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Abstract 

Canada has one of the largest railway networks globally, with more than 48,000 route kilometers 

of track. The Canadian railway network is primarily a heavy freight railway network that highlights 

the importance of the railway industry for the Canadian economy and the requirement for its fast 

and safe operation. The substantial intensity of dynamic loads can damage the railway track, such 

as rail breaks and failures in track components. In Canada, the leading causes of derailments are 

rail breaks and rail component failures. In light of continuing rail failures, it is worth revisiting the 

understanding of the magnitude of loads that the rail is subjected to. 

The current literature needs to address the relationship between dynamic loads and railway track 

structures, particularly in understanding the magnitude of these loads. Track geometry and 

stiffness changes are two primary factors contributing to the variability and escalation of dynamic 

loads. A significant limitation of existing understanding stems from data predominantly gathered 

under constant track conditions at instrumented sections, focusing on numerous wheel loads 

without considering variable conditions. As dynamic load factor (𝜙) values find widespread 

application in the analysis and design of railway tracks, this research centers on evaluating this 

factor. The 𝜙 values play a significant role in track structure analysis, design, and selection of rail 

steel and cross-sectional characteristics (weight). 

An extensive study was conducted on a track section of over 340 km in the Canadian Prairies, 

operated by a North American Class 1 freight railway. This study utilized a train-mounted system 

comprising the Instrumented Wheelset (IWS) and MRail measurement systems. In contrast to 

previous investigations that focused on specific track sections (i.e., instrumented section), the 

measurements used in this research primarily result from variations in track characteristics. 
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Evaluating the impact of observable track characteristics indicates a noteworthy influence, 

resulting in dynamic load ranges and 𝜙 values for the track that exceed those typically estimated 

through conventional means. This augmentation is particularly pronounced for non-tangent track 

segments, which include curves, switches, crossings, and bridges. The impact of track surface 

longitudinal level (in terms of rail profile) on 𝜙 values revealed a more pronounced effect of the 

longitudinal level of the rail vertical deviations, train speed, and track conditions on the magnitude 

of dynamic loads in non-tangent sections compared to tangent sections. Track surface vertical 

deviations can lead to a 15-36% increase in dynamic load magnitudes within the typical range of 

rail profile changes (0-20 mm), diverging from prevalent North American railway design 

practices.  

The assessment of subgrade track stiffness (VTDsub) conditions highlighted the significance of the 

average track conditions range (3.1-4.4 mm), demonstrating a critical association with observable 

increases in 𝜙 values. This association can increase dynamic load magnitudes by 20-30%. In 

curves, heightened subgrade vertical track deflection (VTDsub) conditions, particularly in tracks of 

average to poor quality, may lead to increased dynamic loads on the lower rail compared to good 

tracks. The investigation into the effects of transition directions on dynamic load magnitudes 

indicated that transitions from soft-to-stiff conditions amplify dynamic loads, while transitions 

from stiff-to-soft conditions attenuate them. Notably, soft-to-stiff transitions exhibited 𝜙 values 

approximately 10% higher than those observed in stiff-to-soft transitions. This analysis also 

highlighted that subgrade track conditions contribute to the effectiveness of the influence of 

transition direction, potentially diminishing the discrepancy between the two transition scenarios. 

These quantitative insights pave the way for proactively optimizing maintenance schedules to 

prevent rail breaks and failures. 
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1. Introduction 

Canada has one of the largest railway networks globally, with more than 48,000 route kilometers 

of track. In recent decades, the reliance on rail for transporting goods in Canada has surged. The 

Canadian railway predominantly operates as a heavy freight network, responsible for moving over 

70% of the nation's goods, highlighting its vital role in the economy and the necessity for its 

efficient and safe operation (Fallah Nafari, 2017). These aspects underscore the critical role of the 

railway industry in the Canadian economy and the indispensable need for its efficient and safe 

operation. The increased demand for railway infrastructures in recent years has subjected track 

superstructure and substructure components to greater loads than their original designs, dating 

back to the early 20th century. The associated dynamic loads pose a significant risk of damage to 

both the railway track and vehicles, potentially leading to component failures, fatigue crack 

development (Guan et al., 2014; Holder et al., 2017), and uneven settlement (Olofsson and 

Telliskivi, 2003).  

The escalation of dynamic loads can accelerate track degradation and lead to rail breaks. Rail 

breaks are critical safety concerns, often causing service disruptions and derailments with 

potentially disastrous outcomes. Rail breaks and failures of track components are the most frequent 

causes of derailment in Canada (Leishman et al., 2017). Liu et al. (2012) also identified physical 

rail breaks and track geometry defects as the primary causes of train derailments in the United 

States' Class 1 freight railroads. Data from the Federal Railroad Administration (FRA) and the 

Railroad Accident and Incident Reporting System (RAIRS) indicate that a significant number of 

train incidents in North America stem from track-related issues and deviations in track geometry 

(Lasisi, 2019; TSB, 2016).  
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The steel rail is a key component of the railway track, responsible for bearing and transmitting 

loads to the substructure (Sadeghi and Barati, 2010b). Rail failures are often linked to track 

degradation, which is influenced by changes in track geometry and stiffness. These changes can 

induce and amplify dynamic wheel/rail interaction forces, increasing the probability of fatigue 

fractures and rail breaks. The FRA recognizes rail failures as a significant factor in train accidents. 

Therefore, a thorough understanding of dynamic loads along the track is crucial for the railway 

industry, especially given the recent trends of increasing axle loads and speeds on freight lines. 

This research aims to achieve three primary objectives: firstly, to reassess our current 

understanding of dynamic load variations along the track in relation to different track structures; 

secondly, to determine the influence of track surface roughness- a key factor in rail fatigue life- on 

dynamic load magnitudes; and thirdly, to evaluate the importance and effects of subgrade stiffness 

conditions and their variations on dynamic loads. Addressing these objectives presents a 

significant opportunity to improve railway design and maintenance practices. 

1.1. Problem description 

North America's rail network, established over a century ago, was primarily designed to minimize 

earthwork and the number of bridges and tunnels, with little consideration for terrain or soil 

characteristics (Li et al., 2015). Railway track owners face growing commercial pressures to 

optimize track performance without experiencing rail and track component failures. To enhance 

performance, track owners increase operational speeds and capacities. However, the precise track 

capacity remains to be discovered due to a lack of understanding regarding the dynamic loads' 

spectrum on the track. Insight into how track characteristics, especially in freight lines, influence 

the magnitude of dynamic loads is also limited.  
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Recent increases in dynamic load have been linked to reduced rail fatigue life, leading to more 

frequent maintenance cycles (Leong et al., 2007; Leong and Murray, 2008). In Canada, rail breaks 

and failures of track components are the leading causes of train derailments (Leishman et al., 

2017). These derailments tend to happen at faster train speeds than other causes, making them 

higher in energy and resulting in a greater number of cars derailing. This also makes the cars 

contents more likely to be released. Given the ongoing rail failures, revisiting our understanding 

of the magnitude of dynamic loads exerted on the rail is valuable. This is crucial for ensuring the 

safety of train operations and preventing accidents caused by rail malfunctions and fractures. 

The dynamic train-track interaction is influenced by two major factors: changes in track geometry 

and variations in track subgrade stiffness (Sussman et al., 2001; Lundqvist and Dahlberg, 2005; 

Dahlberg, 2010). Track geometry refers to the three-dimensional spatial orientation of railway 

tracks (Selig and Waters, 1994; Hyslip, 2002; Li et al., 2015), while track subgrade stiffness refers 

to the rigidity of the track's underlying foundation. These factors contribute to the increasing and 

fluctuating nature of the dynamic interaction between trains and tracks. The track structures, such 

as bridges, grade crossings, and switches, also affect the dynamic loads along the track. However, 

the extent of track structures' influence on the magnitude of dynamic loads is not yet fully 

comprehended. 

The use of an Instrumented Wheelset (IWS) and MRail systems provides numerous advantages in 

railway engineering. The IWS system can capture the wheel-rail dynamic forces under varying 

operating conditions, facilitating a deeper understanding of the railway track behavior (Higgns et 

al., 1992; Bracciali et al., 2014; Ren and Chen, 2019). Under different operating conditions, the 

MRail system also offers extensive possibilities for acquiring information on subgrade track 

conditions, fostering an enhanced comprehension of substructure behavior. The MRail system, 
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developed in Sweden (Berggren et al., 2005) and at the University of Nebraska (McVey et al., 

2005; Lu, 2008; Greisen, 2010), offers significant opportunities for gathering data on subgrade 

track conditions (Roghani and Hendry, 2016; Roghani and Hendry, 2017). The MRail system 

contributes to an improved understanding of the behavior of the railway substructure in various 

operational scenarios. Continuous readings from across the network from track geometry cars have 

the potential to provide a quantitative evaluation of surface track roughness (variability).  

During this research, a comprehensive evaluation of the IWS and MRail measurements was 

conducted over more than 340 km of Canadian freight railway track. The surface track geometry 

variability was available as a regular measurement. This extensive database was used to develop 

and evaluate the influence of track structures, surface roughness, and subgrade conditions on the 

dynamic load magnitudes. Quantifying the effect of subgrade conditions on dynamic load 

magnitudes has presented the opportunity to investigate the impact of travel direction (i.e., 

transition direction: soft-to-stiff and stiff-to-soft). 

1.2. Research objectives 

The primary objective of this research is to enhance understanding of how track characteristics 

and substructure- including track structures (assets), track surface roughness, and stiffness 

variations- affect dynamic load magnitudes. 

The specific research objectives of this PhD program are as follows: 

I. To evaluate the in-service wheel-rail contact forces from the instrumented wheelset (IWS) 

measurements to determine the relation with observable track characteristics (e.g., switches 

and grade crossings). 

II. To quantify the effect of track surface roughness (i.e., rail pro) on the magnitude of 

dynamic loads. 
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III. To examine the impact of track subgrade stiffness on wheel-rail contact forces, and 

quantify how subgrade stiffness conditions affect the magnitude of dynamic loads.   

IV. To evaluate the impact of transition directions (i.e., soft-to-stiff and stiff-to-soft) on 

dynamic load magnitudes. 

1.3. Description of study site 

Data for Objectives I-IV were exclusively sourced from a 340 km section of a Class 1 North 

American freight railway track in the Canadian Prairies. This track section includes over 30 

bridges, one tunnel, 100 grade crossings, and 50 switches. Of this, 230 km is tangent track, and 83 

km consists of curves. The track supports over 50 million gross tonnes of annual freight and 

predominantly features concrete ties and continuously welded rail (CWR). 

1.4. Scope and methodology 

The aim of this research is to analyze load data to assess the magnitude of dynamic loads, 

represented by 𝜙 values. The study focuses on three key aspects: observable track structures (e.g., 

switches and grade crossings), track surface roughness, and variations in subgrade stiffness. The 

impact of speed on these parameters is also evaluated. 

The research utilizes two types of data: commercial data from IWS and MRail measurements, and 

regular data from track geometry measurements. The IWS system, used for measuring dynamic 

forces at the wheel-rail interface of moving railway vehicles, and the MRail system, used for 

capturing vertical track deflection (VTD) measurements, provide valuable insights for railway 

engineers. The VTD measurements are used to derive indices that reflect the magnitude and 

variability of subgrade stiffness. Track geometry data, routinely collected by rail companies to 

assess track structure performance, is also used. Additionally, various sources such as aerial 
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photographs, GPS, and Google Earth are used to establish the spatial coordinates of track 

characteristics. 

The dynamic load factor (𝜙) is a ratio of the vertical loads exerted on the rail by a moving railway 

vehicle (dynamic loads, Pd) to the static loads (Ps) resulting from the combined weight of the 

railcar and its contents (Van Dyke et al., 2017). The 𝜙 value is crucial in the design of track 

structures and the selection of rail steel and cross-section (weight) (Peters, 2010; Sadeghi, 2012; 

AREMA, 2021). Therefore, this research primarily focuses on the 𝜙 value along the track. 

1.4.1. Quantifying the effect of observable track characteristics 

This section describes the methodology used to achieve the first objective of the research: 

evaluating the magnitude of dynamic loads along the track from the instrumented wheelset (IWS) 

measurements to quantify the effect of the observable track characteristics on dynamic load 

magnitudes.   

The study emphasizes the dynamic load factor (𝜙) due to its critical role in railway design, 

particularly in the selection of rail steel and cross-sectional (weight) properties. IWS measurements 

are a valuable resource for re-evaluating the equations used by engineers in track design. The 

dynamic load factor (𝜙) correlates the magnitude of vertical wheel-to-rail loads (dynamic loads) 

with the static loads from the weight of the railcar and its contents, considering the effect of travel 

speed. Equations for 𝜙 have been put forth by the American Railway Engineering and 

Maintenance-of-Way Association (AREMA) and others. However, a significant limitation of the 

current 𝜙 equations is that they are based on loads measured at instrumented track sections under 

constant track conditions, without accounting for the variability of wheel loads.  

Dynamic load measurements were obtained using two IWSs over four passes along a 340 km 

section of track operated by a North American Class 1 freight railway in the Canadian Prairies. 
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The goal was to compare the measured dynamic load magnitudes with the established 𝜙 equations 

for freight railways and to develop new 𝜙 equations that are applicable to both tangent and non-

tangent tracks, including bridges, grade crossings, curves, and switches. 

1.4.2. Investigating the impact of track surface roughness 

This section delineates the methodology used to achieve the second objective of this research: 

understanding and quantifying the influence of track surface roughness on the dynamic loads along 

the track. Track geometry defects, a significant factor in mainline freight derailments in the United 

States and Canada, can lead to rail wear, rolling contact fatigue (RCF), and rail welding, which in 

turn can cause rail breaks (Liu et al., 2012; TSB, 2013). These defects, such as rail surface changes, 

can influence the initiation and propagation of RCF defects. The challenge lies in interpreting the 

effectiveness of changes in surface track geometry into dynamic load magnitudes. Therefore, this 

section concentrates on evaluating the impact of rail profile (surface) changes, representing surface 

roughness, on dynamic load magnitudes. 

The rail profile (surface) is a key parameter in evaluating track geometry, and changes in this 

parameter are crucial for the railway industry, especially concerning dynamic interactions between 

wheels and rails. It is imperative for engineers to carefully monitor and manage rail profile changes 

to improve track performance and ensure the safety and reliability of railway operations. The 

methodology to achieve this includes: (1) data alignment; (2) determination of analysis parameters, 

such as window length and overlap ratio; (3) preliminary data analysis, such as outlier detection 

and track characteristics behaviour; (4) quantification of the impact of rail profile changes on 

dynamic load magnitudes; and (5) evaluation of the impact of the train speed. This objective was 

conducted under a specific feature, as it considered the impact of both speed and surface geometry 

changes simultaneously.  
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1.4.3. Evaluating the impact of track subgrade stiffness 

This section outlines the methodology used to achieve the third objective of this research: 

evaluating the impact of track subgrade stiffness on dynamic load magnitudes. This involves using 

and combining vertical track deflection (VTD) and wheel-rail force measurements from the MRail 

and IWS systems.  

The MRail system offers several advantages, making it an effective tool for this objective: (1) it 

allows for continuous measurement of the entire track, enabling large-scale comparisons; (2) it can 

be integrated into revenue service trains, operating at normal track speed without requiring track 

downtime, thus providing cost benefits for the railway industry; and (3) measurements are 

conducted under heavy axle loads, implying the impact of subgrade conditions within the 

measurements. Variations in track stiffness, both high and low, significantly affect dynamic loads 

and rail behavior, leading to rail breaks and defects (Li and Berggren, 2010). Soft sections with 

significant vertical deflection can accelerate rail defects and disturb ballast, while stiff sections can 

increase rolling contact fatigue and wear of ties and ballast. Therefore, continuous monitoring of 

maximum vertical deflection along the track using the MRail system provides valuable insights 

into evaluating rail integrity and determining acceptable ranges of track subgrade stiffness. This 

objective aims to evaluate the impact of stiffness changes on vertical load magnitudes using data 

from MRail and IWS. A key part of this objective is to provide new insights into the correlation 

between stiffness variations and the magnitude of vertical loads in relation to train speed. The 

methodology includes (1) deriving subgrade stiffness from VTD measurements from MRail, (2) 

evaluating data based on track characteristics, (3) conducting preliminary data analysis to identify 

threshold values, (4) aligning the location of IWS and MRail measurements due to different 

frequencies, (5) analyzing data, such as outlier detection and ideal sample size, (6) evaluating the 
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impact of subgrade stiffness conditions (i.e., good, average, and poor tracks) on dynamic load 

magnitudes, and (7) evaluating the impact of train speed.  

1.4.4. Evaluating the impact of transition directions 

This section details the methodology used to address the fourth objective of the research, which is 

to quantify the effect of variations in track subgrade stiffness on wheel-rail dynamic interactions, 

with a particular focus on the impact of transition directions (from soft to stiff track and vice versa) 

on dynamic load magnitudes. Transition zones, such as those before and after bridges and grade 

crossings, are known for accelerated degradation, which can lead to increased maintenance costs, 

operational delays, and a higher risk of derailments. Therefore, understanding how changes in 

subgrade stiffness affect dynamic load magnitudes is essential, especially at these critical transition 

points.  

The work involves integrating the results of mapping subgrade stiffness with wheel-rail dynamic 

force measurements to enhance our understanding of transitions between soft and stiff track 

conditions. The goal is to quantify how dynamic load magnitudes are amplified or attenuated due 

to transition directions. The methodology includes: (1) calculating subgrade stiffness from MRail 

measurements, (2) determining changes in subgrade stiffness using the secant slope value, (3) 

conducting preliminary data analysis to identify threshold values, (4) aligning the location of IWS 

and MRail measurements due to different frequencies, (5) analyzing data, such as outlier detection 

and ideal sample size, (6) evaluating the impact of transition directions on dynamic load 

magnitudes, (7) considering the effect of subgrade stiffness conditions (good, average, and poor) 

on the effectiveness of transition directions, and (8) evaluating the influence of train speed on these 

dynamics. 
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1.5. Research limitations 

While this research has provided valuable insights into the relationship between track structures, 

surface profile roughness, and stiffness variations on dynamic load magnitudes, some limitations 

should be acknowledged. The measurement conditions were limited to dynamic loads from a 

single car and suspension type, wheel diameter, and static load. This study was conducted without 

explicitly correlating the dynamic load factor (𝜙) with specific waveforms generated at the wheel-

rail interface, such as P1, P2, and R-waves, which could provide additional insights into potential 

impact damage and vibration propagation. Additionally, this investigation did not consider the 

impact forces generated by rail corrugations. Regarding the track subgrade stiffness conditions, 

the study did not fully account for the effects of initial tamping and particle breakage during early 

loading cycles. Moreover, the evolution of track stiffness over time due to factors such as particle 

size reduction and changes in shear strength was not captured. These limitations present 

opportunities for future research to develop a more comprehensive understanding of track 

behaviour under dynamic loading conditions. 

1.6. Thesis outline 

This thesis has been prepared in a paper-based format. The thesis comprises seven chapters, 

including this first introductory chapter and six appendices. 

Chapter Two provides the necessary literature review for this study.  

In Chapter Three (manuscript #1), focuses on quantifying the impact of observable track 

characteristics on dynamic load magnitudes and compares these findings with previously 

established equations. 
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Chapter Four (manuscript #2) evaluates how track surface roughness impacts dynamic load 

magnitudes. The results are compared with the dynamic load factor estimated by AREMA and the 

estimation from the first objective to quantify the effect of surface roughness. 

In Chapter Five (manuscript #3) evaluates the impact of subgrade stiffness beneath rail tracks on 

the magnitude of dynamic loads. The results are compared with the dynamic load factor estimated 

by AREMA and the estimation from the first objective to quantify the effect of subgrade stiffness. 

Chapter Six (manuscript #4) evaluates how transition directions, in relation to changes in subgrade 

stiffness, affect the magnitude of dynamic loads under varying subgrade conditions. The findings 

are compared with the dynamic load factor estimated by AREMA and the estimation from the first 

objective to quantify the impact of transition directions on dynamic load magnitudes. 

Chapter Seven presents the conclusions and recommendations derived from this study.  

Appendices A to E provide supplementary materials and detailed analysis information related to 

the procedures used in the various objectives. 
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2. Literature Review 

2.1. Track structure 

The major purpose of a rail track is to furnish a durable, smooth surface for train movement and 

to distribute wheel loads with minimal pressure on the subgrade, recognized as the weakest 

element (Kerr, 2003). A standard railway track construction comprises a superstructure and 

substructure (Selig and Waters, 1994). The cross-section of a typical ballasted railway track 

foundation is presented in Figure 2-1. The superstructure encompasses rails, the fastening system 

(which holds on the rail in place on the ties), and ties, while the substructure includes ballast, 

subballast, and subgrade. The subsequent sections delineate the primary functions of a railway 

track's superstructure and substructure components.  

 
Figure 2-1. A typical cross-section of a ballasted track foundation shows the superstructure and 

substructure (after Loizos et al., 2017). 

2.1.1. Track superstructure 

The railway superstructure encompasses the fundamental elements constituting the framework of 

a railway track, guaranteeing its stability, safety, and functionality. Comprising diverse 

components that collaborate harmoniously, it sustains the load of trains, furnishes a resilient and 

even running surface, and facilitates the safe passing of rolling stock. The superstructure 

constitutes the visible portion above the subgrade and is discernible to the naked eye. Its constituent 

elements encompass rails, sleepers, and fastening systems (Esveld, 2001).  
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Rails constitute long steel beams serving as the running surface for train wheels. They are 

meticulously designed to endure the forces imposed by rolling stock while ensuring a smooth and 

consistent ride. Sleepers, typically constructed from materials such as wood or concrete, are 

strategically positioned at consistent intervals along the track to provide support and secure the 

rails in place. Fastening components, such as clips or spikes, affix the rails to the sleepers, thereby 

preserving their alignment and stability (Bianculli, 2001).  

The railway superstructure incorporates additional elements to optimize safety and operational 

efficiency. These encompass switches and grade crossings, facilitating track changes, junctions 

enabling train divergence or merging, and level crossings where railways intersect with roads, 

necessitating specialized safety measures. The superstructure also encompasses bridges, tunnels, 

walls, and various engineering structures (Wei, 2018). 

2.1.2. Track substructure 

The substructure comprises layers, including ballast, subballast, and subgrade, which support the 

track superstructure components. The ballast constitutes granular crushed rock material beneath 

and around the ties, positioned between the track structure and the underlying foundation. The 

preferred composition for the ballast layer involves angular crushed rock aggregate, such as 

limestone, granite, or basalt, with diameters falling within the range of 10 to 75 mm (Li et al., 

2015). The ballast fulfills various roles, such as drainage, load spreading, and maintaining track 

geometry (Selig and Waters, 1994)). The subballast layer is a transitional material between the 

ballast and subgrade. It is ideally a well-graded material to enhance load distribution, facilitate 

efficient drainage, and prevent the migration of subgrade material into the ballast. 

Ballast and subballast collectively constitute the granular layer beneath the tie and above the 

subgrade. The thickness of the granular layer should be sufficient to mitigate stress on the subgrade 



18 

 

to a tolerable level, preventing subgrade failure due to excessive deformation (plastic strain) or 

progressive soil shearing (Selig and Waters, 1994). Additionally, the thickness of the granular 

layer influences the track modulus and, consequently, the vertical deflection of the track. The 

thickness of the ballast depends on various factors, including ballast quality and the maximum axle 

load of the line. A minimum thickness of 0.3 m (12 in) is typically considered satisfactory based 

on industry experience (Raymond, 1978). 

The subgrade is the foundational support for a railway track, and its quality significantly influences 

the performance of all track components. The subgrade, constituting the base of a railway track, 

directly impacts the effectiveness of all track components due to its quality. Inadequate bearing 

capacity within the subgrade poses challenges in maintaining track geometry, requiring more 

frequent maintenance. Insufficient bearing capacity in the subgrade makes it challenging to 

maintain track geometry, necessitating frequent maintenance. Soft subgrades have been associated 

with heightened wear and degradation of track and ballast, stemming from significant movements 

linked to their soft nature (Selig and Waters, 1994; TSB, 1999; Hendry et al., 2008, 2011). Soft 

subgrade materials are also prone to continual settlement and plastic deformation, posing risks of 

sudden failure and safety issues in rail operations (Konrad et al., 2007; TSB, 2008). Despite its 

pivotal role, the substructure, especially the subgrade, has historically been considered less than 

the superstructure (Selig and Waters, 1994). The stiffness of the subgrade beneath a railway track 

is commonly evaluated through its resilient modulus (Li et al., 2015).   

2.2. Characterization and loading environment in North America 

The components in the track superstructure in North America have been designed based on 

practical experience, lacking a comprehensive comprehension of the specific loading environment 

responsible for distinct failure mechanisms. The design methodology enhancements for track 
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superstructure components could lead to a more resilient track structure, provided the loading 

environment can be thoroughly characterized (Caughron et al., 2012; Van Dyk, 2015). The 

operational conditions in North America stand out from those in many other parts of the world, 

primarily due to the prevalence of heavy axle-load rail freight transport and the sharing of 

infrastructure between heavy axle-load freight and intercity passenger rail traffic. One of the 

challenges arising from this operational scenario is the design of essential infrastructure 

components under a diverse range of loading conditions. To effectively characterize the loads 

impacting the track structure, it is essential to investigate potential sources of variation. A 

fundamental aspect of the design process is establishing relations between loading conditions and 

factors that amplify the magnitude of dynamic loads. This analysis can provide a better insight into 

the conditions that increase the frequency of rail breaks and failures. 

2.2.1. Dynamic load factor (𝝓) 

Rail steel structure performance is mainly dependent on the magnitude of dynamic loads. In 

designing ballasted track structures, particular emphasis is always given to steel rails to ensure the 

rail can withstand and transfer all applied loads to the substructure (Doyle, 1980; Sadeghi and 

Barati, 2010a). Since the applied loads can intensify for different reasons, such as variation in track 

stiffness, rail surface roughness, and rail corrugation (Sadeghi, 2012; Kerr, 2003), the magnitude 

of dynamic loads along the track must be reassessed.  

The main approaches to railway track design and analysis are allowable stress design (ASD) and 

limit state design (LSD) (Sadeghi, 2012). The magnitude of dynamic loads is essential in both 

approaches. Numerous parameters influence the car body’s actual load on the track structure. In 

the design phase, specific parameters are incorporated, utilizing a dynamic factor or impact factor 

to improve the accuracy of load estimation. It is commonly recognized that the forces exerted at 
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the wheel-rail interface by moving loads are greater than those generated by the same wheel loads 

at rest (Kerr, 2003). 

Consequently, the design wheel load is typically set higher than the static wheel load to 

accommodate this augmentation due to speed. In the design approaches, the magnitude of the static 

wheel load is amplified using a dynamic load factor (𝜙) to consider the effect of dynamic loads in 

the design of track components (Van Dyk et al., 2013; Van Dyk, 2015). The dynamic wheel load 

factor is commonly derived empirically through the analysis of field data and is formulated 

concerning train speed. The number of elements involved in its formulation may vary based on the 

sophistication of track instrumentation and underlying assumptions (Doyle, 1980). 

The dynamic load factor (𝜙) is the ratio of the vertical wheel-to-rail loads from a moving railway 

vehicle (dynamic loads, Pd) to static loads (Ps) resulting from the weight of the rail car and its 

contents (Van Dyke et al., 2017), often developed as a function of train speed. These equations 

for 𝜙 and the evaluated dynamic loads are often used to design track structures or select rail steel 

and cross-sections (weight) (Peters, 2010; Sadeghi, 2012; AREMA, 2021). Examples of equations 

to estimate the upper envelope of 𝜙 and dynamic loads are presented in Table 2-1, and the 

variables for these equations are defined in Table 2-2. These equations range from relatively 

simple linear functions of train speed to more complex functions that include parameters such as 

wheel diameters, track modulus, and empirical factors.  

