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ABSTRACT 

Rail fastening systems, in conjunction with the crosstie, secure the rail to maintain gauge, 

transmit thermal and service loads, and anchor the rail-crosstie structure against lateral and 

longitudinal movements.  In doing so, fastening systems must transmit vertical, lateral, and 

longitudinal loads.  Fastening systems have evolved iteratively, through a trial-and-error design 

approach aimed at addressing conditions symptomatic of track strength and force transfer 

deficiencies.  These deficiencies have led to a variety of track component failures that have, in-

turn, caused derailments.  Many of these failures were a result of an excessive combination of 

applied vertical, lateral, and longitudinal loads. 

Because fastening systems developed using a trial-and-error design process are failing due 

to force-transfer deficiencies, there is an opportunity to develop and apply the principles of 

mechanistic-empirical (M-E) analysis and design to fastening systems.  Therefore, this 

dissertation advances the M-E analysis and design of fastening systems through the deployment 

of field instrumentation, execution of experiments in the laboratory, and development and 

validation of multiple analytical models. 

Deployment of vertical, lateral, and longitudinal wheel-rail load instrumentation in track 

with a history of broken spikes identified that friction is critical at the plate-crosstie interface and 

balanced operations have an impact on a component’s failure threshold.  A novel spike-in-timber 

3D analytical model was validated and found a longitudinally applied load is more detrimental 

than an equivalent magnitude lateral load.   

A novel 2D analytical model leveraging beam on elastic foundation (BOEF) principles and 

a novel 3D fastening system in tie-block model were developed, validated, and used to establish 

methods to accurately and economically analyze fastening system design variable’s effect on 
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component stress in an effort to reduce spike fatigue failures.  The most feasible finding to 

implement was to develop friction at the plate-tie interface via a vertical plate hold-down force 

using screw spikes and spring washers.  The model and associated laboratory work found that 

applying 1,000 lb./spike of hold-down force reduced spike stress by 70%.   

Finally, a novel 3D nonlinear parametric track model was developed, validated, and used 

to quantify the effect of various fastening system and track conditions on the longitudinal 

fastening system load demand.  In one example, it was found that when a railroad changes from 

timber crossties with anchors to elastic fastening systems, the longitudinal rail seat load increases 

by 24%, due to the direct logarithmic relationship between track stiffness and longitudinal load. 

The novel field and laboratory data and validated analytical methods described in this 

dissertation directly contribute to advancing the M-E analysis and design of railroad fastening 

systems as they provide direct inputs required for design and methods to quantify component 

response required for analysis. 
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1 INTRODUCTION 

1.1 Objective 

The objective of my dissertation is to advance the concept of mechanistic-empirical (M-E) 

analysis and design of railway track through the quantification of demands placed on track 

fastening systems and their resulting response.  I conducted field experiments and developed and 

used validated analytical models that leveraged laboratory experimental data.  I used these data 

and methods to relate the fastening system demands to specific failure modes and failure 

thresholds, thereby contributing to the empirical component of M-E design. 

 

1.2 Background and Motivation 

Approximately 94% of railroad track infrastructure worldwide is supported by ballast 

(Matias and Ferreira, 2020).  A ballasted track system consists of the rail, fastening systems, 

crossties, ballast, sub-ballast, and subgrade (Hay, 1982).  Rail fastening systems, in conjunction 

with the crosstie, secure the rail to maintain gauge, transmit thermal and service loads, and 

anchor the rail-crosstie structure against lateral and longitudinal movements (Hay, 1982).  In 

doing so, fastening systems must transmit vertical, lateral, and longitudinal loads.  As wheel 

loads and resulting forces transferred to the track structure have increased, and/or geometric 

tolerances become more stringent, fastening systems are required to perform more rigorous tasks 

(maintain tighter tolerances, provide creep resistance, etc.).  Table 1.1 provides an overview of 

fastening system requirements in response to vertical, lateral, and longitudinal forces.   
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Table 1.1: Requirements of track fastening systems as a function of increasing demands 

 

 

As the demands on timber crosstie track increase, so do the number of fastening system 

components.  Timber crossties, plates, and spikes provide sufficient gauge restraint and load 

distribution when demands are low and creep resistance is less important as is the case with 

typical track constructed using jointed rail.  Use of continuously welded rail (CWR) requires 

anchors for creep resistance.  Higher loading demands, as is the case with sharper curves and 

higher speeds, commonly require elastic fasteners given their improved rail rollover restraint.  

When stringent gauge tolerances are required due to loading demands or higher speeds, track 

strength must be further increased.  To provide increased strength, concrete crossties with elastic 

fasteners or slab track with elastic fasteners are commonly used. 

Fastening systems, like many of the components in the rail infrastructure, have evolved 

iteratively over time, through a trial-and-error design approach aimed at addressing conditions 

symptomatic of track strength and force transfer deficiencies (e.g. plate cutting, rail seat 

deterioration (RSD), rail rollover, rail pad movement) (Kerr, 2003a).  These deficiencies have 
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also led to various track component failures (e.g. broken spikes, broken shoulders, broken 

threaded rods, etc.) that have caused derailments (Choros et al., 2007; Wolf, 2014; Wu and 

Kerchof, 2014; McHenry and LoPresti, 2015; Edwards et al., 2018a; Roadcap et al., 2019b).  

Between 1999 and 2018 there were 250 Federal Railroad Administration (FRA) reportable 

derailments on mainlines and sidings in the United States caused by “defective or missing spikes 

or rail fasteners” [FRA Rail Equipment Accident or Incident Report (REAIR) 6180.54 database 

as discussed by Wang et al. (2020)].  Fastening system failure modes can be classified by the 

different rail loading directions that contribute to failure (Table 1.2). 

 

Table 1.2: Fastening system failure modes and related driving loads 

 

 

Most fastening system failures are not caused by loads acting from a single direction 

(vertical, lateral, or longitudinal).  Instead, failures often result from a combination of these 
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loads, thus demonstrating a disconnect between the loading demands placed on the track and 

strength of critical track components.  Additionally, as indicated indirectly (Table 1.2), fastener 

failures are not isolated to a single method of track construction (i.e. ballasted vs. ballastless 

track), nor can they be solely attributed to rolling stock with the highest wheel loads.  Force-

transfer fastener failures have been observed in both timber and concrete crosstie track on heavy 

axle load (HAL) freight railroads as well as ballastless, direct-fixation (DF) track systems 

(Tutten III and Daniels, 2005; Lima et al., 2021).   

Despite recent increases in analytical modelling and laboratory testing of fastening system 

components, the development and adoption of new fasteners continues to rely heavily on 

practical experience and monitoring of revenue service field performance.  This iterative 

approach has led to inefficient designs and insufficient understanding of the underlying 

mechanisms that govern the track system’s response to changing conditions (e.g. input loads, 

component wear, support conditions).  At times, this lack of understanding has manifested itself 

in maintenance and safety problems as is evident from review of track-caused derailment data in 

the FRA REAIR database. 

RSD and plate cutting are examples of failures that have occurred due to inadequate force 

transfer on different track types (concrete vs. timber crossties) and demonstrate how failures are 

driven through a combination of load directions.  RSD can be caused by multiple mechanisms 

(Zeman, 2010; Greve et al., 2016) but is driven by abrasion (lateral and longitudinal movement 

of the rail pad relative to the concrete) (Kernes, 2013; Shurpali et al., 2017).  Similarly, plate 

cutting, is largely driven by the abrasive motion of plates that have insufficient lateral and 

longitudinal restraint (Kerr, 2003a), though it is exacerbated by vertical loads (e.g. use of smaller 

plates and/or high pressures) that exceed timber’s compressive strength.  These examples of 



 

5 

failures point to the critical role of friction in the track fastening system.  The importance of 

friction has been demonstrated in previous finite element (FE) modeling of concrete crosstie 

track (Chen et al., 2014; Chen et al., 2016; Edwards et al., 2017a). 

Recently, there has been increased interest in applying the principles of M-E design to rail 

infrastructure component and system design.   The underlying principles were developed for, and 

are now used in, the field of pavement design (AASHTO, 2008).  Initial suggestions for the 

application of a M-E design approach in the rail domain were presented by Van Dyk et al. 

(2013), Csenge et al. (2015), and Edwards et al. (2017b).  These were further advanced by 

Quirós-Orozco (2018) and Edwards (2019), leading to development a proposed framework for 

mechanistic-empirical design of railway track and its components (Edwards et al., 2021) (Figure 

1.1).   
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Figure 1.1: Proposed mechanistic-empirical railroad track design procedure  

(Edwards et al., 2021) 

 

The mechanistic components of this procedure are the quantification of inputs (track 

construction, loading, etc.) and response (component stress and displacement).  The empirical 

component of M-E design is advanced by establishing relationships between the design inputs 

and response to failure criteria and degradation rates.  My proposed research will advance both 

the mechanistic and empirical components of the M-E design paradigm as it relates to fastener 

design, but I will primarily focus on the mechanistic component. 

 

1.3 Research Methods 

My research methods included revenue service field experimentation, laboratory 

experimentation to supplement field data and validate models, and the development and use of 

validated analytical models.  These, in combination with a thorough review of international 
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literature on this subject, provided the basis for fulfilling the objectives of this research.  These 

methods helped ensure that I achieved the overarching research theme of quantifying fastening 

system demand and response and development of fastening system M-E design procedures. 

 

1.4 Research Scope 

The primary objective of my research was to improve the fundamental understanding of 

the M-E analysis and design of fastening system components and quantify critical parameters 

that affect load magnitude and component response (i.e. stress).  More specifically, my research 

answers the following questions:  

▪ What are the magnitudes of the vertical, lateral, and longitudinal fastening system loads 

in tracks with failed components and how does friction influence load transfer within 

the fastening system? 

▪ How do lateral and longitudinal loads, timber species, and timber grain direction affect 

spike stress and the location of maximum stress along the spike? 

▪ Can an analytical model based on beam on elastic foundation (BOEF) principles be 

developed and validated to provide accurate spike stress values for future use in 

improved spike design? 

▪ What is the effect of fastening system design parameters (spike cross sectional area, 

spike type, spike loading location, plate-to-crosstie friction, spike engagement with the 

plate, and number of spikes) on spike stress magnitude? 

▪ How do track ballast and fastener stiffness and slip affect the magnitude of longitudinal 

fastener load placed on the fasteners? 
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My research is applicable to general fastening system design for HAL freight, intercity and 

high-speed passenger rail, and rail transit operations.  Some of the questions are directly related 

to the failure of broken spikes in elastic fastening systems that have led to at least eleven 

derailments on HAL freight lines over the past 20 years.  Recent research also demonstrated that 

North American railroads consider these spike failures a moderate to serious safety concern 

(Roadcap et al., in review).  Field interviews and industry surveys indicated that inspection for 

broken spikes is time and labor intensive requiring experienced personnel to walk track using 

manual inspection methods.  Given that the spike fracture surfaces are below the crosstie surface, 

the scope of inspections and their resulting accuracy is limited. 

 

1.5 Dissertation Organization 

I begin my dissertation with an introductory chapter, in which I present background 

information, review previous research findings, and demonstrate the relevance of my proposed 

research theme.  The introduction is followed by five body chapters, each one dedicated to one of 

the questions posed in Section 1.4.  I conclude my dissertation with a discussion of the principal 

findings and future research needs.  A short summary description of each of the five body 

chapters follows. 

In Chapter 2 I present vertical, lateral, and longitudinal rail seat load data from revenue 

service field testing conducted at a demanding field location that has experienced numerous 

spike fatigue failures.  Instrumentation was deployed on the high and low rails of two tracks.  

The high rail of the track carrying empty trains experienced the most spike failures.  This chapter 

also documents the role of vertical rail seat loads and friction on the threshold for spike-fatigue 
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failures.  This chapter advances the M-E analysis and design approach by describing and 

quantifying the input loads fastening systems must withstand under high-demand circumstances. 

In Chapter 3 I describe the development, validation, and use of a 3D finite element model 

(FEM), of a single spike installed in a timber block.  This chapter also documents the effect of 

timber grain (parallel or perpendicular to grain), load magnitude, and timber species on the 

magnitude and location of maximum spike stress.  This chapter advances the M-E analysis and 

design approach by documenting the component response in relation to common variables 

(timber species, load magnitude, etc.). 

In Chapter 4 I present the development, validation, and use of an analytical approach for 

spike-stress estimation based on BOEF theory.  This chapter documents the effect of spike cross-

sectional area, timber type, and applied load magnitude on the maximum spike stress and relates 

these data to the spike’s endurance limit to predict possible fatigue failures.  This chapter 

advances the M-E analysis and design approach by presenting a computationally economic and 

accurate tool to investigate the effect of critical design variables on component response. 

In Chapter 5 I describe further enhancement of the validated 3D FEM developed in 

Chapter 3.  This chapter documents the use of the model to quantify the effect of important 

fastening system variables (e.g. spike type, number of spikes, and plate-to-crosstie friction) on 

spike stress.  This chapter advances the M-E analysis and design approach by providing spike 

response data and providing an analytical tool that can be used to investigate the effect of a 

variety of input variables on fastening system response. 

In Chapter 6 I present the development, validation, and use of a FEM of the complete track 

structure.  This novel 3D track model builds upon prior approaches found in the literature by 

leveraging bi-linear springs at the ballast – crosstie and crosstie – fastener interfaces and 
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quantifies the effect of important variables (e.g. ballast and fastener stiffness and slip limits) on 

fastener loads.  This chapter advances the M-E analysis and design approach by describing and 

quantifying the input loads fastening systems must withstand in various track configurations. 

In Chapter 7 I summarize the conclusions from my research, its contributions and 

introduce ideas for future research. 
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2 QUANTIFICATION OF VERTICAL, LATERAL, AND LONGITUDINAL 

FASTENER DEMAND IN BROKEN SPIKE TRACK: INPUTS TO MECHANISTIC-

EMPIRICAL ANALYSIS AND DESIGN 

 

In this chapter I describe the design and execution of revenue-service field tests on a major 

Class I railroad mainline that characterized the loading environment for curved track that had 

experienced many spike-fatigue failures.  The tests were designed to quantify the vertical, lateral, 

and longitudinal rail seat loads and the role of friction in fastener failures.  A paper related to this 

chapter was published in the Journal of Rail and Rapid Transit (JRRT)1 in 2021. 

 

2.1 Motivation 

Fastening systems developed using a trial-and-error design process are failing due to force-

transfer deficiencies.  This challenge presents an opportunity to develop and apply the principles 

of mechanistic-empirical (M-E) analysis and design to fastening systems.  One of the first steps 

in the proposed M-E approach is to quantify system inputs such as type of track construction 

(e.g. track components, ballast health, etc.), substructure depths, loading environment, and other 

factors.   

Recent research has focused on quantifying vertical and lateral wheel loads on heavy axle 

load (HAL) freight, intercity passenger, and rail transit infrastructure (Van Dyk, 2014; Van Dyk 

et al., 2014; Lin et al., 2018; Edwards et al., 2018b; Quirós-Orozco et al., 2018).  Additionally, 

there has been significant research focused on development of analytical models describing the 

track’s ability to distribute vertical wheel loads (Eisenmann, 1970; Hay, 1982; Kerr, 2003b; 

Hasan, 2015), and to a lesser extent the distribution of lateral loads (Shenton III, 1997; Kerr, 

 
1 Dersch, M., M. Trizotto Silva, J.R. Edwards and A. de O. Lima. 2021. Quantification of vertical, lateral, and 

longitudinal fastener demand in broken spike track: Inputs to mechanistic-empirical design. Proceedings of the 

Institution of Mechanical Engineers, Part F: Journal of Rail and Rapid Transit. DOI 10.1177/09544097211030736 
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2003b; Kish, 2011; Williams et al., 2016; Deshimaru et al., 2017; Holder et al., 2017a; Holder et 

al., 2017b).  Finally, while longitudinal forces and displacements have been quantified (Kish and 

Samavedam, 1987; El-Sibaie and Anderson, 1994; Harrison et al., 1999; Otter et al., 2001; 

Kerokoski, 2010; Ahmad et al., 2011; Bose et al., 2018), most studies have focused on 

quantifying absolute forces on bridge structures or inputs to rail neutral temperature (RNT) 

models but not transient loads on fastening systems or rail seats due to passing trains.   

Although the vertical wheel-rail interface load may be a sufficient input for the analysis of 

the overall track structure (e.g. subgrade pressure, ballast depth, etc.), when determining the 

stresses and/or displacements of fastening system components, it is important to quantify rail seat 

loads.  While methods and models exist to estimate the distribution of the vertical wheel load to 

the rail seats (Talbot, 1918; Kerr, 2003b), there are few methods to quantify the magnitude and 

distribution of lateral and longitudinal rail seat loads. 

Instrumentation was deployed on a North American HAL freight railroad mainline to 

collect data to quantify the vertical, lateral, and longitudinal loading demands.  These data 

address the problem of failed spikes in premium elastic fastening systems and contribute to the 

M-E design foundation for future fastening system components.  Loading data are unavailable in 

track locations that have experienced fastening system failures further revealing the need to 

quantify the loading environment in the field before pursuing fastener design changes. 

 

2.2 Field Experimentation 

Instrumentation was installed and revenue service data were collected on Tracks 1 and 3 

within the full body of a 9.2 degree (623 ft (190 m) radius) curve on a 1.76% grade on Norfolk 

Southern’s (NS) Pittsburgh Line near Altoona, PA.  The curve has three ballasted tracks 
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constructed using timber crossties and elastic fasteners with cut spikes.  A visual walking-

inspection identified one broken spike prior to installation of instrumentation and tracks that 

appeared to be in a state-of-good-repair with properly-maintained crosstie support and track 

components.  Figure 2.1 shows an overview of the field site, primary directions of traffic, 

generalized (expected) loading (empty vs. loaded trains), and other relevant site information as 

well as the specific instrumentation deployed.   

 

 

Figure 2.1: Aerial views of HAL field site with relevant track geometry and operations 

information (left and middle) and completed instrumentation on Track 3 (right) 

 

HAL freight and Amtrak intercity passenger trains operate on all three tracks, but traffic 

direction and train type composition vary.  Tracks 1 and 2 are primarily used by loaded freight 

trains operating downgrade (railroad east) while empty trains primarily operate upgrade (railroad 

west) on Track 3.  Though tracks 1 and 3 each accumulate approximately 50 MGT annually, 

spike-fatigue failures primarily occur on the high rail of Track 3 (Roadcap et al., in review; 

Roadcap et al., 2019a).   

This field site was selected because it provided an opportunity to quantify the forces on 

each track while controlling for other differences in track geometry (e.g. grade, superelevation, 
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and curvature), climate, and weather.  This facilitated isolation of the variables and their 

magnitudes that led to increased spike failures on Track 3.   

 

2.3 Instrumentation and Data Collection 

Instrumentation was installed on the high and low rails of Tracks 1 and 3 (Figure 2.1).  

Surface strain gauges were installed on the rail using, industry-standard circuits as described by 

Harrison et al. (1999) and Edwards et al. (2017a).  These gauges were subsequently calibrated 

using a loading frame, relating strains to vertical, lateral, and longitudinal wheel-rail loads.  

