

variability respectively, the DIC and FE profiles accurately captured deflection 

asymmetries. This confirms the robustness of the measurement and modeling 

framework in identifying and quantifying stiffness transitions. 

6.4 Future Work 

¶ Longitudinal Rail Load Effects: Future studies should include temperature-

induced longitudinal loads and boundary conditions to evaluate rail-end 

restraints and track expansion effects. This is crucial for bridge approaches and 

continuous welded rail (CWR) scenarios. 

¶ Extended Model Length: Increasing the FE model length would allow 

evaluation of full wheelsets or bogie loads, enhancing load distribution realism 

and boundary reflection accuracy. 

¶ Expanded Parameter Set: Future parametric studies should include additional 

variables such as tie spacing, rail pad and fastener stiffness, and rail section 

geometry, to better reflect real-world configurations. 

¶ Enhanced DIC Deployment: Using more DIC targets over a longer stretch of 

track (50+ ft) would improve spatial resolution, particularly when studying 

transition zones or curved alignments. 

¶ Quasi-Static Load Modeling Refinement: Load application durations in 

ABAQUS should be extended and smoothed to better reflect true quasi-static 

conditions and reduce transient artifacts. 

¶ Integration of Field-Based Material Properties: In-situ measurements of 

ballast and subgrade properties would provide improved input parameters and 

reduce dependency on assumed modulus values. 
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