Pd= 𝜙 Ps  Equation 2-1 

 A limitation of the existing 𝜙 equations is that they have been derived from measured dynamic 

loads from trains as they pass over an instrumented section of track (Dybala and Radkowski, 2013; 

Van Dyk et al., 2017; Yu and Hendry, 2019). For example, the relationship between 𝜙 and train 

speed developed for North American freight operations by Van Dyk et al. (2017) was derived from 
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wheel impact load detector (WILD) data. While dynamic loads measured from instrumented track 

capture the range of loads from differing rolling stock types (locomotives and variety of cars), axle 

loads, and wheel conditions, it is limited to a single configuration of the track, which is often well-

supported and well-maintained tangent track which is unlikely to be representative of either the 

average or worst-case conditions for the generation of dynamic loads (Van Dyk et al., 2017). 

Table 2-1. Summary of the dynamic load factor (𝜙) equations presented in literature divided by intended 

use for passenger and freight railways. 

Type Expression for 𝜙 Equation Reference 

P
as

se
n
g
er

 l
in

es
 

1 +
4.5𝑆2

105 −
1.5𝑆3

107   (2-2) 
German Railways {V ≤ 200} (Schramm, 

1961) 

(1 + 3.86 × 10−5𝑆2)
2

3  (2-3) WMATA (Prause et al., 1974) 

1.098 + 8 × 10−4𝑆 +
10−6𝑆2  

(2-4) Iran Railways (Sadeghi, 2012) 

1 + 0.021
𝑆

𝐷
  (2-5) Talbot (Hay, 1982) 

1 + 4.92
𝑆

𝐷
  (2-6) South African Railways (Doyle, 1980) 

1 +
𝑆

58.14√𝑈
  (2-7) Indian Railways (Srinivasan, 1969) 

1 +
19.65𝑆

𝐷√𝑈
  (2-8) Clark formula (Doyle, 1980) 

1 + 𝛿𝜂𝑡  (2-9) Eisenmann formula (Esveld, 2001) 

8.784(𝛼1+𝛼2)𝑆

𝑃𝑆
√

𝐷𝑗𝑃𝑢

𝑔
  (2-10) British Railways (Doyle, 1980) 

F
re

ig
h
t 

li
n
es

 1 + 𝛼 + 𝛽 + 𝛾  (2-11) (ORE/ Birmann, 1965) 

1 + 5.21
𝑆

𝐷
  (2-12) (AREMA, 2021) 

1.099 + 0.00621𝑆  (2-13) (Van Dyk et al., 2017) 

1 + 0.00466𝑆  (2-14) Used by track operator (Peters, 2010) 

2.2.2. Measurement systems 

The rail industry has access to various technologies, systems, and instrumentation strategies for 

quantifying the performance of vehicles and tracks. Specifically, technologies such as 

instrumented wheelsets (IWS), truck performance detectors (TPD), and wheel impact load 

detectors (WILD) are employed to monitor forces at the wheel-rail interface (Wiley and Elsaleiby, 

2011; CN Railway, 2011). A comparison of load measurement technologies is outlined in Table 



22 

 

2-3. These systems are crucial in monitoring rolling stock performance, evaluating wheel and 

vehicle functionality, and enhancing predictive and reactive maintenance strategies. Railway 

infrastructure engineers can also utilize these systems to gain insights into the magnitude and 

distribution of loads impacting the track structure. A comprehensive understanding of this loading 

environment forms the basis for analyzing and designing critical infrastructure components.  

Table 2-2. Definitions of variables used in Table 2-1 (after Van Dyke et al. 2017) 

Variable Definition 

S Train speed (km/h) 

D Wheel diameter (mm) 

U Track modulus 

𝛿  Track maintenance condition 

𝜂  Speed factor 

𝑡  Upper confidence limits regarding the probability of exceedance 

PS Static load (kN) 

α1+α2 Total rail joint dip angle (radians) 

Dj Track stiffness at joints (kN/mm) 

Pu Unsprung load on one wheel (kN) 

g Acceleration due to gravity (m/s2) 

𝛼, 𝛽, 𝛾  Empirical coefficients derived from train speed, vehicle, and other track parameters 

2.2.3. Instrumented wheelset (IWS) system  

The National Research Council Canada (NRCC) has been a leading designer and developer of 

IWS for rail cars in North America for over 20 years. The NRC's IWS system is based on proven 

technology implemented globally in over 800 instrumented wheelsets on passenger and freight 

rolling stock (Woelfle, 2016). The NRC's verified IWS technology provides direct, accurate 

measurements of the dynamic vertical, lateral, and longitudinal forces at the wheel/rail interface. 

The IWS data collection was conducted as part of a more extensive investigation of on-track 

performance, which included an instrumented 15.8 m (52 ft) gondola car (Roghani et al., 2015; 

Roghani and Hendry, 2016; 2017; Fallah Nafari et al., 2018a; 2018b). The car was loaded with 

gravel to a total weight of 1175 kN (264 kips). One end of the instrumented car was fitted with 

two IWS, each consisting of one axle with two-wheel plates (as shown in Figure 2-2). Each IWS 
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wheel plate is 915 mm (36") diameter Class F and instrumented with 16 full-bridge Wheatstone 

strain gauge circuits, which are interpreted to forces applied to the wheels from the rail and resolve 

these forces into vertical, lateral and traction forces for each of the four wheels (Woelfle, 2016).  

Table 2-3. comparison of load measurement systems (after Van Dyk, 2015). 

Specifications 

Measurement system 

Instrumented 

wheelset (IWS) 

Truck 

performance 

detector (TPD) 

Wheel impact 

load detector 

(WILD) 

Implementation location Vehicle mounted Wayside Wayside 

Continuous data regarding Vehicle Track Track 

Speed measurement ✓  ✓  ✓  

Nominal vertical load measurements ✓  ✓  ✓  

Measures in tangent track ✓  ✓  ✓  

Measures in curves ✓  ✓  × 

The IWS was measured at a 200 Hz frequency and filtered with a 20 Hz low-pass filter applied to 

the data during acquisition (Higgins et al., 1992; Bracciali et al., 2014; Barbosa, 2016; Ren and 

Chen, 2019). A Garmin GPS18X global positioning system (GPS) determined each measurement's 

latitude, longitude, time, and speed. Each wheel of the IWS was calibrated individually in the 

laboratory before installation. The IWS load measurements accuracy was not provided with 

instruments; however, the end of the car with IWS had a 576.2 kN static load measured by a scale 

after the system installation, and this compares very favorably with the sum of the static loads from 

the four IWS wheels at 574.6 kN, a difference of 0.3 %. The wheels had very little wear and were 

free of defects that would increase dynamic loads. In this investigation, the available IWS data is 

recorded between July and August 2015 and includes around 60 million data points from four 

different runs, two runs in each direction with a maximum operating speed of 95 km/h. The main 

reason for choosing this method to measure the load data is to record the wheel/rail contact forces 

along the track when passing over various structures. 
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Figure 2-2. Photograph of the instrumented wheelsets (IWS) system installed on the Gondola railcar to 

collect the data used for this study. Wheatstone bridge strain gauges and connectors are covered in yellow 

epoxy coating, which is visible in the photograph (Images by Michael T. Hendry). 

2.3. Track geometry 

Ensuring the optimal operational state of railway tracks is a paramount responsibility for railway 

owners (Hsu et al., 2017). Consequently, railway companies must undertake periodic track 

inspections, incurring cost and time.  Active maintenance of track quality is imperative, relying on 

consistent track geometry inspections (Berggren et al., 2008).  

The spatial arrangement of railway tracks in three dimensions, namely 'track geometry,' is a 

fundamental indicator of track performance and ride quality (Selig and Waters, 1994; Hyslip, 

2002; Li et al., 2015; UIC, 2008). Significant deviations in track geometry can lead to irregularities, 

impacting operational safety, train speed, and the magnitude of dynamic loads (Odashima et al., 

2017). Hence, conducting track geometry surveys at regular intervals throughout the year enables 

the identification and improvement of track geometry issues before they reach a point of posing a 

potential risk for vehicle derailments. 

2.3.1. Fundamental measurements 

Major Canadian railway operators, including Canadian National (CN) and Canadian Pacific (CP), 

continuously employ specially designed rail vehicles to monitor track geometry across their 

networks. Track geometry measurements detail the spatial location of each rail. They are utilized 
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in the railway industry to confirm that the rail’s shape enables trains to safely traverse the track at 

their designated maximum speed (AREMA, 2012). Track geometry measurements are typically 

taken at 0.30 m (1ft.) intervals along the railway. Numerous variables are utilized to assess track 

geometry in a single survey, categorized based on whether the orientation of one or both rails is 

considered in the calculation. Variables associated with track geometry, such as track gauge, 

crosslevel, and twist, encompass the evaluation of deviations between the two rails, producing a 

singular value at each point in track geometry measurements. 

Conversely, track geometry variables such as alignment and surface measure the absolute 

orientation of each rail relative to a distinct datum. These measurements are defined individually 

for each rail at every measurement position. A detailed description of these typical track geometry 

measures is presented in Table 2-4 (AREMA, 2012; FRA, 2007; TC, 2011; Hyslip, 2002).  

Table 2-4. A brief overview of common track geometry measurement descriptions (AREMA, 2012; 

FRA, 2007; TC, 2011; Hyslip, 2002). 

Track geometry 

parameter 
Description  

Gauge 
The horizontal distance between the two rails measured 16 mm below 

the top of the rail (standard gauge= 1435.1 mm) 

Crosslevel The difference in elevation between both rails on a tangent track 

Warp (Twist) 
The difference in crosslevel values between two points located 18.9 

m (62 ft) or 9.5 m (31 ft) apart along the track 

Surface (profile) 
The mid-chord offset (MCO) measured vertically on the surface of 

the rail  

Alignment 

The horizontal deviation of the rail relative to a straight-line reference 

chord after projecting both the rail and the chord onto the horizontal 

plane 

2.3.2. Track roughness interpretation methods 

After collecting track geometry data, various methods can be employed to interpret the data and 

differentiate between well-performing track sections and those requiring intervention or 

realignment. The three primary types of track geometry interpretations encompass threshold 
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exceedance analysis, running roughness analysis, and track quality index (TQI) analysis. The main 

types of track geometry interpretation are presented in Table 2-5. 

Table 2-5. The main interpretation types for track geometry (FRA, 2007; TC, 2011). 

Interpretation type Definition 

Threshold exceedance Evaluation of track geometry based on predefined threshold values 

Running roughness Smoothed squares of individual track geometry variables 

Track quality indices (TQI) 

Combinations of individual or statistical threshold exceedances or 

standard deviations calculated from multiple track geometry variables 

within a given track section, either individually or collectively. 

Analyzing track geometry data based on threshold exceedances is a straightforward procedure. 

Maximum thresholds are established, and when surpassed, they indicate the necessity for 

corrective maintenance (Rail Safety and Standard Board Limited, 2011; TC, 2012; FRA, 2014). 

In simpler terms, a track geometry defect is identified when the measured values exceed the 

predefined threshold values specified in regulations (FRA, 2007; TC, 2011). These threshold 

values are determined based on the assigned track class to ensure that each class aligns train speeds 

with the specific track conditions. Table 2-6 shows the regulated (i.e., predefined) threshold values 

regarding track classes (TC, 2011). According to both Transport Canada and the FRA, Class 1, 

with the lowest maximum track speed of 16 km/h (10 mph), has the highest geometry thresholds, 

while Class 5, with the highest maximum track speed of 129 km/h (80 mph), has the lowest 

geometry thresholds. Thus, a track section is maintained to meet the requirements of its assigned 

class and the corresponding maximum allowable speed.   

Defects surpassing the limits set by regulators are classified as urgent due to their safety 

implications, necessitating immediate action. Beyond safety limits, there exists a second category 

with more stringent threshold values defined by the operator (typically 66 to 75% of the safety 

limits (Li et al., 2015)), designating them as priority defects and establishing them as the 

maintenance limit for the track (see also Table 2-7). These defects require monitoring until repaired 

to prevent escalation beyond safety limits, transitioning into urgent defects. Notably, track sections 
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with higher operating speeds often have more stringent thresholds. In Canada, major railway 

operators (CN and CP) adhere to tighter track geometry thresholds than those mandated by 

Transport Canada. This practice aims to avoid mandatory track closure in case of threshold 

exceedance, ensuring timely correction should Transport Canada's minimum thresholds ever be 

breached.  

Table 2-6. Regulated Threshold Values for Defining Geometry Defects for Freight Service Tracks (Data 

from TC 2011). 

Track 

classification 

Max. 

allowable 

speed 

[km/h 

(mph)] 

Gauge 
Profile 

(surface)  

[mm 

(in.)] 

Crosslevel 

(tangents 

& curves)  

[mm (in.)] 

Warp 

[over 18.9 

m (62 ft)] 

[mm (in.)] 

Alignment 

(tangent)  

[mm (in.)] 

not less 

than  

[mm (in.)] 

not more 

than  

[mm (in.)] 

Class 1 16 (10) 
1416.1 

(55.75) 

1473.2 

(58) 

76.2  

(3) 

76.2  

(3) 

76.2  

(3) 

127.0 

(5.0) 

Class 2 40 (25) 
1416.1 

(55.75) 

1466.9 

(57.75) 

69.9 

(2.75) 

50.8  

(2) 

57.2 

(2.25) 

76.2  

(3) 

Class 3 64 (40) 
1422.4 

(56) 

1466.9 

(57.75) 

57.2 

(2.25) 

44.5 

(1.75) 

50.8  

(2) 

44.5 

(1.75) 

Class 4 97 (60) 
1422.4 

(56) 

1460.5 

(57.5) 

50.8  

(2) 

31.8 

(1.25) 

44.5 

(1.75) 

38.1  

(1.5) 

Class 5 129 (80) 
1422.4 

(56) 

1460.5 

(57.5) 

31.8 

(1.25) 

25.4  

(1) 

38.1  

(1.5) 

19.1 

(0.75) 

Table 2-7. Operator threshold values for defining priority geometry defects for freight service tracks 

(Roghani and Hendry, 2017). 

Track 

classification 

Max. 

allowable 

speed 

[km/h 

(mph)] 

Gauge 

Profile 

(surface) 

[mm 

(in.)] 

Crosslevel 

(tangents 

& curves) 

[mm (in.)] 

Warp 

[over 

18.9 m 

(62 ft)] 

[mm 

(in.)] 

Alignment 

(tangent) 

[mm (in.)] 

not less 

than [mm 

(in.)] 

not more 

than [mm 

(in.)] 

Class 1 16 (10) 
1416.1 

(55.75) 

1463.7 

(57.62) 

50.8 

(2) 

25.4 

(1) 

57.2 

(2.25) 

95.3 

(3.75) 

Class 2 40 (25) 
1416.1 

(55.75) 

1454.2 

(57.25) 

38.1 

(1.5) 

25.4 

(1) 
44.5 

(1.75) 

57.2 

(2.25) 

Class 3 64 (40) 
1422.4 

(56) 

1454.2 

(57.25) 

32.7 

(1.25) 

25.4 

(1) 
38.1 

(1.5) 

34.9 

(1.375) 

Class 4 97 (60) 
1422.4 

(56) 

1454.2 

(57.25) 

25.4 

(1) 

25.4 

(1) 
34.9 

(1.375) 

28.6 

(1.125) 

Class 5 129 (80) 
1422.4 

(56) 

1454.2 

(57.25) 

19.1 

(0.75) 

17.5 

(0.6875) 

28.6 

(1.125) 

9.5 

(0.375) 
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2.3.2. Rail surface (profile) 

In the North American context, the surface track geometry parameter is assessed through mid-

chord offsets (MCO) (Hyslip, 2002; Li et al., 2015). The chord is conceptualized as an imaginary 

straight-line beam with a fixed length (i.e., the chord length), linking two points on the rail. When 

utilized to define the surface MCO, the reference datum becomes either the horizontal or vertical 

projection of the three-dimensional beam. The chord, conceptualized as an imaginary straight-line 

beam with a fixed length connecting two points on the rail, is the basis for defining surface MCO. 

The reference datum for this measurement is the vertical projection of the three-dimensional beam. 

Vertical deviations between these chord projections and the corresponding projection of the track 

at the mid-chord position are considered surface measurements (see also Figure 2-3). Chord 

lengths commonly utilized are 24.1 meters (79 feet), 18.9 meters (62 feet), and 9.5 meters (31 

feet). 

 
Figure 2-3. Definition of mid-chord offset (MCO) (after Li et al., 2015). 

Track surface deviations assessed at identical track positions but employing different chord lengths 

seldom exhibit equal results. Using distinct fixed chord lengths gives rise to varied reference 

datums in MCO measurements. Consistent MCO discrepancies arise only when the reference 

chords intersect at their midpoints. It is noteworthy that MCO measurements may not align with 

geodetic measurements conducted using a theodolite positioned off the track, as the orientation of 
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the reference chord changes at each measurement position along the railway based on the rail 

geometry. Quantifying track surface roughness through MCO measurements introduces a 

mechanical filtering effect, eliminating long-wavelength features in track geometry (Hyslip, 2002; 

Li et al., 2015). 

The examination of the probability of derailment showed a direct correlation between rail profile 

(i.e., surface roughness) variations and derailment occurrences, particularly in curved tracks 

(Mohammadzadeh and Ghahremani, 2012). Srivastava et al. (2014) demonstrated the substantial 

impact of rail and wheel surface profiles on the design of fatigue-resistant railroads and the 

planning of inspections. Therefore, the rail profile diagnosis system can determine faults in railway 

tracks since deviation in this parameter can significantly change wheel-rail interaction 

(Karaduman, 2012) and affect rail fatigue life (i.e., rail breaks). The characteristics of typical 

impact loads arising from irregularities in wheel and rail, such as rail corrugation and variations in 

rail and wheel profiles, can intensify dynamic load magnitudes (Remennikov and Kaewunruen, 

2008). This intensification leads to fatigue-related issues, such as rolling contact fatigue (RCF). 

Railway operators often employ grinding to address this concern as a preventive measure against 

RCF (Cannon et al., 2003; Kumar, 2006). Illustratively, an example demonstrates that elevating 

the axle load from 25 to 30 tonnes results in a 27% increase in vertical profile change and a 10% 

rise in the rolling contact fatigue index (Zerbst et al., 2009). 

2.4. Effect of track substructure on track performance 

Track substructure problems can appear on the surface through geometric defects and rough track 

geometry. The track substructure quality plays a crucial role in influencing the performance of the 

superstructure, as these two components are mutually dependent; a deterioration in one component 

can impede the performance of the other. Various studies have emphasized the critical role of track 



30 

 

stiffness in railway performance and maintenance requirements and highlighted its effect on 

optimizing track design for improved performance and reduced maintenance needs (Sajjad et al., 

2023; Shi et al., 2023; Tong et al., 2022; Indraratna et al. 2019; Powrie and Le Pen, 2016; 

Indraratna et al. 2012; Puzavac et al., 2012; Berggren, 2009; Hawari et al., 2008). As an example, 

Indraratna et al. (2012) discuss the high maintenance costs associated with track stiffness issues in 

coastal Australia, aggravated by poor drainage and ballast degradation. To provide a concrete 

example, substantial deformations caused by soft foundations can lead to the wear and 

deterioration of substructure and track elements (Hendry et al., 2008, 2011; Selig and Waters, 

1994; TSB, 1999, 2008). Similarly, the effects arising from flaws on the rail surface can amplify 

dynamic loads, with more substantial impacts potentially triggering rail breaks (through the rail 

fatigue life) and failures in track components. Impacts resulting from imperfections on the rail 

surface may cause the displacement of fine-grained soils from the subgrade, contaminating the 

ballast; more severe impacts can induce plastic deformation in the weak subgrade soil. Therefore, 

gaining a comprehensive understanding of the condition of the track substructure is essential for 

ensuring the safe and reliable operation of the railway system. 

2.4.1. Track stiffness 

The track stiffness represents the effects of all track components under the rail, including subgrade, 

ballast, sub-ballast, and tie fasteners (Cai et al., 1994). The serviceability of a track section highly 

depends on track stiffness and roughness (Scanlan et al., 2016). Vertical track stiffness (vertical 

track load divided by track deflection) is a fundamental parameter of track design that influences 

the bearing capacity dynamic behaviour of passing vehicles, specifically track geometry quality 

and track components life (Cai et al., 1994; Lundqvist and Dahlberg, 2010). Since the track 

stiffness can significantly impact the magnitude of dynamic load and vertical geometrical defects 
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(longitudinal level and corrugation/roughness), this parameter can provide further information 

about the scheduling of corrective and preventive maintenance actions (Cai et al., 1994; Selig and 

Li, 1994; Lundqvist and Dahlberg, 2010). Selig and Li (1994) showed that the significant 

contribution of track stiffness is from the subgrade conditions.  

High and low track stiffness have their pros and cons. Relatively high track stiffness is beneficial 

since it can provide sufficient track resistance to applied loads and decrease track deflection 

(reduce track deterioration). While excessively high stiffness can lead to excessive vibration, 

fatigue, and fracture, low track modulus may lead to large deformations that increase maintenance 

activities. Significant variations in track modulus (e.g., transition zones) can increase dynamic 

loading (Read et al., 1994; Selig and Li, 1994; Zarembski and Palese, 2003). Heelis et al. (1999) 

suggested that a track with high and consistent modulus will allow for higher train speeds and 

increase performance and revenue. However, Powrie and Le Pen (2016) demonstrated that while 

high track stiffness reduces track displacements and rail bending stresses, it also concentrates loads 

on fewer sleepers, highlighting the need for optimized track stiffness to balance performance and 

maintenance requirements. 

Designing and constructing a railway foundation on peat and organic soils presents a heightened 

challenge for geotechnical engineers (Hendry, 2011; Ibrahim et al., 2014). Muskeg, characterized 

by peat, poses a distinct challenge for railway foundations, particularly within the Canadian rail 

network. The prevailing perspective in geotechnical engineering suggests avoiding muskeg as a 

foundation material whenever possible. However, due to the extensive muskeg-covered terrain in 

Canada, avoidance is not always feasible, especially for continuous linear structures like railways 

(Hendry and Roghani, 2015). Muskeg exhibits significant deformations under loading, with 
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observations of track displacements exceeding 25 mm (1 in) from cyclic train loading. The 

assessment of structural stability on this type of soil also proves to be an intricate challenge. 

2.4.2. Measurement technologies for vertical track deflection 

The railway industry employs various systems for measuring vertical track deflection (VTD). 

These methods mainly aim to evaluate the railway line’s potential for accommodating increases in 

axle load or traffic levels. These measurement approaches are categorized into two groups: 

standstill and continuous methods. Standstill methods involve measurements taken at specific 

locations, requiring the measurement system to stop to take measurements. In contrast, continuous 

methods allow continuous measurement of VTD while the system moves along the track. 

Standstill techniques have historically seen broader usage, whereas rolling measurement methods 

have been more recently devised and continue to be a subject of ongoing research (Berggren et al., 

2008). In standstill methodologies, the stiffness of a track segment is computed by installing 

transducers or accelerometers on either the ties and rails and monitoring their response to a known 

load. Various techniques, including the falling weight deflectometer (FWD) and the impact 

hammer, have been developed based on static loads (Zarembski and Choros, 1979; Kerr, 1983; 

Ebersohn and Selig, 1994; Read et al., 1994), and they are classified as standstill devices for 

measuring track stiffness. The FWD is commonly utilized to evaluate the stiffness of the track 

structure, excluding the rails. This apparatus involves a mass dropped from a predetermined height 

onto rubber buffers affixed to a footplate (Burrow et al., 2007). 

The continual assessment of track support across extensive distances holds significant potential as 

a valuable addition to the maintenance tools accessible to railway personnel (Sussman et al., 2001; 

Ebersöhn et al., 1993; Carr, 1999). Continuous methods allow measuring the stiffness while 

moving along the track, such as TTCI’s track loading vehicle (TLV) (Li et al., 2004; FRA, 2004; 



33 

 

Norman et al., 2004), vibrating masses (Wangqing et al., 1997; Berggren et al., 2002), and MRail 

rolling deflection. The latter approach is being developed and tested for use on North American 

railroads (Zarembski and Choros, 1979; Kerr, 1983; Ebersohn and Selig, 1994; Read et al., 1994; 

Sussman et al., 2001; Berggren et al., 2002; Li et al., 2002; Li et al., 2004; Norman et al., 2004; 

Arnold et al., 2006; Berggren, 2009). The Transportation Technology Center Inc. (TTCI) 

developed the TLV for continuous track stiffness measurement to enhance track maintenance 

efficiency and railroad operations’ safety (Thompson et al., 2001; Li et al., 2002, 2004). The 

measurement approach involves one instrumented coach (the TLV) and an additional empty tanker 

car for measuring the unloaded vertical rail profile. The coach axle is capable of bearing a load 

ranging from 4 to 245 kN (1 to 55 kip), while the tanker car (acting as the reference axle) applies 

loads from 0 to 13 kN (0 to 3 kip). Laser-based systems on each vehicle measure track deflections 

in response to the applied loads. 

2.4.3. University of Nebraska rolling deflection system (MRail) 

In a collaborative effort with the Federal Railroad Administration, the University of Nebraska at 

Lincoln (UNL) has devised a continuous track vertical deflection measurement system (Norman, 

2004; Norman et al., 2004; McVey et al., 2005; Farritor, 2006; McVey, 2006; Arnold et al., 2006; 

Greisen, 2010; Farritor and Fateh, 2013). This system is employed in the present research to 

measure vertical track deflections (VTD) and is known as the MRail system. The original 

configuration of the MRail system comprises two enclosures positioned over the rails on either 

side of the car, each equipped with two-line lasers and cameras (as shown in Figure 2-4). 

The implemented MRail system measured the relative deflection (Yrel) between the rail surface and 

the rail-wheel contact plane at a distance of 1.22 m (4 ft) from the nearest wheel to the sensor 

system (Figure 2-4a). This system included two-line lasers and a camera attached to a rigid bracket 
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(Figure 2-4b). Since the distance between the wheel/rail contact plane and the camera (h + Yrel) 

was always constant due to the rigidity of the bracket, Yrel was calculated by subtracting (h) from 

(h + Yrel) (Norman et al., 2004; Lu, 2008). Figure 2-4c shows a newer system implemented in this 

study that uses one laser beam to shine a line on the head of the rail at the camera’s field of view 

(Roghani and Hendry, 2017; Roghani et al., 2015). The only difference between the old and the 

new system is the method used to calculate the distance between the rail surface and the camera 

(h). The obtained datasets include latitude and longitude coordinates of measurements, the 

calculated milepost (MP), and Yrel values for both the right and left rail at intervals of 0.305 meters 

(1 ft.). The field data analyses have represented the ability of the system to map the relative 

stiffness of the subgrade (Roghani and Hendry, 2016; Roghani et al., 2015; 2017). Previous studies 

showed the correlation between the statistical properties of Yrel data (i.e., average and standard 

deviation) and track structural performance (Roghani and Hendry, 2016; Roghani et al., 2015; 

2017). Numerous studies have indicated the consistency and repeatability of MRail measurements 

(Norman, 2004; McVey, 2006; Hendry and Roghani, 2015). Anomalies occur in the positions of 

defects and joints, increasing up to 25% as train speed rises. This rise is attributed to increased 

train dynamics (Lu, 2008; Griesen, 2010). 