Additional instrumentation (Figure 2.1) was deployed as a part of broader research program that 

included quantifying displacements.  Data analysis followed industry best practices and is 

described in more detail in the following sub-sections. 

 

2.3.1 Vertical and Lateral Load Circuits 

Using the vertical load circuit, the voltages captured under passing wheels were transformed into 

vertical wheel forces using the calibration factors that were previously obtained.  Next, peaks in 

the data were identified, extracted, and compared to on-site data from a commercially available 

RSR110 wheel sensor manufactured by Frauscher, to ensure all peaks (wheels) were identified.  

Train speeds were estimated using the time between peaks and known locomotive axle spacing.   

To align with industry best practices, the maximum lateral load was quantified as the output from 

the lateral load circuit at the same timestamp as the application of maximum vertical wheel load.  

This is important because the lateral load signals are less consistent than vertical load signals and 

are most reliably quantified when the wheel is directly over the center of the crib.  Lateral forces 

were considered positive or negative when acting in the direction of the field or gauge, 
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respectively.  An example distance and time history of vertical and lateral load signals  

(Figure 2.2) demonstrates the cleanliness of the data recorded. 

 

 

Figure 2.2: Example time, space history of vertical and lateral wheel loads 

 

2.3.2 Longitudinal Circuits 

Longitudinal rail forces were quantified using a circuit proposed by Harrison et al. (1999) 

that includes gauges on both sides of the web of the rail at the neutral axis.  To quantify the 

longitudinal rail force, the strains from the circuit are multiplied by the Young’s modulus and 

cross-sectional area of the rail.  This method does not allow for the identification of absolute rail 

axial loads since RNT is unknown but does facilitate the quantification of changes in rail load 

over time due to temperature changes and passing trains.  The longitudinal load circuit does not 

show peaks for each wheel in the same way as the vertical and lateral circuits and requires 

additional insight to correctly interpret the results.  Specifically, longitudinal strain from the 

bending of the rail under vertical and lateral loads overpower longitudinal strains under wheels, 
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making readings inaccurate at those locations.  Nevertheless, the theory leads me to believe the 

method produces accurate measurements before the train’s arrival, between the lead and trailing 

trucks of each railcar, and after the passage of the train.  Longitudinal rail loads were taken at 

approximately 10-20 ft (3-6 m) in advance of the first wheel.  To compensate for the offset, the 

measured rail loads are increased using an exponential function described by Kerr (2003b) for a 

single wheel and more recently confirmed by Trizotto, et al. (2021) for multiple wheels.  The 

superposition of multiple wheels was demonstrated to generate a median longitudinal load 

increase of 16%.  Finally, results indicated that the longitudinal influence zone is significantly 

longer than what is observed from vertical and lateral load circuits (i.e. greater than 100 ft (30.5 

m) as compared to approximately 10 ft (3.05 m)) (Figure 2.3).   
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Figure 2.3: Example space history of longitudinal rail axial loads 

 

2.4 Data Interpretation 

A variety of methods were employed to quantify the demands placed on the rail seats using 

wheel-rail forces obtained via the rail-mounted strain gauge circuits.  The following sub-sections 

detail the methods and assumptions used to transform the wheel-rail interface force data to rail 

seat loading data.   

 

2.4.1 Vertical and Lateral Rail Seat Loads 

Analytical techniques relying on beam on elastic foundation (BOEF) fundamentals have 

been developed by Winkler (1867), Talbot (1918), and Zimmerman (1941) to quantify vertical 

load distribution from multiple wheels to the supporting rail seats.  Winkler initially proposed a 

method based on BOEF theory that the reaction at longitudinal supports (i.e each crosstie rail 

seat) was proportional to rail deflection.  Talbot and Zimmerman advanced this theory and 

validated its approach by comparing analytical results to field data (Talbot, 1918; Zimmermann, 

1941).  While additional research on this topic has been conducted, this BOEF method has been 
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widely accepted since the 1940s (Kerr, 2003b), and is considered accurate for quantifying 

vertical rail seat forces.  Therefore, applying BOEF theory and assuming the following: timber 

crosstie track modulus of 3,500 lb./in./in. (24,270 kN/m/m), crosstie spacing of 19.5 in. (49.5 

cm), axle spacing of 81.5 in. (207 cm), 136 RE rail (approximately UIC 60), and 36 in. (91 cm) 

wheel diameters, and superposition of adjacent wheels, the rail seat load would be 26% of the 

wheel load.   

Vertical rail loads are influenced by multiple variables (e.g. speed of the train (Van Dyk et 

al., 2017), track modulus (Van Dyk et al., 2016), and wheel health).  In this chapter, the applied 

vertical rail loads are quantified by the instrumentation on the rail that accounts for these effects.  

Rail seat loads are also influenced by multiple variables (e.g. crosstie type, fastening system 

type, and crosstie support).  Extensive field inspections confirm that spike failures are not 

isolated to poorly supported crossties.  During one field inspection, up to 10 crossties in a row 

were found to have failed spikes.  In another instance, 121 failed cut spikes were identified in a 

span of 150 crossties on the high rail of a single curve (i.e. 20% of potential spikes)).  Given that 

crossties and most of the fastening systems at the instrumented field site appeared to be in good 

health, I assumed uniform support of the crossties at this location.  Thus, the relationship 

between the wheel-rail interface loads and rail seats loads was assumed to be a fixed value.   

Compared to vertical loads, there has been relatively little research assessing the 

distribution of lateral loads to the fastening system.  The limited field observations and 

laboratory studies conducted to date have consistently indicated that lateral loads are distributed 

over fewer crossties than vertical loads (AREMA, 2017b), thereby increasing the maximum 

force transferred to the center crosstie’s rail seat.  More specifically, studies on concrete crossties 

have found that lateral rail seat loads range between 35% and 60% of the applied wheel load 
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(Williams et al., 2016; Holder et al., 2017a).  Given that timber crossties are less stiff than 

concrete crossties, although this is partially offset through use of premium fastening systems, 

35% lateral load transfer to the center crosstie was assumed in this study. 

 

2.4.2 Longitudinal Rail Seat Loads 

Although the magnitude and distribution of longitudinal rail loads has been studied with 

respect to RNT, no research has quantified their distribution to the rail seats.  Kerr (2003b) used 

analytical modeling to describe longitudinal rail load and displacement due to a single 

longitudinal wheel load.  This model uses a bar resting on a longitudinally elastic foundation, 

analogous to the BOEF method used for vertical load distribution.  More elaborate, nonlinear 

finite element (FE) models have been developed (Cho et al., 2020) and are available in 

commercial software (Icke and Paice, 2014).  Despite these advancements, quantification of rail 

seat load distribution and its demands on fastening system components has not been undertaken. 

Kerr’s (2003b) analytical method has been expanded by Trizotto et al. (2021).  This 

method enables the quantification of longitudinal rail seat loads by assuming they are 

proportional to longitudinal rail displacement (Equation 2.1) and no slip occurs at the rail-

fastener interface.  A parametric study identified the effect of the superposition of multiple wheel 

loads and of varying track stiffness.  Findings from the study indicate that, in the elastic region, 

higher track stiffness (combined ballast and fastener stiffness) reduces the range of distribution 

of fastener and rail loads but increases individual fastener loads.  Moreover, the effect of 

superposition was found to be substantial when multiple wheels were present.  Regardless, 

increasing track stiffness resulted in increased maximum fastener loading and reduced rail 
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longitudinal loading.  The approach developed by Trizotto et al. (2021) was used to quantify the 

rail seat loads in this study. 

 

𝑢(𝑥) =
𝑅

2𝜅𝐸𝐴
𝑒−𝜅|𝑥| 

⏟            
𝑅𝑎𝑖𝑙 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

→ 𝐹𝑟(𝑥) =
𝑘𝑎
2
𝑢𝑟(𝑥) =

𝜅𝑅

2
𝑒−𝜅|𝑥|

⏟                  
𝐹𝑎𝑠𝑡𝑒𝑛𝑒𝑟 𝐹𝑜𝑟𝑐𝑒 𝑝𝑒𝑟 𝑈𝑛𝑖𝑡 𝐿𝑒𝑛𝑔𝑡ℎ

 𝑤𝑖𝑡ℎ 𝜅2 =
𝑘𝑎/2

𝐸𝐴
 Eq. 2.1 

 

where, 

𝑥 𝑖𝑠 𝑡ℎ𝑒 location, in relation to the wheel load. 

𝑢(𝑥) 𝑖𝑠 𝑡ℎ𝑒 rail section displacement at location 𝑥. 

𝐹𝑟(𝑥) 𝑖𝑠 𝑡ℎ𝑒  fastener force per unit length at location 𝑥. 

𝑅 is the longitudinal wheel load, per rail. 

𝑘𝑎/2  𝑖𝑠 𝑡ℎ𝑒 longitudinal track stiffness, per rail. 

𝐸 𝑖𝑠 𝑡ℎ𝑒 Young’s modulus of the rail. 

𝐴 is the cross-sectional area of the rail. 

 

Longitudinal track stiffness varies due to variation in ballast condition, crosstie type, 

fastening system, and magnitude of vertical loads (Van, 1997).  Since the longitudinal stiffness 

of the tracks studied is unknown, a representative (and conservative) stiffness of 3,000 lb./in./in. 

(20,800 kN/m/m) was selected for both tracks.  This value is comparable to measured 

longitudinal stiffness of vertically-loaded ballasted track sections (Kerokoski, 2010) and is 

expected to bound actual field conditions.  Further, Trizotto et al. (2021) found that while there is 

a direct non-linear relationship between longitudinal track modulus and fastener loads, a 

quadrupling of modulus was required for a 30% increase in fastener load.  Therefore, it is 
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reasonable to assume that any small changes in longitudinal track modulus will have a small 

effect on the longitudinal fastener loads. 

The method used in this chapter involves estimating the rail and fastener load distribution 

for the assumed longitudinal track stiffness, uniform wheel loads, and approximate wheel 

configuration for each train.  It considers lead locomotives for both uphill and downhill trains 

and additional cars following the locomotives for downhill trains (to simulate the contribution of 

all braking axles).  I assumed that loads are in the elastic region, so these distributions are 

linearly proportional to the applied wheel loads.  Therefore, the distributions were scaled to 

match the rail longitudinal loads at the first passing wheel and the maximum rail seat load was 

recorded. 

 

2.5 Results 

The following sub-sections document the vertical, lateral, and longitudinal wheel-rail and 

fastener forces and the role they play in spike fatigue failures.  Data were recorded on both tracks 

for a period of nine days.  Over 50 trains were recorded on each track during this period.  Only 

freight trains were considered in the analysis.  Due to the directionality of traffic a comparison 

was made between trains on Track 1 going downhill and trains on Track 3 going uphill; 

representing the dominant directions for traffic.  

The trains operated at median speeds of 18 and 17 mph (29 and 27 kph) on Tracks 1 and 3, 

respectively (Figure 2.4).  The balance speed for both tracks was calculated to be 25.5 mph  

(41 kph) given the design superelevation was 4” (10.2 cm) and curvature was 9.2 degree (623 ft 

(190 m)).  Therefore, most trains were operating below balance speed.  Furthermore, over this 
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range of speeds, the impact on dynamic loading would be minimal as shown by Sadeghi (2010) 

and Van Dyk (2017).  

 

 

Figure 2.4: Box-plot of measured train speeds on Tracks 1 and 3 in July 2019 

 

2.5.1 Vertical Loading 

I used the methods described in Section 2.4.1 to quantify the vertical rail loads and 

corresponding rail seat loads (Figure 2.5).  As expected, the vertical demands on Track 1 were 

greater than Track 3.  Median vertical rail seat loads were 7.5 and 7.8 kips (33.4 and  

34.7 kN) (high and low rails, respectively) on Track 1 and 2.8 and 4.3 kips (12.5 and 19.1 kN) 

(high and low rails, respectively) on Track 3. 
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Figure 2.5: 50th percentile vertical rail seat loads for both tracks  

 

Analysis of the complete field dataset (Figures 2.6 and 2.7 and Tables 2.1 and 2.2) 

indicates a convergence of vertical loading between both rails on Track 1 and the low rail of 

Track 3 at higher percentiles (i.e. greater than 90%).   
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Figure 2.6: Vertical wheel and rail seat load percent exceedance  

for both high and low rails of both tracks 

 

 

Figure 2.7: Vertical wheel and rail seat load box plots  

for both high and low rails of both tracks 
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Table 2.1: Vertical wheel loads at select percentiles for high and low rails of both tracks 

 

 

Table 2.2: Vertical rail seat loads at select percentiles for high and low rails of both tracks 

 

 

This convergence of loads on the low rail of Track 3 is a result of the locomotives and 

railcars on occasional loaded trains.  The data also show a consistently lower vertical loading on 

the high rail of Track 3.  This imbalance in loads between the high and low rails is consistent 

with operations below balanced speed (Dick and Ruppert Jr., 2019).  Underbalanced operations 

on Track 3 lead to lower vertical rail seat loads (median value of  

2.8 kips (13 kN)) on the high rail, and a corresponding reduction in frictional capacity at the tie-

plate-to-crosstie interface.  This reduction in frictional capacity plays a role in the increased 

number of spike failures given lower longitudinal or lateral loads would be required to exceed 

the frictional resistance and thus greater loads would be transferred to the spikes.  This, in turn, 

would lead to an increase in spike stress. 
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2.5.2 Lateral Loading and L/V Ratios 

I then used the methods described in Section 2.4.1 to quantify the lateral rail loads and 

corresponding rail seat loads (Figure 2.8 and 2.9 and Table 2.3 and 2.4).  As expected, the lateral 

demands on Track 1 are significantly greater than Track 3.  Median lateral rail seat loads were 

1.61 and 1.98 kips (7.2 and 8.8 kN, respectively) (high and low rails, respectively) on Track 1 

and 0.11 and 0.53 kips (0.5 and 2.5 kN, respectively) (high and low rails, respectively) on Track 

3.  Therefore, the high and low rails of Track 1 are subjected to 1.50 and 1.45 kips (6.7 and 6.5 

kN, respectively) more lateral force than Track 3, respectively.  However, the high rail of  

Track 3 is an outlier in that loads generated from trailing axles are most often Oriented inward 

toward the track centerline as opposed to the more common outward loading direction toward the 

field.  Therefore, it is the only rail that would regularly be subjected to reverse lateral loads (i.e. 

alternating field and gauge facing).  This reversal of load would lead to increased movement of 

the fastening system and greater fastener component stress ranges.  Additionally, when 

considering fatigue, load reversals lead to a decrease in fatigue life (Norton, 2006). 
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Figure 2.8: Lateral wheel and rail seat load percent exceedance  

for high and low rails of both tracks 

 

 

Figure 2.9: Lateral wheel and rail seat load box plots for high and low rails of both tracks 
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Table 2.3: Lateral wheel loads at select percentiles for high and low rails of both tracks 

 

 

Table 2.4: Lateral rail seat loads at select percentiles for high and low rails of both tracks 

 

 

The applied lateral to vertical (L/V) load ratio is a numerical ratio of lateral and vertical 

load applied at a point on the rail (FRA, 2011).  Though commonly used as a metric for 

determining derailment risk (e.g. wheel-climb or rail-rollover), the L/V ratio is commonly 

increased during laboratory testing to represent more severe loading environments (CEN, 2002; 

AREMA, 2017b).  Hay (1982) indicates that 0.68 is the threshold where the rail becomes 

unstable due to the resultant lateral and vertical force passing outside the rail base.   

Although the metric represents the loads applied at the wheel-rail interface, a rail seat L/V load 

ratio (i.e. representing the loads applied at the rail seat) could be more representative of what the 

fastener would be subjected while also aligning more closely with the American Railway 

Engineering and Maintenance-of-Way Association (AREMA) (2017b) recommendation that 

considers L/V ratios above 0.52 to be “severe service.”  The rail seat L/V would be 35% higher 
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than what is seen at the wheel-rail interface, accounting for the parameters previously discussed 

in this chapter (i.e. the vertical and lateral load percentages transferred to the rail seat beneath the 

point of load application are 26% and 35%, respectively).  To further investigate the fastening 

system demands at this location, I calculated the wheel-rail and rail seat L/V ratios for the 

leading axles of Tracks 1 and 3 (Table 2.5). 

 

Table 2.5: Wheel-rail and rail seat L/V ratios of leading axles  

of the high and low rails on tracks 1 and 3 

 

 

The wheel-rail L/V ratios were greatest on the high rail of Track 3 and ranged from -0.44 

to 0.72 (1st percentile to 99th percentile, respectively).  The field side L/V of 0.72 exceeds the 

0.68 threshold proposed by Hay (1982) indicating that the high rail of Track 3 could be unstable.  

The 95th percentile rail seat L/V ratios of all rails exceeded the 0.52 threshold classified by the 

AREMA in Chapter 30 (Ties) for design qualification testing (AREMA, 2017b) as severe-

service loading.  Track 3 was subjected to rail seat L/V magnitudes that were 50% greater at the 

95th percentile (0.78) and 87% greater at the 99th percentile (0.97) as compared to the 0.52 

AREMA threshold.  Previous research by Kerchof (2016) showed that excess superelevation 

leads to increased L/V load ratios on the high rail and increased gauge widening.  Therefore, 

Percentile Low High Low High Percentile Low High Low High

99 0.54 0.56 0.48 0.72 99 0.73 0.75 0.65 0.97

95 0.50 0.50 0.39 0.58 95 0.67 0.67 0.53 0.78

90 0.48 0.46 0.34 0.49 90 0.64 0.63 0.46 0.65

50 0.36 0.34 0.12 0.17 50 0.48 0.46 0.17 0.23

10 0.15 0.21 0.03 -0.19 10 0.21 0.28 0.04 -0.25

5 0.11 0.17 0.00 -0.27 5 0.15 0.23 0.00 -0.36

1 -0.01 0.08 -0.05 -0.44 1 -0.01 0.11 -0.07 -0.59

Track 1 Track 3 Track 1 Track 3

Rail Seat Rail L/VWheel Rail L/V
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reducing the elevation of the curve and balancing the forces has already been shown to improve 

track health (Kerchof, 2016) and thus could also be expected to mitigate spike failures. 