2.4.4. Quantifying track subgrade stiffness 

Roghani and Hendry (2016) introduced a methodology for quantifying track subgrade stiffness 

(VTDsub) through the application of a moving average to filter MRail measurements (VTD) 

(Equation 2-15). The resulting VTDsub value predominantly represents vertical track deflection 

attributable to subgrade conditions. In Equation 2-15, the parameter L (in meters) signifies a crucial 

threshold length that governs the filtering process, aiming to eliminate lower wavelengths caused 

by surface imperfections such as rail profile changes and joints. An appropriate resolution (L) 
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selection depends on the specific dimensions of the features under study. Roghani and Hendry 

(2016) emphasized that opting for L=20 m yields the highest precision when assessing subgrade 

characteristics. 
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Figure 2-4. Schematic of the MRail system for measuring the relative VTD (Yrel); (a) original system; (b) 

sensor system; (c) new MRail system (after Do et al., 2020; and Roghani and Hendry, 2015; photo credit 

Hendry, 2014). 

This filtering method provided the maximum resolution of subgrade features while minimizing the 

influence of track surface conditions. The conversion of MRail measurements (VTD or Yrel) to 

subgrade track stiffness (VTDsub) was validated using a comprehensive 3D finite element model 

and multiple field validation methods, including comparisons with known subgrade conditions and 

other investigative techniques like Ground Penetrating Radar surveys. The validation 

demonstrated that the conversion method offers a reliable representation of subgrade stiffness, 

suitable for practical applications in railway engineering and maintenance planning (Fallah Nafari 
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et al., 2018a, b; Judge et al., 2018; Roghani and Hendry, 2017). Hence, this approach allows for a 

more accurate assessment of subgrade stiffness over extensive track lengths, enabling further 

investigation into the impact of track modulus and its variation on track geometry performance. 

Furthermore, Roghani and Hendry (2017) introduced a method for quantifying changes in VTDsub, 

designated as ∆VTDsub. ∆VTDsub is calculated by assessing the slope of VTDsub concerning 

distance, serving as a transparent and straightforward metric. The computation of ∆VTDsub entails 

determining the absolute value of the secant slope of VTDsub, with distance (d) representing the 

track length over which this slope is evaluated (Equation 2-2). In line with the applied approach 

and filtering procedures for VTD measurements, Roghani and Hendry (2017) proposed the 

adoption of a fixed d value set at 20 meters to maintain methodological consistency in the analysis. 
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3. Railway Dynamic Load Factors Developed from Instrumented Wheelset 

Measurements  

3.1. Contribution of the Ph.D. candidate 

All the work presented in this chapter, including the data processing, review of literature, analysis, 

discussion of the results, and writing of the text, is carried out by the Ph.D. candidate. As a 

supervisor, Dr. M.T. Hendry has reviewed all parts of the work. This chapter has been published 

with the following citation:  

Behnia, D., Hendry, M. T., Haji Abdulrazagh, P., & Wahba, A. (2022). “Railway Dynamic Load 

Factors Developed from Instrumented Wheelset Measurements.” Journal of Transportation 

Engineering, Part A: Systems, 148(7), 04022042. 

3.2. Abstract 

Dynamic load factors (𝜙) relate the magnitude of vertical wheel-to-rail loads in operation 

(dynamic loads) to static loads resulting from the weight of the rail car and its contents, as a 

function of train speed. The 𝜙 equations are often used in the selection of rail steel and cross-

sections (weight). Equations for 𝜙 have been put forth by the American Railway Engineering and 

Maintenance-of Way Association (AREMA) and others. A limitation of the existing 𝜙 equations 

is that they have been derived from loads measured at instrumented sections of track and observe 

the many wheel loads but with constant track conditions. For this study, measurements of dynamic 

loads from two instrumented wheelset (IWS) as it conducted four passes over a 340 km section of 

track operated by a North American Class 1 freight railway through the Canadian Prairies. These 

measurements provided dynamic loads from one loaded freight car over various track structures 

at differing train speeds. This paper presents the IWS data sets and the variation of dynamic loads 

between multiple passes of the section of track studied, and the statistical distribution of dynamic 
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loads. New 𝜙 equations are developed for tangent track and nontangent track (inclusive of bridges, 

grade crossings, curves, and switches).  

3.3. Introduction 

Rail breaks and failures of rail components are the most frequent causes of derailment in Canada 

(Leishman et al., 2017); the resulting derailments occur at higher train speeds, on average, than 

other derailment causes and thus are higher energy, result in a greater number of derailed cars, and 

have a greater potential to result in the release the contents of rail cars (Leishman et al., 2017). In 

light of continuing rail failures, it is worth revisiting the understanding of the magnitude of loads 

that the rail is subjected to.  

The dynamic load factor (𝜙) is the ratio of the vertical wheel-to-rail loads from a moving railway 

vehicle (dynamic loads, Pd) to static loads (Ps) resulting from the weight of the rail car and its 

contents (Equation 3-1) (Van Dyke et al., 2017), often developed as a function of train speed. 

These equations for 𝜙, and the evaluated dynamics loads, are often used in the design of track 

structures or the selection of rail steel and cross-sections (weight) (Peters, 2010; Sadeghi, 2012; 

AREMA 2021). Examples of equations for the upper envelope of 𝜙 and dynamic loads for freight 

railways are presented in Table 3-1, and the variables for these equations are defined within Table 

3-2. The dynamic load factors for passenger lines are presented in the Appendix A. These 

equations range from relatively simple linear functions of train speed to more complex functions 

that include parameters such as wheel diameters, track modulus, and empirical factors 

𝑃𝑑 = 𝜙𝑃𝑠  Equation 3-1 

A limitation of the existing 𝜙 equations is that they have been derived from measured dynamic 

loads from trains as they pass over an instrumented section of track (Dybala and Radkowski, 2013; 

Van Dyk et al., 2017; Yu and Hendry, 2019). For example, the development of a relationship 
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between 𝜙 and train speed developed for the North American freight operations by Van Dyk et al. 

(2017) was derived from wheel impact load detector (WILD) data. While dynamic loads measured 

from instrumented track capture the range of loads from differing rolling stock types (locomotives, 

and variety of cars), axle loads, and wheel conditions it is limited to a single configuration of track 

that is often well-supported and well-maintained tangent track, which is unlikely to be 

representative of either the average or worst-case conditions for the generation of dynamic loads 

(Van Dyk et al., 2017).  

Table 3-1. Summary of the dynamic load factor (𝜙) equations presented in literature for freight railways. 

Expression for 𝜙 Reference 

1 + 𝛼 + 𝛽 + 𝛾  ORE; Birmann (1965) 

1 + 5.21
𝑆

𝐷
  AREMA (2021) 

1.099 + 0.00621𝑆  Van Dyk et al. (2017) 

1 + 0.00466𝑆  Peters (2010); used by track operator 

Table 3-2. Definitions of variables used in Table 3-1. 

Variable Definition 

S Train speed (km/h) 

D Wheel diameter (mm) 

𝛼, 𝛽, 𝛾  Empirical coefficients derived from train 

speed, vehicle, and other track parameters  

In this paper, data from an instrumented wheelset (IWS) that measures vertical dynamic loads and 

other forces while moving was used to take measurements along a 340 km section of a North 

American Class 1 freight railway line. These measurements are limited to dynamic loads from a 

single car and suspension type, wheel diameter, and static load; they do provide dynamic loads 

generated from the range of track conditions, track assets (bridges, grade crossings, curves, and 

switches), and operational train speeds encountered on a Class 1 freight railway main line.  

This paper presents the IWS data sets and the variation of dynamic loads between multiple passes 

of the section of track studied, the statistical distribution of dynamic loads, a comparison of 𝜙 

derived from the IWS measurements to others for North American freight railways (Peters, 2010; 
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Van Dyk et al., 2017; AREMA, 2021). The 𝜙 are evaluated versus train speed for differing track 

conditions and track assets (tangent, curved, bridges, grade crossings, and switches) develop 𝜙 

equations. The data is also tabulated to provide 𝜙 values representative of the loading conditions 

generated within the range of speeds permissible on North American classes of track (1 through 

4). To the best of the authors’ knowledge, this is the first published 𝜙 derived from the IWS 

measurements on a Class 1 North American freight railway.  

3.4. Materials and methods 

The IWS data collection was conducted as part of a larger investigation on track performance that 

included the instrumentation of a 15.8 m (52 ft.) gondola car (Roghani et al., 2015, 2016, 2017a, 

b; Fallah Nafari et al., 2018a, b). The car was loaded with gravel to a total weight of 1,175 kN (264 

kips). One end of the instrumented car was fitted with two IWS, each of which consist of one axle 

with two-wheel plates (Figure 3-1). Each IWS wheel plate is 915 mm (36 in.) diameter Class F 

and instrumented with 16 full-bridge Wheatstone strain gauge circuits, which are interpreted to 

forces applied to the wheels from the rail and resolve these forces into vertical, lateral, and traction 

forces for each of the four wheels (only vertical forces, i.e., dynamic loads are presented within 

this paper) (Woelfle, 2016). The IWS was measured at a 200 Hz frequency and filtered with a 20 

Hz low-pass filter was applied to the data during acquisition (Higgins et al., 1992; Bracciali, 2014; 

Cakdi, 2015; Barbosa, 2016; Ren and Chen, 2019). The latitude, longitude, time, and speed for 

each measurement was determined with a Garmin GPS18X global positioning system (GPS).  

Each wheel of the IWS was calibrated individually in the laboratory before installation. Accuracy 

of the load measurements from the IWS are not provided with the instruments; however, the end 

of the car with the IWS had a static load of 576.2 kN measured by a scale after the installation of 

the IWS system, and this compares very favorably with the sum of the static loads from the four 
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IWS wheels at 574.6 kN, a difference of 0.3%. The wheels had very little wear and were free of 

defects that would increase dynamic loads.  

 
Figure 3-1. Photograph of the instrumented wheelset (IWS) installed on the Gondola railcar to collect the 

data used for this study. Wheatstone bridge strain gauges and connectors covered in epoxy coating visible 

in the photograph. (Image by Michael T. Hendry.) 

The section of track included in this study is operated by a Class 1 railway and is part of a high 

traffic subdivision [>50 Gross million tonne (GMT)/year] through the Canadian Prairies. The 

studied section of track includes 30 bridges and overpasses, 50 switches, more than 100 grade 

crossings and approximately 83 km of curves. The rail is continuously welded and is supported 

primarily by concrete ties.  

The IWS data used in this study was recorded over four passes of the study site, two in each 

direction, between July 2015 and August 2015, with maximum train speeds of 95 km/h. The passes 

were conducted with the car in revenue service (inserted within a freight train), thus without control 

over the type or weight of adjacent cars, or of the speed of travel. These limitations are common 

when conducting measurements on the track of a Class 1 North American freight railway. In total, 
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the data base collected and evaluated within this study consisted of more than 56 × 106 vertical 

dynamic load measurements. 

3.5. Presentation of results 

Examples of the resulting data are presented in Figure 3-2 for an 800 m section of track that 

includes a switch, grade crossing, and a relatively short bridge (Figure 3-2a). This includes four 

passes of the instrumented car, two at slower speeds (24 and 50 km/h) in the west-bound direction 

(Figure 3-2b), and two at higher speeds (77 and 88 km/h) in the eastbound direction (Figure 3-2c). 

The track features (switch, crossing, and bridge) initiate oscillations in dynamic loads that are 

clearly evident for the higher speed passes (Figure 3-2c). The magnitudes and pattern of dynamic 

loads are also remarkably similar and repeatable between the two higher speed passes in the same 

direction (Figure 3-2c).  

The distribution of the magnitude of measured vertical dynamic loads by track type (tangent and 

curve) and features (switch, crossing, and bridge) are presented in Figure 3-3. This distribution 

was developed from all four IWS wheels and all four passes. There is a large disparity in the 

amount of data collected on each type of track, where tangent track comprised 69.9% of the 

measured data, curves comprised 24.7%, bridges comprised 1.6%, grade crossings comprised 

2.2%, and switches comprised 1.6%. The statistical values that represent this distribution are 

presented in Table 3-3. These distributions are normal in nature and have mean and median 

values that are very close to the static load (144 kN) (Table 3-3). Tangent track has the narrowest 

distribution and thus the least number of extreme values (Figure 3-3a); this is followed by the 

curved track and bridges with very similar distributions (Figure 3-3b), and grade crossings and 

switches, also with very similar distributions. The largest measured dynamic loads are measured 

on tangent track; however, the authors attribute this disproportionately greater data collection on 
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tangent track. The highest 99.9th percentile dynamic vertical load occurs for switches, which is 

attributed the presence of the switch point. 

 
Figure 3-2. Example vertical load data from the IWS system including tangent track, a switch, a grade 

crossing, and a short bridge (steel span). These data are presented as (a) a satellite image of the section of 

track (image © Google, Image © 2022 CNES/Airbus); (b) measurements from two slower moving west-

bound trains; and (c) measurements from two faster moving east-bound trains. 

Table 3-3. Statistical measures from probability distributions of dynamic vertical load measurements 

from the IWSs. 

Track type μ (kN) Median (kN) σ (kN) Maximum (kN) 99.9th (kN) 

All 143.9 144.1 11.3 384.4 177.9 

Tangent track 143.9 144.2 10.9 384.4 176.5 

Curved section 143.7 143.6 12.2 292.8 180.2 

Bridge 144.6 144.6 12.4 288.9 181.9 

Grade crossing 144.2 144.1 13.1 264.2 183.4 

Switch 144.1 144.1 14.4 302.5 187.2 

Note: Data includes all four instrumented wheels, ad all four passes; μ= mean; σ=standard 

deviation; and 99th= 99.9th percentile 
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Figure 3-3. Probability distributions of vertical load measurements from the IWS: (a) on tangent track, 

grade crossings, and switches; and (b) on curves and bridges. Note that data includes all four instrumented 

wheels, and all four passes. 

3.6. Discussion 

The 𝜙 equations are generated using the upper envelope of measured dynamic loads, such that 

they can be used as design loads. Using the maximum measured dynamic loads from the IWS 

system results in very high 𝜙 values (>2.6), significantly higher than predicted by any of the other 

𝜙 equations (a Grubbs’ value (G) at which μ is the mean value of the sample, σ is the standard 

deviation, xi is the value of the ith element of the data set (Equation 3-2)  

𝐺 =
𝑚𝑎𝑥𝑖=1,...,𝑛|𝑥𝑖 − 𝜇|

𝜎⁄   Equation 3-2 

Figure 3-4 presents the 𝜙 derived from the IWS measurements over tangent track, evaluated for 5 

km/h increments for the maximum measured dynamic loads (inclusive of outliers), the 99.9th 

percentile value, and G from the Grubbs’ test. The 𝜙 values in Figure 3-4 are compared to Equation 

3-3 from AREMA (2021) and evaluated with the diameter of the IWS wheel, and Equation 3-4 

from Van Dyk et al. (2017)  

1 + 5.21
𝑆

𝐷
  Equation 3-3 

1.099 + 0.00621𝑆  Equation 3-4 
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From Figure 3-4 the 𝜙 evaluated from the Grubbs’ test for the removal of outliers consistently 

increases with increasing speed, whereas the 𝜙 evaluated from the 99.9th percentile is more 

variable. Also from Figure 3-4, the AREMA (2021) equation (Equation 3-3) provides a close 

representation of the 𝜙 derived from the Grubbs’ test applied to IWS data from tangent track and 

train speeds in excess of 60 km/h. Equation 3-3 increasingly underestimates 𝜙 with decreasing 

train speed below 60 km/h, approaching an underestimation of 0.2 below 5 km/h. The 𝜙 versus 

train speed plots similar to Figure 3-4 were also generated for curved track (Figure 3-5), bridges 

(Figure 3-6), grade crossings (Figure 3-7), and switches (Figure 3-8), with poor representation by 

Equation 3-3, which significantly underestimates the magnitude of dynamic loads on nontangent 

track. The data contained within each 5 km/h increment plotted in Figures 3-4, 3-5, 3-6, 3-7, 3-8, 

and 3-9 is normally distributed with a mean and median value at 𝜙 = 1.0 (at static load). The trend 

in the σ is illustrated Figures 3-4, 3-5, 3-6, 3-7, 3-8, and 3-9 as the 99th percentile magnitudes as 

this is 3σ. Qualitatively, Figure 3-4 shows a strong consistent relationship between train speed and 

𝜙, suggesting a high reliability of 𝜙 threshold value, where each 5 km/h increment consisted of 

more than 6 × 106 data points. The trends became less consistent, implying a lower reliability of 

𝜙 threshold value, when the number of data point were below 4 × 104; for example, Figure 3-6 for 

speeds <30 km/h.  

A quadratic equation fit to the 𝜙 values for tangent track derived using the Grubbs’ test, as a 

function of train speed, and is presented subsequently as Equation 3-5. Thus, Equation 3-5 defines 

the range of 𝜙 that tangent track may experience in service. Equation 3-5 provides a close fit with 

an R2 value of 0.97 also evident in Figure 3-4. Equations developed for the other track types 

provided much poorer fits, the authors propose that the lesser amount of data at some speeds 

resulted in a greater variability. However, due to the similar statistical distributions of the 
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measurements collected for grade crossings, switches, curves, and bridges in Figure 3-3, all of 

these nontangent track data were grouped together and plotted in Figure 3-9, and a quadratic 

equation fit to 𝜙 values derived using the Grubbs’ test was generated (Equation 3-6). Equation 3-

6 provides a close fit with an R2 value of 0.91 also evident in Figure 3-9. Thus, Equation 3-6 

defines the range of 𝜙 that nontangent track may experience in service  

𝜙𝑇𝑎𝑛 = 3 × 10−5𝑆2 + 1.4 × 10−3𝑆 + 1.19  Equation 3-5 

𝜙𝑁𝑇𝑎𝑛 = 3 × 10−5𝑆2 + 2.5 × 10−3𝑆 + 1.27  Equation 3-6 

 
Figure 3-4. IWS measurements from tangent track as (a) dynamic load factor (𝜙) for 5 km/h increments 

of train speed; and (b) the number of measurements used to develop the 𝜙 for each increment of train 

speed. 

 
Figure 3-5. IWS measurements from curves as (a) dynamic load factor (𝜙) for 5 km/h increments of train 

speed; and (b) the number of measurements used to develop the 𝜙 for each increment of train speed. 
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Figure 3-6. IWS measurements from bridges as (a) dynamic load factor (𝜙) for 5 km/h increments of 

train speed; and (b) the number of measurements used to develop the 𝜙 for each increment of train speed. 

 
Figure 3-7. IWS measurements from grade crossings as (a) dynamic load factor (𝜙) for 5 km/h 

increments of train speed; and (b) the number of measurements used to develop the 𝜙 for each increment 

of train speed. 

 
Figure 3-8. IWS measurements from switches as (a) dynamic load factor (𝜙) for 5 km/h increments of 

train speed; and (b) the number of measurements used to develop the 𝜙 for each increment of train speed. 

Table 3-4. Dynamic load factors (𝜙) derived from the Grubb’s test values from the IWS data up to the 

maximum allowable freight train speed within each North American class of track 

Class 

Max. 

Speed km/h 

(mph) 

AREMA 

(Equation 3-12) 
Tangent Curve Bridge 

Grade 

Crossing 
Switch 

All non- 

Tangent 

1 16 (10) 1.09 1.22 1.17 1.32 1.18 1.36 1.36 

2 40 (25) 1.23 1.28 1.41 1.32 1.34 1.36 1.41 

3 64 (40) 1.36 1.37 1.44 1.43 1.46 1.54 1.54 

4 97 (60) 1.55 1.55 1.54 1.66 1.65 1.73 1.73 
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Figure 3-9. IWS measurements from nontangent track (inclusive of curves, bridges, grade crossings, and 

switches) as (a) dynamic load factor (𝜙) for 5 km/h increments of train speed; and (b) the number of 

measurements used to develop the 𝜙 for each increment of train speed. 

As an alternative, and arguably more useful, presentation of 𝜙 the data was re-evaluated over the 

ranges of permissible train speeds within a given class of track (e.g., Class 2 track allows for train 

speeds from 0 to 40 km/h) for each track type and presented within Table 3-4. The values in Table 

3-4 then define the range of 𝜙 that class of track may experience in service.  

The IWS data and the presentation of the data within Figures 3-4, 3-5, 3-6, 3-7, 3-8, and 3-9 

provide a measure of 𝜙 as a function of speed. As the IWS wheelsets are of very low wear and 

free of defects, the dynamic loads measured from the IWS are a result of speed, the variation of 

track conditions and the dynamic characteristics of the car. Thus, as evident in the magnitudes of 

maximum 𝜙 and Equations 3-5 and 3-6 that define the range of 𝜙 that track may be subjected to, 

that the effect of track conditions is clearly substantial and exceed previous estimates [as provided 

by AREMA (2021)].  

These measurements differ significantly from the data obtained from the measurements of 

instrumented track [such as those presented in Van Dyk et al. (2017) from WILD sites] in that 

those results were representative of the loads caused by different locomotives and car types, and 

differing conditions of wheels on a consistent track section; whereas the results presented within 

this paper are primarily a result of different track conditions encountered by the IWS system. The 

authors propose that the two studies are complementary; that neither the data obtained from the 
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measurements of instrumented track or within this study wholly represent the dynamic loads 

imparted on the rails; the combined effect is anticipated to further increase the range of 𝜙; and 

future studies should combine these two measurement types.  

3.7. Conclusion 

This study analysed dynamic loads, in terms of 𝜙, derived from data collected from IWS. This 

differs from past studies that have relied on instrumented sections of track. The instrumented 

sections of track capturing the magnitudes of dynamic loads from all car types and conditions that 

pass over the site, but under constant track conditions. The IWS provided measurements of 

dynamics loads under constant car type and conditions, but on the variety of track conditions found 

over 340 km of in-service track. The results of this study demonstrated that the impact of track 

conditions is significant, resulting in ranges of dynamic loads and 𝜙 that track may experience 

well in excess of that provided by common means of estimating, especially for nontangent track 

(inclusive of curves, switches, crossings and bridges). Equations of 𝜙 as a function of speed 

(Equations 3-5 and 3-6) were developed to quantify this range. However, the authors propose that 

further work is yet required to develop ranges of dynamic loads and 𝜙 that incorporate both track 

conditions and variations in car type and condition.  
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4. Quantifying the Impact of Rail Profile Changes on the Magnitude of 

Dynamic Loads through Instrumented Wheelset Measurements 

4.1. Contribution of the Ph.D. candidate 

All of the work presented in this chapter was performed by the Ph.D. candidate, including literature 

review, data modelling, processing, analysis, and interpretation, as well as manuscript preparation. 

As a supervisor, Dr. M.T. Hendry, reviewed all parts of the work. This chapter is submitted 

(March, 2024) for publication in the Journal of Vehicle System Dynamics: 

Behnia, D., and Hendry, M.T. (2024). “Quantifying the impact of rail profile changes on the 

magnitude of dynamic loads through instrumented wheelset measurements.”  Journal of Vehicle 

System Dynamics (Taylor & Francis). 

4.2. Abstract 

Track geometry significantly influences train-track dynamic interactions, primarily due to 

irregularities at the wheel-rail interface. These irregularities generate dynamic load excitations, 

leading to defects and damage. This study evaluates how track surface longitudinal level vertical 

changes affect vertical wheel-to-rail loads, quantified by the dynamic load factor (𝜙), due to the 

importance of 𝜙 in track design. A limitation of the existing studies is their focus on instrumented 

sections and numerical modellings without considering different track structures. This study 

conducted dynamic load measurements using two instrumented wheelsets (IWS) over a 340 km 

section operated by a North American Class 1 freight railway in the Canadian Prairies under 

various track structures and train speeds. Rail profile measurements were obtained as routine 

measurements through a track geometry car. The paper presents statistical distributions of rail 

profile characteristics across different track structures and evaluates two widely used and recently 

developed 𝜙 equations within the context of North American freight railways to quantify the 
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impact of rail surface changes on dynamic load magnitudes. The study also evaluates regulated 

threshold values by considering observed trends in the measured data, which aims to quantify and 

compare these values with our current understanding. 

4.3. Introduction 

The occurrence of derailments brings about notable financial burdens and substantial service 

disturbances (Wang and Li, 2012). The primary causes of derailments in Canada are rail breaks 

and track component failures (Leishman et al., 2017). These derailments occur at higher speeds 

than those resulting from other causes, contributing to increased energy levels, a more significant 

number of derailed cars, and a heightened risk of releasing the contents of rail cars (Leishman et 

al., 2017). Given the continuing occurrences of rail failures, it is crucial to revisit our understanding 

of the intensity of loads experienced by the rail.   

One of the major influential factors in variability and increasing train-track dynamic interactions 

is track geometry (Sussman et al., 2001; Lundqvist and Dahlberg, 2005; Dahlberg, 2010). The 

majority of dynamic excitations experienced by the track and vehicle are attributed to irregularities 

at the wheel-rail interface (Lestoille et al., 2016; Panunzio et al., 2017; Dingqing and Selig, 2018; 

Milne et al., 2021). Track surface irregularities are pivotal in generating these load excitations 

(Karttunen et al., 2012; Andersson et al., 2015). These dynamic load excitations can lead to many 

defects with different damage mechanisms (Nielsen et al., 2003; Naeimi et al., 2015) and are 

considered a significant concern for railway companies due to safety issues (Dingqing and Selig, 

2018). Wear, cyclic plasticity, and rolling contact fatigue (RCF) represent the primary mechanisms 

of damage observed on both wheels and rails, potentially leading to the occurrence of rail breaks 

(Johnson, 1989; Asplund and Soderstrom, 2022; Maglio et al., 2024).  
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Many design guidelines for track components in North America incorporate historical wheel loads 

and various evaluation factors (Van Dyk et al., 2017). Several factors influence the actual load 

imparted into the track structure from the car body. A dynamic load factor (𝜙) is applied in designs 

for a more accurate load estimation. The 𝜙 is defined as the ratio of dynamic wheel-to-rail loads 

(Pd) from a moving vehicle at the wheel-rail interface to the static load (Ps) caused by the vehicle's 

weight and its contents [Equation (1)] (Van Dyk et al., 2017). Equations for the dynamic load 

factor, 𝜙, and the associated dynamic loads are commonly applied in the design of track structures 

and in selecting appropriate rail steel and cross-section (weights) (Peters, 2010; Sadeghi, 2012; 

AREMA, 2021). 

s

d

P

P
=

 
(1) 

Existing understanding of the impact of rail profile (also referred to as the rail surface or 

longitudinal level of the rail) changes on dynamic load magnitudes is limited, as it primarily 

focuses on specific track sections, known as instrumented sections (Tong et al., 1979; Sun et al., 

2004; Nemeth and Schleinzer, 2008; Zhao and Li, 2012; Agh, 2023), or relies on numerical 

analysis (Dimasi and Weinstock, 1978; El-Sibaie, 2000; Karttunen et al., 2012; Wang and Li, 

2012; Andersson et al., 2015; Naeimi et al., 2015; Dung et al., 2022; Zhang et al., 2024). 

Instrumented sections can capture a range of loads from different types of rolling stock (such as 

locomotives and various cars), wheel conditions, and axle loads. However, these sections typically 

represent a single configuration of track, often well-supported and well-maintained, which is 

unlikely to represent average or worst-case conditions for dynamic load generation (Behnia et al., 

2022).  

This investigation was conducted based on 𝜙 value as a representative of the magnitude of 

dynamic train-track interaction, which plays a crucial role in the design process. The 𝜙 values and 
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rail profile changes were derived from measurements of an instrumented wheelset (IWS) and a 

track geometry car. These measurements were collected along a 340 km section of a Class 1 freight 

railway line in North America, encompassing a variety of track structures such as tangent tracks, 

curves, grade crossings, bridges, and switches. Dynamic load measurements are limited to a single 

car and suspension type, wheel diameter, static load, and the range of operational train speeds 

experienced on a Class 1 freight railway main line. According to the significant impact of rail 

profile changes on wheel-rail dynamic interactions, track geometry data are limited to rail profile 

records. 

This paper comprehensively evaluates how rail profile changes affect the dynamic loads on Class 

1 North American freight railways. The study compares 𝜙 values obtained from IWS 

measurements with established standards (AREMA, 2021) and recent findings (Behnia et al., 

2022), evaluating their implications for rail profile conditions (Table 4-1). Surfaces have also been 

fitted over the data to quantify the influence of rail profile changes and train speeds on 𝜙. The data 

are also tabulated to provide 𝜙 values representative of the loading conditions generated within 

the range of speeds permissible on North American classes of track (1 through 4) and regulated 

threshold values for rail profile changes regarding the estimated values. 

Table 4-1. Dynamic load factor (𝜙) equations for North American freight railways. 

Expression for 𝜙 Equation Reference 

 
D

S
AREMA 21.51+=  (4-2) (AREMA 2021) 

 19.1104.1103 325

. ++= −− STan

aletBehnia (for tangent track) (4-3) (Behnia et al. 

2022)  27.1105.2103 35

. ++= −−NTan

aletBehnia   (for non-tangent track) (4-4) 

Note: (S): Train speed (km/h); (D): wheel diameter (mm). 

 

4.4. Measured datasets 

This study utilizes two datasets, one representing dynamic loads at the wheel-rail interface and the 

other capturing track surface longitudinal-level geometry. The latter was measured using a track 
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geometry car, while the former was recorded via the IWS system. The investigation focuses on a 

high-traffic subdivision operated by a Class 1 railway, with an annual gross tonnage (GMT) 

exceeding 50 million tons, traversing the Canadian Prairies. The rail is continuously welded in the 

studied section, predominantly supported by concrete ties. This section includes 30 bridges, 50 

switches, over 100 grade crossings, and approximately 83 km of curves. Since the track traverses 

diverse surface geologies, it likely requires varying curve radii to adapt to the terrain (Scanlan, 

2018). Mainline railroads typically feature curves ranging from 1 to 2 degrees, with sharper curves 

of 5 to 10 degrees in mountainous or challenging terrain (AREMA, 2021). 

4.4.1. Dynamic load measurements 

As part of a comprehensive track performance study, data were collected using the IWS installed 

on a 15.8 m (52 ft) gondola car (Roghani and Hendry, 2016, 2017; Roghani et al., 2017; Fallah 

Nafari et al., 2018a, b; Behnia et al., 2022). The car was equipped with two IWSs, each consisting 

of an axle with two Class F wheel plates of 915 mm (36 in.) diameter (Figure 4-1). Each wheel 

plate was equipped with 16 full-bridge Wheatstone strain gauge circuits, interpreting the rail forces 

on the wheels into vertical, lateral, and traction forces for each wheel (only vertical forces, i.e., 

dynamic loads are presented within this investigation). In practice, a minimum value of 200 Hz is 

recommended to capture the essential dynamics of the wheelset (Bracciali et al, 2014). However, 

according to Shannon’s theorem, anti-aliasing and practical constraints often compromise ideal 

sampling rates and data quality. Consequently, lower rates are frequently used due to limitations 

in data processing and storage (Pires et al., 2021; Salvador et al., 2016; Ahlbeck et al., 1980). Low-

pass filtering also positively affects anti-aliasing (Bracciali et al, 2014). The IWS measurements 

were taken at a 200 Hz frequency and subjected to a 20 Hz low-pass filter (Woelfle, 2016).  

A Garmin GPS18X global positioning system (GPS) was used to record each measurement's 
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latitude, longitude, time, and speed. Prior to installation, each IWS wheel was calibrated in the lab. 

The IWS system is a high-precision device for measuring wheel-rail forces. Its test accuracy is 

typically maintained within 5% during bench calibration and line verification processes (Wu et al., 

2023; Higgns et al., 1992). Behnia et al. (2022) also demonstrated the accuracy and repeatability 

of IWS measurements across different runs and directions. The accuracy of the IWS measurements 

was evaluated by comparing the static load measured by scale (576.2 kN) with that measured by 

IWS (574.6 kN), revealing a negligible discrepancy of 0.3%. The wheels had minimal wear and 

were free of defects that could amplify dynamic loads. The IWS data were recorded between July 

2015 and August 2015, encompassing four passes of the study site (two in each direction), with a 

maximum train speed of 95 km/h (59 mph). As the study was conducted during revenue service, 

the measurements were taken without control over the type or weight of adjacent cars or travel 

speed. This study's collected and evaluated vertical dynamic load included more than 56×106 

measurements. 

 

Figure 4-1.Photograph of the IWS system installed on a car used to collect data on the magnitude of 

dynamic loads along the track. Wheatstone bridge strain gauges and connectors are covered in yellow 

epoxy (Image by Michael T. Hendry). 
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4.4.2. Rail profile measurements 

Railway operators use track geometry measurements to ensure safe and efficient train operations 

by monitoring the rail's shape and ride quality at the designated maximum speed of the track 

(AREMA 2021). Major Canadian railway operators routinely monitor track geometry using 

specialized vehicles that collect data at intervals of 0.30 m (1 ft.) (Scanlan et al., 2016). These 

measurements are essential for assessing track performance and identifying sections that may be 

defective based on established threshold values (Hyslip, 2002; Scanlan et al., 2016). Geometry 

defects that exceed regulatory thresholds can significantly impact wheel-rail dynamic interactions. 

Table 4-2 presents the regulated threshold values for freight tracks, where the track class 

determines speed limits for trains to align with the track condition (FRA, 2007; Transport Canada, 

2011). 

Table 4-2. Regulated threshold values for defining geometry defects for freight service tracks (TC, 2011). 

Class 

Maximum 

allowable 

speed 

[km/h 

(mph)] 

Gauge 

[mm (in.)] 

Profile 

(surface) 

[mm (in.)] 

Crosslevel 

(tangents & 

curves) 

[mm (in.)] 

Warp (over 

18.9 m 

distance) 

[mm (in.)] 

Alignment 

(tangent) 

[mm (in.)] 

1 16 

(10) 

1416.1-1473.2 

(55.75-57.62) 

76.2  

(2) 

76.2  

(3) 

76.2 

(3) 

127.0 

(5) 

2 40 

(25) 

1416.1-1466.9 

(55.75-57.25) 

69.9  

(1.5) 

50.8  

(2) 

57.2 

(2.25) 

76.2 

(3) 

3 64 

(40) 

1422.4-1466.9 

(56-57.25) 

57.2 

(1.25) 

44.5 

(1.75) 

50.8 

(2) 

44.5 

(1.75) 

4 97 

(60) 

1422.4-1460.5 

(56-57.25) 

50.8  

(1) 

31.8 

(1.25) 

44.5 

(1.75) 

38.1 

(1.5) 

5 129 

(80) 

1422.4-1460.5 

(56-57.25) 

31.8 

(0.75) 

25.4  

(1) 

38.1 

(1.5) 

19.1 

(0.75) 

 

The longitudinal level of the rail (aka the rail profile or rail surface), a key track geometry 

parameter, plays a significant role in wheel-rail dynamic interaction. It represents the vertical 

deviation of the rail relative to a straight-line reference chord (18.9 m or 62 ft.) after projecting 

both the rail and the chord onto the vertical plane. The track longitudinal level geometry variable 
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in North America is quantified as mid-chord offsets (MCO) (Hyslip, 2002; Li et al., 2015). The 

longitudinal level of the rail is typically characterized by two parameters: hump (i.e., lifted zone; 

positive values) and dip (i.e., fall-off or depression zone; negative values) (FRA, 2007). The rail 

profile data were recorded in April 2015. This study collected and evaluated more than 1.23 × 106 

rail profile measurements.  

4.5. Results 

Given the four passes of the IWS measurements, an initial assessment of the repeatability of load 

measurements was essential. Behnia et al. (2022) highlighted the remarkable consistency in the 

magnitude and pattern of dynamic loads across different runs. Their study examined the dynamic 

load magnitudes across various track conditions and classified them into two groups based on their 

statistical distributions, including tangent track and non-tangent track (i.e., curves, bridges, grade 

crossings, and switches). The statistical distributions showed the narrowest distribution for tangent 

tracks, indicating fewer extreme values than other track characteristics. Likewise, the statistical 

distributions of vertical dynamic load magnitudes in track assets (i.e., grade crossings, bridges, 

and switches) and curves were remarkably similar. The measured load data distribution varied 

widely by track characteristics, with tangent sections comprising 69.9% of the dataset, followed 

by curves (24.7%), grade crossings (2.2%), bridges (1.6%), and switches (1.6%). Table 4-3 details 

the statistical values for vertical dynamic loads by track type, where the mean and median values 

closely approximated the static load (144 kN), indicating normal distributions in nature.  

The analysis of rail profile changes across different track characteristics, as shown in Figure 4-2, 

reveals that curves and tangent tracks exhibit similar statistical distributions, as do other track 

assets such as grade crossings, bridges, and switches. All these distributions exhibit the 

characteristics of a normal distribution. The mean (μ) values for rail profile changes are close to 
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zero across all track types, indicating minimal average deviations in the rail profile. However, the 

standard deviation (σ) values vary significantly among track types. The statistical distributions of 

the rail profile measurements in tangent tracks and curves exhibit narrower standard deviations 

compared to other track assets, indicating more consistent rail profile conditions and fewer extreme 

values. Conversely, grade crossings, switches, and bridges show broader distributions (i.e., higher 

variability), reflecting more diverse rail profile conditions. Table 4-3 presents the statistical 

parameters of rail profile changes for various track assets, indicating that tangent tracks and curves 

have comparable and narrower standard deviations than other assets.  

4.6. Data preparation and alignment 

The data preparation phase, critical for evaluating the impact of rail profile on dynamic loads, 

focused on two main aspects: determining the appropriate window length and overlap ratio for 

data alignment and choosing a suitable function to characterize the rail profile. Since track 

longitudinal level geometry was recorded at 0.3 m (1 ft) intervals and load measurements were 

taken every 0.005 seconds (i.e., the interval value is speed-dependent), aligning these datasets was 

imperative for further analysis. Data alignment typically employs sliding windows with a specific 

length for detailed examination. The window length and overlap ratio are vital parameters in this 

process. Following standard maintenance and geometry measurement practices, a 20-meter 

window length was chosen (FRA, 2007; Transport Canada, 2011). Since these datasets were 

measured using two different global positioning system (GPS) formats, it was essential to evaluate 

data accuracy. The evaluation revealed that data accuracy was approximately 5 m. Therefore, to 

ensure the integrity of data alignment, the overlap ratio was determined to be less than this 

threshold (<5 m). Accordingly, four overlap ratios- 75% (15 m), 80% (16 m), 90% (18 m), and 

95% (19 m)- were considered. Sensitivity analysis indicated that a 95% overlap ratio provided 
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high-quality results for investigating the effect of rail profile on dynamic load magnitudes. The 

selected window length and overlap ratio were also justified by measuring rail profile variation 

using mid-chord offsets (MCO) of equivalent length (Ebersohn, 1998; Sadeghi, 2010). 

 
Figure 4-2. Probability distributions of track geometry measurements (available datasets) from the track 

geometry car: (a) rail profile on tangent and curve tracks; and (b) rail profile on grade crossings, switches, 

and bridges. 

Table 4-3. Statistical measures from probability distributions of dynamic vertical load and rail profile 

measurements from the IWS and track geometry car. 

 
Track Type μ Median σ Maximum 99.9th 

 

V
er

ti
ca

l 
L

o
ad

 All 143.9 (kN) 144.1 (kN) 11.3 (kN) 384.4 (kN) 177.9 (kN) 

Tangent 143.9 (kN) 144.2 (kN) 10.9 (kN) 384.4 (kN) 176.5 (kN) 

Curve 143.7 (kN) 143.6 (kN) 12.2 (kN) 292.8 (kN) 180.2(kN) 

Bridge 144.6 (kN) 144.6 (kN) 12.4 (kN) 288.9 (kN) 181.9 (kN) 

Grade crossing 144.2 (kN) 144.1 (kN) 13.1 (kN) 264.2 (kN) 183.4 (kN) 

Switch 144.1 (kN) 144.1 (kN) 14.4 (kN) 302.5 (kN) 187.2 (kN) 

R
ai

l 
P

ro
fi

le
 

All -0.00 (mm) -0.02 (mm) 3.64 (mm) 
H: 58.11 (mm) 

D: -46.85 (mm) 

H: 20.14 (mm) 

D: -17.80 (mm) 

Tangent 0.00 (mm) -0.02 (mm) 3.42 (mm) 
H: 41.66 (mm) 

D: -32.17 (mm) 

H: 18.60 (mm) 

D: -15.95 (mm) 

Curve 0.00 (mm) -0.02 (mm) 3.44 (mm) 
H: 58.11 (mm) 

D: -46.85 (mm) 

H: 18.92 (mm) 

D: -17.03 (mm) 

Bridge -0.01 (mm) -0.06 (mm) 5.47 (mm) 
H: 31.53 (mm) 

D: -32.52 (mm) 

H: 25.39 (mm) 

D: -20.64 (mm) 

Grade crossing -0.03 (mm) -0.01 (mm) 6.58 (mm) 
H: 38.51 (mm) 

D: -31.87 (mm) 

H: 28.16 (mm) 

D: -24.93 (mm) 

Switch 0.00 (mm) -0.02 (mm) 5.74 (mm) 
H: 39.87 (mm) 

D: -31.98 (mm) 

H: 27.42 (mm) 

D: -23.09 (mm) 

Note: Load data include all four instrumented wheels and all four passes: μ= mean; σ= standard 

deviation; H= Hump; D= Dip; and 99.9th = 99.9 percentile. 
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As previously mentioned, rail profile measurements can be categorized into two types based on 

the signage (±) used: hump (RP>0) and dip (RP<0) (Figure 4-2). The distributions of these track 

characteristics, whether humps or dips, appear to be normally distributed around the mean for each 

type of track characteristics, as suggested by their similar shapes (Figure 4-2). Also, given the high 

degree of correlation between hump and dip values (R2= 0.75) across the studied section, this study 

focuses on the absolute value of the rail profile in each window (|RP|). As the study aims to 

evaluate the impact of rail profile on the magnitude of dynamic load, the maximum of |RP| values 

(|RP|max) are used to represent the rail profile along the considered window. 

4.7. Discussion 

Statistical distribution analysis of dynamic loads and rail profile conditions identified three distinct 

categories: tangent tracks, curves, and track assets (e.g., grade crossings, bridges, and switches). 

The 𝜙 value is derived from the upper envelope of dynamic load measurements, underscoring the 

necessity of considering the influence of outliers. Recent research by Behnia et al. (2022) 

highlights the Grubbs’ test as an effective method for identifying and removing outliers in dynamic 

load magnitudes within railway engineering. This technique employs the Grubbs’ value (G) to 

determine if a data point is an outlier (Grubbs, 1969):  



−
=

= ini x
G

,...,1max
 Equation 4-5 

where μ and σ are the mean and standard deviation of the sample, respectively, and xi represents 

the value of the ith element in the dataset. Figure 4-3 illustrates the maximum Grubbs’ values for 

𝜙 derived from IWS measurements conducted on tangent tracks, curves, and track assets, with the 

data evaluated at 5 km/h increments in train speed and 2 mm in rail profile. The figure indicates a 

more consistent increase trend in the Grubbs’ values, in contrast to the higher degree of 

inconsistency observed when using the original dataset values (see also Figure C-1). 
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This study employed a statistical approach to determine the ideal sample size for each bin to 

achieve statistical significance. The ideal sample size (n) was determined using three parameters: 

the Zscore (Equation 4-6), standard deviation (σ), and margin of error (λ) (Equation 4-7) (x: 

represents the individual measurements or data points) (Kotrlik and Higgins, 2001).  



−
=

x
Z score  Equation 4-6 

( )
2

2 1..



 −
= scoreZ

n  Equation 4-7 

The Zscore is linked to the desired confidence level, typically between 90% and 99% (Crow, 1956), 

and is frequently set at 95% (Bury, 1999). As it is common in modelling and simulation to accept 

a margin of error of 10% (Oberkampf et al., 2002), this study adopted confidence levels of 95% 

(dark grey) and 90% (light grey) (as shown in Figures 4-3 and C-1).  

Based on the number of data points in each bin (sample size), the bars in the graphs were 

categorized into high-reliability (represented by dark grey, with n≥97 samples and a 95% 

confidence level), moderate-reliability (represented by light grey, with 68<n<97 samples and a 

90% confidence level), and low-reliability (represented by white, with n≤67 samples and a 90% 

confidence level) zones (see Figure 4-3). Although rail profile changes varied from 0 to 58.1, the 

subsequent analysis was confined to the 0-24 mm range, determined by the number of data points 

and sections defined for statistical significance. This study evaluated the impact of longitudinal 

level vertical deviations of the rail (also termed rail profile or surface variations within track 

geometry parameters) on the magnitude of dynamic loads, as quantified by the 𝜙. This study 

considered two reference values for this purpose, including the estimations provided by AREMA 

(2021) (Equation 4-2) and Behnia et al. (2022) (Equations 4-3 and 4-4).  
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Sadeghi (2010) notes that rail profile tolerances may range from ±6 to ±20 mm across various 

track classes. Therefore, this study assessed rail profile (|RP|max) variations from two perspectives: 

by examining three distinct values within the typical range of rail profile variations (0-2 mm, 10-

12 mm, and 18-20 mm) and by considering the maximum allowable speeds for different track 

classes (1 through 4).  

Figure 4-4 illustrates the influence of rail profile changes on 𝜙 values, compared to previous 

estimates (Equations 4-2, 4-3, and 4-4), at varying train speeds. Across all categories, when rail 

profile changes exceeded 12 mm (|RP|max≥12 mm), the estimated values consistently 

underestimated the 𝜙 values. For rail profile variations within the range of 0-2 mm, 𝜙𝐴𝑅𝐸𝑀𝐴 values 

tended to underestimate the dynamic load magnitudes, particularly at lower speeds (i.e., ≤40 km/h 

for tangent tracks, ≤65 km/h for curves, and ≤75 km/h for track assets). In contrast, within the 

same range, the 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑇𝑎𝑛  and 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.

𝑁𝑇𝑎𝑛  values effectively captured dynamic load 

magnitudes, providing accurate 𝜙 estimations.  

Figure 4-4(a) shows that the estimation of 𝜙𝐴𝑅𝐸𝑀𝐴 values becomes challenging primarily at lower 

speeds (≤35 km/h) or with significant rail profile changes (|RP|max>10mm). Conversely, for 

𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑇𝑎𝑛  values, the difficulty arises when the rail profile values are high (|RP|max>10mm), as 

the measured values exceed the estimated ones.  

In curves, the 𝜙𝐴𝑅𝐸𝑀𝐴 values consistently underestimated the measured load by 1 to 25%, with 

greater underestimations associated with more significant rail profile changes. Figure 4-4(b) 

illustrates that these underestimations by 𝜙𝐴𝑅𝐸𝑀𝐴 values are more pronounced at lower speeds 

(below 65 km/h: classes 1, 2, and 3) in curves. Conversely, the 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛  values provided 

reliable estimates for rail profile variations up to 12 mm. When rail profile changes fluctuated 
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between 18 and 20 mm, the measured load values exhibited a slight discrepancy of less than 5% 

above the 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛  values.  

 

 
Figure 4-3. IWS and rail profile measurements based on Grubbs’ values of dynamic load factor (𝜙) for 5 

km/h increments of train speed and 2 mm increments of rail profile: (a) tangent sections; (b) curves; and 

(c) track assets. 

In track assets, the 𝜙𝐴𝑅𝐸𝑀𝐴 values underestimated the measured load by 10% when rail profile 

changes were between 0-2 mm. This underestimation increased to 32% when rail profile changes 

were 18-20 mm (Figure 4-4(c)). The 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛  values accurately captured dynamic load 

magnitudes for rail profile changes less than 12 mm and train speeds below 65 km/h. However, 
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for train speeds exceeding 65 km/h and higher rail profile values, the actual values surpassed the 

𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛  estimates by approximately 15%.  

 
Figure 4-4. IWS measurements derived from the maximum Grubbs’ test values of dynamic load factor 

(𝜙) for 5 km/h increments of train speed regarding the statistical significance conditions for three 

different ranges of rail profile (in mm), including 0≤|RP|max<2, 10≤|RP|max<12, and 18≤|RP|max<20, 

compared to AREMA (2021) (𝜙𝐴𝑅𝐸𝑀𝐴 (Equation 4-2)) and Behnia et al. (2022) (𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑇𝑎𝑛  (Equation 

4-3) and 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛  (Equation 4-4)) estimations, in: (a) tangent sections; (b) curves; and (c) track 

assets. (Note: A solid line signifies high reliability zone, a dash dotted line represents moderate reliability 

zone, and a dotted line designates low reliability zone). 

For the majority of track classes and corresponding categories, 𝜙𝐴𝑅𝐸𝑀𝐴 estimations consistently 

underestimated the measured 𝜙 values within a range of 1% to 36% (also refer to Figure C-2). 

Figure 4-5 illustrates the results of a comparative analysis between 𝜙𝐴𝑅𝐸𝑀𝐴 values and measured 

values obtained from various track classes and categories. Figure 4-6 indicates that the measured 

loads exceeded the 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑇𝑎𝑛  and 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.

𝑁𝑇𝑎𝑛  values across all categories when rail profile 

variations surpassed 8-10 mm in track class 1 (S≤15 km/h, 𝜙15). In tangent tracks, Figure 4-6(a) 
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shows that 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑇𝑎𝑛  may underestimate the measured loads across all track classes (1-4). In 

curves (Figure 4-6(b)), the measured loads were approximately 10% higher than 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛  

values when rail profile variations were above 8 mm at lower speeds (Classes 1 (𝜙15) and 2 (𝜙40)). 

Also, for Class 3 (𝜙65), with rail profile changes over 12 mm, 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛  underestimated the 

measured loads by about 10%. However, at higher speeds (Class 4, 𝜙95) in curves, 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛  

provided accurate estimations within the range of rail profile variations considered in this study. 

Regarding track assets (Figure 4-6(c)), for rail profile changes more significant than 8 mm, the 

measured loads exceeded the 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛  values by 10%, 15%, 20%, and 5% for Classes 1, 2, 3, 

and 4, respectively. The more minor increase in Class 4 is attributed to limitations in rail profile 

data (<16 mm).  

Figure 4-3 qualitatively demonstrates a strong correlation between train speed, rail profile changes, 

and 𝜙. Thus, the subsequent step focuses on fitting a surface over the data with high and moderate 

reliability (refer to Figure C-3). Table 4-4 evaluates the trends in the measured loads concerning 

predefined threshold values for each track class (i.e., classes 1-4). This evaluation is compared to 

the reference values considered (i.e., AREMA (2021) and Behnia et al. (2022)) concerning train 

speed (i.e., track classes) and rail profile changes. Table 4-4 reveals that in tangent tracks, the 

𝜙𝐴𝑅𝐸𝑀𝐴 values underestimate the dynamic loads by 50% across all classes, while the 

underestimation by 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛  ranges from 31% to 48%. In non-tangent sections (i.e., curves 

and track assets), the underestimation by 𝜙𝐴𝑅𝐸𝑀𝐴 and 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛  generally increases with higher 

track classes (i.e., higher train speeds). The most significant discrepancy is observed in class 4, 

where 𝜙𝐴𝑅𝐸𝑀𝐴 underestimates by 161% and 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛  by 115% for track assets (see also 

Figures C-4 and C-5).  
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Figure 4-5. A comparative evaluation of 𝜙𝐴𝑅𝐸𝑀𝐴 estimations against measured values derived from the 

IWS system and computed via maximum Grubbs' test values in various track classes (1 through 4) and 

categories (tangent track, curve track, and track assets) regarding the considered range of rail profile 

changes.  

Table 4-4. Comparative evaluation of measured load trends against the provided estimations by AREMA 

(2021) and Behnia et al. (2022) regarding the threshold values for rail profile changes in different classes 

of freight service tracks. 

class 

Tangent track Curve track Track assets 

compared to compared to compared to 

𝜙𝐴𝑅𝐸𝑀𝐴 
(Equation 

4-2) 

𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑇𝑎𝑛  
(Equation  

4-3) 

𝜙𝐴𝑅𝐸𝑀𝐴 
 (Equation 

4-2) 

𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛  
(Equation  

4-4) 

𝜙𝐴𝑅𝐸𝑀𝐴 
(Equation 

4-2) 

𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛  
(Equation  

4-4) 

1  𝜙15
76.2  50% 31% 42% 23% 48% 28% 

2 𝜙40
69.9  55% 48% 46% 29% 56% 37% 

3 𝜙65
57.2  50% 45% 70% 47% 95% 69% 

4 𝜙95
50.8  50% 45% 113% 76% 161% 115% 

Note: All percentage values show the increment regarded the corresponding values based on the provided 

equations, including AREMA (2021) (𝜙𝐴𝑅𝐸𝑀𝐴) (Equation 4-2) and Behnia et al. (2022) (𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑇𝑎𝑛  and 

𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑁𝑇𝑎𝑛 ) (Equations 4-3 and 4-4). The 𝜙

𝑆𝑝𝑒𝑒𝑑 (
𝑘𝑚

ℎ
)

𝑅𝑎𝑖𝑙 𝑝𝑟𝑜𝑓𝑖𝑙𝑒 (𝑚𝑚)
 values are developed based on the increment 

trend of measured 𝜙 values, maximum allowable train speed, and defined threshold values in each class. 
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Figure 4-6. IWS and rail profile measurements based on the maximum Grubbs’ test values for 𝜙 for 2 

mm increments of rail profile regarding the statistical significance conditions for four track classes, 

including Class 1 (Smax= 15 km/h [~10 mph], 𝜙15), Class 2 (Smax = 40 km/h  [25 mph], 𝜙25), Class 3 (Smax 

= 65 km/h [~40 mph], 𝜙65), and Class 4 (Smax = 95 km/h [~60 mph], 𝜙95), compared to Behnia et al. 

(2022) (𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.
𝑇𝑎𝑛  (Equation 4-3) and 𝜙𝐵𝑒ℎ𝑛𝑖𝑎 𝑒𝑡 𝑎𝑙.

𝑁𝑇𝑎𝑛  (Equation 4-4)) estimations, in: (a) tangent 

sections; (b) curves; and (c) track assets. 

4.8. Conclusion 

This study investigated the influence of track longitudinal level vertical variations (also known as 

rail profile or surface changes) on dynamic loads, as indicated by dynamic load factor (𝜙), using 

data from instrumented wheelset (IWS) measurements. In contrast to previous research that 

primarily relied on instrumented track sections and numerical modeling, this study considered 

diverse track structures and evaluated the effect of the track longitudinal level changes on the 

magnitude of dynamic loads across various track structures. The IWS provided measurements of 

dynamic loads across a 340 km section of track under constant car type and conditions but on 

various track conditions. The results of this study revealed that changes in rail profile significantly 

affect dynamic load magnitudes, particularly evident in non-tangent tracks, including curve 
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sections and track assets (i.e., grade crossings, bridges, and switches). Commonly used methods 

for estimating 𝜙 tend to underestimate dynamic loads, particularly when the maximum rail profile 

irregularity exceeds 10 mm. Analysis of statistical distributions and observed trends in rail profile 

and dynamic loads across different track structures suggests the requisite of considering distinct 

threshold values for tangent and non-tangent sections (i.e., curve sections and track assets). This 

investigation potentially offers valuable insights for quantifying surface fatigue and modelling 

surface damage by highlighting the correlation between rail profile changes and dynamic load 

magnitudes. However, further research is needed to establish comprehensive dynamic load and 

track surface longitudinal level deviation ranges considering track conditions and vehicle type 

variations. Investigating the impact of frequencies above 20 Hz on loads at distinct rail 

irregularities may also demonstrate substantial increases and offer fresh insights into the 

consequences of longitudinal rail level variations.   
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5. Impact of Subgrade Track Stiffness on Dynamic Loads: A Comprehensive 

Evaluation Using Instrumented Wheelset and MRail Measurements 

5.1. Contribution of the Ph.D. candidate 

All the work presented in this chapter, which includes data processing, review of literature, 

analysis and discussion of the results, and writing of the text, is carried out by the Ph.D. candidate. 