 

2.5.3 Longitudinal Loading 

I used the methods described in Section 2.4.2 to quantify the longitudinal rail loads and 

corresponding rail seat loads (Figures 2.10, 2.11, and 2.12 and Tables 2.6 and 2.7).  The mean 

tensile rail loads were greater on Track 3 than Track 1 and the longitudinal rail seat loads are at 

least an order of magnitude lower than the longitudinal wheel loads (i.e. rail seat longitudinal 

loads were less than 10% the axial rail loads).  Therefore, the longitudinal loading demands on 

Track 3 are greater than Track 1.  The median longitudinal rail seat loads were 0.97 and 0.84 kip 

(4.3 and 3.7 kN, respectively) (high and low rails, respectively) on Track 1 and 1.29 and 1.39 

kips (5.7 and 6.2, respectively) (high and low rails, respectively) on Track 3.  Therefore, the high 

and low rails of Track 1 are subjected to 0.32 and 0.55 kips (1.4 and 2.4 kN, respectively) lower 

longitudinal force than Track 3, respectively. 
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Figure 2.10: Longitudinal rail axial load percent exceedance  

for high and low rails of both tracks 

 

 

Figure 2.11: Longitudinal rail axial load box plots  

for high and low rails of both tracks 
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Figure 2.12: Longitudinal rail seat load box plots  

for high and low rails of both tracks 

 

Table 2.6: Longitudinal rail axial loads at select percentiles  

for high and low rails of both tracks (kips (kN)) 

 

Table 2.7: Longitudinal rail seat loads at select percentiles  

for high and low rails of both tracks (kips (kN)) 
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2.5.4 Total Spike Demands Considering Timing of Load Application and Frictional Effects 

Because spike fatigue failures are a result of bending stresses, I used the lateral and 

longitudinal forces to calculate the total resultant force imparted on the spike (Equation 2.2 and 

Figure 2.13).  A simplified fatigue failure threshold of 2.3 kips (10.2 kN) was set, based on 

model data I will describe in Chapter 3,  

 

𝑅𝑒𝑠𝑢𝑙𝑡𝑎𝑛𝑡 = √𝐿𝑎𝑡𝑒𝑟𝑎𝑙2 + 𝐿𝑜𝑛𝑔𝑖𝑡𝑢𝑑𝑖𝑛𝑎𝑙2                                                     Eq. 2.2 

 

 

Figure 2.13: Resultant longitudinal and lateral rail seat loads with  

fatigue failure threshold indicated 

 

My analysis indicates that if friction and vertical rail seat loads are not accounted for, 

failures would be expected on all four rails.  This analysis also indicated that the high rail of 

Track 3 is subjected to lower forces than both rails of Track 1, thus I focused my investigation on 

the effect of friction and vertical load on the high rail of Track 3. 

Additionally, a single spike would not be expected to transfer 100% of the rail seat load.  

Instead, Gao and LoPresti (2020) and Dersch et al. (2020b) showed that a single spike is 
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subjected to 70% of the applied rail seat load given non-uniform distribution among the spikes 

within a single rail seat.   

When considering the combined effect of longitudinal and lateral loads, the timing of load 

application and quantification of the friction at the plate-crosstie interface is critical.  The zone of 

longitudinal loading influence is greater than either the vertical or lateral.  Furthermore, the wave 

action of the rail ahead of a wheel produces rail uplift (Talbot, 1918), as predicted by BOEF 

models (Kerr, 2003b).  It is therefore reasonable to assume that the longitudinal loads are applied 

when there is rail uplift, directly bearing on the spikes (e.g. not carried by friction) (Figure 2.14, 

a).  Based on the sequence of load application, the lateral loads would be resisted by friction and 

spike bearing given that the loads are applied when there is contact at the plate-crosstie interface 

(Figure 2.14, a).   
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Figure 2.14: Plate-to-tie uplift at center of locomotive (a) and  

plate-to-tie contact directly under wheel (b) 

 

For a more realistic analysis of total demand placed on the spike as well as the failure 

threshold that accounts for the orthotropic nature of the timber crosstie, the median, 90th, 95th, 

and 99th lateral and longitudinal rail seat loads from all rails were transformed into spike loads 

(Equations 2.3 and 2.4).   

 

𝑃𝑆𝑝𝑖𝑘𝑒,𝐿𝑜𝑛𝑔 = 0.7 ⋅ 𝐹𝐿𝑜𝑛𝑔 Eq. 2.3 

𝑃𝑆𝑝𝑖𝑘𝑒,𝐿𝑎𝑡 = {
0.7(𝐹𝐿𝑎𝑡 − 𝜇 ⋅ 𝐹𝑉𝑒𝑟𝑡)

0
      
𝑖𝑓 |𝐹𝐿𝑎𝑡| > 𝜇 ⋅ 𝐹𝑉𝑒𝑟𝑡 

𝑖𝑓 |𝐹𝐿𝑎𝑡| ≤  𝜇 ⋅ 𝐹𝑉𝑒𝑟𝑡
 Eq. 2.4 

 

where,  

𝐹𝑉𝑒𝑟𝑡 𝑖𝑠 𝑡ℎ𝑒 Fastener vertical load (≥ 0). 

𝐹𝐿𝑎𝑡 𝑖𝑠 𝑡ℎ𝑒 Fastener lateral load. 

𝐹𝐿𝑜𝑛𝑔 𝑖𝑠 𝑡ℎ𝑒 Fastener longitudinal load. 

𝑃𝑆𝑝𝑖𝑘𝑒,𝐿𝑎𝑡 𝑖𝑠 𝑡ℎ𝑒 Spike lateral load. 

𝑃𝑆𝑝𝑖𝑘𝑒,𝐿𝑜𝑛𝑔 𝑖𝑠 𝑡ℎ𝑒 Spike longitudinal load. 
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This is similar to the load severity calculation the Federal Railroad Administration (FRA) 

includes in 49 CFR Part 213 – Track Safety Standards (FRA, 2011).  Additionally, considering 

that coefficients of friction (CoF) (µ) between timber and steel can vary from 0.3 to 0.7 

depending on moisture content of the timber, surface treatment, or roughness of the plate (Forest 

Products Laboratory, 2010), the role of the CoF was also investigated.  The resulting lateral and 

longitudinal spike loads are plotted, as are the spike endurance limit thresholds for the given rail 

seat vertical load  (V) and CoF (Figure 2.15). 

 

 

Figure 2.15: Effect of rail seat vertical load (V) and plate-to-crosstie friction (µ ) on total 

spike load for various lateral and longitudinal rail seat load combinations with  

failure thresholds identified 

 

Field data indicate that fatigue failures could be expected on either track when friction is 

low.  However, as friction increases, fewer failures would be expected given the load required to 

exceed the failure threshold increases.  Considering vertical load data from the field site, the high 

rail of Track 3 (median vertical rail seat load of 2.8 kips (12.5 kN)) is closest to the lower-bound, 
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vertical applied load (2.5 kips (11.1 kN)), as presented.  However, the low rail of Track 3 and 

both rails of Track 1 would have failure thresholds closer to the upper-bound, vertical load  

(10 kips (44.5 kN)) (Figure 2.15).  Therefore, these data indicate that while the magnitude of 

lateral and longitudinal applied loads on the high rail of Track 3 is the lowest, the threshold for 

failure is also the lowest.  At reasonable friction levels, more failures would be expected on the 

high rail of Track 3, which is consistent with observed field performance. 

 

2.6 Conclusions 

In this chapter I quantify the vertical, lateral, and longitudinal fastening system demands in 

locations with failed elastic fastening system components and illustrate the impact of friction in 

fastening system load transfer.  These data and insights regarding the importance of friction can 

be used to inform future fastening system design for high demand track.  Additionally, this 

research identifies the relationship between design values for track superelevation, operation, and 

failures and how these parameters affect the stress state of track components. 

In summary, the revenue service field data that I collected at a curved location that has 

experienced broken spikes, showed that the failure threshold was affected by the applied vertical 

load.  That is, while the magnitude of the applied vertical load was the lowest on the high rail of 

Track 3 (the location of most failures), the threshold for failure is also the lowest given that the 

lower magnitude vertical rail seat load reduced the frictional load capacity to a level that was 

exceeded more often than on Track 1.  Additionally, the high rail of Track 3 was subjected to the 

highest L/V load ratios and was an outlier in that it experienced lateral load reversals that are 

expected to create a shorter fatigue life.   

A summary of additional findings from this investigation include:  
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▪ For a given wheel, the maximum vertical, lateral, and longitudinal load percentage 

transferred to the fastening system was approximately 26%, 35%, and <10%, 

respectively. 

▪ Underbalance operations led to a median rail seat vertical load of 2.8 kips (12.5 kN) on 

the high rail of Track 3 and thus the lowest friction capacity of all rail seats. 

o The higher magnitude vertical loads on both rails of Track 1 and the low rail 

of Track 3 provide greater frictional resistance as compared to the high rail on 

Track 3, likely reducing the amount of load transferred into the spikes.   

▪ Longitudinal fastener loads ranged from 1.29 to 2.40 kips (5.8 to 10.7 kN) for Track 3 

and 0.84 and 1.64 kips (3.7 to 7.3 kN) for Track 1 for the nominal and 95% loads, 

respectively. 

▪ Lateral fastener loads ranged from 0.11 to 2.88 kips (0.5 to 12.8 kN) for Track 3 and 

1.61 and 5.97 kips (7.1 to 26.6 kN) for Track 1 for the nominal and 95% loads, 

respectively. 

▪ The 95th percentile rail seat L/V ratio of 0.78 on the high rail of Track 3 is 50% greater 

than the 0.52 values fastening systems are subjected to during severe service testing as 

recommended by AREMA. 

▪ Spike fatigue failures are driven by a combination of both lateral and longitudinal 

loading.   

o The longitudinal load magnitudes, which are present even when vertical and 

lateral loads are not applied, are insufficient to independently cause fatigue 

failures.   
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To mitigate spike failures at this location, as well as similar failures in other track types 

(e.g. rail seat deterioration, etc.), railroads should ensure trains operate at speeds that are close to 

the balance speed of curves.  Balanced operation would increase the vertical force on the high 

rail of Track 3 while reducing the L/V ratios and lateral load reversal.  Finally, encouraging 

contact (friction) between the tie plate and crosstie is critical for reducing the forces transferred 

to the spike. 

  



 

40 

3 3D FINITE ELEMENT MODELING OF THE EFFECT OF LOAD MAGNITUDE, 

LOAD DIRECTION, AND TIMBER SPECIES ON SPIKE STRESS 

 

In this chapter, I present the development, validation, and application of a 3D finite 

element model (FEM) of the interaction between the spike and timber crosstie.  The FEM 

accounts for the orthotropic nature of the timber.  The FEM also quantifies the effect of timber 

grain direction and load magnitude on the depths and corresponding levels of maximum spike 

stress.  A paper related to this chapter was published in Engineering Failure Analysis2 in 2019. 

 

3.1 Background 

Several recent derailments (TSB Canada, 2012; FRA, 2016; Kerchof, 2017) have occurred 

due to wide gauge in track constructed using premium fastening systems and investigations 

found that the wide gauge was caused by broken spikes.  These derailments occurred on three 

different railroads and in all cases the track met applicable track-class-based geometric standards 

and had no visually-detectable broken spikes.  Each derailment also occurred in track with 

different elastic fastening system designs installed using both screw and cut spikes.  

Investigations found the depth at which the spike failure occurred ranged from 1 – 2 in. (25 – 50 

mm) with a typical depth to failure at approximately 1.5 in. (38 mm) below the top of the crosstie 

surface (Figure 3.1).  Further investigations revealed that spike fracture surfaces were consistent 

with fatigue failures resulting from loading in the lateral and longitudinal directions (Kerchof, 

2017).   

 

 
2 Dersch, M., T. Roadcap, J.R. Edwards, Y. Qian, J.-Y. Kim and M. Trizotto. 2019. Investigation into the effect of 

lateral and longitudinal loads on railroad spike stress magnitude and location using finite element analysis. 

Engineering Failure Analysis, 104: 388–398. doi:10.1016/j.engfailanal.2019.06.009 
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Figure 3.1: (a) A premium fastening system with two broken spikes.  (b) Example fracture 

surface of a broken spike.  (c) Examples of broken spikes with varying depths of failure 

 

While problems with broken spikes in elastic fastening systems were noted as early as 1982 

(Dean, 1982) there has been limited research focusing on their root causes.  Previous research on 

spike fatigue failures has included basic FEM (Dick et al., 2007), limited field experimentation 

(Gao et al., 2018), and an industry-wide survey and field visits to heavy axle load (HAL) 

railroads to learn about the performance of both cut and screw spikes in revenue service 

(Roadcap et al., in review).   

The primary motivation to use elastic fasteners is to improve track stability, reliability, and 

reduce maintenance through greater rail rollover resistance and plate restraint.  Recent 

derailments and the need for walking inspections indicate that these elastic fastening systems are 

not fulfilling these objectives.  Thus, there is a need to characterize the failure mechanism of the 

spikes and develop a solution.  The objectives of this chapter are to quantify the effect of timber 

grain direction and load magnitude on the depth and corresponding maximum spike stress 
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(response), while also developing an analytical tool that can further characterize spike response 

as a function of these variables. 

 

3.2 Methodology 

Commercially available FEM software Abaqus/CAE was selected to perform the 

simulations for this study because of its recent use studying other rail infrastructure components  

(Chen et al., 2016; Zhu et al., 2016; Zhu et al., 2017; Chen and Andrawes, 2017).  The spike 

modeled in this study was the standard 6 in. (152mm) long by 0.625 in. (15.9mm ) square-shaft 

cut spike shown in Figure 5-2-1 in Chapter 5 of the AREMA Manual on Railway Engineering 

(2017b).  This type of spike is widely used in HAL and rail transit systems in North America.  

The numerical model in this study consists of two principal components: a simplified cut spike 

and a timber crosstie block (Figure 3.2).  Both components were modeled as 3D deformable 

solids.  The cut spike was meshed using linear brick, type C3D8R for both the spike shaft, where 

the stress was of most interest, and the spike tip with a total of 9,936 elements.  The simplified 

timber crosstie block was also modeled using 33,584 linear brick, type C3D8R elements and 

incorporated reduced integration and hourglass control.  The static coefficient of friction (CoF) 

between the cut spike and timber block was set at 0.7 and the interaction between the spike and 

timber was modeled as two contact surfaces and did not consider perfect bonding (Gurfinkel, 

1981).  
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Figure 3.2: (a) isometric view of 3D block and spike model; (b) view x-y cut section of cut 

spike in timber crosstie block; (c) view z-y cut section of cut spike in timber block 

 

3.3 Model Properties, Simplifications, and Assumptions 

To reduce the computational cost for the parametric study, yet maintain representative 

conditions, simplifications and assumptions were made to the spike and crosstie block models.  

Given that the scope of this chapter was to investigate the effect of load magnitude and grain 

direction on spike stress, only a single cut spike and block of the crosstie were modeled because 

Dick et al. (2007) demonstrated that the load transferred to the spikes varies significantly.  

Additionally, the cut spike head geometry was simplified because it was not the specific area of 
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interest and does not play a role in stress distribution.  These simplifications allowed the use of a 

more refined mesh of the spike and timber crosstie block at critical locations to accurately 

quantify the spike stress and displacement while maintaining computational efficiencies.  The 

spike model represented the hold-down spike and thus the size of the crosstie block and amount 

of timber material for reaction was modeled to simulate the field side of the tie (Figure 3.2). 

An additional timber crosstie block simplification was the placement of a 0.625 in. (15.9 

mm) square hole into the timber block at the location where the spike would be installed.  This 

provided clearance for the spike without having to expend computational time inserting the spike 

into the crosstie and calculating the resulting stresses.  This assumption was justified given this 

study was focused on simulating the working condition of the spike, and not the process of 

driving the spike into the timber.  Therefore, the model sets the spike at a predefined position and 

defines interaction between the spike and the timber crosstie accordingly.  Given that failed 

spikes can occur at various stages of spike life (e.g. ranging from ca. 3 to >100 million gross tons 

(MGT)), the detailed spike-crosstie reaction was simplified.  That is, given some spikes are 

known to lift out of the crosstie, the stresses directly after installing a spike are not as relevant as 

a spike that has been in track and undergone a period of settling. 

Unlike previous studies that have investigated spike performance, the timber crosstie block 

was modeled as an orthotropic material due to timber’s unique and independent mechanical 

properties in the three mutually perpendicular axes: longitudinal (parallel to the direction of the 

timber fibers), tangential (perpendicular to the direction of the timber fibers and tangent to 

growth rings), and radial (perpendicular to the direction of the timber fibers and growth rings) 

(Gurfinkel, 1981; Green et al., 1999) (Figure 3.3).  To account for this behavior, I used a 

validated, timber, user-defined material model (UMAT) that has been used previously to 
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investigate the mechanical behavior of timber joints with slotted-in steel plates (Sandhaas, 2011; 

Sandhaas, 2012)  

I use the following nomenclature to refer to principal axes of timber and grain direction in 

this chapter (Figure 3.3).  The parallel timber grains align with the length of the crosstie and will 

be the primary reaction direction for lateral loads.  The tangential and radial directions primarily 

run perpendicular to the timber grain, align with the width and depth of the crosstie, and will be 

the primary reaction direction for longitudinal and vertical loads.  

 

 

Figure 3.3:  Principal axes of timber with respect to grain direction,  

growth rings, and wheel loading 

 

The material properties used for the timber models (Table 3.1) fall within the expected 

ranges found in the literature when accounting for expected variability and/or strength reductions 
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(Green et al., 1999; American Wood Council, 2017).  All species selected are regularly treated 

with preservatives and used by North American Class I HAL railroads according to the Railway 

Tie Association (RTA) .  Material properties, were either calibrated using laboratory data or were 

found in the literature (Green et al., 1999; Sandhaas, 2012; American Wood Council, 2017; 

Stanzl-Tschegg, et al., 1995; Ehrhart, et al., 2015). 

The Young’s Modulus, tensile strength, and yield strength of the cut spike properties were 

found through laboratory tests to be 30,850,000 psi (212,700 MPa), 85,000 psi  

(585 MPa), and 56,265 psi (390 MPa), respectively.  I set the endurance limit at 33,800 psi (233 

MPa) based on the assumption that it is approximately 40% of the ultimate strength.  This falls 

between the 35 – 60% range for endurance limits found in the literature (Campbell, 2008).  

Finally, I assumed the spike had a Poisson’s ratio of 0.3 and a density of 0.029 lb./in.3  (8,050 

kg/m3). 
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Table 3.1:  Engineering properties of select hardwood timber 

 

Property Direction
Calibrated 

Model
White Oak

Silver 

Maple

Northern 

White 

Cedar

psi          

(Mpa)

psi          

(Mpa)

psi          

(Mpa)

psi          

(Mpa)

1,650,000 1,780,000 1,140,000 800,000

11,376 12,273 7,860 5,516

194,000 209,150 115,710 54,400

1,338 1,442 798 375

163,493 153,080 137,940 168,000

1,127 1,055 951 1,158

41,118 93,450 50,730 80,800

283 644 350 557

235 1,070 740 310

1.6 7.4 5.1 2.1

270 800 500 240

1.9 5.5 3.4 1.7

3,000 7,440 5,220 3,960

20.7 51.3 36.0 27.3

7,161 12,000 8,900 6,500

49.4 82.7 61.4 44.8

1,000 2,000 1,480 850

6.9 13.8 10.2 5.9

800 800 444 255

5.5 5.5 3.1 1.8

Rolling Shear 

Strength

Parallel to Grain

- Sandhass (2012), chose Poisson’s ratio values incorporating damage at the beginning of the model and 

thus some improvement could be made in future models incorporating linear degredation

- Given the limited values within the literature, and the limited affect they have on the current model, the 

fracture energy values were treated as constants as 3 (0.53), 36 (6.30), 60 (10.50), & 60 (10.50) (lb/in. 