As a supervisor, Dr. M.T. Hendry has reviewed all parts of the work. This chapter is submitted 

(January, 2024) for publication in the Journal of Civil Structural Health Monitoring with the 

following citation:  

Behnia, D., Hendry, M.T. (2023). “Impact of subgrade track stiffness on dynamic loads: a 

comprehensive evaluation using instrumented wheelset and MRail measurements.” Journal of 

Civil Structural Health Monitoring (Springer).  

5.2. Abstract 

This paper evaluates the influence of subgrade track stiffness on the magnitude of dynamic loads. 

Quantifying the impact of subgrade stiffness on dynamic loads is crucial for enhancing railway 

design and ensuring the safety and durability of track components. This study focused on dynamic 

load factor (𝜙), given the pivotal role of this parameter in the design of railway track structures 

and the selection of rail steel and cross-sections (weight). Despite extensive studies evaluating the 

impact of subgrade stiffness on dynamic loads, existing research has primarily relied on 

measurements from instrumented track sections with constant conditions, neglecting the effects of 

various track structures. This study combined two datasets collected from a 340 km track operated 

by a North American Class 1 freight railway through the Canadian Prairies: the instrumented 

wheelset (IWS) measured the magnitude of dynamic loads and subgrade track stiffness (VTDsub) 

acquired through MRail measurements. These measurements provided the dynamic loads and 
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vertical track deflections resulting from a loaded freight car traveling at various speeds over 

various track structures. This paper evaluates the IWS and MRail datasets to discuss how subgrade 

track stiffness influences 𝜙 values and presents the statistical distributions of dynamic loads and 

subgrade track stiffness values. New 𝜙 lines are developed based on subgrade stiffness conditions 

(good, average, and poor) for the tangent track, curve section, and track assets (including bridges, 

grade crossings, and switches). This study also reveals that worsening subgrade conditions can 

increase the 𝜙 values by up to 9% in tangent sections and 15% in non-tangent sections compared 

to good subgrade conditions. 

5.3. Introduction 

Inconsistencies in subgrade stiffness can lead to uneven load distribution and subsequent track 

degradation, posing significant safety risks (Punetha and Nimbalkar, 2023; Cai et al., 2022; 

Indraratna et al., 2019; Li et al., 2003); thereby, understanding the impact of subgrade stiffness on 

dynamic load magnitudes is vital for railway engineers to ensure track safety and performance, 

optimize track component design, and plan effective maintenance strategies (Faizi et al., 2023; 

Heydari, 2023; Guo et al., 2022; Grossoni et al., 2019; Judge et al., 2018; Wang et al., 2016; 

Raymond, 1985). Track stiffness is closely linked to intensified safety concerns, such as rail squat, 

increased risk of structural flaws, uneven settlement, early deterioration, and increased dynamic 

stresses (UIC, 2008; Lundqvist and Dahlberg, 2005; Liu and Wang, 2002; Esveld, 2001; Sussman 

et al., 2001; Selig and Li, 1994). Also, considering that rail breaks and track component failures 

are leading causes of derailments in Canada (Leishman et al., 2017), a deeper comprehension of 

the relationship between subgrade stiffness and dynamic loading is essential.  

The railway industry uses various vertical track deflection (VTD) measurement systems to evaluate 

track stiffness, categorized into standstill methods and rolling measurement techniques (Berggren, 
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2009). Standstill methods involve calculating the stiffness of a track section by instrumenting ties 

or rails with transducers or accelerometers and monitoring their response under a known load, such 

as a falling weight deflectometer (FWD) or impact hammer (Ebersöhn and Selig, 1994; Read et 

al, 1994; Kerr, 1983; Zarembski and Choros, 1979). Conversely, rolling measurement techniques, 

employing devices such as a track loading vehicle (TLV), rolling stiffness measurement vehicle 

(RSMV), or the University of Nebraska's rolling deflection system (commercially known as 

MRail), measure VTD as the system moves along the track, offering the advantage of continuous, 

real-time monitoring (Greisen, 2010; McVey, 2006; Sussman et al., 2001). The MRail system 

offers a significant advantage by enabling continuous, in-service measurement of vertical track 

deflection (Farritor and Fateh, 2013; Greisen et al., 2009; Lu et al., 2007). This capability facilitates 

the identification of localized stiffness variations, complements existing inspection data, and 

provides quantitative inputs for maintenance planning- all without disrupting revenue service 

(Roghani and Hendry, 2017; Roghni et al., 2017; Roghani and Hendry, 2016). The MRail system 

empowers railroads with a more comprehensive subgrade and overall track structure health 

assessment than traditional and discrete measurement methods (Tong et al., 2022; Farritor and 

Fateh, 2013; Greisen, 2010; Li et al., 2004).  

Evaluating dynamic loads is important to ensuring railway safety and functionality in practice and 

academic research (Remennikov and Kaewunruen, 2008). The instrumented wheelset (IWS) 

system is a practical method for measuring dynamic loads at the wheel-rail interface while moving 

(Behnia et al., 2022). The IWS system offers valuable insights into the dynamic responses of 

railway tracks, the influence of track structures on load distribution, and the interaction between 

vehicles and infrastructure (Behnia et al., 2022).  
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One limitation of current research into the impact of subgrade track stiffness on dynamic loading 

conditions is that they have been derived from measured dynamic loads from trains as they pass 

over an instrumented section of track (Ngamkhanong et al., 2020; Mei et al., 2019; Zhang et al., 

2017; Puzavac et al., 2012; Li et al., 2004). Despite previous research, real-time measurements 

have yet to be used to analyze how track stiffness influences dynamic loads. Understanding the 

influence of track stiffness on dynamic load magnitudes is crucial for ensuring the structural 

integrity of railway tracks and minimizing the risk of failures, such as rail squats and excessive 

wear (Tong et al., 2022; Berggren, 2009; Remennikov and Kaewunruen, 2008; Li et al., 2004). 

This understanding, in turn, can lead to reduced risk of failures and increased operational 

efficiency. 

In this paper, the collected data comes from the train-mounted measurement system, including 

IWS data, which captures the variations in dynamic loads, and MRail data, which records vertical 

track deflections (VTD). These measurements were recorded during two passes along a section of 

340 km of North American Class 1 freight railway line while the train was moving. Despite their 

initial association with a particular railcar featuring a specific suspension design, wheel size, and 

static load, these measurements offer practical insights into the dynamic loads induced by diverse 

track conditions. Track conditions comprise various track structures, including tangent tracks, 

curve sections, bridges, grade crossings, and switches, and must be considered alongside different 

train speeds. Since the dynamic load factor (𝜙 = 𝑃𝑑 𝑃𝑠⁄ , where Pd is the dynamic load and Ps is 

the static load, Eq. (1)) is vital in railway design for designing track structures and selecting rail 

steel and cross-sections (weight) (AREMA, 2021; Sadeghi, 2012; Peters, 2010), this study 

considered 𝜙 values to evaluate the impact of subgrade stiffness on dynamic load magnitudes.  
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This paper presents the IWS and MRail data sets, the variation of subgrade stiffness between two 

passes of the studied track section, the statistical distribution of dynamic loads and subgrade 

stiffness, and a comparison of 𝜙 derived from the IWS measurements regarding subgrade stiffness 

conditions to others for North American freight railways (provided by AREMA (2021) as the most 

common value and the developed equations by Behnia et al. (2022) as the most recent value). The 

𝜙 values are evaluated versus train speed and subgrade stiffness conditions (calculated through 

MRail measurements: VTDsub) for differing track conditions and track assets (tangent, curved, 

bridges, grade crossings, and switches) to develop 𝜙 lines. The findings are further evaluated with 

𝜙 values corresponding to allowable speeds on North American track classes 1 through 3. To the 

best of the authors' knowledge, this study is the first published attempt to examine the effects of 

subgrade track stiffness on the dynamic load magnitudes (in terms of 𝜙) recorded from IWS and 

MRail measurement systems on North American Class 1 freight railways. 

5.4. Study site and measurement systems 

The data employed in this study were gathered using two accurate and reliable measurement 

systems installed on the train: the IWS and MRail systems. The data-gathering efforts were part 

of a more extensive investigation focused on evaluating track performance (Behnia et al., 2022; 

Fallah Nafari et al., 2018a, b; Roghani and Hendry, 2017; Roghani et al., 2017; Roghani and 

Hendry, 2016; Roghani et al., 2015). The measurement systems were installed over a 15.8 m (52 

ft.) gondola car (Figure 5-1) that was loaded with gravel, reaching a total weight of 1,175 kN (264 

kips). The IWS system was utilized to measure the dynamic interaction between the wheel and rail 

interface, and the MRail system was applied to record the vertical deflection of the loaded track 

under the moving car (VTD). The data utilized in this investigation were recorded during two 

passes of the study site, both conducted in the same direction, in July 2015. 
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5.4.1. Study Site 

The section of track examined in this study is operated by a Class 1 freight railway. It constitutes 

a vital part of a heavily used railway division, with an annual traffic volume exceeding 50 million 

gross tonnes (MGT), traversing the Canadian Prairies. The measurements were conducted along a 

340 km track section that included 30 bridges and overpasses, more than 100 grade crossings, 50 

switches, and approximately 83 km of curves. The continuously welded rail (CWR) was 

predominantly supported by concrete ties. The maximum operational train speed was 82 km/h (51 

mph). The measurements were undertaken with the car in revenue service; hence, there was no 

control over the adjacent cars’ type, weight, and travel speed; such limitations are typical when 

acquiring measurements on a Class 1 North American freight railway track.  

 
Figure 5-1. Photograph the train-mounted system with instrumented wheelset (IWS) and MRail systems 

installed on the Gondola railcar to collect the data used for this study (image credit: Michael T. Hendry). 

5.4.2. Measuring wheel/rail dynamic interactions using the IWS system 

The IWS system was applied to quantify dynamic load magnitudes at the wheel-rail interface. Two 

IWS systems were installed on one end of the instrumented car, each consisting of a single axle 

with two type F (915 mm or 36 in. in diameter) wheel plates (Figure 5-1). These wheel plates were 

instrumented with 16 full-bridge Wheatstone strain gauge circuits, each dedicated to assessing 

forces exerted upon the wheels by the rail (Woelfle, 2016). This system aids in analyzing and 
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interpreting forces, including vertical, lateral, and traction components, for all four wheels; 

however, this investigation is limited to the vertical load data (in terms of 𝜙). The data acquisition 

process involved continuously monitoring the IWS system at a sampling frequency of 200 Hz. A 

20 Hz low-pass filter was subsequently applied (Ren and Chen, 2019; Barbosa, 2016; Cakdi et al., 

2015; Bracciali et al., 2014; Higgins et al., 1992). Location (latitude and longitude), time, and 

speed for each measurement were ascertained using a Garmin GPS18X global positioning system 

(GPS). Before installation, each wheel was calibrated in the laboratory. Because the IWS system 

did not provide data regarding measurement accuracy, the measured static load obtained by the 

scale was compared with the data from the IWS; the difference was only 3%, indicating the high 

accuracy of the IWS measurements. The wheels had very little wear and were free of defects 

capable of increasing dynamic loads.  

5.4.3. Measuring VTD using the MRail system 

The MRail rolling deflection measurement system (Figure 5-1) was collaboratively developed by 

the University of Nebraska and the Federal Railroad Administration (FRA) (Farritor and Fateh, 

2013; Greisen, 2010; Lu, 2008; Arnold et al., 2006; Farritor, 2006; McVey, 2006; McVey et al., 

2005; Norman et al., 2004). This system measured the VTD values along the section of track under 

study. The MRail system comprises laser and camera sensors designed to assess track deflection 

at a distance of 1.22 m relative to the center of the railcar's inboard wheel with respect to a point 

positioned at the base of that wheel. The VTD measurements were recorded every 0.305 m (1 ft.) 

along both track rails. The accuracy of MRail measurements was assessed through trackside 

measurements involving cameras and linear variable differential transducers (LVDT); a 

comparison of the VTD values predicted by this method with those measured by the MRail system 

indicated the measurements were accurate within 10% (Farritor and Fateh, 2013).  
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Roghani and Hendry (2016) conducted an extensive investigation into the capabilities of the MRail 

system for mapping subgrade variations and conditions. Their study proposed a process to measure 

the stiffness of the subgrade and embankment construction (VTDsub) through the measurement of 

VTD. The VTD data were filtered to reduce lower wavelength data originating from track surface 

structural conditions and imperfections; this refinement can thus allow the data to represent the 

stiffness of the subgrade and embankment construction. This filtering process was implemented 

using a moving average technique chosen for its simplicity and capability in noise reduction while 

preserving the integrity of sharp step responses (Smith, 1997). This filtering procedure results in 

the filtered version of the VTD dataset denoted as VTDsub. The VTDsub values indicate vertical track 

deflection predominantly attributed to subgrade conditions (Equation 5-2) (Roghani and Hendry, 

2016): 

 
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)305.0)(2(

)305.0)(2(

305.0
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sub jiVTD
L

iVTD , Equation 5-2 

where L (in m) signifies a critical threshold length dictating the filtration of lower wavelengths. 

The appropriate resolution (L) selection depends on the characteristic dimensions of the 

investigated features. Using L= 20 m to investigate subgrade features provides the highest 

attainable resolution (Roghani and Hendry, 2016). 

5.5. Results 

This research aimed to determine the impact of subgrade track stiffness (VTDsub) on the magnitude 

of dynamic loads along railway tracks. The first step involved assessing the repeatability of the 

MRail system measurements. For this purpose, data from the MRail system for an 800 m section 

of tangent track were considered to evaluate the repeatability of the measurements (Figure 5-2). 

The MRail measurements comprised two separate runs, each characterized by distinct speeds and 

without adjacent car-derived data for comparison. Hence, the VTDsub values were normalized 
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(𝑉𝑇𝐷𝑠𝑢𝑏
𝑁𝑜𝑟𝑚𝑎𝑙) by the Z-score technique to remove any influence of these factors and enable a 

meaningful comparison. Figure 5-2 demonstrates a notably similar and consistent pattern in the 

VTDsub measurements, confirming the repeatability of the data collected.  

Research conducted by Behnia et al. (2022) demonstrates the uniformity and consistency in the 

magnitude and pattern of dynamic loads across different test runs. Figure 5-3 presents the 

distribution of measured vertical dynamic loads along track characteristics, including tangent 

tracks, curves, grade crossings, bridges, and switches, based on data from the present study for all 

four wheels of the IWS system and two passes. Behnia et al. (2022) also examined dynamic load 

magnitudes for different track conditions and categorized the results into two groups based on 

statistical distributions: tangent and nontangent tracks. As seen in Figure 5-3, the narrowest 

distribution for data from the present study is associated with tangent tracks, indicating a relatively 

lower occurrence of extreme values than for other track characteristics. The statistical distributions 

for vertical dynamic loads in nontangent tracks (track assets and curve) also show remarkable 

similarities. A review of statistical metrics for these data, including mean (μ), median, and standard 

deviation (σ), across all categories indicates normal distributions (Table D-1).  

The data preparation procedure was implemented to derive the subgrade stiffness (VTDsub) from 

the measured vertical track deflection (VTD) collected via the MRail system. This procedure, 

utilizing moving average methodology, aims to mitigate the impact of surface irregularities and 

imperfections, thereby minimizing noise within the dataset. In this evaluation, consistent with 

earlier studies (Roghani and Hendry, 2017; Roghani and Hendry, 2016), a moving average 

technique was used, conducted at regular intervals of 20 meters, chosen for its ability to offer the 

highest resolution in discerning subgrade features. Subsequently, the subgrade stiffness can be 

classified into three distinct categories based on the thresholds outlined in AREMA (2021): “good” 
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(VTDsub ≤ 3.1 mm), “average” (3.1 < VTDsub ≤ 4.4 mm), and “poor” (VTDsub > 4.4 mm). Figure 5-

4 illustrates the statistical distributions of VTDsub across various track characteristics, highlighting 

the predominant measurements under average track conditions. Tangent and curve tracks exhibit 

similar statistical distributions (Figure 5-4(a)). The preliminary evaluation of curve sections 

reveals that good track conditions (𝑉𝑇𝐷𝑠𝑢𝑏 ≤ 3.1 𝑚𝑚) are predominantly linked to the high 

(outer) rail, which experiences lower loads. Grade crossings, bridges, and switches show 

comparable statistical distributions. Therefore, in light of the VTDsub values for various track 

characteristics and statistical distributions, a discerning classification emerged, organizing the data 

into two groups: (1) tangent and curve tracks and (2) track assets (inclusive of grade crossings, 

bridges, and switches) (Table D-2). 

 
Figure 5-2. An example compares an 800 m section of normalized 𝑉𝑇𝐷𝑠𝑢𝑏 (𝑉𝑇𝐷𝑠𝑢𝑏

𝑁𝑜𝑟𝑚𝑎𝑙) MRail system 

data obtained using the Z-score technique for a tangent section of track. 

This study required setting a specific threshold value for the rest of the analysis to evaluate how 

VTDsub affects the magnitude of dynamic loads. Setting an appropriate threshold for 𝜙 values also 

enables this study to isolate the effect of subgrade stiffness (VTDsub), increase statistical power, 

address the limitations posed by the relatively small sample size, and enhance the overall reliability 

and validity of the findings (Sendra et al., 2023; Di and Sardanelli, 2020; Collell et al., 2018; Taber, 

2018; Balasubramanian et al., 2014). Subsequently, for the evaluation, considering the established 
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𝜙 threshold value and the spatial location of each measurement, the corresponding subgrade 

stiffness (VTDsub) value is allocated to each 𝜙 value. Therefore, an evaluation was conducted 

involving three distinct threshold values: 1.3, 1.2, and 1.1 (Figure 5-3). Based on the number of 

available datasets and the observed statistical distributions for the magnitude of dynamic loads, as 

shown in Figure 5-3, 𝜙 ≥ 1.1 was regarded as an appropriate threshold value for the later 

evaluations. 

 
Figure 5-3. Probability distributions of vertical load measurements from the IWS system: (a) on tangent 

and curve sections; and (b) on bridges, grade crossings, and switches. The data are from all four 

instrumented wheels and both passes. 

 
Figure 5-4. Probability distributions of VTDsub measurements from the MRail system: (a) on tangent and 

curve sections; and (b) on bridges, grade crossings, and switches. The data are from both rails and both 

passes. The graph is segregated into three sections by blue lines, indicating good (VTDsub≤3.1), average 

(3.1<VTDsub≤4.4), and poor (VTDsub>4.4) tracks. 

Given the statistical measures of dynamic loads and VTDsub measurements, a reliable approach 

involved classifying the data into three distinct groups: tangent track, curve, and track assets (grade 

crossings, bridges, and switches). After applying these criteria (data classification and φ≥1.1), it 
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became apparent that most of the dataset (60%) was concentrated within curves. In contrast, 

tangent tracks contributed 31% of the dataset, with the remaining 9% attributable to track assets.  

5.6. Discussion 

Achieving accurate estimates with minimal uncertainty necessitates larger sample sizes 

(Cochran,1997). As the desired confidence level increases and the acceptable margin of error 

decreases, the requisite sample size grows to maintain the validity and reliability of results (Krejcie 

and Morgan, 1970). In engineering applications, confidence levels and margins of error serve as 

guiding principles for selecting appropriate sample sizes for simulations and modelling studies. 

An ideal sample size balances the need for precision and reliability against practical constraints 

such as computational costs and data availability (Lenth, 2001). Careful consideration of this 

balance ensures robust and defensible findings from engineering analyses (Nanjundeswaraswamy 

and Divakar, 2021; Memon et al., 2020). Hence, choosing the ideal sample size is crucial to ensure 

statistical analyses are valid and accurately represent the data. Properly determining a sample size 

also enhances the probability of identifying meaningful effects, thus reinforcing the study's 

reliability. Determination of the ideal sample size (n), as guided by mathematical formulation 

(Equation 5-3), depends on four parameters: the Zscore (Equation 5-4), standard deviation (σ), mean 

value (µ), and margin of error (λ) (Bartlett et al., 2001):  

𝑛 =
𝑍𝑠𝑐𝑜𝑟𝑒

2 .𝜎.(1−𝜎)

𝜆2
  Equation 5-3 

𝑍𝑠𝑐𝑜𝑟𝑒 =
𝑥−𝜇

𝜎
  Equation 5-4 

The Z-score indicates the intended confidence level, often selected as 90, 95, or 99%. In modelling 

and simulation, a margin of error of 10% and a confidence level of 90-95% have been deemed 

reasonable (Oberkampf et al., 2002). However, balancing the confidence level with the practical 

constraints of obtaining a large sample size is essential. According to the typical range (90-99%) 
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and widely used (95%) confidence level, this study determined three reliability zones: high (for 

95% confidence level), moderate (for 90% confidence level), and low (for <90% confidence level). 

Thus, in terms of the minimum sample size required for reliability, this study considered three 

scenarios: high reliability (95%, n≥96: represented by dark grey), moderate reliability (90%, 

96<n≤68: shown as light grey), and low reliability (<90%, n<68: displayed as white) zones 

(Figures 5-5 and 5-6). 

The dynamic load factor (𝜙) is determined using the upper envelope approach for measured 

dynamic loads; thus, the evaluation procedure should be developed based on the maximum load 

values (Figures D-1, D-2, and D-7). Recognizing and eliminating outliers is crucial as this plays a 

significant role in ensuring the robustness and reliability of subsequent data analysis (ASTM, 

2021). Behnia et al. (2022) showed the Grubbs test represents an optimal approach for identifying 

and removing outliers in railway engineering. In the Grubbs test, a specific metric denoted as the 

Grubbs value (G) is employed to assess the aberrant nature of individual data points. The equation 

for calculating G (Equation 5-5) considers the μ and σ of the dataset, with xi representing the value 

of the ith element within the dataset: 

𝐺 =
𝑚𝑎𝑥𝑖=1,...,𝑛|𝑥𝑖−𝜇|

𝜎
  Equation 5-5 

The current investigation considered three equations (Equations 5-6, 5-7, and 5-8; Table 5-1) used 

to estimate 𝜙 values to evaluate how subgrade stiffness (in terms of VTDsub) influences the 

magnitude of dynamic load (in terms of 𝜙). These formulations were developed by Behnia et al. 

(2022) (Equations 5-6 and 5-7), signifying a recent development in the area of 𝜙 values, and by 

AREMA (2021) (Equation 5-8)), representing the most accepted 𝜙 value within the field. In light 

of the study by Behnia et al. (2022), wherein Equation 5-6 (on tangent track) and Equation 5-7 (on 
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nontangent track) were developed using the same study site and datasets, the ensuing evaluation 

primarily used these equations. 

Table 5-1. The widely used and recent dynamic load factor (𝜙) equations presented in the literature for 

freight railways. 

Equation for 𝜙 Equation (#) Reference 

19.1104.1103 325 ++= −− SSTan           (for tangent track) [5-6] Behnia et al. 

(2022) 27.1105.2103 325 ++= −− SSNTan         (for nontangent track) [5-7] 

D

S
21.51+=  [5-8] 

AREMA 

(2021) 

Notably, the negative VTD values observed in the measurements indicate temporary rises in the 

rail height, primarily caused by localized reductions in track support near rail joints or soft 

locations and on CWR sections positioned over bridge abutments. Because these high and negative 

values (inconsistency) occurred infrequently, this study only focused on the positive values (>0). 

Technically, two aspects can be considered to study how the track stiffness conditions (VTDsub) 

affect the dynamic load factor (𝜙). The first was how VTDsub influences 𝜙 values, and the second 

was how speed (S) and VTDsub affect 𝜙 values. This study also considered four specific train speeds 

related to different track classes (maximum allowable speeds) and the number of data points to 

evaluate train speed, including the corresponding lines for 15 km/h (~10 mph) as Class 1, 40 km/h 

(25 mph) as Class 2, 65 km/h (~40 mph) as Class 3, and 75 km/h (~47 mph) as the maximum speed 

with an appropriate number of data points (Figure D-6). 

5.6.1. Evaluation of the effect of VTDsub on 𝝓 

As noted above, the available datasets were categorized into three groups based on the statistical 

distributions: tangent track, curve sections, and track assets. Figure 5-5 presents 𝜙 values derived 

from the IWS measurements over various categories, evaluated for 0.4 mm increments of VTDsub 

collected from the MRail system for the maximum Grubbs values of dynamic load. Figure 5-5(a) 
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indicates the critical range for 𝜙 increases for tangent track falls between VTDsub values of 2 and 

4.4 mm.  

Commonly, the higher 𝜙 values on the low rail than the high rail arise because the super-elevation 

difference between the low and high rails generates a centrifugal force that transfers a more 

significant portion of the vehicle's weight onto the low rail, resulting in higher dynamic loads 

(AREMA, 2021; Soleimani and Moavenian, 2017; Kish and Samavedam, 2013). The statistical 

distribution of 𝜙 values revealed a compelling pattern in the curve sections (Figure D-3). The 𝜙 

values exceeding 1.1 were mainly observed on the low rail. These findings also imply that the 

discrepancy between the load experienced by the high and low rails grows under average and poor 

track conditions; thereby, the low rail in curve sections experiences higher dynamic loads with 

worsening subgrade stiffness (i.e., increasing VTDsub).  

Given this study aim to consider maximum dynamic load (𝜙) values, the later analysis on curve 

sections focused on the low rail. Figures 5-5(b) and (c) demonstrate VTDsub values ranging from 2 

to 5 mm and exceeding 2 mm can be critical with respect to increasing the 𝜙 value in curve and 

track assets, respectively. Figure 5-5 also presents a comparative analysis of 𝜙 values with the 

estimated values by Behnia et al. (2022) at four specific speeds as mentioned above (based on the 

shaded areas). Based on the number of data points where 𝜙 ≥ 1.1 (Figure D-6), the highest train 

speed with a sufficient number of measurements was 75 km/h (with a maximum train speed of 82 

km/h). Hence, to evaluate the influence of VTDsub on the dynamic load factor, the 𝜙 value 

associated with the 75 km/h speed (highlighted in red in Figure 5-5) was considered the reference 

value for the later evaluation. 

According to Equation 5-6 (for tangent track), the 𝜙 values surpass the 𝜙75-line when VTDsub ≥3.2 

mm. Equation 5-6 tends to underestimate the measured values by approximately 5% in cases where 
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VTDsub ≥ 3.2 mm. This underestimation indicates the equation has some limitations in such 

situations. Equation 5-7 (for nontangent track) underestimates 𝜙 values for curve when VTDsub 

≥4.4 mm; more specifically, Equation 5-7 demonstrates an underestimation of around 7% for the 

low rail while effectively capturing 𝜙 values for the high rail. For track assets, 𝜙 values exceed 

the Equation 5-7 estimation by approximately 8% when VTDsub surpasses 3.6 mm. 

Table 5-2. Comparison of measured 𝜙 values derived from the Grubbs test and 𝜙75 line developed by 

AREMA (2021). 

Category Critical Value for 𝑉𝑇𝐷𝑠𝑢𝑏 (mm) Underestimation (%) 

Tangent track 2.8 8 

Curve section 2.4 13 

Track assets 1.2 22 

Note: These values are derived by comparing the 𝜙 value calculated using the Grubbs test with 

estimated values based on AREMA (2021) guidelines, considering the maximum speed and sufficient 

data points (𝜙75-line). The critical VTDsub value indicates the subgrade vertical track deflection that 

intensifies dynamic loads to the extent that they exceed the 𝜙75 threshold, signifying a heightened 

influence of these loads on the track structure. 

 
Figure 5-5. IWS and VTDsub measurements based on the Grubbs values of dynamic load factor (𝜙 ≥ 1.1) 

for 0.4 mm increments of subgrade track stiffness (VTDsub) on: (a) tangent tracks; (b) low rail in curves; 

and (c) track assets. The horizontal lines are based on equations by Behnia et al. (2022), where the 𝜙𝐶1 

line is for 15 km/h (~10 mph), the 𝜙𝐶2 line is for 40 km/h (25 mph), the 𝜙𝐶3 line is for 65 km/h (~40 

mph), and the 𝜙75 line (75 km/h or ~47 mph) is for the maximum speed with a reliable number of data 

points. The graph is segregated into three sections by blue lines, indicating good (VTDsub≤3.1), average 

(3.1<VTDsub≤4.4), and poor (VTDsub>4.4) tracks. 
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The estimations provided by Behnia et al. (2022) (Equations 5-6 and 5-7) consistently exceed the 

values presented by AREMA (2021) (Equation 5-8). These differences are especially pronounced 

in cases involving nontangent tracks, inclusive of curves and track assets. Table 5-2 presents a 

comparison of the values derived from the Grubbs test and the 𝜙75-line developed by AREMA 

(2021) (Equation 5-8) (see also Figures D-4 and D-5). 

Roghani and Hendry (2017) showed defect locations correspond to areas with low modulus 

(indicative of higher VTD) and high variability in track modulus. Furthermore, Behnia and Hendry 

(2024) demonstrated that rail surface alterations amplify the magnitude of dynamic loads. Upon 

assessing the impact of VTDsub on rail surface changes, a direct correlation is apparent between 

increasing VTDsub and rail surface values for good and average track conditions. Conversely, a 

gradual decrease (and even a steady state trend) in rail surface with increasing VTDsub values is 

evident for poor track conditions. This relationship explains the gradual decrease in 𝜙 values at 

higher VTDsub values, particularly for poor track conditions.  

Dynamic load measurements, recorded in-service, depend on a range of train speeds. As shown in 

Figure 5-5 (see also Figures D-4 and D-5), these representations accentuate the importance of 

accounting for speed-related variations. Thus, the later phase of this research was dedicated to 

exploring the combined influence of speed and VTDsub on 𝜙 values. 

5.6.2. Evaluation of the effect of VTDsub and speed (S) on 𝝓 

Given the well-established dependence of 𝜙 on train speed (S), this research investigates the 

combined effect of S and subgrade stiffness (VTDsub) on 𝜙 values. Figure 5-6 shows the maximum 

Grubbs values of 𝜙 measured by the IWS system based on 5 km/h increments of train speed and 

0.4 mm increments of VTDsub from the MRail system measurements, conducted on data for tangent 

track, the low rail in curve, and track assets (see also Figure D-8 for the high rail in curve). This 
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figure offers valuable insight into how changes in train speed impact the influence of VTDsub on 𝜙 

values. As previously noted, this study focuses on four distinct train speeds corresponding to 

different track classes and the maximum train speed with an appropriate number of data points. 

Figure 5-7 (see also Figure D-9) shows increasing train speed amplifies the influence of VTDsub 

variations on 𝜙 values. In addition, Figures 5-6 and 5-7 highlight that 𝜙 values tend to increase 

more for average track than for good track across all track categories.  

  

 
Figure 5-6. Grubbs values of dynamic load factor (𝜙 ≥ 1.1) values for 5 km/h increments of train 

speed and 0.4 mm increments of VTDsub on: (a) tangent sections; (b) low rail in curves; and (c) track 

assets. 

For tangent track, the measured 𝜙 values exceed the values estimated by Equation 5-6 for VTDsub 

values >4 mm (Figure 5-7(a)). Specifically, Equation 5-6 underestimates 𝜙 values by less than 

10% for average and poor track but provides accurate estimations for good track. For the low rail 

on curve, the measured 𝜙 values exceed the estimates developed by Equation 5-7 (for nontangent 

track) for VTDsub values greater than 4 mm by around 10% (Figure 5-7(b)). Nevertheless, for the 
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high rail in curve sections, Equation (5-7) more accurately captures the magnitude of dynamic 

loads (Figure D-9). These observations highlight how critical VTDsub values (> 4 mm) leading to 

elevated loads primarily occur for the low rail on curve. When VTDsub values surpass 3.6 mm in 

track assets, the estimates provided by Equation (5-7) for nontangent track tend to underestimate 

the dynamic load by around 10%.  

 
Figure 5-7. IWS and VTDsub (measured by MRail) measurements based on the Grubbs values of the 

dynamic load factor (𝜙 ≥ 1.1) for 0.4 mm increments of VTDsub with respect to significance conditions 

for four specific train speeds on: (a) tangent tracks; (b) low rail in curves; and (c) track assets. Note the 

specific speeds include S= 15 km/h (~10 mph, in black), 40 km/h (25 mph, in magenta), 65 km/h (~40 

mph, in grey), and 75 km/h (~47 mph, in red) and the shaded regions represent the 𝜙 value based on the 

specific speeds (𝜙𝐶1, 𝜙𝐶2, 𝜙𝐶3, and 𝜙75) and equations developed by Behnia et al. (2022). The solid, 

dash-dot, and dotted lines correspond to high, medium, and low reliability zones, respectively. The graph 

is segregated into three sections by blue lines, indicating good (VTDsub≤3.1), average (3.1<VTDsub≤4.4), 

and poor (VTDsub>4.4) tracks.  

The 𝜙 values provided by Equation 5-8 closely align with the estimates reported by Behnia et al. 

(2022) for tangent track at higher speeds, differing by around 10% (see also Figure D-10). 

However, Equation 5-8 underestimates 𝜙 values by more than 20% at lower speeds. Additionally, 

𝜙 values for the low rail in curves when VTDsub is greater than 2.4 mm exceed the estimates 

provided by Equation 5-8 by more than 20%. For the high rail, critical values of VTDsub greater 
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than 3.2 mm result in an underestimation by Equation 5-8 of around 15% (Figure D-11). For track 

assets, the estimates provided by Equation 5-8 tend to be 25 to 30% lower than the measured loads 

when VTDsub values exceed 1.2 mm. 

Furthermore, the data were evaluated using the delta approach (∆𝜙), subtracting estimated values 

(𝜙𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑) from measured values (𝜙𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) (Equation 5-9). The ∆-procedure compares 

measured 𝜙 values with those calculated from previously established equations (Equations 5-6, 5-

7, and 5-8), helping identify discrepancies. The delta (∆) method systematically identifies 

uncertainties from input parameters, such as train speed (S) and track stiffness (VTDsub), to the 

output quantity of interest - the 𝜙 values (Kasy, 2019; Serfling, 2009; Kurowicka and Cooke, 2006; 

Lehmann and Casella, 2006). Accordingly, this method quantitatively evaluates how individual 

parameters (S, VTDsub) and combined effects from various track structures influence the output 𝜙 

values. 

𝛥𝜙 = 𝜙𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 − 𝜙𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑  Equation 5-9 

 
Figure 5-8. Example of comparing the dynamic load factor (𝜙) obtained using the Grubbs test with the 

equations developed by Behnia et al. (2022) for 0.4 mm increments of VTDsub in track Class 2 (40 km/h 

[25 mph]) on track assets. The graph is segregated into three sections by blue lines, indicating good 

(VTDsub≤3.1), average (3.1<VTDsub≤4.4), and poor (VTDsub>4.4) tracks. 
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A resulting delta value below zero indicates a problem with underestimation. This approach shows 

the 𝜙𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 values from Equations 5-6 and 5-7 underestimate measured values by less than 10% 

across both tangent and nontangent tracks. These underestimations mainly occur for average and 

poor tracks. In contrast, the 𝜙𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 values from Equation 5-8 have more substantial 

underestimations, exceeding 20% for the tangent track and are approximately 30% for the 

nontangent sections. Figure 5-8 shows an example of this delta approach. 

For the final evaluation of the influence of subgrade stiffness on 𝜙 values along various track 

structures, this study considered three loading scenarios (tangent tracks, curve sections, and track 

assets) and three subgrade stiffness conditions (good, average, and poor). Quadratic equations fit 

the 𝜙 values derived using Grubbs' test as a function of train speed regarding subgrade stiffness 

conditions. Figure 5-9 visually shows these equations. The curves reveal increasing trends of 𝜙 

values with increasing train speeds, which becomes more pronounced with worsening subgrade 

stiffness conditions. These findings establish the range of 𝜙 values for different track structures 

that may experience in service, dependent upon the subgrade stiffness conditions. Table 5-3 

quantitatively compares the impact of worsening subgrade conditions on 𝜙 values across different 

track structures. Worsening subgrade conditions can increase the 𝜙 values by up to 9% in tangent 

sections and 15% in non-tangent sections compared to good subgrade conditions. The 𝜙 values 

provided by AREMA (2021) tend to underestimate the measured values, even for good subgrade 

conditions. However, the estimations by Behnia et al. (2022) can capture the 𝜙 values along good 

subgrade conditions, while the measured loads surpass estimations in average and poor subgrade 

scenarios. 

The measurements used in this paper significantly differ from those obtained from instrumented 

tracks (such as Ngamkhanong et al. (2022) from a specific transition zone). The latter captured the 
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loads induced by various locomotives, car types, and wheel conditions on a consistent track 

section. In contrast, the current study's results primarily reflect the diverse track conditions 

(structures) encountered by the IWS system. The authors suggest these two approaches are 

complementary, as neither dataset fully captures the dynamic loads exerted on the rails. The 

combined insights are expected to further increase the range of 𝜙 based on the subgrade stiffness 

conditions. Future research should integrate these measurement methodologies to provide a more 

detailed analysis.  

 
Figure 5-9. Fitted quadratic lines over dynamic load factor (𝜙) values measured through the IWS system 

based on three scenarios for subgrade stiffness conditions (good, average, and poor) for 5 km/h 

increments of train speed across: (a) tangent track; (b) curve sections; and (c) track assets. 

5.7. Conclusion  

This study analyzed the impact of subgrade stiffness (VTDsub) conditions on dynamic load 

magnitudes, in terms of 𝜙, through the measurements derived from IWS and MRail systems. This 

study differs from previous investigations that have relied on instrumented track sections for 
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evaluation. The instrumented sections of the track record the dynamic load magnitudes of all types 

of cars and conditions passing over the site while under constant track conditions. For this study, 

the measured data were collected from a single car type under constant conditions across a diverse 

range of track conditions over 340 km of in-service track. The findings of this study demonstrated 

the significant impact of subgrade stiffness, track structures, and variations in train speed on 

dynamic loads. The observed loads exceeded previous estimations, particularly for track assets 

(inclusive of crossings, switches, and bridges), and under average or poor subgrade conditions. 

VTDsub values exceeding 3.6 mm (i.e., average and poor subgrade conditions) are critical, resulting 

in elevated loads compared to previous estimations. This understanding could enable the 

development of targeted monitoring and maintenance strategies for vulnerable track sections 

exhibiting such defects, leading to more effective and efficient maintenance practices. The 

estimations proposed by Behnia et al. (2022) (Equations 5-6 and 5-7) demonstrated better 

performance compared to the AREMA (2021) (Equation 5-8) estimations. Equations of 𝜙 as 

functions of speed and subgrade conditions were developed to quantify this range. These equations 

revealed that worsening subgrade conditions can amplify the 𝜙 values, with increases of up to 9% 

observed in tangent tracks and up to 15% in nontangent sections compared to good subgrade 

conditions. Further research is recommended to evaluate the impact of subgrade track stiffness 

(VTDsub) on 𝜙 values while incorporating track conditions and variations in car types and 

conditions. Additionally, future investigation should consider the directional aspects of transitions 

(i.e., from soft to stiff or vice versa) to gain a more comprehensive understanding of dynamic loads 

along railway tracks. 
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6. Quantifying the Impact of Subgrade Stiffness Transition Directions on 

Railway Dynamic Load Factor 

6.1. Contribution of the Ph.D. candidate 

All the work presented in this chapter, which includes data processing, review of literature, 

analysis and discussion of the results, and writing of the text, is carried out by the Ph.D. candidate. 

As a supervisor, Dr. M.T. Hendry has reviewed all parts of the work. This chapter is submitted 

(March, 2024) for publication in the Journal of Transportation Geotechnics with the following 

citation:  

Behnia, D., Hendry, M.T. (2024). “Quantifying the impact of subgrade stiffness transition 

directions on railway dynamic load factor.” Journal of Transportation Geotechnics (Elsevier).  

6.2. Abstract 

This study comprehensively evaluated how the transition direction (i.e., soft-to-stiff and stiff-to-

soft) affects the magnitude of dynamic loads in terms of the dynamic load factor (𝜙). The datasets 

for this study were obtained from a 340 km railway track operated by a North American Class 1 

freight railway that traverses the Canadian Prairies. The analysis integrated two primary datasets: 

dynamic load magnitudes collected via an instrumented wheelset (IWS) system and subgrade 

stiffness changes (∆VTDsub) calculated through MRail measurements. Given the pivotal role of 𝜙 

values in railway design, particularly in decisions related to design of track structures, rail steel 

selection, and cross-sectional specifications, this investigation focused on evaluating 𝜙 values. The 

findings revealed that soft-to-stiff transitions amplify the magnitude of dynamic loads, whereas the 

reverse transition attenuates these loads. In particular, soft-to-stiff transitions can lead to an 

approximate 10% rise in 𝜙 values compared to the opposite transition. Furthermore, the study 
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underscored the substantial impact of subgrade conditions (VTDsub) on dynamic load variations 

concerning transition direction. 

6.3. Introduction 

Variations in track stiffness can yield diverse effects on wheel-rail interactions, causing uneven 

settlement and potential amplification of dynamic loads (Behnia and Hendry, 2024a; Roghani and 

Hendry, 2017; Li and Berggren, 2010; Berggren, 2009; Burrow et al., 2009; UIC Code, 2008; Hunt 

and Wood, 2005). Significant variations in track stiffness have been pinpointed as a factor 

contributing to the accelerated deterioration of track geometry and later development of track 

geometry defects, which in turn can amplify the magnitude of dynamic loads (Behnia and Hendry, 

2024b; Davis et al., 2003; Zarembski and Palese, 2003; Esveld, 2001; Sussman et al., 2001; Li and 

Selig, 1995; Cai et al., 1994; Read et al., 1994; Ebersohn et al., 1993) and lead to an increase in 

the probability of rail breaks.  

Transition zones in railway infrastructure, such as locations adjacent to bridges, are critical areas 

where track stiffness varies significantly. These stiffness variations are a crucial factor influencing 

dynamic loads in such zones. As a train traverses a track with varying stiffness, the resulting 

uneven deflections in the track structure can lead to increased dynamic wheel loads (Heydari, 

2023; Kurhan et al., 2020; Ngamkhanong et al., 2020; Wang et al., 2018). Rail breaks, failure of 

track components, and track geometry defects are the leading causes of derailment in both the 

United States and Canada (Leishman et al., 2017; Liu et al., 2012; TSB, 2013). In light of 

continuing rail failures, it is worth evaluating the impact of subgrade stiffness variations on the 

dynamic loading magnitudes along the railway track. 

Assessing dynamic loads along railway tracks is paramount for effectively designing 

superstructures and subgrades (Chen et al., 2013). The dynamic load factor (𝜙), along with the 
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evaluated dynamic loads, is commonly used to design railway track structures or the selection of 

rail steel and cross-section (weight) (AREMA, 2021; Sadeghi, 2012; Peters, 2010). The 𝜙 signifies 

the ratio between the vertical loads caused by a moving railway vehicle (dynamic loads, Pd) and 

the static loads (Ps) resulting from the weight of the railcar and its contents (Behnia et al., 2022):  

𝑃𝑑 = 𝜙. 𝑃𝑠  Equation 6-1 

Increasing dynamic loads can lead to accelerated wear and failure of track components, increased 

maintenance costs, and possible safety risks. Track subgrade stiffness is recognized to significantly 

influence dynamic load magnitudes (Roghani and Hendry, 2017; Li et al., 2015; Chen et al., 2013), 

but a specific gap exists in terms of evaluating how transition direction (i.e., soft-to-stiff or stiff-to-

soft) impacts the magnitude of dynamic loads along the track despite this being critical for the 

design and maintenance of railway tracks. Another limitation of the existing studies on the 

effect of track stiffness on dynamic load magnitudes is that they have been focused on 

specific locations, known as instrumented sections of track (Grossoni et al., 2019; 

Burrow et al., 2009; Burrow et al., 2007; Jimenez, 2003; Thompson and Marquez, 2001; 

Ebersohn, 1996; Kerr, 1987; Kerr and Shenton, 1985; Kerr, 1983; Choros and 

Zarembski, 1981; Chang et al., 1980; Esveld, 1980), or those developed through 

numerical modelling (Lamprea et al., 2021; Quirke et al., 2017; Le et al., 2016; Sadeghi 

and Hashemi, 2008). It is also essential to comprehend how transition direction affects dynamic 

loads for the stability and safety of railway operations. The thorough analysis conducted herein 

can provide a data-driven evaluation of the effect of transition direction on the magnitude of 

dynamic loads (in terms of 𝜙).  
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This investigation utilizes data collected by train-mounted instrumented wheelset (IWS) and 

MRail systems, respectively designed to measure dynamic loads and vertical track deflection 

(VTD) during movement. The data reflect dynamic loads and VTD values originating from a 

singular railcar and specific suspension characteristics, wheel diameter, and static load. The 

measured data encompass a comprehensive range of dynamic load scenarios from diverse track 

structures (including bridges, grade crossings, curves, and switches) and operational train speeds 

experienced on a Class 1 freight railway main line.   

This paper presents two datasets [dynamic load (𝜙) from the IWS system and subgrade stiffness 

changes (∆VTDsub) calculated through the MRail data] and explores how dynamic load magnitudes 

vary with transition direction within the section of track studied. It also evaluates the statistical 

distributions of dynamic loads and ∆VTDsub, evaluating the influence of the transition direction in 

comparison to other 𝜙 values considered for North American freight railways. The 𝜙 values 

obtained from IWS measurements are subject to evaluation based on the transition direction across 

various track structures, including tangent tracks, curve sections, bridges, grade crossings, and 

switches. The data are further evaluated to derive 𝜙 values representing the loading scenarios 

occurring within the allowable speed ranges on North American track classes (1 through 3), taking 

transition direction into account. To the best of the authors' knowledge, this study represents the 

first published research focusing on the influence of transition direction on the magnitude of 

dynamic loads on a Class 1 North American freight railway based on IWS and MRail datasets.  

6.4. Study site 

The section of railway track under investigation is operated by a Class 1 North American freight 

railway. This track is a crucial part of a widely used railway network that traverses the Canadian 

Prairies with an annual traffic volume of over 50 million gross tonnes (MGT). The study section 
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is 340 km of track featuring 30 bridges, over 100 grade crossings, 50 switches, and around 83 km 

of curve sections. The amount of data collected varied for different track structures: tangent 

sections constituted the majority of the dataset (53.2%), followed by curves (41.5%), grade 

crossings (2.6%), bridges (1.6%), and switches (1.1%). The track along this section is continuously 

welded rail (CWR), mainly supported by concrete ties. The maximum recorded train speed along 

the studied section was 82 km/h (51 mph). The measurements were conducted using a revenue-

service railway car and, as a result, there was no control over the type, weight, or travel speed of 

adjacent railway cars. Such limitations are common when collecting data on Class 1 North 

American freight railway track. 

6.5. Measurement systems 

Figure 6-1 shows the instrumented train equipped with the IWS and MRail systems installed on 

one end of the rail car. These data collection efforts were part of a larger research project focused 

on the comprehensive evaluation of track performance (Behnia et al., 2024a, 2024b; Behnia et al., 

2022; Falla Nafari et al., 2018a, 2018b; Roghani and Hendry, 2016, 2017; Roghani et al., 2017). 

These instrumentation systems were installed on a gondola car with a length of 15.8 m (52 ft). The 

gondola car was loaded with gravel, resulting in a total weight of 1,175 kN (264 kips). The IWS 

system was employed to capture and quantify the dynamic interaction at the interface between the 

wheel and the rail, and the MRail system was employed to measure the VTD of the track when 

subjected to the movement of the loaded railcar. The gathering of load data along the designated 

section, facilitated through IWS, comprised four runs (two in each direction). Among these, two 

runs involved MRail measurements. Hence, this study relied on the two runs encompassing IWS 

and MRail measurements.   
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Figure 6-1. Photographs of the instrumented railcar (train-mounted system) with instrumented wheelset 

(IWS) and MRail systems installed on the Gondola railcar to collect the data used for this study: (a) 

instrumented railcar; (b) IWS and MRail systems (images by Michael T. Hendry). 

6.5.1. Wheel-rail dynamic load measurement system 

The gondola car was instrumented with two IWS systems. A single axle was fitted within each 

system, accommodating two class F wheel plates (915 mm or 36 in. in diameter) equipped with 

16 full-bridge Wheatstone strain gauge circuits (Woelfle, 2016). The IWS system measured 

various force elements, encompassing vertical, lateral, and traction forces, for all four wheels. 

However, this study primarily considers data on vertical loads in terms of 𝜙. The data acquisition 

process involved continuously monitoring the IWS system at a high sampling frequency of 200 

Hz. A 20 Hz low-pass filter was then applied to the measured data during the measurement process 

(Behnia et al., 2022). During the measurements, a Garmin GPS18X was used to determine the 

latitude, longitude, time, and speed. Comparing the static load obtained through the system and 

the scale showed a discrepancy of only 3%, indicating a high level of accuracy in the measurements 

provided by the IWS system (Behnia et al., 2022). The instrumented wheels exhibited very little 

wear and were free of defects that could amplify dynamic loads.   

6.5.2. Vertical track deflection (VTD) measurement system 

The other part of the instrumented car was the MRail system as a rolling deflection measurement 

system (Figure 6-1). This measurement system represents a notable technological advancement 

(a) (b) 



128 

 

achieved through collaborative efforts between the University of Nebraska and the Federal 

Railroad Administration (FRA) (Arnold et al., 2006; Farritor, 2006; Farritor and Fateh, 2013; 

Griesen, 2010; Lu, 2008; McVey et al., 2005; Norman et al., 2004). The MRail system incorporates 

laser and camera sensors designed to measure the VTD from a distance of 1.22 m relative to the 

center of the railcar's inboard wheel. The 1.22-meter distance from the nearest wheel represents a 

trade-off between maximizing measurement distance from the wheel and mitigating increased 

vibration caused by a longer and heavier beam (Norman, 2004). The laser system mounted above 

the rails projects a continuous line onto the rail head while an accompanying camera captures 

images at 90 frames per second. This imaging frequency allows for calculating distances between 

consecutive measurements, which vary according to the train's speed. Subsequently, the collected 

data undergo post-processing to yield vertical track deflection (VTD) values at 0.305 m (1 ft.) 

intervals, ensuring compatibility with other railway industry datasets (e.g., track geometry). The 

calculation of VTD assumes that the unloaded rail profile is straight and level. The accuracy of 

VTD measurements was assessed using trackside measurements, which demonstrated an accuracy 

of 10% (Farritor and Fateh, 2013). The sensor tests demonstrated that the system effectively 

captures the correct trend in track stiffness (Norman, 2004). 

6.6. Quantifying the change of subgrade stiffness (ΔVTDsub) 

Roghani and Hendry (2016) proposed a procedure to quantify the track subgrade stiffness (VTDsub) 

by filtering MRail measurements (VTD) using a moving average (Equation 6-2; Table 6-1). The 

calculated VTDsub value primarily reflects vertical track deflection due to subgrade conditions. In 

Equation 6-2, L (in m) represents a crucial threshold length that governs the filtration process for 

eliminating lower wavelengths due to surface imperfections, such as rail surface (profile) changes 

and joints. An appropriate resolution (L) selection depends on the particular dimensions of the 
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studied features. As Roghani and Hendry (2016) highlighted, adopting L=20 m provides the 

highest accuracy when examining subgrade attributes. 

Roghani and Hendry (2017) proposed a procedure to quantify the changes of VTDsub, denoted as 

∆VTDsub. ∆VTDsub is determined by evaluating the slope of VTDsub with respect to distance as a 

transparent and straightforward metric. The calculation of ∆VTDsub involves determining the 

absolute value of the secant slope of VTDsub, with distance (d) representing the track length over 

which this slope is evaluated (Equation 6-3; Table 6-1). To maintain methodological consistency 

with the considered approach and filtering protocols employed for VTD measurements (Roghani 

and Hendry, 2017), this study set a fixed value of d equal to 20 m for this analysis.  

Table 6-1. Mathematical equations to calculate the conversion of VTD to 𝑉𝑇𝐷𝑠𝑢𝑏 and ∆𝑉𝑇𝐷𝑠𝑢𝑏. 

Expression Equation (No.) 
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         Sources: Roghani and Hendry, 2016, 2017. 

6.7. Results 

This research investigated how subgrade track stiffness (∆VTDsub) changes regarding transition 

directions influence dynamic load magnitudes.  This investigation applied the procedure delineated 

in Equation 6-3 to identify the transition direction without considering the absolute function. It 

indicates that determining the transition direction regarding stiffness variations relies on the real 

value ( Rxi  ) of ΔVTDsub, referred to as ΔVTDsubR in Equation 6-4. 

𝛥𝑉𝑇𝐷𝑠𝑢𝑏𝑅(𝑥𝑖) =
𝑉𝑇𝐷𝑠𝑢𝑏(𝑥𝑖 + 𝑑 2⁄ ) − 𝑉𝑇𝐷𝑠𝑢𝑏(𝑥𝑖 − 𝑑 2⁄ )

𝑑
⁄   

Equation 6-4 

 A positive delta value (ΔVTDsubR>0) indicates a stiff-to-soft transition, while a negative delta value 

(ΔVTDsubR<0) signifies a soft-to-stiff transition. Behnia and Hendry (2024a) demonstrated the 
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repeatability and consistency of VTDsub measurements using the MRail system. Figure 6-2 

represents a dataset sample from an 80 m tangent track section highlighting the implications of 

transition direction. The rationale for selecting a tangent track was to minimize the influence of 

track structures on dynamic load magnitudes. Figure 6-2 includes four passes of the instrumented 

car, two at lower speeds (45 and 37 km/h) in the westbound direction (Figure 6-2(b)) and two at 

higher speeds (51 and 55 km/h) in the eastbound direction (Figure 6-2(c)). A comparative analysis 

of Figures 6-2(b) and 6-2(c) shows soft-to-stiff transitioning (Figure 6-2(b)) amplifies the dynamic 

load magnitude, whereas the reverse transition (stiff-to-soft) (Figure 6-2(c)) leads to load 

attenuation. Thus, this study was designed to evaluate the impact of transition direction. The data 

in Figure 6-2(d) also demonstrate the repeatability of the measurements regarding ∆VTDsub values.  

In a repeatability analysis of load measurements from the IWS system, Behnia et al. (2022) 

demonstrated consistency and uniformity in the magnitude and pattern of dynamic loads across 

multiple test runs. Figure 6-3 displays the statistical distributions of the data collected for various 

track structures, encompassing tangent tracks, curve sections, grade crossings, bridges, and 

switches. As mentioned earlier, the datasets used in this study came from two runs incorporating 

measurements from both IWS and MRail. Behnia et al. (2022) investigated dynamic load 

magnitudes in diverse track structures, classifying them into two groups based on statistical 

distributions: tangent and nontangent tracks (inclusive of curve sections, crossings, bridges, and 

switches). Figure 6-3 also highlights that the narrowest distribution of dynamic loads is observed 

for tangent tracks, indicating a relatively less frequent occurrence of extreme values than other 

track structures. The statistical distributions for vertical dynamic loads in track assets and curves, 

which fall under nontangent sections, exhibit similarities. 