(N/mm)) for the tension perpendicular to grain, tension parallel to grain, longitudinal shear, and rolling shear 

respectively

Timber Type

E1

E2 = E3

G12 = G13

G23

Modulus of 

Elasticity

Shear 

Modulus 

Compressive 

Strength Perpendicular to 

GrainTensile 

Strength

Compressive 

Strength

Tensile 

Strength

Longitudinal 

Shear 

Strength



 

48 

3.4 Lateral and Longitudinal Load Magnitudes 

Lateral and longitudinal loads were applied to the spike shaft over a 0.3125 in.2 (201 mm2) 

area that is representative of the tie-plate to spike contact patch.  Five load cases (Table 3.2) were 

considered in which the magnitude of the lateral and longitudinal loads ranged from 0 to 5,000 

lb. (0 to 22.2 kN).  The load levels were in agreement with the literature (Dean, 1982; Dick et al., 

2007; AREMA, 2017b) and are discussed in more detail below. 

 

Table 3.2:  Five cases varying lateral and longitudinal load 

 

 

The American Railway Engineering and Maintenance-of-Way Association (AREMA) 

Chapter 30 recommends applying a lateral load of 16,900 lb.  (75.2 kN) to a single rail seat 

fastening system for the Tie and Fastener System Wear/Deterioration Test (AREMA, 2017b).  If 

this lateral load were evenly distributed among four spikes, the load in each spike would be 

4,225 lb. (18.8 kN).  Dick et al. (2007) measured a 5,000 lb. (22.2 kN) lateral spike load from 

temperature changes alone and measured a maximum lateral load of 14,800 lb. (65.8 kN).  This 

maximum load was not considered in the model because it would not be representative of the 

spikes that are not permanently deformed in track and would cause unnecessary model 

instability.  Additionally, I demonstrated in Chapter 2 that plate-to-crosstie friction would resist 
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lateral applied loads.  Dick et al. (2007) also found that one of the four spikes carried 63% of the 

total load indicating a non-uniform distribution in a given plate. 

AREMA specifies that a fastening system resist a 2,400 lb. (10.7 kN) longitudinal load 

before rail slip occurs (AREMA, 2017b).  Elastic fastening systems tested by (Dean, 1982) 

endured more force than this before the rail slipped; the strongest system tested was the German 

K-Type system that took 6,310 lb. (28.1 kN) of longitudinal load per rail seat before rail slip 

occurred.  In 1977, the South-African Railways used new e-clips to increase their rail seat 

longitudinal restraint to 6,300 lb. (28 kN) to combat rail creep problems on concrete crossties in 

HAL service (Lombard and Wildenboer, 1981).  Therefore, I assumed that a single spike could 

be subjected to a 5,000 lb. (22.2 kN) longitudinal load given the non-uniform distribution of 

forces in the rail as found by Dick et al. (2007).    

 

3.5 Model Validation 

To validate the model, I collected laboratory data while a load was applied to an 

instrumented spike in a direction that was perpendicular to the grain (simulating a longitudinal 

load) (Figure 3.4a).  A strain gauge was attached to a spike approximately 2.44 in. (62 mm) from 

the top of the spike (as measured in the model) (Figure 3.4b).  This corresponds to the strain 

gauge being approximately 1.69 in. (43 mm) below the top of the crosstie.  Additionally, the 

longitudinal displacement of the spike head was measured approximately 0.50 in. (13 mm) from 

the top of the spike.  These strains and displacements were measured for the duration of the test 

in which load was applied up to approximately 2,300 lb. (10.2 kN) (Figure 3.5). 
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Figure 3.4: (a) Longitudinal load application to instrumented spike installed in the crosstie 

and (b) unprotected instrumented spike  

 

 

 

Figure 3.5: Comparison of laboratory measurements and stress  

and displacement calculated by the model 
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The model showed good agreement with the spike response at 1.69 in. (43 mm) below the 

top of crosstie, which is the critical stress location given that it corresponds with the approximate 

depth that spike breakage is observed in the field.  Furthermore, the model accurately represents 

the displacement behavior of the spike as recorded in the laboratory test.  These results validate 

use of the model to quantify the effect of load magnitude and direction on spike stress. 

 

3.6 Results and Discussion 

Maximum stress increases with load magnitude (Figure 3.6).  The results indicate that 

longitudinal load is more detrimental to spikes than lateral load, which can be attributed to the 

orthotropic characteristics of timber.  Not only is the modulus of the timber perpendicular to the 

grain approximately 10% of the modulus parallel to the grain, the compressive, tensile, and shear 

strengths are also weaker in that direction.  These lower strength values allow timber damage to 

occur at lower load magnitudes.  These, in turn, lead to greater spike deflections and stresses 

when longitudinal loads are applied.  This leads to stresses in exceedance of the endurance limit 

at a lower load magnitude when longitudinal loads alone were applied as compared to the 

application of lateral loads alone (i.e. Case 1 compared to Case 5).   
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Figure 3.6:  Effect of various lateral and longitudinal loads on maximum spike stress 

 

To quantify this effect, when a lateral load is applied with no longitudinal load  

(Case 5), a cyclic load of approximately 2,750 lb. (12.2 kN) would be required to result in 

fatigue failure of the spike.  However, a longitudinal load of only 2,000 lb. (8.9 kN) would be 

required to produce the same failure, or an approximately 30% reduction in magnitude when 

considering Case 1.   

I also qualitatively assessed the spike stress distribution when subjected to the 

combinations of lateral and longitudinal loads (Figure 3.7).  When longitudinal or lateral loads 

are applied individually (Case 1 and Case 5; (a) and (b)), the stress is distributed uniformly 

across the loaded face.  The stress is distributed over a larger area of spike when longitudinal 

loading is applied to the spike (Case 1) compared to the lateral load (Case 5).  This is logical 

given that there is greater deflection in the weak direction of the timber due to increased timber 
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near the surface of the tie.  When lateral and longitudinal loads are applied simultaneously (Case 

3; (c)), the stress is concentrated on a corner of the spike.  The location of the stress 

concentration in the model aligned with actual spike failures observed in the field.   

 

 

Figure 3.7:  Effect of lateral and longitudinal load on cut spike stress distribution for  

Load Case 1 – Longitudinal Only (a), Load Case 5 – Lateral Only (b), and Load Case 3 – 

Lateral and Longitudinal Load (c) 
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I modeled and quantified the effect of three different species of timber (i.e. White Oak, 

Silver Maple, and Northern White Cedar) on the maximum spike stress to determine if my earlier 

findings were representative (Figure 3.8).   

 

 

Figure 3.8: Effect of load level and timber type on maximum Von Mises stress 

 

The Northern White Cedar model stopped converging at the lowest applied load due to 

significant timber damage and excessive spike displacements.   Spikes in the softwood (i.e. 

Northern White Cedar) experienced higher stresses at lower applied loads because the timber 

experienced more damage, which allowed for greater spike bending.  As expected (Gurfinkel, 

1981) the stress data from the White Oak and Silver Maple indicate that not all hardwood species 

behave the same and thus railroads must consider this as a part of their purchasing and 

maintenance decisions. 
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Because field failure of spikes has typically been found to range between 1 – 2 in. (25 – 50 

mm), it is necessary to understand what factors affect the depth of the maximum stress.  

Therefore, I quantified the effect of load magnitude, direction, and timber type on maximum 

spike stress depth (Figure 3.9).     

 

 

Figure 3.9:  Effect of load magnitude, direction, and timber type on the depth of the 

maximum Von Mises stress 

 

The depths to maximum stress fell within the typical range found in the field and the 

maximum depth where failure would occur was 1.9 in. (48 mm) at 5,000 lb. (22.2 kN) of force 

applied with the calibrated model.  The data also indicated that the depth of maximum stress was 

greater when longitudinal loads were applied as compared to lateral loads, regardless of timber 
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species.  Furthermore, as the timber mechanical properties (modulus, compressive, tensile, and 

shear strengths) were reduced, the depth to maximum stress increased.  The shallowest depth 

recorded was 15.3 mm (0.6 in.) below the top of crosstie and occurred when a lateral load of 

1,000 lb. (4.4. kN) was applied; a load that would not lead to fatigue failures.  These data 

demonstrate that the maximum stress depth is dependent on the load magnitude, load direction, 

and timber species.   

Timber species had a substantial effect on the maximum stress magnitude and location 

(Figure 3.6 - 3.9).  Therefore, timber selection used in conjunction with elastic fastening systems 

is critical.  Additionally, as has been indicated within the industry, not all hardwoods are 

equivalent; and therefore, simply specifying a “hardwood” will not ensure acceptable results.  As 

the value of critical mechanical properties of the timber increase, the spike stress will decrease 

and the depth to maximum stress will become shallower.   

When used in conjunction with premium fastening systems, railroads should specify 

hardwood timber with compressive, tensile, and shear strength properties that are as high as is 

feasible given sourcing options and economic considerations.  This will help delay premature 

failure of the timber which in turn leads to excessive deflections and spike stresses.  

 

3.7 Conclusions 

In this chapter I developed and validated a 3D FEM consisting of a single cut-spike 

fastener and timber crosstie block.  The model was validated using laboratory data and the 

outputs were representative of field performance, with the depth to maximum stress consistent 

with broken spikes observed in the field.   
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The results from the study also indicate that timber species affects the maximum stress 

magnitude and location.  Consequently, use of premium fastening systems should include 

consideration of the effect of timber species on possible spike fatigue failure.  Additionally, 

hardwood species differ in key characteristics, therefore, simply specifying a hardwood will not 

ensure acceptable results.  Thus, the value of critical mechanical properties of the timber are 

increased, spike stress will decrease and the depth to maximum stress will be reduced.  

Hardwood timber used in conjunction with premium fastening systems should ensure that the 

compressive, tensile, and shear strength properties are as high as is feasible given source options 

and economic considerations.  This will help delay premature failure of the timber, which in turn 

leads to excessive deflections and spike stresses.  Additional research is needed to quantify 

recommended values.  Additional findings from this study include: 

▪ When longitudinal and lateral loads are applied at equal magnitudes, the fatigue 

strength of the spike can be exceeded with a load of only 1,500 lb. (6.7 kN) in each 

direction. 

▪ Longitudinal load had a more detrimental effect on spike stress state than lateral load.   

o To exceed the fatigue strength of the cut spike, a longitudinal load 30% lower 

than a lateral load (2,000 lb. (8.9 kN) vs. 2,750 lb. (12.2 kN)) is required. 

▪ Loading direction had a significant effect on maximum stress depth.   

o When only longitudinal load was applied, the depth of maximum stress could 

be up to two times deeper than when lateral load only was applied.   

▪ Timber species had a substantial effect on the magnitude and depth of maximum stress.   

o It is hypothesized that the timber mechanical properties driving this are 

compressive, tensile, shear, and rolling shear strengths. 
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4 ANALYTICAL METHOD FOR DETERMINING SPIKE STRESS 

In this chapter I present the development and validation of an analytical model based on 

beam on elastic foundation (BOEF) principles for accurate and economical quantification of 

spike stress magnitude.  This model can be used as both an analysis and design tool, informing 

and improving future design decisions.  A paper related to this chapter was published in 

Transportation Research Record (TRR)3 in 2020. 

 

4.1 Motivation 

As stated in previous chapters, spikes have experienced fatigue failures resulting in at least 

12 derailments since 2000.  To improve safety and the state of good repair, tools are needed to 

analyze and understand how various design changes could mitigate or prevent such failures.  

Multiple approaches should be pursued to quantify the magnitude and distribution of stress in 

spikes driven into timber crossties.  The methods commonly used by the rail industry to analyze 

and quantify the spike stress state, or test the adequacy of new fastening system components 

include: finite element modeling (FEM) (Chen et al., 2014; Chen et al., 2016; Chen and 

Andrawes, 2017; Edwards et al., 2018a; Dersch et al., 2019), standardized laboratory testing 

(AREMA, 2017b), or field-experimentation and testing programs (Akhtar et al., 2012; McHenry 

and LoPresti, 2015; McHenry and LoPresti, 2016; Edwards et al., 2017a; LoPresti, 2018).  These 

methods can be costly in terms of both time and expense, especially full-scale field-testing 

programs and laboratory test programs that include many replicates.  Given the complexities and 

time required for prototyping, a limited number of design solutions can be tested in the 

 
3 Dersch, M.S., M. Trizotto Silva, J.R. Edwards, A. de O Lima and T. Roadcap. 2020. Analytical method to estimate 

railroad spike fastener stress. Transportation Research Record (TRR): Journal of the Transportation Research 

Board. doi:10.1177/0361198120949259 
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laboratory, and even fewer can be tested in the field.  Consequently, a common approach 

employed by researchers is to develop FEMs to perform an analysis of the key input variables 

affecting a given result (output).  Despite their benefits, the development, execution, and 

validation of FEMs require special care and expertise, the absence of which can lead to 

inaccurate results (Kaewunruen et al., 2016). 

 

4.2 Technical Approach 

The analysis of laterally loaded, driven piles is rooted in BOEF mechanics as proposed by 

Winkler (1867).  The methodology I propose in this chapter uses a similar approach as presented 

by Long (2011).  Though not used in foundation design, Kerr (2003) leverages mechanics 

principles in his methods for analytically assessing the track structure and its response to load.  

Using the analysis method I propose in this chapter, the resulting displacement, shear, bending 

moment, and/or slope of a beam (pile or spike) subjected to lateral loading can be quantified.  

Applying these to a spike, the lateral loading is analogous to a force generated by a wheel load 

that passes through the rail and tie plate and into the top of the spike.  This analysis must 

consider that the surrounding medium (soil or timber) reaction (resistance) is dependent on the 

beam’s movement.  In turn, the beam’s movement is dependent on the response of the 

surrounding medium.  As such, it is an interaction problem between the beam and medium; and 

in the specific case of my research, the steel spike and timber.  The following sections will 

describe the development of equations to analyze the spike behavior and then detail the equations 

for analyzing the timber’s response. 

The solution to the interaction problem of a spike loaded perpendicular to a given timber 

face (laterally or longitudinally) follows the p-y method commonly used by engineers to quantify 
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the deflection of a laterally loaded pile in soil (FHWA, 2006).  Unless otherwise referenced, and 

regardless of the direction of the load application (lateral or longitudinal), I will assume the 

general loading case to be a laterally loaded spike.  A visual representation of the interaction 

between the spike and timber used to develop the analytical solution is like the BOEF approach 

proposed by Winkler (Figure 4.1).  The timber is continuous and a deformation at any point will 

cause a deformation at all other points.  I assume that the interaction is a set of discrete, 

independent springs and my results will demonstrate that this assumption is sufficient for this 

analysis. 

 

 

Figure 4.1: Visual representation of mathematical setup to model interaction of spike with 

surrounding timber medium when subjected to lateral loading from tie plate 

 

The resulting behavior of a laterally loaded spike can be solved using differential equations 

that describe the relationship between bending moments and curvature.  The problem can be 

solved assuming the spike and timber remain in equilibrium and are compatible via appropriate 

boundary condition assumptions.  If all assumptions can be maintained, then a solution for the 
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spike response can be developed along the entire length of the spike.  If assumptions are not met 

(e.g. permanent deformation of the timber occurs, spike experiences yielding, etc.), then the 

closed form solution will no longer be applicable.  Therefore, care must be taken when applying 

this analytical approach to various problems. 

 

For this analysis, the following assumptions must be satisfied: 

▪ The spike is straight and has a uniform cross section 

▪ The spike has a longitudinal plane of symmetry and loads and reactions are in that 

plane 

▪ The spike material is homogeneous 

▪ The proportional limit of the spike material is not exceeded 

▪ The modulus of elasticity of the spike is the same for tension and compression 

▪ Transverse deflections of the spike are small 

▪ The spike is not subjected to dynamic loads 

▪ Deflections due to shearing stresses are negligible 

 

In this analysis I assumed that plane sections remain plane as the spike is loaded and the 

slope, 𝑑𝑦 𝑑𝑥⁄ , is very small.  The relationship between moment, M, and curvature, 𝜙, (Equation 

4.1) can be applied and an expression for 𝜙 in terms of x and y (Equation 4.2) where the x-axis is 

the axis of the unloaded spike, the y-axis is the lateral deflection of the spike, E is the modulus of 

elasticity, and I is the area moment of inertia. 

 

𝜙 =
𝑀

𝐸𝐼
 Eq. 4.1 
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𝜙 =
𝑑2𝑦

𝑑𝑥2
 Eq. 4.2 

 

When combining Equations 4.1 and 4.2, I arrive at the desired differential equation 

considering the spike moment, M, (Equation 4.3).  Next, equations for spike shear, V, (Equation 

4.4) and timber reaction, p, (Equation 4.5) can be developed. 

 

𝑀

𝐸𝐼
=
𝑑2𝑦

𝑑𝑥2
 Eq. 4.3 

𝑉

𝐸𝐼
=
𝑑3𝑦

𝑑𝑥3
 Eq. 4.4 

𝑝

𝐸𝐼
=
𝑑4𝑦

𝑑𝑥4
 Eq. 4.5 

 

A spike’s response to lateral loads using a full analysis that considers a simply supported 

beam with uniform loading can be summarized visually (Figure 4.2). A complete derivation of 

the equations is provided by Hetenya (1946). 

 

Figure 4.2: Visual representation of spike response to loading, with accompanying 

equations to calculate parameters 
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Understanding timber’s response to load is critical to developing an accurate method to 

analyze spike response.  The timber’s response can be characterized as a set of discrete springs 

as suggested by Winkler (1867).  A spike inserted into a wood crosstie (Figure 4.3a) will initially 

have a uniform stress distribution before any lateral load is applied (Figure 4.3b).  If a lateral 

load is applied, the stress distribution will be altered (Figure 4.3c).  Integration of this altered 

stress distribution produces a force per unit length along the spike (p).  The variable p is defined 

as the timber reaction and acts in the opposite direction to the spike deflection, y; hence the 

naming convention for p-y curves. 

 

  

Figure 4.3: View of a spike after installation (a), with representations of forces on the spike 

in the unloaded condition (b), and the condition with a lateral or longitudinal load (c) 

 

To apply these methods, no shear stress can be present at the surface of the spike acting 

parallel to the y-axis.  Additionally, spike lateral resistance and moment can be accounted for by 

a p-y curve on the side near the timber crosstie surface.  No adjustment is made for the effects of 

the spike installation.  I assumed that the effects of spike installation are principally confined to 
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an area close to the spike whereas the timber reacting against the spike is several spike diameters 

greater in size.  I considered the errors due to violation of these assumptions to be minimal and 

reasonable.  Some spikes can be pulled out by hand, indicating that the reaction from installation 

is not permanent (Dersch et al., 2019). 