 



131 

 

 

Figure 6-2. (a) Satellite image of the section of track (image © Google, Image © 2023 CNES/Airbus); an 

example of vertical load and ∆𝑉𝑇𝐷𝑠𝑢𝑏 data from the instrumented car along a section of tangent track for 

(b) two slower-moving westbound trains and (c) two faster-moving eastbound trains; and (d) subgrade 

track stiffness changes along this section of track (in terms of ∆𝑉𝑇𝐷𝑠𝑢𝑏). 

An approach comprising two key phases was employed to prepare the data. The initial step 

involved the computation of subgrade track stiffness (VTDsub) through MRail measurements (VTD) 

in conjunction with Equation 6-2. Subsequently, Equation 6-4 was applied to quantify the changes 

in subgrade stiffness (∆VTDsubR). Figure 6-4 presents the probability distribution of ∆VTDsubR 

across various track structures, including tangent tracks, curves, grade crossings, bridges, and 

switches. Figure 6-4(a) demonstrates that tangent tracks and curves share a similar distribution 

pattern. Grade crossings, bridges, and switches exhibit statistically comparable distributions 

(Figure 6-4(b)). Given the discerned values of ΔVTDsubR across diverse track structures and their 

respective statistical distributions, a distinctive classification scheme emerged that categorized the 

(a) 
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data into 1) tangent and curve tracks and 2) track assets, including grade crossings, bridges, and 

switches. 

It is essential to set a specific threshold value for later analyses to investigate how transition 

direction influences the magnitude of dynamic loads. To achieve this objective, the authors 

evaluated three distinct threshold values of 1.3, 1.2, and 1.1 (Figure 6-3). The evaluation of the 

available dataset and the statistical distributions observed in dynamic loads (Figure 6-3) shows 

that 𝜙 ≥ 1.1 is appropriate for later analyses. Given the statistical characteristics of dynamic loads 

and ∆VTDsubR values, a dependable approach involved classifying the available data into three 

categories: tangent track, curve section, and track assets (inclusive of grade crossings, bridges, and 

switches). 

6.8. Discussion 

The ideal sample size (n) was calculated using: 

𝑛 =
𝑍𝑠𝑐𝑜𝑟𝑒

2 . 𝜎. (1 − 𝜎)
𝜆2⁄   Equation 6-5 

where n relies on three key parameters (Bartlett et al., 2001), including the standard deviation (σ), 

the margin of error (λ), and Zscore:  

𝑍𝑠𝑐𝑜𝑟𝑒 =
(𝑥 − 𝜇)

𝜎⁄   Equation 6-6 

The Z-score indicates the confidence level, typically 90, 95, or 99%. Within modelling and 

simulation, a 10% margin of error and a confidence level ranging from 90% to 95% have been 

considered reasonable (Behnia et al., 2024a, b; Oberkampf et al., 2002). However, achieving a 

balance between the confidence level and the practical limitations in acquiring a sample size is 

essential. Thus, in modelling and simulations based on the measured data, a 10% margin of error 

combined with a confidence level ranging from 90 to 95% was considered reasonable (Behnia and 

Hendry, 2024a, b; Oberkampf et al., 2002).  
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The minimum sample size is necessary to obtain reliable results within the typical confidence level 

range (90-95%) of engineering modeling (Behnia and Hendry, 2024a, b; Oberkampf et al., 2002). 

Accordingly, this analysis considered three distinct scenarios that represented zones of high 

reliability (represented by a 95% confidence level, n≥96, and displayed in dark grey), moderate 

reliability (associated with a 90% confidence level, 96<n≤68 and shown in light grey), and low 

reliability (characterized by a confidence level below 90%, n<68 and denoted in white) (as shown 

in Figure 6-5).  

Because the dynamic load factors (𝜙) are determined using the upper envelope method, the 

evaluation procedure relied on the maximum load values (see also Figures E-1, E-2, and E-3). 

Identifying and removing outliers is of utmost importance, as this substantially enhances the 

dependability of subsequent data analysis (Behnia et al., 2022; ASTM, 2021). Behnia et al. (2022) 

showed that the Grubbs test is optimal for detecting and eliminating outliers in railway 

engineering. The Grubbs test value (G) is based on the mean value (μ) and standard deviation (σ) 

of the dataset, wherein xi signifies the value of the ith element contained within the dataset:  

𝐺 =
𝑚𝑎𝑥𝑖=1,...,𝑛|𝑥𝑖 − 𝜇|

𝜎⁄   Equation 6-7 

This study centers on evaluating the influence of transition direction on the magnitude of dynamic 

loads, as quantified by the dynamic load factor (𝜙). Three equations were examined for this 

purpose. These equations were introduced by Behnia et al. (2022) (Equations 6-8 and 6-9), 

representing a recent advancement in the realm of 𝜙 calculations, and AREMA (2021) (Equation 

6-10), as the widely accepted 𝜙 values (Table 6-2). This research was conducted over the same 

study site investigated by Behnia et al. (2022); thus, further analysis primarily relied on Equations 

6-8 and 6-9. 
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Figure 6-3. Probability distribution plots illustrating vertical load measurements acquired from the IWS 

system for: (a) tangent and curve sections; and (b) bridges, grade crossings, and switches. Note: The 

dataset encompasses data collected from all four instrumented wheels across both passes. 

 
Figure 6-4. Probability distributions of variations in subgrade track stiffness, in terms of ∆𝑉𝑇𝐷𝑠𝑢𝑏, based 

on measurements from the MRail system for: (a) tangent track and curve sections; and (b) bridges, grade 

crossings, and switches. Note: the data includes both rails and both passes. 

The study examines the influence of transition direction on the dynamic load factor (𝜙) through 

two distinct approaches. The first analysis focuses on the effect of transition direction (ΔVTDsubR) 

on the magnitude of dynamic loads (in terms of 𝜙), and the second analysis considers the joint 

impact of speed (S) and transition direction (ΔVTDsubR) on the dynamic loading conditions. The 

impact of subgrade stiffness conditions (VTDsub) was also considered, given their importance with 
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respect to the magnitude of dynamic load (Behnia and Hendry, 2024a). Four specific train speeds 

associated with different track classes and the available datasets were considered. These speeds 

included 15 km/h (~ 10 mph, Class 1), 40 km/h (25 mph, Class 2), 65 km/h (~ 40 mph, Class 3), 

and 75 km/h (~ 47 mph) identified as the maximum speed with a reasonable number of data points. 

Given the size of the dataset, the evaluation approach primarily concentrated on ∆VTDsub values 

below 0.13.  

Table 6-2. Dynamic load factor (𝜙) equations under consideration for assessing the impact of transition 

direction in freight railways. 

Equation for 𝜙 Equation (#) Reference 

19.1104.1103 325 ++= −− SSTan      (for tangent track) (6-8) Behnia et al. 

(2022) 27.1105.2103 325 ++= −− SSNTan   (for non-tangent track) (6-9) 

DS21.51+=  (6-10) 
AREMA 

(2021) 

6.8.1. Effect of transition direction (∆VTDsubR) on 𝝓 

Figure 6-5 presents a comparative analysis of the maximum 𝜙 values derived from the Grubbs test 

on IWS measurements across various categories. These comparisons were conducted for 0.01 

mm/m increments of ∆VTDsub in both transition directions (ΔVTDsubR). Across all categories, the 

magnitude of dynamic loads during the soft-to-stiff (ΔVTDsubR<0) transition surpassed those 

observed for the stiff-to-soft (ΔVTDsubR>0) transition. These observations underscore that soft-to-

stiff transitions amplify dynamic load magnitudes while stiff-to-soft transitions attenuate dynamic 

loads. The extent of these amplifications and attenuations falls within 5 to 10%.  

The highest attainable train speed (S) with a reasonable number of data points was 75 km/h (while 

Smax was 82 km/h). Therefore, the estimated value by Behnia et al. (2022) at S=75 km/h was 

regarded as the reference value (𝜙75) for the maximum 𝜙 in this evaluation. In tangent sections, 

the measured values closely align with the 𝜙75 line (Equation 6-8) for both transition directions 

(Figure 6-5(a)). However, in curve sections, the 𝜙75 line (Equation 6-9) provides appropriate 
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values for stiff-to-soft transitions but underestimates values for soft-to-stiff transitions, particularly 

when ∆VTDsub exceeds 0.06 mm/m (Figure 6-5(b)). Both scenarios are of utmost significance 

when considering the magnitude of dynamic loads over track assets. Dynamic load values surpass 

the 𝜙75 line when ∆VTDsub exceeds 0.06 mm/m during stiff-to-soft transitions and 0.01 mm/m 

during soft-to-stiff transitions (Figure 6-5(c)). According to the 𝜙75 value developed by AREMA 

(2021) (Equation 6-10), all values consistently exceed this threshold across all scenarios and 

categories (see also Figure E-4). Table 6-3 provides a comparative analysis of the impact of the 

transition direction on dynamic load magnitudes, considering the 𝜙75 lines developed by Behnia 

et al. (2022) (Equations 6-8 and 6-9) and AREMA (2021) (Equation 6-10) across all relevant 

categories. Table 6-3 reveals that the soft-to-stiff transition is more critical than the stiff-to-soft 

transition, and the equations developed by Behnia et al. (2022) offer more reasonable estimations 

in this context.  

Table 6-3. Comparing the maximum dynamic load factor derived from the Grubbs test values of IWS 

data with the 𝜙75 values developed by Behnia et al. (2022) and AREMA (2021) with regard to the 

transition direction. 

Track type 

According to Behnia et al. (2022) According to AREMA (2021) 

Soft→Stiff 

Δ (%) 

Stiff→Soft 

Δ (%) 

Soft→Stiff 

Δ (%) 

Stiff→Soft 

Δ (%) 

Tangent  10 5 12 7 

Curve  6 Capture all 20 15 

Track assets 8 3 22 17 

Note: Δ values are the difference between the 𝜙75 line determined by the two main studies considered for 

evaluation and the maximum Grubbs test values of 𝜙 derived from IWS measurements. 

Roghani and Hendry (2017) classified the conditions of subgrade track stiffness into three distinct 

categories based on AREMA thresholds, including good track VTDsub≤3.1), average track 

(3.1<VTDsub≤4.4), and poor track (VTDsub>4.4). Behnia and Hendry (2024b) showed the impact 

of subgrade track conditions on the magnitude of dynamic loads; thus, this step is focused on the 

combined effects of subgrade conditions and transition direction on 𝜙 values. According to the 

threshold value (𝜙 ≥ 1.1), few data points are associated with good tracks. For this reason, this 
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study consolidated subgrade stiffness conditions into two broader groups, namely good-average 

(comprising both conditions) and poor. 

 
Figure 6-5. Comparing the Behnia et al. (2022) line regarding track classes with 𝜙 value changes 

regarding the ∆VTDsub with 0.01 mm/m increments for 𝜙 ≥ 1.1 on: (a) tangent track; (b) curve sections; 

and (c) track assets. Note the horizontal lines are based on equations from Behnia et al. (2022), where the 

𝜙𝐶1 line is for 15 km/h (~10 mph), 𝜙𝐶2 line is for 40 km/h (25 mph), 𝜙𝐶3 line is for 65 km/h (~41 mph), 

and 𝜙75 line (75 km/h or ~47 mph) is for the maximum speed with a reliable number of data points.  

Figure 6-6 illustrates the impact of subgrade conditions on 𝜙 values concerning transition 

directions and stiffness variations. It shows that subgrade track conditions intensify dynamic load 

magnitudes in both transitions and across all categories. Subgrade track conditions in tangent and 

curve sections lead to an approximate 15% increase in dynamic loads in both transition directions. 

For track assets, this amplification ranges between 20 and 25%. From a technical perspective, a 

poor track leads to a more substantial increase in dynamic loads than a good-average track. The 

impact of transition direction on dynamic loads is less significant for poor subgrade conditions 

than for good-average subgrade conditions. For good-average tracks, soft-to-stiff transitions result 
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in a 10% increase in dynamic loads. This effect for stiff-to-soft transitions fluctuates between 5 

and 10% in poor subgrade conditions. Comparing these findings to the 𝜙75 line developed by 

Behnia et al. (2022) shows that the critical situation is observed for poor subgrade conditions, with 

a 10% underestimation. The 𝜙75 line provided by AREMA (2021) consistently underestimates 

dynamic loads across all categories and subgrade track conditions (Figure E-5 and Table E-1). 

 
Figure 6-6. Comparing the Behnia et al. (2022) line regarding the track classes and conditions (i.e., good-

average and poor tracks) with 𝜙 value changes regarding the ∆VTDsub with 0.01 mm/m increments for 

𝜙 ≥ 1.1 on: (a) tangent track; (b) curve sections; and (c) track assets. Note that the shaded areas are based 

on equations from Behnia et al. (2022), where 𝜙𝐶1 is for 15 km/h (~10 mph), 𝜙𝐶2 is for 40 km/h (25 

mph), 𝜙𝐶3is for 65 km/h (~41 mph), and 𝜙75 is for the maximum speed with a reliable number of data 

points (75 km/h~ 47 mph). 

Dynamic load magnitudes were measured during in-service operations, so the recorded values 

were contingent on different train speeds. These observations become evident when examining the 

graphical representations in Figures 6-5 and 6-6 (see also Figures E-4 and E-5), underscoring the 

significance of considering variations associated with train speed. Hence, the forthcoming phase 
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of this study was devoted to investigating the collective impact of speed (S) and ∆VTDsubR on 𝜙 

values.  

6.8.2. Effect of transition direction (∆VTDsubR) and train speed (S) on 𝝓 

The evaluation of maximum Grubbs test values of 𝜙 based on 5 km/h increments of train speed 

and 0.01 mm/m increments of ∆VTDsub over various track categories (inclusive of tangent, curve, 

and assets) and both transition directions (±∆VTDsubR) shows these parameters have a considerable 

influence on the magnitude of dynamic loads (see Figures E-6, E-7, and E-8). This analysis 

highlights that incremental changes in train speed intensify the impact of transition directions on 

dynamic load magnitudes. This evaluation also provides better insight into how changes in train 

speed influence the interplay between ∆VTDsub and transition direction (∆VTDsubR) in 𝜙 values. As 

mentioned, this study concentrated on four specific train speeds corresponding to track classes (1 

through 3) and the maximum train speed with a reasonable number of data points (75 km/h).  

Figures 6-7 and 6-8 present a comparative analysis of the influence of variations in ∆VTDsub and 

train speed on changes in the 𝜙 value concerning transition direction across different categories. 

This examination across various categories reveals that transition direction can result in an 

approximate 10% variance in dynamic load factor values. Soft-to-stiff transitions yield higher 

values of 𝜙 than stiff-to-soft transitions. In tangent sections, the derived 𝜙 values from the equation 

proposed by Behnia et al. (2022) (Equation 6-8) underestimate the measured values by more than 

10% during the soft-to-stiff transition; this underestimation decreases to less than 5% when 

transitioning from a stiffer section to a softer section (Figure 6-7). A critical threshold1  is noted at 

∆VTDsub values beyond the 0.02 to 0.04 mm/m range, as measured values of 𝜙 exceed the values 

estimated by Equation 6-8. In comparison, the estimates provided by AREMA (2021) (Equation 

                                                           
1 Critical thresholds are defined based on situations where the measured 𝜙 values exceed the predictions made by 

earlier equations. 
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6-10) exhibit a 16% underestimation during the soft-to-stiff transition and a 14% underestimation 

during the stiff-to-soft transition. The discrepancy in tangent sections between the estimations 

developed by Equation 6-10 and Equation 6-8 is primarily associated with lower speeds. Thus, the 

divergence in these estimations was predominantly attributed to lower train speeds (Figure E-9). 

 
Figure 6-7. IWS and MRail measurements for tangent track based on the Grubbs test values of the 

dynamic load factor (𝜙) for 0.01 mm/m increments of ∆VTDsub regarding the estimated 𝜙 values by 

Behnia et al. (2022) for tangent track (Equation 6-8) and reliability (confidence level) conditions for four 

specific train speeds: (a) 15 km/h (~10 mph, as Class 1, 𝜙𝐶1); (b) 40 km/h (25 mph, as Class 2, 𝜙𝐶2); (c) 

65 km/h (~40 mph, as Class 3, 𝜙𝐶3); and (d) 75 km/h (~47 mph, as the maximum speed with appropriate 

number of data points, 𝜙75). Note: the solid, dash-dot, and dotted lines, respectively, correspond to zones 

of high, moderate, and low reliability. 
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In nontangent sections (inclusive of curves and track assets), the 𝜙 values provided by Behnia et 

al. (2022) (Equation 6-9) underestimate measured 𝜙 values by over 10% for soft-to-stiff 

transitions. When transitioning in the opposite direction (stiff-to-soft), this underestimation 

decreases to less than 5% (Figure 6-8). When ∆VTDsub values exceed 0.04-0.05 mm/m in curves 

and 0.02-0.04 mm/m in track assets, the observed 𝜙 values surpass the values estimated by 

Equation 6-9 (Figure 6-8). Therefore, these values are identified as the critical thresholds within 

these categories. In stiff-to-soft transitions, Equation 6-9 provides more dependable estimates with 

an underestimation of less than 4%, particularly in curves (Figure 6-8). In nontangent tracks, the 

estimates provided by AREMA (2021) (Equation 6-10) significantly underestimate 𝜙 values by 

20-30%. The higher underestimations are primarily associated with the soft-to-stiff transition (see 

also Figure E-10).  

To gain a deeper understanding of how transition direction (ΔVTDsubR) impacts 𝜙 values, the data 

were evaluated within the framework of subgrade track conditions (VTDsub). Table 6-4 compares 

𝜙 values under good-average and poor subgrade conditions, considering transition direction and 

track categories. Soft-to-stiff transitions in poor subgrade conditions exhibit a smaller increase in 

𝜙 values than stiff-to-soft transitions in good-average subgrade conditions (see also Figures 6-9, 

E-11, E-12, and E-13). This difference is primarily due to the subgrade track condition. During the 

soft-to-stiff transition in the poor subgrade conditions, the train moves from a more unfavorable 

condition track to a better one, and the gradual augmentation in 𝜙 values is smaller than for the 

stiff-to-soft transition. Figure 6-9 provides an illustrative example of the comparative evaluation 

of changes in 𝜙 values regarding the considered train speeds, ∆VTDsub variations, and transition 

directions (ΔVTDsubR) in track assets.  
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Figure 6-8. IWS and MRail measurements for non-tangent track (inclusive of curve sections and track 

assets) based on the Grubbs test values of the dynamic load factor (𝜙) for 0.01 mm/m increments of 

∆VTDsub regarding the estimated 𝜙 values by Behnia et al. (2022) for non-tangent track (Equation 6-9) 

and reliability (confidence level) conditions for four specific train speeds: (a) 15 km/h (~10 mph, as Class 

1, 𝜙𝐶1); (b) 40 km/h (25 mph, as Class 2, 𝜙𝐶2); (c) 65 km/h (~40 mph, as Class 3, 𝜙𝐶3); and (d) 75 km/h 

(~47 mph, as the maximum speed with appropriate number of data points, 𝜙75). Note: the solid, dash-dot, 

and dotted lines, respectively, correspond to zones of high, moderate, and low reliability. 

 

Table 6-4. Comparing the effect of subgrade track conditions (inclusive of good-average and poor tracks) 

on 𝜙 values for both transition directions. 

Track type δSoft→Stiff (%) δStiff→Soft (%) 

Tangent  4-11 4-14 

Curve 5-11 4-12 

Track assets 5-16 5-20 

Note: δ value represents the difference between good-average and poor subgrade conditions with the 

same transition direction in percentage. 
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The findings demonstrate that the equations proposed by Behnia et al. (2022) (Equation 6-8 and 

6-9) effectively capture the dynamic load magnitudes for stiff-to-soft transitions under good-

average conditions. In the soft-to-stiff transition, Equations 6-8 and 6-9 underestimate observed 

values by less than 6% in cases of good-average tracks. Based on Equations 6-8 and 6-9, the critical 

thresholds for ∆VTDsub are defined by a range from 0.05 to 0.06 mm/m in tangent sections and 

values exceeding 0.09 mm/m in curves.  

 
Figure 6-9.  IWS and MRail measurements for track assets based on the Grubbs test values of the 

dynamic load factor (𝜙) for 0.01 mm/m increments of ∆VTDsub regarding the estimated 𝜙 values by 

Behnia et al. (2022) (Equation 6-9) and reliability (confidence level) conditions and track conditions (i.e., 

good-average and poor subgrade conditions of track) for four specific train speeds: (a) 15 km/h (~10 mph, 

as Class 1, 𝜙𝐶1); (b) 40 km/h (25 mph, as Class 2, 𝜙𝐶2); (c) 65 km/h (~40 mph, as Class 3, 𝜙𝐶3); and (d) 

75 km/h (~47 mph, as the maximum speed with appropriate number of data points, 𝜙75). Note: the solid, 

dash-dot, and dotted lines, respectively, correspond to zones of high, moderate, and low reliability. 
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For soft-to-stiff transitions with poor subgrade conditions, the degree of underestimation exceeds 

10% across all categories. In this scenario, the critical thresholds for ∆VTDsub decrease to 0.01-

0.03 mm/m for tangent tracks and 0.04-0.05 mm/m for nontangent sections. For stiff-to-soft 

transitions over poor subgrade conditions, the values estimated by Equations 6-8 and 6-9 result in 

an underestimation of approximately 5%. In this context, the critical thresholds for ∆VTDsub 

fluctuate between 0.02-0.05 mm/m for tangent tracks and 0.03-0.06 mm/m for nontangent sections 

(see also Figures 6-9, E-11, and E-12). Comparatively, the 𝜙 values provided by Equation 6-10 

predominantly lead to an underestimation ranging from 10 to 30% for transition scenarios and 

subgrade track conditions (Figures E-11, E-12, and E-13). For good-average tracks, Equation 6-

10 underestimates 𝜙 values by 5-12% for tangent tracks and by 5-20% for nontangent sections. In 

poor subgrade conditions, the degree of underestimation increases to 7-15% for tangent tracks and 

15-30% for nontangent sections.  

6.9. Conclusion 

This study investigated how transition directions (soft-to-stiff (∆VTDsubR <0) and stiff-to-soft 

(∆VTDsubR >0)) affected dynamic load magnitudes (in terms of 𝜙) at various train speeds and track 

structures, using data from the MRail and IWS systems. This investigation distinguishes itself from 

prior studies by focusing on the entire railway track, in contrast to research limited to specific track 

sections. This study employed extensive datasets acquired through instrumented railcar while 

moving along the track, showcasing the distinctive methodology adopted for this evaluation. These 

comprehensive datasets covered various track structures over 340 km of in-service track. The 

results demonstrated that soft-to-stiff transitions amplify dynamic load magnitudes while stiff-to-

soft transitions attenuate the dynamic loads. Soft-to-stiff transitions had 𝜙 values approximately 

10% higher than stiff-to-soft transitions. This study further examined how subgrade track stiffness 
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(VTDsub) influences the effectiveness of transition directions on the magnitude of dynamic loads. 

This evaluation revealed that subgrade conditions (i.e., good-average and poor) affect the impact 

of transition directions on dynamic load magnitudes. Poor subgrade conditions consistently led to 

higher dynamic loads across both transition scenarios than good and average conditions. 

This research also examined the performance of predictive models presented by Behnia et al. 

(2022) and AREMA (2021) for four specific speeds associated with North American track classes 

(1 through 3) and the maximum speed with a reasonable number of data points. The equations 

developed by Behnia et al. (2022) (Equations 6-8 and 6-9) tended to underestimate 𝜙 values by 

more than 10% in soft-to-stiff transitions, although this underestimation declined to 5% for stiff-

to-soft transitions. Regarding the estimates provided by AREMA (2021) (Equation 6-10), the 

underestimation increased to 15-30% for soft-to-stiff transitions and 10-25% for stiff-to-soft 

transitions. The substantial underestimations were primarily associated with nontangent sections. 

This study identified a critical range for subgrade stiffness variation (ΔVTDsub) in poor subgrade 

conditions (VTDsub > 4.4), between 0.02 and 0.05, based on 𝜙 value estimates from Behnia et al. 

(2022) (smaller ΔVTDsub values correspond to higher train speeds). This study also underscored 

the significance of considering train speed when evaluating the influence of ∆VTDsub on 𝜙 

variations. The impact of speed drew attention to the need to optimize maintenance techniques 

based on track classes and their maximum allowable speeds. Further research is warranted to 

evaluate the impact of subgrade track stiffness variations (∆VTDsub) on 𝜙 values while considering 

various track conditions and variations in car types and conditions. In future studies, it is also 

crucial to investigate the impact of transition directions on tangential forces along the track, which 

can complement this study. 
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7. Conclusions & Recommendations 

Rail breaks and failures in track components are a primary factor contributing to derailments in 

Canada. In light of the ongoing problem of rail failures, it is worth revisiting the understanding of 

the magnitude of loads the rail is subjected to. This study enhances our comprehension of how 

railway track characteristics influence dynamic load magnitudes across Canadian freight railway 

lines. Such insights could lead to better railway design and heightened network safety and 

reliability. 

The research objectives were twofold: to address gaps in previous studies and to investigate the 

primary factors contributing to the increase and variability of dynamic loads on tracks. Firstly, the 

study evaluated the impact of super-structural track features (e.g., grade crossings and switches) 

and rail surface changes on dynamic load magnitudes. Secondly, it provided a detailed quantitative 

analysis of how subgrade track stiffness affects these loads. Given the significant impact of the 

dynamic load factor (ϕ) on railway design, particularly concerning aspects such as rail steel and 

cross-sectional (weight), this research concentrated on scrutinizing various parameters by 

evaluating this crucial factor (ϕ). 

The following sections explain the conclusions corresponding to each objective of this research.  

7.1. Quantifying the impact of observable track characteristics on dynamic load 

magnitudes 

Chapter 3 comprehensively evaluated the impact of observable track characteristics (structures) 

on dynamic load magnitudes, including tangent track, curve, grade crossing, bridge, and switch. 

This approach differs from previous studies that relied on instrumented track sections, which 

captured dynamic load magnitudes from various car types and conditions passing over the site but 

under constant track conditions. In contrast, the IWS system provided measurements of dynamic 
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loads under constant car types and conditions but across diverse track conditions. The results of 

this chapter demonstrated that the impact of track conditions is significant, resulting in ranges of 

dynamic loads and ϕ that the track may experience well over that provided by common means of 

estimating, especially for non-tangent track (inclusive of curves, switches, grade crossings, and 

bridges). Equations were also developed to represent the dynamic load factor (ϕ) in terms of speed, 

addressing both tangent and non-tangent tracks and offering a method to quantify the observed 

variation.  

7.2. Quantifying the effect of surface track vertical deviation on dynamic load magnitudes 

Chapter 4 quantified the impact of train speed and rail profile variations on the dynamic load factor 

(ϕ), reflecting dynamic load changes along the track. In contrast to previous studies that focused 

on specific track sections (instrumented sections), this chapter adopts a different approach by 

evaluating the impact of rail profile variations along the railway track, encompassing various track 

structures. The dynamic loads, measured by the IWS system, were assessed in terms of train speed, 

rail profile variations, and track characteristics. The findings demonstrated that dynamic load 

magnitudes (ϕ values) were significantly influenced by rail profile changes, train speed, and track 

structures, particularly in non-tangent sections. 

This chapter also evaluated two equations for ϕ values, one being the commonly used equation 

from AREMA (2021) and the other a recently formulated equation by Behnia et al. (2022) in the 

context of North American freight railways. When rail profile variations reached the upper limit 

(18-20 mm), these equations underestimated the values by approximately 15% on tangent tracks. 

The underestimation was more pronounced on non-tangent tracks, with Behnia et al. (2022) and 

AREMA (2021) values underestimated by 15% and 36%, respectively. These results suggest that 

equations developed by Behnia et al. (2022) may offer more accurate estimates for dynamic loads 
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on in-service tracks, presenting an opportunity to optimize maintenance schedules and timely 

grinding procedures for rail break prevention. These findings enhance our understanding of how 

surface longitudinal level deviations affect dynamic load magnitudes and contribute to rail defects. 

7.3. Quantitative evaluation of subgrade track stiffness effects on dynamic load magnitudes  

Chapter 5 comprehensively evaluated dynamic load magnitudes (i.e., in terms of ϕ) by integrating 

data from the IWS system with subgrade track stiffness measurements (VTDsub) from MRail. This 

analytical approach distinguishes itself from previous studies focusing on specific track sections. 

The results of this phase highlighted the substantial impact of track subgrade stiffness (i.e., VTDsub) 

and variations in train speed on dynamic loads, with magnitudes surpassing those of prior 

estimates. The critical range for observed increases in ϕ values was identified under average track 

conditions (VTDsub = 3.1–4.4 mm). In curves, the analysis reveals that increases in VTDsub, 

especially on tracks with average to poor conditions, significantly elevate dynamic loads on the 

lower rail compared to a good track. 

This study supported the better performance of the estimation models proposed by Behnia et al. 

(2022) over those presented by AREMA (2021). The ϕBehnia et al. values demonstrated an 

underestimation of less than 10% in good subgrade track conditions, surpassing the performance 

of ϕAREMA values, which consistently underestimated ϕ values by more than 20% for tangent tracks 

and approximately 30% for non-tangent tracks. This discrepancy was particularly pronounced in 

Class 1 tangent tracks (S ≤ 16 km/h or 10 mph). 

7.4. Quantitative evaluation of transition directions impacts on dynamic load magnitudes 

Chapter 6 presented a quantitative evaluation of dynamic load fluctuations regarding ϕ values 

across various track structures, utilizing data from the IWS system. The ϕ values were assessed in 

light of transition directions, categorized as soft-to-stiff and stiff-to-soft. The evaluation also 
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considered changes in subgrade track stiffness (∆VTDsub) and subgrade track conditions (VTDsub) 

derived from MRail measurements. The secant slope procedure was employed to quantify the 

transition directions (∆VTDsubR). A positive ∆VTDsubR value (∆VTDsubR > 0) signifies a transition 

from stiff to soft, while a negative value (∆VTDsubR < 0) indicates a transition from soft to stiff. 

The findings indicated that soft-to-stiff transitions amplify dynamic load magnitudes, whereas 

stiff-to-soft transitions attenuate them. Notably, soft-to-stiff transitions resulted in ϕ values 

approximately 10% higher than those in stiff-to-soft transitions.  

Recognizing the influence of subgrade track stiffness conditions on dynamic load magnitudes, the 

subsequent phase of the study examined the interplay between this parameter and the relationship 

between transition directions and dynamic load magnitudes. Data were thus categorized into two 

groups based on subgrade track conditions: good-average and poor. The analysis suggested that 

subgrade track conditions modulate the impact of transition direction, potentially diminishing the 

differences between the two transition scenarios. The significance lies in emphasizing that the 

influence of subgrade track conditions plays a more pivotal role in determining the magnitude of 

dynamic loads than the transitions' directions.  

The research scrutinized the accuracy of predictive models proposed by Behnia et al. (2022) and 

AREMA (2021) across four specific speeds corresponding to North American track classes (1 

through 3) and the maximum speed with a sufficient number of data points (i.e., 75 km/h). The 

models by Behnia et al. (2022) tended to underestimate ϕ values by more than 10% in soft-to-stiff 

transitions, though this underestimation decreased to 5% for stiff-to-soft transitions. Conversely, 

the ϕ values provided by AREMA (2021) exhibited a more significant underestimation, ranging 

from 15-30% for soft-to-stiff transitions to 10-25% for stiff-to-soft transitions, with significant 
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discrepancies predominantly observed in non-tangent sections. The study underscored the 

necessity of considering train speed when evaluating the impact of ∆VTDsub on ϕ variations.  

7.5. Contributions of track parameters to railway dynamic load factor 

This study investigated the influence of various track characteristics on dynamic load magnitudes 

in railway systems, focusing on observable track structures, surface geometry, subgrade stiffness, 

and transition directions. This study, therefore, quantified the contributions of these factors, 

revealing that subgrade stiffness is the primary determinant of dynamic loads in both tangent and 

non-tangent tracks. Specifically, in good subgrade conditions, rail profile (also known as the 

longitudinal level of the rail or rail surface) variations predominantly affect dynamic loads. 

However, in average and poor subgrade conditions, subgrade stiffness becomes the dominant 

factor, with its influence being particularly pronounced in poor tracks. Additionally, the results of 

this investigation indicated that the impact of rail surface variations intensifies during transitions 

from stiff to soft subgrade conditions. However, subgrade stiffness remains the primary influence 

on dynamic loads. These findings underscore the critical role of subgrade stiffness in managing 

dynamic loads across varying track conditions.  

7.6. Implications of this study 

The main contribution of this research is to provide greater quantitative insight into the effect of 

various track features (i.e., observable track structures, track surface changes, subgrade stiffness 

variations) on the magnitude of dynamic loads along the freight railway lines. Understanding the 

magnitude of dynamic loads is paramount in railway engineering, as it informs decisions related 

to track design, material selection, and overall system safety. This understanding is crucial for 

informing decisions in railway engineering, such as track design, material selection, and overall 

system safety. Additionally, the text discusses the importance of dynamic load analysis in railway 
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maintenance scheduling, as it enables proactive maintenance to prevent structural deficiencies and 

reduce unplanned maintenance activities.  

The other important aspects of this study can contribute to figuring out the point of interest 

regarding rail breaks and defects. The augmentation of dynamic load magnitudes can result in 

fatigue life in rail. Hence, the quantitative evaluation of dynamic loads is crucial for understanding 

how they affect the fatigue life of rails, assisting engineers in developing strategies to alleviate 

stress concentrations, improve material durability, and prolong the operational longevity of railway 

tracks. In this research, an extensive data analysis over 340 km of track with a wide variety of track 

structures (e.g., more than 30 bridges, 100 grade crossings, and 50 switches with more than 56×106 

vertical dynamic load measurements), variations in track surface, and track subgrade conditions 

were conducted to quantify the extent of the impact of these parameters on dynamic load 

magnitudes (regarding ϕ values). The insights provided are valuable for the railway industry as 

they have the potential to diminish the risk of train derailments and considerably enhance track 

safety.  

7.7. Recommendations  

This thesis enhances the understanding of how various track features, including observable 

characteristics, surface changes, and subgrade conditions, influence dynamic loads on freight 

railways. This knowledge can be utilized to optimize railway design and enhance safety measures. 

The following tasks are recommended for future work:  

• Investigating temperature/environmental effects: Current datasets, confined to July and 

August 2015, represent summer conditions. Collecting data during winter and comparing 

it with the existing dataset can quantify how temperature, specifically cold weather, affects 
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the wheel-rail dynamic interactions. This analysis can improve understanding of dynamic 

load magnitudes along the railway track. 

• Evaluating the conditions that increase rail break frequency: Recent studies have 

highlighted the impact of track surface roughness and subgrade conditions on dynamic load 

magnitudes, which are critical factors contributing to variability and increasing dynamic 

load magnitudes. Given rail fatigue life as an early indicator of potential rail breaks, 

examining these parameters alongside AREMA regulations can help quantify conditions 

that increase rail break occurrences. This approach can offer ample opportunities to revisit 

rail fatigue life and provide a comprehensive understanding of factors exacerbating rail 

break frequency.  

• Evaluating other track surface geometry parameters: Investigating additional track 

geometry parameters such as alignment, twist, and warp can improve insights into their 

effects on dynamic load magnitudes. Examining these parameters in curved track sections 

and differentiating between their impacts on the low and high rails is suggested. 

• Incorporating diverse railcar types and static loads: A limitation of the IWS measurements 

is their dependence on a single car type and load, in contrast to wayside measurements 

(instrumented section) that capture a broader spectrum of conditions. For a comprehensive 

understanding of wheel-rail dynamic interactions, it is recommended to combine these 

measurements to enhance the comprehension of the magnitude of dynamic loads along the 

railway track.  

• Evaluating subgrade conditions and transition directions on tangential forces: Tangential 

forces play a pivotal role in defining the frictional properties and wear patterns on rail 

tracks. Understanding the impact of these forces on rail track behavior is essential for 
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improving system reliability and developing effective maintenance strategies. 

Investigating the effect of subgrade conditions (soft and stiff) and transition directions on 

tangential forces can present a pertinent opportunity to evaluate the effects of subgrade 

stiffness conditions on the degradation of surface tracks.  
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A. Appendix A: Summary of the Dynamic Load Factors (𝝓) Equations 

Presented in the Literature for Passenger Railways 

Examples of equations for the upper envelope of 𝜙 and dynamic loads for passenger railways are 

presented as follows: 

1 +
4.5𝑆2

105 −
1.5𝑆3

107   Equation (A-1) German Railways {V ≤ 200} (Schramm 1961) 

(1 + 3.86 × 10−5𝑆2)
2

3  Equation (A-2) WMATA (Prause et al. 1974) 

1.098 + 8 × 10−4𝑆 + 10−6𝑆2  Equation (A-3) Iran Railways (Sadeghi 2010) 

1 + 0.021
𝑆

𝐷
  Equation (A-4) Talbot (Hay 1982) 

1 + 4.92
𝑆

𝐷
  Equation (A-5) South African Railways (Doyle 1980) 

1 +
𝑆

58.14√𝑈
  Equation (A-6) Indian Railways (Srinivasan 1969) 

1 +
19.65𝑆

𝐷√𝑈
  Equation (A-7) Clark formula (Doyle 1980) 

1 + 𝛿𝜂𝑡  Equation (A-8) Eisenmann formula (Esveld 2001) 

8.784(𝛼1+𝛼2)𝑆

𝑃𝑆
√

𝐷𝑗𝑃𝑢

𝑔
  Equation (A-9) British Railways (Doyle 1980) 

where S = train speed (km/h); D = wheel diameter (mm); U = track modulus; δ = track maintenance 

condition; η = speed factor; t = upper confidence limits regarding the probability of exceedance; 

PS = static load (kN); α1+α2 = total rail joint dip angle (radians); Dj = track stiffness at joints 

(kN/mm); Pu = un-sprung load on one wheel (kN); and g = acceleration due to gravity (m/s2).  
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B. Appendix B: Developed Dynamic Load Factor (𝝓) Equations in Miles per 

Hour (m/h) 

The following are Eqs. (3-5) and (3-6) modified to be used with speed (S) in units of miles per 

hour.  

From Equation (3-5)  

𝜙𝑇𝑎𝑛 = 1.16 × 10−5𝑆2 + 8.7 × 10−4𝑆 + 1.19  Equation (B-1) 

From Equation (3-6)  

𝜙𝑁𝑇𝑎𝑛 = 1.16 × 10−5𝑆2 + 1.55 × 10−3𝑆 + 1.27  Equation (B-2) 
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C. Appendix C: Supplemental Materials for Chapter 4 

 
Figure C-1. IWS and rail profile measurements based on maximum values of dynamic load factor (𝜙) for 

5 km/h increments of train speed and 2 mm increments of rail profile: (a) tangent sections; (b) curves; and 

(c) track assets. 

 
Figure C-2. IWS and rail profile measurements based on the maximum Grubbs’ test values of 𝜙 values 

for 2 mm increments of rail profile regarding the statistical significance conditions for four track classes, 

including Class 1 (Smax= 15 km/h [~10 mph], 𝜙15), Class 2 (Smax= 40 km/h [25 mph], 𝜙40), Class 3 (Smax= 

65 km/h [~40 mph], 𝜙65), and Class 4 (Smax= 95 km/h [~60 mph], 𝜙95), compared to AREMA (2021) 

(𝜙𝐴𝑅𝐸𝑀𝐴 (Equation (4-2))) estimations, in: (a) tangent tracks; (b) curves; and (c) track assets. 
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Figure C-3. Fitted surfaces over dynamic loads (in terms of 𝜙) from IWS, with train speed increments of 

5 km/h and rail profile increments of 2 mm: (a) tangent tracks; (b) curves; and (c) track assets (i.e., grade 

crossings, bridges, and switches). Note: Dark grey, light grey, and white markers represent high-, 

moderate-, and low-reliability zones, respectively. Fitted surfaces are based on data from the high- and 

moderate-reliability zones. 

 
Figure C-4. 𝜙 trends across North American track classes: Comparative analysis showcasing 𝜙 changes 

based on fitted surfaces for defined rail profile threshold values within each track class, in (a) tangent 

tracks, (b) curves, and (c) track assets. Note: The shaded areas represent estimated values for each track 

class, according to AREMA (2021) (Equation 4-2). 
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Figure C-5. 𝜙 trends across North American track classes: Comparative analysis showcasing 𝜙 changes 

based on fitted surfaces for defined rail profile threshold values within each track class, in (a) tangent 

tracks, (b) curves, and (c) track assets. Note: The shaded areas represent estimated values for each track 

class, according to Behnia et al. (2022) (Equations 4-3 and 4-4).  
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D. Appendix D: Supplemental Materials for Chapter 5 

 
Figure D-1. IWS and VTDsub measurements based on maximum values of the dynamic load factor  

(𝜙 ≥ 1.1) for 0.4 mm increments of subgrade track stiffness (VTDsub) on: (a) tangent sections; (b) curve 

sections; and (c) track assets. The graph is segregated into three sections by blue lines, indicating good 

(VTDsub≤3.1), average (3.1<VTDsub≤4.4), and poor (VTDsub>4.4) tracks.  

 

 
Figure D-2. IWS and VTDsub measurements based on maximum values of the dynamic load factor  

(𝜙 ≥ 1.1) for 0.4 mm increments of subgrade track stiffness (VTDsub) on curves: (a) low (inner) rail; and 

(b) high (outer) rail. The graph is segregated into three sections by blue lines, indicating good 

(VTDsub≤3.1), average (3.1<VTDsub≤4.4), and poor (VTDsub>4.4) tracks.  
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Figure D-3. IWS and VTDsub measurements based on the Grubbs values of the dynamic load factor  

(𝜙 ≥ 1.1) for 0.4 mm increments of subgrade track stiffness (VTDsub) on: (a) curve sections; and (b) high 

(outer) rail in curve sections. Note the horizontal lines are based on equations provided by Behnia et al. 

(2022), where the 𝜙𝐶1 line is for 15 km/h (~10 mph), 𝜙𝐶1 line is for 40 km/h (~25 mph), 𝜙𝐶1 line is for 

65 km/h (~40 mph), and 𝜙𝐶1 line (75 km/h~ 47 mph) is for the maximum speed with a reliable number of 

data points. The graph is segregated into three sections by blue lines, indicating good (VTDsub≤3.1), 

average (3.1<VTDsub≤4.4), and poor (VTDsub>4.4) tracks.  

 

 
Figure D-4. IWS and VTDsub measurements based on the Grubbs values of the dynamic load factor  

(𝜙 ≥ 1.1) for 0.4 mm increments of subgrade track stiffness (VTDsub) on: (a) tangent sections; (b) low 

(inner) rail in curve sections; and (c) track assets. Note the horizontal lines are based on the equation 

provided by AREMA (2021), where the 𝜙𝐶1 line is for 15 km/h (~10 mph), 𝜙𝐶2 line is for 40 km/h (~25 

mph), 𝜙𝐶3 line is for 65 km/h (~40 mph), and 𝜙75 line (75 km/h~ 47 mph) is for the maximum speed with 

a reliable number of data points. The graph is segregated into three sections by blue lines, indicating good 

(VTDsub≤3.1), average (3.1<VTDsub≤4.4), and poor (VTDsub>4.4) tracks. 
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Figure D-5. IWS and VTDsub measurements based on the Grubbs values of the dynamic load factor  

(𝜙 ≥ 1.1) for 0.4 mm increments of subgrade track stiffness (VTDsub) on: (a) curve sections; and (b) high 

(outer) rail in curve sections. Note the horizontal lines are based on the equation provided by AREMA 

(2021), where the 𝜙𝐶1 line is for 15 km/h (~10 mph), 𝜙𝐶2 line is for 40 km/h (~25 mph), 𝜙𝐶3 line is for 

65 km/h (~40 mph), and 𝜙75 line (75 km/h~ 47 mph) is for the maximum speed with a reliable number of 

data points. The graph is segregated into three sections by blue lines, indicating good (VTDsub≤3.1), 

average (3.1<VTDsub≤4.4), and poor (VTDsub>4.4) tracks. 

 

  
 

  
Figure D-6. Number of data points for 5 km/h increments of train speed and 0.4 mm increments of 

VTDsub on: (a) tangent track; (b) low (inner) rail in curve sections; (c) high (outer) rail in curve sections; 

and (d) track assets. 
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Figure D-7. Maximum values of the dynamic load factor (𝜙 ≥ 1.1) values for 5 km/h increments of 

train speed and 0.4 mm increments of VTDsub on: (a) tangent track; (b) low rail in curve sections; (c) 

high rail in curve sections; and (d) track assets. 

 
Figure D-8. Grubbs values of the dynamic load factor (𝜙 ≥ 1.1) for 5 km/h increments of train speed and 

0.4 mm increments of VTDsub for the high rail in curves. 
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Figure D-9. IWS and VTDsub (measured by MRail) measurements based on the Grubbs values of the 

dynamic load factor (𝜙 ≥ 1.1) for 0.4 mm increments of VTDsub with respect to statistical significance 

conditions for four specific train speeds on the high rail in curve sections. Note the specific speeds include 

S= 15 km/h (~10 mph, in black), 40 km/h (~25 mph, in magenta), 65 km/h (~40 mph, in grey), and 75 

km/h (~47 mph, in red); and the shaded regions represent the 𝜙 values based on the specific speeds (𝜙𝐶1, 

𝜙𝐶2, 𝜙𝐶3, and 𝜙75) and equations developed by Behnia et al. (2022). The graph is segregated into three 

sections by blue lines, indicating good (VTDsub≤3.1), average (3.1<VTDsub≤4.4), and poor (VTDsub>4.4) 

tracks. 

 
Figure D-10. IWS and VTDsub (measured by MRail) measurements based on the Grubbs values of the 

dynamic load factor (𝜙 ≥ 1.1) for 0.4 mm increments of VTDsub with respect to significance conditions 

for four specific train speeds on: (a) tangent track; (b) the low rail in curves; and (c) track assets. Note the 

specific speeds include S= 15 km/h (~10 mph, in black), 40 km/h (~25 mph, in magenta), 65 km/h (~40 

mph, in grey), and 75 km/h (~47 mph, in red); and the shaded regions represent the 𝜙 values based on the 

specific speeds (𝜙𝐶1, 𝜙𝐶2, 𝜙𝐶3, and 𝜙75) and equations developed by AREMA (2021). The graph is 

segregated into three sections by blue lines, indicating good (VTDsub≤3.1), average (3.1<VTDsub≤4.4), and 

poor (VTDsub>4.4) tracks.  



192 

 

 
Figure D-11. IWS and VTDsub (measured by MRail) measurements based on the Grubbs values of the 

dynamic load factor (𝜙 ≥ 1.1) for 0.4 mm increments of VTDsub with respect to significance conditions 

for four specific train speeds on the high rail in curve sections. Note the specific speeds include S= 15 

km/h (~10 mph, in black), 40 km/h (~25 mph, in magenta), 65 km/h (~40 mph, in grey), and 75 km/h 

(~47 mph, in red); and the shaded regions represent the 𝜙 values based on the specific speeds (𝜙𝐶1, 𝜙𝐶2, 

𝜙𝐶3, and 𝜙75) and equations developed by AREMA (2021). The graph is segregated into three sections 

by blue lines, indicating good (VTDsub≤3.1), average (3.1<VTDsub≤4.4), and poor (VTDsub>4.4) tracks. 

Table D-1. Statistical measures from probability distributions of dynamic vertical load measurements 

from the IWS system. 

Track type 
μ 

(kN) 

Median 

(kN) 

σ 

(kN) 

Maximum 

(kN) 

99.9th 

(kN) 

All 144.8 144.3 10.0 377.8 190.9 

Tangent track 144.6 144.2 8.2 377.8 184.3 

Curve 145.0 144.5 11.5 258.0 192.8 

Grade crossing 145.7 144.9 13.2 246.7 208.8 

Bridge 145.3 145.0 11.5 243.5 209.3 

Switch 145.4 144.8 14.3 219.5 200.7 

Note: Data include all four instrumented wheels and two passes; μ= mean; σ= standard deviation; 

and 99.9th= 99.9th percentile value. 

 

Table D-2. Statistical measures from probability distributions of VTDsub measurements from the MRail 

system. 

Track type μ (mm) Median (mm) σ (mm) 

All 4.1 4.2 0.9 

Tangent track 4.2 4.2 0.6 

Curve 3.9 4 1.2 

Grade crossing 4.4 4.4 0.9 

Bridge 4.6 4.5 0.7 

Switch 4.5 4.4 0.8 

Note: Data include all four instrumented wheels and two passes; μ= 

mean; and σ= standard deviation. 
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E. Appendix E: Supplemental Materials for Chapter 6 

  
Figure E-1. Maximum 𝜙 values for 5 km/h increments of train speed and 0.01 mm/m increments of 

∆VTDsub on tangent track for: (a) soft-to-stiff transitions; and (b) stiff-to-soft transitions. 

 

 

  
Figure E-2. Maximum 𝜙 values for 5 km/h increments of train speed and 0.01 mm/m increments of 

∆VTDsub on curve sections for: (a) soft-to-stiff transitions; and (b) stiff-to-soft transitions. 
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Figure E-3. Maximum 𝜙 values for 5 km/h increments of train speed and 0.01 mm/m increments of 

∆VTDsub on track assets for: (a) soft-to-stiff transitions; and (b) stiff-to-soft transitions. 

 

 
Figure E-4. Comparing the AREMA (2021) line regarding the track classes with 𝜙 value changes 

regarding the ∆VTDsub with 0.01 mm/m increments for 𝜙 ≥ 1.1 for: (a) tangent track; (b) curve sections; 

and (c) track assets. 
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Figure E-5. Comparing the AREMA (2021) line regarding the track classes and conditions (i.e., good-

average and poor tracks) with 𝜙 value changes regarding the ∆VTDsub with 0.01 mm/m increments for 

𝜙 ≥ 1.1 for: (a) tangent track; (b) curve sections; and (c) track assets. 

 

  
Figure E-6. The Grubbs test values of 𝜙 for 5 km/h increments of train speed and 0.01 mm/m 

increments of ∆VTDsub on tangent track for: (a) soft-to-stiff transitions; and (b) stiff-to-soft transitions. 

 



196 

 

  
Figure E-7. The Grubbs test values of 𝜙 for 5 km/h increments of train speed and 0.01 mm/m 

increments of ∆VTDsub on curve sections for: (a) soft-to-stiff transitions; and (b) stiff-to-soft transitions. 

 

  
Figure E-8. The Grubbs test values of 𝜙 for 5 km/h increments of train speed and 0.01 mm/m 

increments of ∆VTDsub on track assets for: (a) soft-to-stiff transitions; and (b) stiff-to-soft transitions. 
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Figure E-9. IWS and MRail measurements for tangent track based on the Grubbs test values of dynamic 

load factor (𝜙) for 0.01 mm/m increments of ∆VTDsub regarding the estimated 𝜙 values by AREMA 

(2021) (Equation 6-9) and reliability (confidence level) conditions for four specific train speeds: (a) 15 

km/h (~10 mph, as Class 1, 𝜙𝐶1); (b) 40 km/h (25 mph, as Class 2, 𝜙𝐶2); (c) 65 km/h (~40 mph, as Class 

3, 𝜙𝐶3); and (d) 75 km/h (~47 mph, as the maximum speed with appropriate number of data points, 𝜙75). 

Note: the solid, dash-dot, and dotted lines respectively correspond to zones of high, moderate, and low 

reliability. 
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Figure E-10. IWS and MRail measurements for non-tangent track (inclusive of curve sections and track 

assets) based on the Grubbs test values of dynamic load factor (𝜙) for 0.01 mm/m increments of ∆VTDsub 

regarding the estimated 𝜙 values by AREMA (2021) (Equation 6-9) and reliability (confidence level) 

conditions for four specific train speeds: (a) 15 km/h (~10 mph, as Class 1, 𝜙𝐶1); (b) 40 km/h (25 mph, as 

Class 2, 𝜙𝐶2); (c) 65 km/h (~40 mph, as Class 3, 𝜙𝐶3); and (d) 75 km/h (~47 mph, as the maximum speed 

with appropriate number of data points, 𝜙75). Note: the solid, dash-dot, and dotted lines correspond to 

zones of high, moderate, and low reliability, respectively. 
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Figure E-11. IWS and MRail measurements in tangent track based on the Grubbs test values of dynamic 

load factor (𝜙) for 0.01 mm/m increments of ∆VTDsub regarding the estimated 𝜙 values by Behnia et al. 

(2022) (Equation 6-7) and AREMA (2021) (Equation 6-9) and reliability (confidence level) conditions 

and track conditions (i.e., good-average and poor subgrade conditions of track) for four specific train 

speeds: (a) 15 km/h (~10 mph, as Class 1, 𝜙𝐶1); (b) 40 km/h (25 mph, as Class 2, 𝜙𝐶2); (c) 65 km/h (~40 

mph, as Class 3, 𝜙𝐶3); and (d) 75 km/h (~47 mph, as the maximum speed with appropriate number of 

data points, 𝜙75). Note: the solid, dash-dot, and dotted lines respectively correspond to zones of high, 

moderate, and low reliability. 
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Figure E-12. IWS and MRail measurements in curve sections based on the Grubbs test values of dynamic 

load factor (𝜙) for 0.01 mm/m increments of ∆VTDsub regarding the estimated 𝜙 values by Behnia et al. 

(2022) (Equation 6-8) and AREMA (2021) (Equation 6-9) and reliability (confidence level) conditions 

and track conditions (i.e., good-average and poor subgrade conditions of track) for four specific train 

speeds: (a) 15 km/h (~10 mph, as Class 1, 𝜙𝐶1); (b) 40 km/h (25 mph, as Class 2, 𝜙𝐶2); (c) 65 km/h (~40 

mph, as Class 3, 𝜙𝐶3); and (d) 75 km/h (~47 mph, as the maximum speed with appropriate number of 

data points, 𝜙75). Note: the solid, dash-dot, and dotted lines respectively correspond to zones of high, 

moderate, and low reliability. 
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Figure E-13. IWS and MRail measurements in track assets based on the Grubbs test values of dynamic 

load factor (𝜙) for 0.01 mm/m increments of ∆VTDsub regarding the estimated 𝜙 values by AREMA 

(2021) (Equation 6-9) and reliability (confidence level) conditions and track conditions (i.e., good-

average and poor subgrade conditions of track) for four specific train speeds: (a) 15 km/h (~10 mph, as 

Class 1, 𝜙𝐶1); (b) 40 km/h (25 mph, as Class 2, 𝜙𝐶2); (c) 65 km/h (~40 mph, as Class 3, 𝜙𝐶3); and (d) 75 

km/h (~47 mph, as the maximum speed with appropriate number of data points, 𝜙75). Note: the solid, 

dash-dot, and dotted lines respectively correspond to zones of high, moderate, and low reliability. 

Table E-1. Comparison of 𝜙75 line developed by AREMA (Equation 6-9) and the maximum Grubbs test 

values from the IWS system based on transition direction and track conditions (derived from Figure E10). 

Track type 

Soft →Stiff Stiff→Soft 

Good-average track 

[Δ (%)] 

Poor track 

[Δ (%)] 

Good-average track 

[Δ (%)] 

Poor track 

[Δ (%)] 

Tangent  6 11 7 8 

Curve 12 20 4 14 

Track assets 12 22 8 17 

Note: all 𝜙 values pass the 𝜙75 line provided by AREMA (2021).  