I developed experimental moment curves using data recorded by strain gauges installed on 

spikes that were subsequently driven into timber crossties and loaded laterally.  Timber is 

orthotropic (Green et al., 1999) thus loading direction is a critical parameter.  Perpendicular to 

the grain (Figure 3.3), timber strength and modulus are approximately ten percent of the same 

values parallel to grain (Green et al., 1999).  Therefore, the lateral load was applied 

perpendicular to the grain because this results in higher magnitude spike stresses (Dersch et al., 

2019).   

The computation of the timber’s reaction along the length of the spike involves two 

differentiations of a bending moment curve.  Matlock (1970) performed this differentiation for 

piles driven in soil.  p-y curves can then be plotted when multiple curves representing the 

distribution of deflection and soil reaction are obtained.   

Once the differential equations are developed and the timber’s reaction is understood, the 

full derivation of the solution to the differential equations can be completed.  The solution can 

consider the spike length as either an “infinite” or “finite” beam.  In either case, I made the 

following assumptions:  

 

▪ the spike is supported along its entire length;  

▪ the timber’s reaction, p, per unit length of spike is related to the deflection, y, by the 

timber modulus, 𝐸𝑡,  
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▪ uniform timber modulus (Figure 4.4);  

▪ the spike modulus, E, and cross-section are consistent. 

 

 

Figure 4.4: Constant timber modulus results from relationship between reaction and 

deflection, and constant, uniform cross-section assumptions 

 

Considering the relationship between the timber reaction, p, and spike deflection, y, and 

using basic identities, Equation 4.6 was derived.   

 

𝑑4𝑦

𝑑𝑥4
+ 4𝛽4𝑦 = 0 Eq. 4.6 

 

where 𝛽 is the relative stiffness factor.  Manipulation of Equation 4.6, while employing 

Equations 4.3 – 4.5, produces the basic differential equations for slope, moment, shear, and 

timber reaction (Equations 4.7 – 4.10). 

 

𝑑𝑦

𝑑𝑥
=  βeβx(𝐶1̅̅ ̅ cos(βx) + 𝐶2̅̅ ̅ sin(βx) − 𝐶1̅̅ ̅ sin(βx) + 𝐶2̅̅ ̅ cos(βx)) 

+ βe−βx(−𝐶3̅̅ ̅ cos(βx) − 𝐶4̅̅ ̅ sin(βx) − 𝐶3̅̅ ̅ sin(βx) + 𝐶4̅̅ ̅ cos(βx)) 

Eq. 4.7 
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𝑑2𝑦

𝑑𝑥2
=  2β2eβx(𝐶2̅̅ ̅ cos(βx) − 𝐶1̅̅ ̅ sin(βx)) + 2β2e−βx(𝐶3̅̅ ̅ sin(βx) −

 𝐶4̅̅ ̅ cos(βx)) 

Eq. 4.8 

𝑑3𝑦

𝑑𝑥3
=  2β3eβx(𝐶2̅̅ ̅ cos(βx) − 𝐶1̅̅ ̅ sin(βx) − 𝐶2̅̅ ̅ sin(βx) − 𝐶1̅̅ ̅ cos(βx)) 

+ 2β3e−βx(−𝐶3̅̅ ̅ sin(βx) + 𝐶4̅̅ ̅ cos(βx) + 𝐶3̅̅ ̅ cos(βx) + 𝐶4̅̅ ̅ sin(βx)) 

Eq. 4.9 

𝑑4𝑦

𝑑𝑥4
=  4β4eβx(−𝐶2̅̅ ̅ sin(βx) − 𝐶1̅̅ ̅ cos(βx)) + 4β2e−βx(−𝐶3̅̅ ̅ cos(βx) −

 𝐶4̅̅ ̅ sin(βx)) 

Eq. 4.10 

 

where;  

𝐶1, 𝐶2, 𝐶3, and 𝐶4 are the coefficients to be evaluated at the given boundary 

conditions. 

 

To solve for these coefficients, the spike length must be classified as either finite or infinite 

relative to the timber.  For the spike to be considered infinite in length, the relationship in 

Equation 4.11 must be satisfied, which requires Equation 4.12. 

 

𝛽𝐿 ≥ 4 Eq. 4.11 

𝛽 = √
𝛼

4𝐸𝐼

4
 Eq. 4.12 

 

where, 

𝛽 is the relative stiffness factor. 

L is the length of spike in the timber crosstie. 

E is the elastic modulus of the spike. 
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I is the area moment of inertia of the spike. 

α is the modulus of the timber, 𝐸𝑡. 

 

Rearranging these equations results in Equation 4.13, that quantifies the timber modulus, 

𝐸𝑡, threshold for determining what spike embedment length, L, would be infinite or finite.  This 

is possible when assuming the spike modulus, E, cross-section, and length of the spike driven 

into the crosstie, are constant and dependent on spike position (i.e. hold-down or line spikes). 

 

𝐸𝑡 ≥ (
4

𝐿
)
4

× 4𝐸𝐼 ; infinite Eq. 4.13 

 

For a spike with a length of 6.0 in. (152.4 mm), L will be approximately 5.00 in. (127.0 

mm) for hold-down spikes, or 4.20 in. (106.7 mm) for line spikes (AREMA, 2017a).  I assumed 

that the E and I for the steel used to manufacture the standard 0.625 x 0.625 in. (15.9 x 15.9 mm) 

spike was 29,000 ksi (200 GPa) and 0.0127 in.4 (5,300  mm4), respectively.    Therefore, the 

timber modulus must be greater than or equal to approximately 604 ksi (4.16 GPa) for hold-

down spikes and approximately 1,213 ksi (8.36 GPa) for line spikes to be considered infinite.  

According to Green et al. (1999) the modulus of timber perpendicular to grain ranges from 50 – 

250 ksi (0.345 – 1.72 GPa) and parallel to grain ranges from 800 – 2,300 ksi (5.52 – 15.9 GPa), 

so a standard 6 in. (152 mm) spike will be classified as finite when the loading is applied 

perpendicular to the grain.  If the spike length were increased such that the allowable timber 

modulus was satisfactory (Equation 4.13) (i.e. 7 in. (178 mm) spike), then an “infinite” analysis 

could be considered. 
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The key differences between the solutions for a finite and infinite beam are traceable to the 

assumptions that are made when preparing the solutions to the differential equations.  Table 4.1 

lists the boundary conditions for each condition. 

 

Table 4.1: Spike in elastic medium governing differential equations  

and boundary conditions  

  

 

With these boundary conditions, the coefficients of the differential equations listed 

previously for deflection, slope, moment, shear, and timber reaction can be determined for both 

finite and infinite beams.  The equations for infinite beams are comparatively simple and are 

presented as Equations 4.14 – 4.18 below.   

 

𝑦 =
e−βx

2 𝛽2𝐸𝐼
 [
𝑃𝑡
𝛽
cos(βx) + 𝑀𝑡  (cos(𝛽𝑥) − sin(βx))] Eq. 4.14 

𝑆 = −e−βx [
2𝑃𝑡𝛽

2

𝐸𝑠
 (cos(𝛽𝑥) + sin(βx)) + 

𝑀𝑡
𝐸𝐼𝛽

 cos(𝛽𝑥)] Eq. 4.15 

x = 0 x = L

n/a

n/a

Boundary Conditions

Infinite

Finite
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𝑀 = e−βx [
𝑃𝑡
𝛽
 sin(βx) + 𝑀𝑡 (cos(𝛽𝑥) + sin(βx))] Eq. 4.16 

𝑉 = e−βx[𝑃𝑡  (cos(𝛽𝑥) − sin(βx))− 2𝑀𝑡𝛽 sin(βx)] Eq. 4.17 

𝑝 = 2βe−βx[−𝑃𝑡  cos(𝛽𝑥)− 𝑀𝑡𝛽 (cos(𝛽𝑥) − sin(βx))] Eq. 4.18 

 

The equations for finite beams, however, are non-trivial to derive because the methods to 

solve for the coefficients are more complex (Table 4.2). 

 

Table 4.2: Equations to solve for coefficients for finite beams 

𝐶1 = 2𝐶2 + 𝐶3 − 𝐴15 𝐶2 =
𝐴22
𝐴20

−
𝐴21
𝐴20

𝐶3 𝐶3 =
𝐴26
𝐴27

 𝐶4 = 𝐶2 − 𝐴1 

𝐴1 =
𝑀𝑡

2 𝛽2𝐸𝐼
 𝐴2 =

𝑉𝑡
2 𝛽2𝐸𝐼

 𝐴3 = 2 𝛽
2𝑒𝛽𝐿cos(𝛽𝐿) 𝐴4 = 2 𝛽

2𝑒𝛽𝐿sin(𝛽𝐿) 

𝐴5 = 2𝛽
2𝑒−𝛽𝐿cos(𝛽𝐿) 𝐴6 = 2𝛽

2𝑒−𝛽𝐿sin(𝛽𝐿) 𝐴7 =  𝛽𝐴3 𝐴8 =  𝛽𝐴4 

𝐴9 =  𝛽𝐴5 𝐴10 =  𝛽𝐴6 𝐴11 = 𝐴7 + 𝐴8 𝐴12 = 𝐴7 − 𝐴8 

𝐴13 = 𝐴9 − 𝐴10 𝐴14 = 𝐴9 − 𝐴10 𝐴15 = 𝐴1 + 𝐴2 𝐴16 = 𝐴3 − 𝐴5 

𝐴17 = 𝐴1𝐴5 𝐴18 = 𝐴12 + 𝐴14 𝐴19 = 𝐴1𝐴14 𝐴20 =  𝐴16 − 2𝐴4 

𝐴21 = 𝐴6 − 𝐴4 𝐴22 = 𝐴17 − 𝐴4𝐴15 𝐴23 = 𝐴13 − 2𝐴11 𝐴24 =  𝐴13 − 𝐴11 

𝐴25 = 𝐴19 − 𝐴11𝐴15 𝐴26 = 𝐴25 −
𝐴22𝐴23
𝐴20

 𝐴27 = 𝐴24 −
𝐴21𝐴23
𝐴20
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4.3 Model Validation, Results, and Discussion 

The instrumented spike strain data described in Chapter 3 were used to validate this 

analytical approach.  Moments at each location along the spike were plotted against the moments 

calculated via the analytical approach presented considering a finite spike for the load applied 

perpendicular to the grain.  A 1,500 lb. (6.67 kN) force was applied over an area of 0.50 in.2 

(322 mm2) in the analytical model that was representative of the loading fixture and is similar to 

the contact area of a tie plate for a hold-down spike.  The modulus perpendicular to the grain was 

assumed to be 200 ksi (1.38 GPa), which is consistent with the value used in the validated FEM 

presented in Chapter 3.  I compared the laboratory experimental and analytical model results 

while considering the spike yield strength and fatigue limit, defined as 50% of the ultimate 

tensile strength (Figure 4.5).   
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Figure 4.5: Comparison of experimental spike stress (laboratory) data with analytical 

model results 

 

The results demonstrate good agreement between x = 0.0 and x = 3.0 in. (76.2 mm) below 

the top of the crosstie.  The difference between the analytical model and the laboratory results is 

near a minimum at a depth of 1.5 in. (38.1 mm) which I consider to be the most critical depth 

given that this is where most spike failures are found (Dersch et al., 2019).  The moment values 

beyond approximately 3.0 in. (76.2 mm) below the top of the crosstie do not match as well.  This 

may be due to the assumed location of zero moment established for the laboratory condition.  

This region is not considered as critical given it is not the area of maximum moment, nor is it 

where failures are observed in the field.  The resulting moments also exceed the fatigue limit 
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from approximately 0.5 – 1.9 in. (12.7 – 48.3 mm) below the top of the crosstie, which provides 

additional insight into why the spikes show variation in the depth of failure.  This analytical 

approach provides an accurate means for analyzing the stress along the depth of the spike driven 

into timber crossties within a reasonable range of loading conditions, and beyond load levels that 

would likely result in fatigue failures.   

 

4.4 Case Studies 

Long (2011) suggests that the three factors having the greatest effect on a p-y curve are 

timber properties, spike geometry, and the nature of loading.  Therefore, the following sub-

sections of this chapter document the effects of timber modulus, spike cross-sectional area, and 

load magnitude on the magnitude and locations of the maximum bending moment.  All data are 

reported in relation to the spike fatigue limit and yield strength as previously demonstrated by 

Dersch et al. (2019). 

 

4.4.1 Effect of Timber Modulus 

Given that this analytical approach cannot account for permanent deformation of the 

timber, the elastic modulus was the primary parameter studied, and was used in-lieu of 

compressive strength.  Further, given that the analytical approach was validated at 1,500 lb. (6.67 

kN), this loading magnitude was held constant at each modulus value.  I investigated modulus 

values of 100, 200, and 500 ksi (0.689, 1.38, and 3.45 GPa) (Figure 4.6).  I selected 100 ksi 

(0.689 GPa) as a practical lower bound for the modulus of the timber perpendicular to the grain 

and 500 ksi (3.45 GPa) as the upper bound because this was the level in which spike stresses fell 

below the fatigue limit.  Further, this value aligns with the modulus of glass fiber reinforced 



 

73 

composite (GFRC) crossties (Gao and LoPresti, 2020; Khachaturian et al., in review), which 

could be used as a substitute for timber.  Finally, though 500 ksi (3.45 GPa) is below the 800 ksi 

(5.52 GPa) lower bound for the modulus of timber parallel to grain, as mentioned previously, 

general trends can be found using this range. 

 

Figure 4.6: Dependency of moment on timber modulus (psi) and depth below top of crosstie 

 

The results indicate an inverse relationship between timber modulus and maximum spike 

stress (e.g. as timber modulus is decreased, the maximum spike moment increased), as load is 

held constant.  This result aligns with previous findings by Dersch et al. (2019) that loading 

perpendicular-to-grain (higher modulus) is more detrimental than loading parallel-to-grain.  I 

hypothesize that spikes fail more often in new, stiffer crossties because they take a greater share 
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of the applied load than older, softer crossties that might not be well-engaged in the load path.  

Therefore, when there is a differential in crosstie stiffness, fastener loading demands on new 

crossties would be greater than older crossties.  However, if all crossties exhibit a uniform 

stiffness, as modulus decreases, the spike moment increases. 

The moments for the 100 and 200 ksi (0.689 and 1.38 GPa) cases both exceed the fatigue 

limit, indicating fatigue failures could occur if this load magnitude were regularly experienced in 

the field.  The moment for the 500 ksi (1.38 GPa) case fell below the fatigue limit.  Given 500 

ksi (1.38 GPa) produces moments below the fatigue limit, and lateral loads applied parallel to 

grain would be resisted by timber with modulus values greater than 800 ksi (5.52 GPa), fatigue 

failures would not be expected unless load magnitudes were increased.  This provides insight 

into the lack of spike failures in traditional fastening systems that do not use elastic fasteners. 

Also, as the modulus is reduced, the location of maximum moment (i.e. failure location), 

would become deeper in the crosstie; moving from approximately 1.00 to 1.25 in. (25.4 mm to 

31.8 mm) below the crosstie surface.  As a spike breaks deeper in a crosstie, there is a greater 

likelihood it would become harder to detect and a greater risk to the safety of railroad operations.  

Therefore, specifying a crosstie with a greater modulus increases the likelihood that failure 

would occur closer to the surface and thus could be more easily identified during track 

inspection. 

 

4.4.2 Effect of Spike Cross-Sectional Area 

I studied the effect of spike cross-sectional area by varying the width, while maintaining a 

square cross-section.  Spike geometry is likely the easiest parameter to change/control in the 

design of future fastening systems.  The timber modulus was held constant at 200 ksi (1.38 GPa) 
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given that this had been validated in the laboratory.  A standard cut spike is 0.625 in. x 0.625 in. 

(15.9 x 15.9 mm) while the smallest hole in a plate is 0.690 in. (17.5 mm) and the largest is 0.750 

in. (19.1 mm).  Therefore, to limit the requirement to change every spike hole size, while also 

attempting to limit the risk of tie splitting, square spikes with widths of 0.500, 0.625, and 0.700 

in. (12.7, 15.9, and 17.8 mm) were investigated (Figure 4.7).   

 

 

Figure 4.7: Dependency of moment on spike width and with depth, with associated 

moments required for steel fatigue and yield limits 

 

As spike width increases, the moment also increases from 1.5 kip-in. (0.169 kN-m) to 1.72 

kip-in. (0.194 kN-m).  This is attributed to the increased reaction from the timber as the width 

increases from 0.500 to 0.700 in. (12.7 to 17.8 mm).  Though the moment increases, the fatigue 
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limit and yield strength (i.e. capacity) is increasing at a greater rate; 1.17 kip-in. to 1.93 kip-in. 

(0.132 to 0.218 kN-m) and 3.22 kip-in. (0.364 kN-m), respectively.  In the cases considered, the 

following “reserve” capacities (moment at yield/moment calculated at 1,500 lb. (6.67 kN) were 

found to be 0.8, 1.4, and 1.9 for 0.500 in., 0.625”, and 0.700” (12.7, 15.9, and 17.8 mm) widths, 

respectively.  Further, as the width is increased to 0.700 in (17.8 mm), the fatigue limit of the 

spike is no longer exceeded at this applied load. 

Finally, as width is increased, the depth to maximum moment shows a slight increase.  

That is, as the width increased from 0.500 in. to 0.700 in. (12.7 to 17.8 mm), the depth increased 

from 1.0” to 1.2” (25.4 to 30.5 mm).  This effect was less than timber modulus, and thus not 

considered as concerning given the safety factor is also increased.  Therefore, increasing spike 

width could increase the resiliency of these fastening systems and reduce the risk of spike failure.     

 

4.4.3 Effect of Load Magnitude 

The last parametric study I performed was quantifying the effect of load magnitude.  I 

varied the load from 500 to 2,500 lb. (2.2 to 11.1kN, while maintaining a constant timber 

modulus of 200 ksi (1.38 GPa) and spike width of 0.625 (15.9 mm) (Figure 4.8).  It is intuitive 

that increasing load magnitude would increase the resulting moment.  However, I investigated 

this parameter to provide additional confidence in this analytical approach by comparing the 

results to published finite element analysis (FEA) results as well as understanding how the depth 

of maximum moment changes with load. 
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Figure 4.8: Dependency of moment on input force and with depth from the tie plate 

 

As the applied load was increased, the maximum moment also increased.  The load at 

which the spike exceeded the yield stress here is similar to what was reported as a part of more 

detailed and validated FEA study by Dersch et al. (2019) (i.e. between 2,000 and 3,000 pounds 

(8.90 and 13.3 kN)).  This provides more confidence in the results from the analytical solution.  

The fatigue limit would be exceeded with a load magnitude between 1,000 and 1,500 pounds 

(4.45 and 6.65 kN), further indicating the sensitivity of spike stress to loading applied 

perpendicular to the grain.   

The depth to maximum stress also increased from 0.8 in. to 1.2 in. (20.3 to 30.5 mm), 

respectively.  The depth to maximum moment, using this analytical approach, is shallower than 
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would be expected based upon the field failures and FEA results (i.e. 1.4 and 1.6 in. (35.6 and 

40.6 mm) below the top of the crosstie).  Therefore, while this model can estimate the demand on 

the spike to a reasonable range, the depth to maximum demand could be improved.  This may be 

attributed to the fact that this analytical model does not account for timber behavior beyond its 

elastic limit (i.e. timber crushing).   

 

4.5 Conclusions 

In this chapter I presented the development and validation of an analytical model 

leveraging BOEF principles.  This analytical model can accurately and economically analyze the 

effect of design variables (e.g. timber type and spike size) on component stress thereby providing 

insight into responses required for a mechanistic-empirical (M-E) design process. 

This method was applied in several case studies that were designed to quantify the effect of 

key variables on spike stress.  The results from these studies demonstrate that the model can be 

used to improve fastener resiliency and railway safety through revised design recommendations.  

Furthermore, while this study only investigated uni-direction loading, the findings can be 

generalized to account for bi-directional loading.  That is, regardless of loading direction, 

reduced in modulus, reduced spike size, or increased load, will lead to increased spike demands.  

The findings from this research and the model generated are summarized as follows: 

 

▪ A validated analytical model has been developed and used to answer design-related 

questions that can lead to improved component and track resiliency 

▪ As timber modulus increased (100 to 500 ksi) the: 
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o induced bending moments decreased (1.98 to 1.24 kip-in. (0.223 to 0.140 kN-

m)) 

o depth to maximum stress decreased (1.2 to 0.8 in. (30.5 to 20.2 mm)) 

o spike fatigue limit was not exceeded when timber modulus exceeded 500 ksi. 

▪ As spike width is increased (0.500 to 0.700 in. (12.7 to 17.8 mm)), the: 

o factor of safety for spike fatigue failures increased (0.8 to 1.9) at a greater rate 

than the induced bending moment (1.50 to 1.72 kip-in. (0.169 to 0.194 kN-m)) 

leading to increased resiliency 

o fatigue limit would no longer be exceeded above 0.700 in. (17.8 mm) for this 

load case 

o depth to maximum stress does not significantly increase (1.0 to 1.2” (25.4 to 

30.5 mm)). 

▪ As loads applied perpendicular to the timber grain increase (500 to 2,500 lbs), the: 

o induced bending moments would increase (0.83 to 2.48 kip-in. (0.093 to 0.280 

kN-m)) 

o the depth to maximum stress also increases (0.8 to 1.2” (20.2 to 30.5 mm)). 

 

Therefore, to reduce spike stress and fatigue failures, when feasible based on economics, 

logistics, and other factors, railroads could ensure that timber crossties installed with premium 

elastic fasteners in demanding locations had higher moduli, could increase the size of spikes 

installed, and/or, reduce the longitudinal and lateral loads through proven methods (e.g. 

distributed power and top-of-rail friction modification).  Future work could include further 

model refinement and validation to provide greater applicability to a wider range of problems.  
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Additionally, this method can be used to conduct additional case studies to further improve upon 

the recommendations for improved spike resiliency. 
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5 INVESTIGATION OF METHODS TO MITIGATE RAILWAY SPIKE FATIGUE 

FAILURES USING FINITE ELEMENT ANALYSIS 

 

In this chapter I present the extension of the 3D finite element model (FEM) developed and 

introduced in Chapter 3 and used to quantify the relationships between important fastening 

system design variables and spike stress.  This chapter presents data that can be used to develop 

formal design recommendations based on mechanistic-empirical (M-E) principles to reduce 

fastener fatigue failures.  A paper related to this chapter was published in Engineering Failure 

Analysis4 in 2021. 

 

5.1 Introduction 

There are many feasible timber crosstie elastic fastening system designs as described in the 

M-E design framework in Chapter 1 (Figure 1.1).  These designs vary in type and geometry of 

spike used (cut versus screw), quantity of spikes installed per tie plate (four versus five), use of 

anchors, as well as the type and dimension of the tie plate, shoulder, and elastic fastener (e-clip, 

tension clamp, etc.) used.  Though feasible, none have proven to be an optimal design based on 

their field performance.  Furthermore, given limited research in this area, there are currently no 

formal recommendations (mechanistic or empirical) for how to mitigate spike fatigue failures. 

Therefore, in this chapter I provide data that could be implemented in future fastening 

system designs to eliminate the fatigue failures through spike stress reductions.  I accomplished 

this by investigating methods to reduce the spike stress state using 3D finite element analysis 

(FEA) leveraging a validated model I presented in Chapter 3.   

Methods to mitigate spike stresses considered within this chapter include:  

 
4 Dersch, M., C. Khachaturian and J.R. Edwards. in review. Methods to mitigate railway premium fastening system 

spike fatigue failures using finite element analysis. Engineering Failure Analysis. 
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▪ spike cross-sectional area,  

▪ spike type (cut vs. screw), 

▪ spike loading location, 

▪ tie plate normal (vertical) hold-down force, and  

▪ spike engagement with plate and number of spikes in a given fastening system. 

 

5.2 Methods Theory 

The methods investigated in this chapter are not exhaustive.  For example, recent studies 

have investigated the effect of crosstie material, loading direction, or fastener stiffness (Yu and 

Liu, 2019; Dersch et al., 2019; Dersch et al., In Review; Khachaturian et al., In Review; 

Khachaturian et al., in review), and thus were not the focus of this study.  The following sub-

sections provide engineering reason and justification for the fastening system studies considered. 

 

5.2.1 Spike Cross-Sectional Area 

As discussed in Chapter 4, given this is a flexural fatigue problem, the maximum bending 

stress considering Euler-Bernoulli beams is related to both the demand on the spike and its 

geometry (Equation 5.1).  Therefore, reductions in stress would result from decreasing the 

bending moment, increasing the distance from the outermost surface of the spike to the neutral 

axis, and/or increasing the moment of inertia of the spike.   
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𝜎 =
𝑀𝑦

𝐼⁄  Eq. 5.1 

 

where, 

σ is the maximum normal stress. 

M is the bending moment. 

y is the distance from the neutral axis. 

I is the area moment of inertia. 

 

Increasing the cross-sectional area of the spike would reduce the maximum spike stress 

given it increases the ratio of the distance from the neutral axis to the area moment of inertia.  

Though this is an obvious solution based on mechanics, the FEA results below quantify the 

effectiveness of this solution.   

 

5.2.2 Spike Type (Cut vs. Screw) 

Although failures of both systems have been observed in the field, multiple Class I heavy 

axle load (HAL) railroads are transitioning from cut spikes to screw spikes, but conversely at 

least one railroad has recently switched from screw spikes to cut spikes (Roadcap et al., 2019b).  

I first performed a preliminary comparison of the geometry and resulting bending stress as a 

function of moment (M) (Table 5.1).  The moment of inertia is largest for the screw spike upper 

shaft, and smallest at the screw-spike threads.  Calculated stresses, given an equivalent applied 

moment, indicate that the threaded portion of the screw spike would experience stress magnitude 

more than 25% higher than the standard cut spike.  This is consistent with field measurements 

indicating that cut spikes fail at an average depth of 1.5 in. (38.1 mm) below the top of crosstie 
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while screw spikes fail near the first two threads of the threaded region, at a depth of 

approximately 2 in. (50.8 mm) (Dick et al., 2007; Dersch et al., 2019). 

 

Table 5.1: Comparison of geometric characteristics and resulting demands on standard cut 

and screw spikes 

  

 

5.2.3 Plate Normal (Vertical) Hold-down Force 

Roadcap et al. (2019b) hypothesized that plate friction, or lack thereof, plays a critical role 

in determining the magnitude of spike stresses.  As friction is lost due to rail and plate uplift, all 

longitudinal force is transferred to the spike.  In the early 20th century, the Tie Committee of 

American Railway Engineering Association (AREA) (the predecessor organization to the 

American Railway Engineering and Maintenance-of-Way Association (AREMA)) recommended 

that there should be no movement between the crosstie and plate and that there should be a firm 

connection between the crosstie and plate (Kerr, 2003a).  While cut spikes are not designed to 

provide any plate-to-crosstie hold-down force, screw spikes (when properly installed) provide 

hold-down force to ensure this contact between the plate and crosstie (Kerr, 2003a; Dick et al., 

2007).  This design encourages transfer of longitudinal loads through friction at the plate-to-

crosstie interface in addition to spike bending.   

Spike (type/location) Cut

Screw  

(Upper Shaft)

Screw 

(Threads)

Cross Section

Area Moment of Intertia Formula

I (in⁴) 0.0127 0.0380 0.0110

y (in.) 0.3125 0.4690 0.3438
Stress (force/in²) 24.6 ˣ M* 12.3 ˣ M* 31.3 ˣ M*

          *where M represents the internal moment in force-in.
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The fundamental equation for quantifying the frictional force considers the normal 

(vertical) force applied and coefficient of friction (Equation 5.2).  To increase force transfer 

through friction, the coefficient of friction or, normal force must be increased.  The nominal 

coefficient of friction between the plate and crosstie is 0.7 (Gurfinkel, 1981).     

 

𝑓 = µ𝑁 Eq. 5.2 

 

where, 

f is the Friction force. 

µ is the Coefficient of friction. 

N is the Normal force. 

 

Spring washers have been used to address the problem of screw spikes loosening over time.  

They maintain the normal force between the plate and crosstie and can apply up to 10,000 lbs. 

(44.5 kN) of force (Figure 5.1) (Kerr, 2003a).  Even when plate cutting or loosening of the screw 

occurs, a residual normal force is present to ensure that the plate is engaged with the crosstie.  

Therefore, to quantify the effect of normal plate hold-down force applied by spring washers, two 

magnitudes of normal force were applied to the plate while holding the longitudinal load 

constant. 
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Figure 5.1: Example of typical railroad fastening system spring washer load  

versus deflection characteristics 

 

5.2.4 Spike Loading Location 

The point of spike loading (i.e. plate to spike contact location) will affect spike stress given 

it would change the distance between the points of load and support (i.e. moment arm) and 

resulting bending moment.  There are several factors affecting the location of load contact 

(Figure 5.2): (a) the angle of the spike as driven into the crosstie, (b) the non-planar finished 

surface of the spike or plate, and (c) plate uplift and/or rotation.  Therefore, to quantify the effect 

of plate uplift, while maintaining the depth at which the spike was driven, I varied the location of 

the applied load centroid. 
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Figure 5.2: Potential mechanisms leading to changes in load contact location(red dots/bars) 

 

5.2.5 Spike Engagement with Plate and Quantity of Spikes within a given Fastening System 

When plate uplift occurs, load transfer is only possible when the spike(s) are engaged with 

the plate (i.e. no friction).  The hold-down and line spike holes are 0.065 in. and 0.125 in. (1.65 

and 3.18 mm) larger, respectively, than the 0.625 in. (15.88 mm) standard cut spike (Figure 5.3).  

Given the over-sized holes, in combination with findings by Dersch et al. (2019) demonstrating 

the displacement of the spike is not expected to exceed 0.04 in. at 2,000 lb. (1.02 mm at  

8.90 kN), it is likely that not all spikes will be in contact with the plate simultaneously. 
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Figure 5.3: Example elastic fastening system plate with dimensions 

 

The lack of engagement of some spikes would lead to a non-uniform force and stress 

distribution among the spikes.  Non-uniform distributions have been reported by Bowman (2002) 

and Gao (2020) and the data from their instrumented spike studies indicate a single spike might 

receive between 50 – 70% of the applied force for a single rail seat.  

Another factor that could affect the maximum stress in individual spikes is the quantity of 

spikes used in the fastening system.  Standard practices for spiking patterns use only a subset of 

available plate holes.  For instance, in demanding locations such as curves, special track work, or 

steep grades, four spikes are driven during construction and additional spikes are installed when 

required for additional strength.  As the number of spikes installed per rail seat is increased, the 

stress in all spikes is expected to be reduced given that total bending strength is increased.   
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Therefore, to quantify the effect of disengaged spikes within a rail seat system, a 

parametric study was performed in which spikes were moved from one side of the plate hole to 

the other and the maximum spike stress was quantified.  Further, to quantify the effect of 

increasing the quantity of spikes installed in a fastening system, a spike was installed in the fifth 

spike hole in the standard plate (Figure 5.3), a deviation from current practices. 

 

5.3 Methodology and Model Details 

Three unique FE models that leveraged knowledge gained from the model described in 

Chapter 3 were developed and used for the investigations presented in this chapter (Figure 5.4). 

 

 

Figure 5.4: Visual representations of the assembled FEMs used in this investigation:  

(a) single cut spike, (b) single screw spike, (c) single rail seat with four spikes 

 

The single cut-spike-timber-block model (Figure 5.4a) was used to quantify the effect of: 

spike cross-sectional area, spike loading location, and spike type.  The spike was loaded over a 

0.3125 in.2 (100.3 mm2) area (0.625 in. wide by 0.5 in. tall (7.9 by 12.7 mm) representing contact 

with a tie plate.  The single screw-spike-timber-block model (Figure 5.4b) incorporated many of 
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the validated portions of the single cut-spike-timber-block model (e.g. timber and spike material 

properties, mesh densities, boundary conditions, etc.) and was used to quantify the effect of spike 

type and geometry.  Loading was applied to the spike over a 0.368 in.2 (237.5 mm2) area (0.737” 

wide by 0.5 in. tall (18.7 by 12.7 mm) representing the contact from a tie plate over 25% of the 

circumference of the screw spike.  The single rail seat model (Figure 5.4c) expanded upon the 

validated single cut-spike model by increasing the number of spikes and adding the tie plate.  It 

was used to quantify the effect of spike engagement with the plate, plate engagement with the 

crosstie, and number of spikes used in the system.  Loading was applied to the plate at the 

location of the shoulders.  

All components were modeled as 3D deformable solids using appropriate element types 

and enough elements to provide accurate responses (Table 5.2).   

 

Table 5.2: Model element type and meshing details 

 

 

The standard cut spikes and timber crosstie were modeled using the validated material 

properties, mesh densities, boundary conditions, etc. presented by Dersch et al. (2019).  The 

standard cut spikes were 6 in. (152 mm) long by 0.625 in. (15.9 mm) square as described in 

Chapter 5 of the AREMA Manual on Railway Engineering (2017a).  The standard AREMA 

Element 

Type

Hourglass 

Control

Standard 0.675 0.725

Cut C3D8R 9,936 10,816 12,544 -

Screw C3D8R 47,104 - - -

Plate Standard C3D10 2,218 - - -

Single Cut Spike C3D8R 30,924 46,295 47,535 Yes

Single Screw Spike C3D8R 28,304 - - Yes

Rail Seat C3D8R 186,399 - - Yes

Timber 

Blocks

Component Quantity of Elements

Spikes
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recommended Square Head Screw Spike was simplified in the model by removing the threads 

and head. 

Dersch et al. (2019) reported the steel Young’s Modulus of 30,850 ksi (212,700 MPa), a 

yield strength of 56,265 psi (390 MPa), and a tensile strength of 85,000 psi (585 MPa).  I 

assumed that the spike had a Poisson’s ratio of 0.3, and density of 0.029 lb./in.3 (8,050 kg/m3).  

The endurance limit was set at 33,800 psi (233 MPa) given that it was assumed to be 

approximately 40% of the ultimate strength, which is near the lower bound of the expected 35 – 

60% range, thus leading to a conservative design. 

The timber was modeled to account for the unique and independent mechanical properties 

in the directions of three mutually perpendicular axes: longitudinal (parallel to the direction of 

the timber fibers), tangential (perpendicular to the direction of the timber fibers and tangent to 

growth rings), and radial (perpendicular to the direction of the timber fibers and growth rings) 

(13).  To account for this behavior, the validated timber user-defined material model (UMAT) 

developed by Sandhaas et al. (2011; 2012) and previously employed by Dersch et al. (2019) was 

used.  

The single rail seat model consists of either four or five cut spikes, a timber block, and a 

single plate.  The plate modeled represents the current design standard for at least one North 

American Class I HAL railroad.  To save computational time, the geometry was simplified in 

areas that had less critical geometries and stresses.  The part models (Figure 5.5) were 

sufficiently representative of their corresponding components. 
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Figure 5.5: Actual fastening system components and simplified model representation:  

(a) cut spike, (b) fastening system plate, and (c) screw spike 

 

The static coefficient of friction (CoF) between the cut spike and timber block as well as 

the plate and timber block was set at 0.7 (Forest Products Laboratory, 2010).  The interactions 

between all components (e.g. spike and timber, plate and timber, etc.) were modeled as contact 

surfaces, and did not consider perfect bonding.  Boundary conditions were applied to all nodes of 

the bottom of all crosstie blocks restraining the displacement in the x, y, and z directions.   

See Chapter 3 for additional details related to the validation comparing spike stress and 

displacement recorded in the laboratory with respect to load data to model outputs of the single 

cut spike-timber block model, please refer to Chapter 3.  The subsequent models (e.g. 

substitution of the screw spike or addition of additional spikes and plate) are iterations of this 

validated model. 

 

5.4 Results and Discussion 

Each model was used to quantify the effect of specific variables on the maximum spike 

stress when the fastener is subjected to a longitudinal load.  For single spike studies (i.e. spike 

cross-sectional area, spike type, and effect of plate to spike contact location), each spike was 
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subjected to a 2,500 lb. (11.12 kN) longitudinal load.  For the single rail seat studies (i.e. effect 

of normal plate hold-down force and spike engagement with plate and quantity of spikes) each 

plate was subjected to a 2,500 lb. (11.12 kN) longitudinal load; half the load was applied at one 

shoulder and the other half applied to the other.  This magnitude was considered reasonable and 

selected because AREMA recommends that a fastening system withstand at least a 2,400 lb. 

(10.7 kN) longitudinal load before rail slip for a single fastening system (or rail seat) (AREMA, 

2017b) and the load is non-uniformly distributed within the spikes of fastening system (Gao and 

LoPresti, 2020). 

 

5.4.1 Spike Cross-Sectional Area 

Three spike cross-sectional areas were investigated: 0.625 in. (standard), 0.675 in., and 

0.725 in. (15.88 mm, 17.15 mm, and 18.42 mm).  Each was subjected to a 2,500 lb. (11.12 kN) 

longitudinal load and the maximum stress was recorded (Figure 5.6).   
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Figure 5.6: Maximum bending stress of spikes with changing cross-sectional areas at 

various load magnitudes 

 

As expected, there was an inverse linear relationship between the increase in width (i.e. 

cross-section) and maximum spike stress.  Increasing the spike width from 0.625” to 0.725” 

(15.88 mm to 18.42 mm) increases the cross-sectional area by 16%, increases the moment of 

inertia (I) by 81%, and resulted in a 29% reduction in spike stress .  Given the change in stress 

for the spike sizes investigated are linear, for each 1% increase in width from the standard spike 

there is approximately a 2% reduction in stress.  Additionally, as the cross-section increases, the 

longitudinal load magnitude required to exceed the endurance limit increases from 1,950 lb. 

(8.67 kN) to 2,500 lb. (11.12 kN), or 22%.  This trend is linear; for each 1% increase in spike 

width, there is approximately a 1.6% increase in the load required to exceed the endurance limit, 

thus increasing resiliency and mitigating fatigue failures. 
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5.4.2 Spike Type (Cut vs. Screw) 

Standard AREMA cut and screw spikes were subjected to a 2,500 lb. (11.12 kN) 

longitudinal load and the resulting maximum principal stress was visualized (Figure 5.7) and 

recorded (Figure 5.8).   

 

 

Figure 5.7: Qualitative principal stress comparison of cut and screw spike at  

2,500 lb. (11.12 kN) 
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Figure 5.8: Maximum bending stress of cut and screw spike at various loading levels 

 

The results indicated that the maximum stress in the cut spike occurred at 1.5 in. (38.1 mm) 

while the maximum stress in the screw spike occurred at approximately 2.00 in. (50.8 mm) 

below the top of the crosstie.  The depth of maximum stress for the cut spike increases with load 

(Dersch et al., 2019); however, for the screw spike, maximum stress was consistently 2.00 in. 

(50.8 mm) below the crosstie surface, at the bottom of the transition from the upper shank to the 

threads.  This is consistent with previous modeling results (Dick et al., 2007) and field 

investigations that found that screw spikes break at the first thread, approximately 2.00 in. (50.8 

mm) below the top of the crosstie.   

The data also indicate that at longitudinal loads below 2,000 lb. (8.90 kN) the two spike 

types are similar with less than 10% difference in their maximum stress; however, above 2,000 

lb. (8.90 kN) the increase in stress accelerates in the screw spike (Figure 5.8).  This is likely due 

to the abrupt change in geometry and the consequent stress concentration at the spike threads, 

leading to localized plastic deformation.  Given the similar response below 2,000 lb. (8.90 kN) 
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both spikes require the same magnitude of force to exceed the endurance limit.  Therefore, for 

most loading scenarios (Khachaturian et al., in review), there is minimal difference in stress state 

or required load to exceed the endurance limit when comparing AREMA cut and screw spikes.  

However, when loads exceed 2,000 lb. (8.90 kN) the stress in the cut spike can be as much as 

25% lower than the screw spike leading to its relatively shorter fatigue life. 

 

5.4.3 Effect of Plate to Spike Contact Location 

The AREMA cut spike was subjected to longitudinal loads up to a maximum of 2,500 lb. 

(11.12 kN).  For the standard load case, the centroid of loading was 0.25” (6.35 mm) above the 

top of crosstie (the standard case assuming a uniformly distributed load over a 0.5 in. (12.7 mm) 

deep plate hole).  However, to account for changes in load location this centroid location was 

changed to 0.475 in. (12.1 mm) above the top of the crosstie (i.e. High Contact) and 0.025 in. 

(0.635 mm) above the top of the crosstie (i.e. Low Contact).  The maximum stress for each case 

was recorded at 125 lb. (555 N) increments up to the maximum applied load (Figure 5.9).   
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Figure 5.9: Maximum bending stress of spikes at various loading levels and load locations 

 

The data indicate that there is a direct linear relationship between the change in load 

location and maximum stress.  Regardless of applied load magnitude, there is approximately a 

+/- 20% change from the control case when the load location moves up or down, respectively.  

Additionally, when comparing the load required to exceed the endurance limit, there is also an 

approximately 20% increase or decrease when changing from the standard contact position to the 

high or low contact positions, respectively. 

 

 

5.4.4 Effect of Normal Plate Hold-down Force 

A longitudinal load of 2,500 lb. (11.12 kN) was applied to the single fastening system 

model while a normal plate hold-down force of 0 (control), 1,000, and 3,400 lb./spike (0, 4.45, 

and 15 kN/spike) was introduced.  These hold-down force values represented conditions where 
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there would be no spring washer installed and 0.039 in. (1 mm) and 0.079 in. (2 mm) settlement 

or wear of the tie plate into the crosstie or uniform loosening of the spikes, respectively.   

Dick et al. (2007) and Dersch et al. (2019) found that the stress in a spike can vary due to a 

variety of factors (e.g. loading location, spike orientation, load magnitude, etc.), so a normalized 

stress value is reported for each case.  A stress of “1.0” is the average stress distributed over four 

engaged spikes with the control spiking pattern and no normal plate hold-down force applied.  

The spike stress data were recorded when the maximum longitudinal load was applied for each 

normal plate hold-down force considered (Figure 5.10). 

 

 

Figure 5.10: Effect of normal hold-down force on maximum spike stress at  

2,500 lb. (11.12 kN) longitudinal load 
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When the hold-down force per spike was 3,400 lb. (15 kN) the average spike stress was 

reduced 80%.  Even when there is additional settlement of the tie plate or loosening of the 

spikes, and the hold-down force per spike declined to 1,000 lb. (4.45 kN), ) the average spike 

stress was reduced 70%, compared to the control.  This 70 – 80% reduction indicates that most 

longitudinal force would be transferred by friction when applying a vertical force to the tie plate.  

Developing friction at this interface aligns with design fundamentals for bolted shear joints 

(Bickford, 2007) and direct fixation fastening systems (Grondin et al., 2008) that are expected to 

transfer load through a combination of friction and bearing. 

 

5.4.5 Spike Engagement with Plate and Quantity of Spikes 

The single fastening system model was subjected to a maximum longitudinal load of 2,500 

lb. (11.12 kN).  A normalized stress value is reported for each case where a stress of “1” is the 

average stress distributed over four engaged spikes installed with the standard spiking pattern.  

The maximum spike stress in each condition was then compared to this average baseline stress.  

The maximum spike stress data for each case considered was recorded at the maximum applied 

longitudinal load (Figure 5.11)  
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Figure 5.11: The effect of spike engagement on maximum spike stress at 2,500 lb. (11.12 

kN) longitudinal load application with disengagement of one spike at a time 

 

In all cases, there is non-uniform force distribution in the fastening system.  This can 

probably be attributed to the asymmetric placement of spikes relative to the point of loading.  

Further, though the fourth spike is present in each case, it carries no load and behaves as if it has 

been removed.  This behavior occurs because the tolerances of the holes in the plate (e.g. 0.69 in. 

or 0.75 in. (17.53 mm or 19.05 mm)) are greater than the expected deflection of any spike (0.04” 

at 2,000 lb. (1.02 mm at 8.90 kN)).  The data also indicate that the force previously carried by the 

“removed” spike is not evenly distributed among the remaining spikes.  Instead, the load is 

carried primarily by the adjacent spike.  Regarding magnitude, when a single spike is removed 

from the load path, the adjacent spike’s stress can increase as much as 140% (or 2.4 times).   
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This more than doubling is likely driven by the plate rotation, which changes the contact point 

between the spike and plate thereby introducing additional stresses into the spike.   

The effect of the number of engaged spikes (i.e. 3, 4, and 5) was investigated by 

quantifying the maximum spike stress at the maximum applied longitudinal load (Figure 5.12). 

 

Figure 5.12: The effect of quantity of spikes engaged on maximum spike stress under a 

longitudinal load application of 11.12 kN (2,500 lb.) 

 

The addition of the fifth spike reduced the stress in spikes 3 and 4 but not spikes 1 or 2.  

Therefore, even in the unlikely scenario of all spikes being engaged, increasing the number of 

spikes will not ensure a uniform reduction in maximum stress.  Therefore, if spike engagement 

cannot be ensured, other methods to transfer the forces should be developed as discussed 

previously in this chapter (e.g. friction between the plate and crosstie). 
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5.5 Conclusions 

In this chapter I present the results of five FEM studies representing varying fastening 

system conditions that affect spike-stress magnitude.  The results indicate that the most effective 

methods for reducing spike stress, and thus reducing or preventing spike failures, is to develop 

additional frictional forces between the tie plate and crosstie.  A proposed method for generating 

this additional plate hold-down force is use of spring washers.   

The results also indicate that changes in spike type, cross-sectional area, quantity of spikes, 

and loading location have an effect, though not as significant as the development of plate to 

crosstie friction.  Following is a summary of the novel findings stemming from this 

investigation: 

▪ There is an inverse relationship between plate hold-down force and spikes stress.  

o For example, a hold-down force of 4.5 kN (1,000 lbs.) at each spike can lead 

to a 70% reduction in spike stress. 

▪ The disengagement of a single spike (reduction from 4 to 3) can lead to a 140% (2.4 

times) increase in the stress experienced by a remaining spike. 

▪ There is little difference in cut and screw spike expected performance (load required to 

exceed fatigue limit) or strength (capacity) at longitudinal loads below  

8.90 kN (2,000 lb.). 

▪ There is an inverse linear relationship between spike cross-section and resulting stress 

as well as load required to exceed the endurance limit. 

o For each 1% increase in spike width from the standard spike condition there is 

approximately a 2% reduction in stress. 
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o For each 1% increase in spike width, from the standard spike condition there 

is approximately a 1.6% increase in the load required to exceed the endurance 

limit. 

▪ There is an inverse linear relationship between spike contact location and resulting 

stress as well as load to exceed the endurance limit. 

o A +/- 6.22 mm (0.245”) change in load location can lead to approximately a -

/+ 20% change in maximum stress and load required to exceed the  

endurance limit. 

 

These findings align with recommendations originally proposed by AREA and further 

developed by Kerr (2003a), fastening systems installed in demanding locations should employ 

fasteners whose only function is holding down the tie-plate to the tie and not transferring 

additional loads from the rail.  Future fastening system designs can consider these results to 

mitigate spike fastener failures.  That is, fasteners should be designed to transfer forces via 

friction when possible, encourage uniform engagement of the spikes, as well as encouraging 

forces to be transferred as close to the crosstie top surface as feasible.  If additional capacity is 

still required, increasing the spike size could be considered. 
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6 ANALYTICAL NON-LINEAR MODELING OF RAIL AND FASTENER 

LONGITUDINAL RESPONSE 

 

In this chapter I present the development, validation, and application of a non-linear 3D 

finite element model (FEM) to quantify the longitudinal load demand on fastening systems.  The 

model accounts for the non-linear behavior of the fastener and ballast and provides a tool to 

quantify the effect of fastener and ballast condition on rail seat load magnitude.  A paper related 

to this chapter is in review in Transportation Research Record (TRR)5. 

 

6.1 Introduction 

A sizeable body of research has been undertaken to quantify the structural response of 

concrete crossties or establish their failure criteria (Zeman et al., 2012; Kernes et al., 2014; 

Edwards et al., 2017b; Edwards et al., 2017c; Bastos et al., 2018; Edwards et al., 2020).  There 

has also been substantial research quantifying the vertical and lateral wheel loading environment 

in North America (Kerchof and Wu, 2014; Van Dyk et al., 2014; Van Dyk et al., 2016; Holder et 

al., 2017b).  Recently, there has been a focus on development of tools to quantify the structural 

response of fastening system components (Gao et al., 2018; Yu and Liu, 2019; Dersch et al., 

2019; Marquis et al., 2020; Dersch et al., 2020b; Dersch et al., 2020a).  However, there has been 

comparatively little attention given to the quantification of fastening system demands and the 

manner by which loads are transferred between fastener components.   

As discussed in Chapter 1, fastening system designs have evolved iteratively, through a 

trial-and-error design approach aimed at addressing conditions symptomatic of track strength and 

force transfer deficiencies (e.g. plate cutting, rail seat deterioration (RSD), rail rollover, rail pad 

 
5 Dersch, M.S., M. Trizotto Silva, J.R. Edwards, and A. de O Lima. Accepted. Analytical non-linear modeling of rail 

and fastener longitudinal response. Research Record: Journal of the Transportation Research Board 
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movement) (Kerr, 2003c).  These deficiencies have led to a variety of track component failures 

(e.g. broken spikes, shoulders, threaded rods, etc.) that have caused derailments (Choros et al., 

2007; Wolf, 2014; Wu and Kerchof, 2014; McHenry and LoPresti, 2015; Roadcap et al., in 

review).  Many of these failures were a result of a combination of vertical, lateral, and 

longitudinal loads.   

I quantified vertical, lateral, and longitudinal rail and fastener loads in Chapter 2 and 

Khachaturian et al. (In Review) quantified the effect of fastening system stiffness on longitudinal 

fastener load magnitude.  Both efforts leveraged a one-dimensional (1D) analytical model that 

was validated by Trizotto et al.’s (2021) limited linear elastic model.  The development, 

validation, and application of a novel non-linear parametric track model will provide data that 

are widely applicable to fastening system design for heavy axle load (HAL) freight, intercity and 

high-speed passenger rail, and rail transit.  Additionally, the model will aid researchers in 

quantifying broken spike failure modes that have led to at least 12 derailments on HAL freight 

railroads over the past 20 years, as discussed in greater detail in Chapter 2.     

 

6.2 Previous Models 

Multiple analytical methods for modeling the longitudinal track behavior have been 

developed to understand the influence of axial loading (thermal or mechanical) on track buckling 

and rail pull-aparts.  Longitudinal rail loading may occur for a variety of reasons (Kerr, 2003c): 

▪ internal residual stresses developed in the manufacturing processes, 

▪ longitudinal forces due to temperature deviation from the RNT, 

▪ bending moments due to vertical and lateral forces caused by wheels, 

▪ longitudinal forces due to steering action of axles, or 
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▪ longitudinal forces due to tractive and braking efforts of axles. 

 

Although each of these loads affect rail stresses and thus the likelihood of a track buckle or 

pull-apart, not all of them affect fastener forces.  For example, internal residual stresses would 

not be expected to increase fastening system forces.  To achieve the objectives set forth for this 

chapter, I must determine how longitudinal forces are transferred to the fasteners.   

I reviewed the literature for existing longitudinal track models that could be used to 

quantify the rail seat load given an applied tractive or braking force.  The following section 

highlights five methods that have been used to improve current design recommendations.  None 

of these were developed exclusively for the quantification of fastener loads. 

 

6.2.1 Analytical Approach Leveraging Mechanics 

Kerr (2003d) presents two methods using 1D analytical approaches rooted in mechanics to 

calculate the distribution of rail longitudinal (axial) force in response to an applied wheel load 

(Figure 6.1a).  Though Kerr acknowledges that a bi-linear approximation of longitudinal track 

resistance and displacement (Figure 6.1b) produces the most accurate results, the derivation of a 

simplified approach is the primary focus of his analysis (Kerr, 2003b).  In his simplified method, 

only the linear region of axial rail displacement is considered, and the rail is not represented by a 

bilinear approximation. 

 



 

108 

 

Figure 6.1: Visual representation of simplified track model (a) and bilinear relationship 

between track resistance and displacement (b) (Kerr, 2003d) 

 

Kerr’s (2003b) analysis is based on the governing differential equation for a bar subjected 

to longitudinal (axial) loading (Equation 6.1).   

 

(𝐸𝐴𝑢′)′ = 𝑓(𝑥) Eq. 6.1 

 

The longitudinal load in the bar will be EAu', where u' is the strain of the bar and 𝑓(𝑥) is 

the force at a given location, x.  Therefore, the change in internal longitudinal load is related to 

the external distributed force.  This external distributed force is caused by the track’s resistance 

to longitudinal movement of the rail.  The applied external force is related to the reaction of the 

track in terms of rail movement at that location (Equation 6.2). 

 

(𝐸𝐴𝑢′)′ = (𝑘𝑎/2 )𝑢 Eq. 6.2 

 

Further developing Equation 6.2, the governing equations and boundary conditions are 

obtained (Equation 6.3). 
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𝑢𝑟
′′(𝑥) − κ2𝑢𝑟(𝑥) = 0           0 ≤ 𝑥 < ∞

𝑢𝑙
′′(𝑥) − κ2𝑢𝑙(𝑥) = 0     − ∞ < 𝑥 ≤ 0

}   𝑤ℎ𝑒𝑟𝑒 𝜅2 =

𝑘𝑎
2
𝐸𝐴⏟
𝑟𝑎𝑖𝑙⏟                                      

𝐺𝑜𝑣𝑒𝑟𝑛𝑖𝑛𝑔 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡𝑖𝑎𝑙 𝑒𝑞𝑢𝑎𝑡𝑖𝑜𝑛𝑠

         
Eq. 6.3 

𝑢𝑙(0) = 𝑢𝑟(0)

𝑢𝑙
′(0) − 𝑢𝑟

′ (0) =
𝑅

𝐸𝐴⏟            
𝐵𝑜𝑢𝑛𝑑𝑎𝑟𝑦 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛𝑠

 

 

 

Kerr then solves for displacement and longitudinal force (Equations 6.4 and 6.5).   

 

 

Eq. 6.4 

 

Eq. 6.5 

 

 I expanded this method to develop equations estimating distributed fastener forces.  These 

forces are obtained by multiplying the stiffness of the spring by the calculated displacement of 

the rail (Trizotto et al., 2021) (Equation 6.6). 

 

 

Eq. 6.6 

 

𝑢𝑟(𝑥) =
𝑅

2𝜅𝐸𝐴
𝑒−𝜅𝑥 

𝑢𝑙(𝑥) =
𝑅

2𝜅𝐸𝐴
𝑒+𝜅𝑥

                     }  𝑅𝑎𝑖𝑙 𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡   

 

𝑁𝑟(𝑥) = 𝐸𝐴𝑢𝑟
′ (𝑥) = −

𝑅

2
𝑒−𝜅𝑥 

𝑁𝑙(𝑥) = 𝐸𝐴𝑢𝑙
′(𝑥) = +

𝑅

2
𝑒+𝜅𝑥

 }   𝑅𝑎𝑖𝑙 𝐴𝑥𝑖𝑎𝑙 𝐹𝑜𝑟𝑐𝑒  

 

𝐹𝑟(𝑥) =
𝑘𝑎
2
𝑢𝑟(𝑥) =

𝜅𝑅

2
𝑒−𝜅𝑥 

𝐹𝑙(𝑥) =
𝑘𝑎
2
𝑢𝑙(𝑥) =

𝜅𝑅

2
𝑒+𝜅𝑥

    }  𝐷𝑖𝑠𝑡𝑟𝑖𝑏𝑢𝑡𝑒𝑑 𝐹𝑎𝑠𝑡𝑒𝑛𝑒𝑟 𝐹𝑜𝑟𝑐𝑒𝑠 
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While this expanded approach provides a reasonable estimate of the fastener forces, there 

are some limitations.  First, to eliminate complexities of thermal-induced fastener loading, this 

method only considers open track (i.e. outside of areas with fixed track elements or rail joints).  

Second, to eliminate any temperature-induced fastener forces, this method assumes a uniform 

temperature throughout the zone of influence (i.e. no temperature gradient in the section studied).  

Furthermore, to satisfy the boundary conditions, the rail must be fixed at both ends and 

sufficiently far from the locations of assessment under the model.  Additionally, the track 

resistance simplifies the rail and ballast as a single, combined spring.  Finally, nonlinear analysis 

results have shown that track buckling is a three-dimensional problem and the 1D beam model 

overestimates track stability.  Although Kerr (2003d) provides a derivation that includes a 

bilinear approximation, it oversimplifies the problem and is subject to the assumptions and 

limitations listed above.   

 

6.2.2 Advanced Analytical Approaches Leveraging Discrete Element Modeling, Systems of 

Differential Equations, and Finite Element Modelling 

Four advanced analytical approaches have been developed that build upon Kerr’s theory 

presented in Section 6.2.1 and are relevant to the research presented in this chapter (Table 6.1). 
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Table 6.1: Overview of advanced analytical approaches and select details 

 

 

PROLIS was developed in 1988 to quantify the force and displacement at fixed structures 

(e.g. bridges) (Van, 1997).  This 2D method uses discrete element modelling (DEM).  NUCARS 

was originally released in 1989 by the Transportation Technology Center, Inc. (TTCI) (Rakoczy 

et al., 2016).  NUCARS is a multibody dynamics (MBD) analysis and is primarily used to 

quantify rail vehicle response to track geometry.  NUCARS has recently been adapted to 

quantify forces on track infrastructure (rail, bridges, and crossties) (McHenry and Klopp, 2017; 

Gao et al., 2018) by representing the fasteners and ballast using springs and dashpots (Figure 

6.2).  A recent study used this method to quantify the vertical and lateral loads placed on 

crossties (Gao et al., 2018).  NUCARS has not been adapted to quantify longitudinal rail seat 

loads and the spring and damper characteristics are not defined.     

 

 

Figure 6.2: Visual representation of NUCARS fastener model (McHenry and Klopp, 2017) 

Model

Year 

Developed Developer Analytical Approach Primary Focus Primary Output Dimensions

PROLIS 1988
Delft University of 

Technology
Discrete element

Rail, bridge, and 

foundation interaction

Rail and bridge force 

and displacement
2D

NUCARS 1989
Transportation 

Technology Center, Inc.
Multibody dynamics Train dynamics Vehicle response 3D

LONGIN 1994
Technical University of 

Cracow

System of differential 

equations
Longitudinal track creep

Rail and ballast 

displacement
2D

CWERRI 1997
Technical University of 

Delft
Finite element

General stability 

analysis of CWR track

Rail and bridge force 

and displacement
3D
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LONGIN was developed in 1994 to quantify longitudinal creep of the rail and ballast when 

track was subjected to train loading (Figure 6.3) (Czyczula and Solkowski, 1994).  The 2D 

method uses a system of differential equations.  LONGIN has been used to investigate the effect 

of fastening system components on track creep (Rhodes et al., 2005).  CWERRI was developed 

in 1997 to provide a general tool for analyzing CWR track stability and quantifies the rail and 

bridge forces (Van, 1997).  CWERRI uses numerical methods to consider lateral ballast 

softening behavior and the effect of vertical forces on the fastener and ballast slip-limits.  

CWERRI continues to be used by researchers to analyze lateral track stability (Bae et al., 2016).   

 

 

Figure 6.3: Visual representation of LONGIN model (Van, 1997) 

 

To date, no 3D approach has been developed to quantify the longitudinal fastener loads 

using non-linear approximations of both the fasteners and ballast while accounting for the 

interaction of vertical, lateral, and longitudinal loads.  Therefore, in this chapter, I present the 

development, validation, and application of a 3D non-linear parametric track model (hereafter 

referred to as “Illi3D”) using finite element analysis (FEA) I specifically developed for this 
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dissertation.  Illi3D leverages multiple, bi-linear springs at the ballast–crosstie and crosstie–

fastener interfaces and is used to quantify the effect of variables (e.g. ballast and fastener 

condition) on load distribution within the track structure.   

 

6.3 Model Overview and Validation 

This section documents the development and validation of Illi3D (Figure 6.4) for the 

quantification of fastener loads for various track types and operating conditions.  Illi3D uses 

finite element formulation and a combination of linear beams and non-linear springs in three 

dimensions to simulate the bi-linear behavior found in previous models.  The rail-to-crosstie 

interface (i.e. fastener) and crosstie-to-ballast interface are both represented by friction-based 

elements placed in series with the elastic elements. 

 

 

Figure 6.4: Visual representation of Illi3D which (a) details the fastening system and ballast 

non-linear springs, (b) provides a simplified 3D view from Abaqus, and (c) describes 

generic interaction between slip-force and vertical load 

 



 

114 

Illi3D represents track components (i.e. the fasteners and ballast under a crosstie) as 

discrete elements.  The elastic and friction connector-elements were used to describe the 

complex kinematic and kinetic relationships between nodes using the FEA program, Abaqus.  

Each of the track components represented in the model were split into two elements in-series to 

consider the friction and elastic properties desired, since Abaqus interprets all connector 

properties in parallel. 

The first element in series contains the elastic properties of the track component 

represented for each nodal degree of freedom.  This is used to introduce the vertical, lateral, and 

longitudinal stiffness of fasteners and ballast assuming independence from vertical loads (ERRI, 

1997). 

The second element contains descriptions of the normal forces and coefficients of friction 

of the represented track component for each nodal degree of freedom.  This element is rigid in 

the remaining degrees of freedom, so as to transfer loads but not introduce additional 

displacements.  This allows the slip behavior at the crosstie-ballast and rail-fastener interfaces 

and for the resistances to be affected by vertical forces.  The crosstie-ballast interface is modeled 

to slip in the lateral and longitudinal directions independently from each other as suggested by 

Van (1997) and satisfy the constraint in Equation 6.7. 

 

𝐹𝑇 − 𝜇| 𝐹𝑖 + 𝐹𝑉  | ≤ 0 Eq. 6.7 

 

where, 

μ is the coefficient of friction. 

FT is the tangential load (lateral or longitudinal). 
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FV is the vertical load. 

Fi is the internal load, such that the initial slip force is μ⋅Fi. 

 

Further, to facilitate track creation and parametrization, the procedure was scripted using 

Python and the Abaqus Scripting Interface, an Application Programming Interface (API) for 

Abaqus (Dassault Systèmes, 2014).  End boundary elements were implemented (Van, 1997) to 

simulate the elastic behavior of the continuation of a tangent track with uniform properties to 

infinity, which significantly reduced the number of elements and track components modeled.  

The stiffness of the elastic boundary (𝑘𝑒𝑛𝑑) can be calculated by the ratio of elastic longitudinal 

force to longitudinal displacement at a track section (Equation 6.8). 

 

𝑘𝑒𝑛𝑑 =
𝑁(𝑥)

𝑢(𝑥)
=  

𝑁0𝑒
−𝜅𝑥𝑖

𝑁0
√𝑘𝑎𝐸𝐴

𝑒−𝜅𝑥𝑖
= √𝑘𝑎𝐸𝐴 

Eq. 6.8 

 

where, 

N(x) is the longitudinal rail load at location x. 

u(x) is the longitudinal rail displacement at location x. 

N0 is the longitudinal rail load at the origin. 

ka is the longitudinal track stiffness. 

E is the Young’s modulus of rail. 

A is the rail cross sectional area. 

 

Illi3D was validated by comparing the rail load, fastener rail displacement, and/or fastener 

load to two field-validated models found in the literature; an analytical linear model developed 
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by Trizotto et al. (2021) and an approach that accounts for the non-linear behavior of track 

developed by Samavedam et al. (1997).  The Trizotto et al. (2021) model was selected to validate 

the linear behavior of Illi3D, as it had been validated using revenue-service field data and outputs 

rail load, fastener load, and rail displacement.  The Samavedam et al. (1997) model was selected 

to validate the non-linear response of Illi3D, as it had been validated using field data from the 

Transportation Technology Center (TTC). 

Track loading and design parameters representing HAL operations on timber crosstie track 

with every tie anchored (ETA) were selected from the literature for validation (Table 6.2).  

Additional model parameters were calculated using the general values and by selecting 

parameters (e.g. number of locomotives and load) that aligned with the given model.   
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Table 6.2: Model parameters selected for validation from literature (Kerokoski, 2010; 

Kish, 2013; AREMA, 2017b; Marquis et al., 2020; Khachaturian et al., In Review) 

 

 

With the parameters above selected, data obtained from Illi3D were compared to output 

from the previously-validated elastic and slip models (Figures 6.5 and 6.6, respectively). 

 

Track parameter Symbol Trizotto et al. Samavedam et al.

Load (per wheel) - 1 kip (4.45 kN) -

Number of locomotives - 2 -

Number of sleepers - 361 601

Fastener longitudinal resistance - 300 lb./in. (52.5 kN/m)

Fastener slip force - - 6 kips (27.0 kN)

Ballast longitudinal resistance - 34 lb./in. (6.0 kN/m)

Ballast slip force - - 46.7 kips/in. (8,200 kN/m)

End of track stiffness - - 520 kips/in. (91,100 kN/m)

Temperature differential - 60 F

Coefficient of linear thermal 

expansion of steel
- 6.5 x 10

-6
 1/F

Force at rail break - 150.6 kip (700.0 kN)

Crosstie spacing

Track longitudinal modulus

Track vertical modulus

Fastener longitudinal modulus

Fastener longitudinal stiffness

Ballast longitudinal modulus

Ballast longitudinal stiffness

Rail -

46.7 kips/in. (8,200 kN/m)

RE 136

20 in. (510 mm)

700 lb./in./in. (4,830 kN/m/m)

3,000 lb./in./in. (20,700 kN/m/m)

1,000 lb./in./in. (6,900 kN/m/m)

20 kips/in. (3,500 kN/m)

2,333 lb./in./in. (16,100 kN/m/m)

T

α

a
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Figure 6.5: Linear validation of Illi3D with previously validated linear elastic model 

comparing (a) rail load over distance, (b) rail displacement over distance, and fastener 

force over distance given two locomotives with loads that would not induce slip 
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Figure 6.6: Non-linear comparison of Illi3D with previously validated non-linear approach 

comparing rail load over distance and rail displacement over distance given a  

150-kip (667 kN) thermal force causing a rail break 

 

Illi3D accurately represented the force and displacement response of the track to both the 

forces applied by passing trains and thermal-induced axial stresses.  There was a maximum 3.4% 

and -0.2% difference between Illi3D and the validated linear model and non-linear approach, 

respectively.  Therefore, Illi3D was considered validated for a typical range of use cases. 

 

6.4 Model Application, Results, and Discussion 

To demonstrate the importance of incorporating non-linear rail behavior and slip in Illi3D, 

outputs from Trizotto et al.’s (2021) linear model and Illi3D were further compared.  Two 

locomotives with longitudinal and vertical wheel loads of 10 kips (44.5 kN) and  

39 kips (173 kN) per wheel, respectively, were investigated.  This vertical load is different than 

the 1 kip (4.45 kN) per wheel (Figure 6.5).  The non-linear parametric track model was first run 

without accounting for the interaction between vertical load and longitudinal slip (Figure 6.7) 
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and then again when accounting for this interaction (Figure 6.8).  Given the literature indicates 

that as vertical load increases, the load at which slip occurs also increases (Van, 1997; ERRI, 

1997; Kerokoski, 2010), I also investigated these conditions. 

 

 

Figure 6.7: Comparison of Trizotto et al. (2021) analytical elastic model and Illi3D 

longitudinal fastener load (blue) and rail displacement (red) over distance, not accounting 

for applied vertical load 

 

When the influence of vertical load on longitudinal slip is not accounted for (Figure 6.7), 

the tractive effort applied to the rail by the train leads to fastener forces that exceed the  

slip threshold (0.68 kips (3.025 kN)) at the crosstie-ballast interface.  Since there are no vertical 

loads, the maximum tangential force becomes constant, and a longitudinal load plateau is 

identified in the most demanding loading region.  The Trizotto et al. linear elastic model does not 

consider the limitations of the track to resist longitudinal load and overestimates the maximum 

fastener force by 42% (0.96 kips (4.27 kN) vs 0.68 kips (3.03 kN)) and underestimates the rail 

displacement by 35% (0.093 in. (2.36 mm) vs 0.069 in. (1.75 mm)).  Additionally, slip leads to a 
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larger zone of influence than the elastic model.  Therefore, modelling the slip behavior provides 

more accurate quantification of demands placed on track infrastructure components. 

 

 

Figure 6.8: Comparison of Trizotto et al. analytical elastic model and Illi3D longitudinal 

fastener load (blue) and rail displacement (red) over distance, accounting for applied 

vertical load 

 

When Illi3D accounts for the interaction between vertical load and longitudinal slip, slip 

does not occur in the same way for the loading considered.  This is a because the components are 

subjected to the downward vertical loads, which increase the frictional force between at the rail-

crosstie and crosstie-ballast interfaces.  However, localized slip is occurring at locations where 

upward vertical loads create uplift zones, reducing the capacity of the crosstie-ballast interface to 

resist longitudinal load.  In this case, the maximum fastener force increased to 1.03 kips (4.57 

kN) which is 51% higher than the case that does not account for vertical load and is 7% higher 

than results obtained from the Trizotto et al. elastic model.  This increase may be caused by the 

transfer of forces from adjacent locations along the rail that are experiencing uplift due to the 
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wave action of the rail.  The maximum displacements are also 7% greater than what is predicted 

by the Trizotto et al. elastic model.  Under typical conditions, slip would not be expected outside 

uplift zones because of the presence of vertical load.  However, slip could occur at locations with 

inadequate crosstie support leading to poor vertical load transfer.  Even when slip occurs, the 

additional force placed on the fastening system would not be concerning given that it would be 

distributed over many (e.g. dozens) crossties.  Slip would be more of a concern when considering 

the complexity of maintaining the desired RNT of track and its relationship to track integrity and 

stability. 

To investigate how track component stiffness and slip strength can impact longitudinal 

fastener force, I conducted a parametric study.  Ballast and fasteners with resistance (f0) and slip 

forces as presented previously (Table 6.2) were used for the control case.  Additional cases 

included soft and stiff ballast (e.g. wet or fouled vs. frozen or dry-mud-fouled) as well as weak 

and strong fasteners (Table 6.3) with the same two-locomotive load conditions stated previously.  

The maximum fastener force was quantified for each case investigated (Figure 6.9). 
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Table 6.3: Parametric study’s ballast, fastener properties, and resulting track stiffness  

 

 

 
Figure 6.9: Maximum fastener force quantified by Illi3D for each case considered 

 

 

For the loads considered, component stiffness affects the fastener loads more than the force 

at which slip occurs.  With an approximately six-fold increase in track stiffness, there was a 50% 

Track

Ballast Fasteners

Slip                   

(kip 

(kN ))

Stiffness                        

(kip/in. 

(kN/m )

Slip                   

(kip 

(kN ))

Stiffness       

(kip/in. 

(kN/m ))

Stiffness         

(kip/in. 

(kN/m ))

0.68 47 6.0 20 14

3.025 8,230 26.7 3,500 2,450

0.68 47 6.0 160 36

3.025 8,230 26.7 2,800 6,300

0.68 160 6.0 20 18

3.025 28,000 26.7 3,500 3,150

0.68 160 6.0 160 80

3.025 28,000 26.7 28,000 14,000

0.50 47 0.5 20 14

2.22 8,230 2.2 3,500 2,450

0.50 47 10.0 20 14

2.22 8,230 44.5 3,500 2,450

10.0 47 0.5 20 14

44.5 8,230 2.2 3,500 2,450

10.0 47 10.0 20 14

44.5 8,230 44.5 3,500 2,4508

3

4

5

6

7

Control High-stiffness

Control Control1

2

Model 

Case

Description Ballast Fastener

Frozen/dry mud High-toe load

Frozen/dry mud Low-toe load

Unconsolidated High-toe load

Unconsolidated Low-toe load

High-stiffness High-stiffness

High-stiffness Control
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increase in fastener demand.  When examining the data from Cases 1 – 4 more closely, the 

increase in fastener demand was found to follow a logarithmic relationship (Figure 6.10).  

Therefore, if the components experienced further stiffening, the fastener load would increase at a 

decreasing rate.   

 

 

Figure 6.10: Track stiffness and longitudinal fastener load as quantified by Illi3D 

 

One example use-case for Illi3D is the quantification of the effect of fastener type on 

timber crosstie track to assess the mechanics of fatigue failed spikes (Dersch et al., 2019).  

Historically, anchors have been used to restrain the longitudinal rail displacement in North 

American timber crosstie track.  However, in recent decades, elastic fasteners have been used 

(in-lieu of the anchors) in demanding curves to provide improved rail rollover resistance.  One 

way these fasteners are different is their longitudinal stiffness; anchors are four times less stiff 

than the elastic fastening system that replaced them (i.e. 16.6 kips/in. (2,907 kN/m) and 65.3 

kips/in. (11,436 kN/m), respectively) (Khachaturian et al., In Review)).  Keeping all other Illi3D 
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model input values constant, the longitudinal rail seat load increased by 24% (1.28 kips (5.69 

kN) compared to 0.99 kips (4.404 kN)) when anchors were replaced with elastic fasteners.  

Therefore, changing a fastening system can alter the distribution of forces and increase the 

demand on components by a meaningful amount. 

Cases 5 – 8 indicate that with the range of vertical loads considered, there is at most a 6% 

decrease or 7% increase in the fastener demand as the slip levels are changed within the ballast 

or fastening system.  The reason for this minimal change is because the presence of the vertical 

load increases the actual load required to achieve slip.  Therefore, while the track and component 

resistance values are critical in maintaining uniform rail stresses, the vertical load applied by a 

passing train will govern the component slip values in most track scenarios.  Thus, to reduce the 

load applied to the fastening system, it would be more effective to reduce the component 

stiffnesses than allow for slip to occur at lower thresholds.   

 

6.5 Conclusions 

In this chapter I advance the mechanistic-empirical (M-E) track analysis and design 

approach presented by Edwards et al. (2021) through the development, validation, and 

application of a 3D non-linear parametric track model that quantifies longitudinal fastener 

demands.  Longitudinal fastener demands are a required input for the M-E process and have 

largely been unknown.  Additionally, longitudinal forces play a prominent role in many fastener 

failures and thus highlight the importance of this work given that they have not been previously 

quantified.  Specific findings from this research are: 

▪ Bi-linear approximations, in combination with considering the interaction between 

vertical loads and slip, are necessary for accurately quantifying fastener forces. 
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o When not accounting for vertical load, fastening system loads were  

51% lower. 

o There was a 7% increase in fastening system loads using the parametric model 

compared to the linear analysis.  

▪ Ballast and fastener stiffness have a direct logarithmic relationship with longitudinal 

rail seat load. 

o Timber crosstie elastic fasteners produced a 24% increase in longitudinal rail 

seat load compared to anchored track. 

▪ Changes in component resistance (slip forces) produced minimal changes in fastener 

demands given that vertical applied load increased the required load to produce slip. 

o With an increase in force required to slip by a factor of 20 (0.5 kips (2.22 kN) 

to 10 kips (44.5 kN)), there was only a minor (6% decrease to 7%) increase in 

the fastener demand. 
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7 CONCLUSIONS 

The research described in this dissertation advances the concept of railway track 

mechanistic-empirical (M-E) analysis and design by quantifying the demands on track fastening 

systems and measuring their response to these demands.  I conducted field experiments and 

developed, validated, and used analytical models (Table 7.1) that leveraged laboratory 

experimental data.   

Table 7.1: Analytical tools developed, validated, and used throughout dissertation 

 

These data and methods were then used to improve the mechanistic component of M-E 

analysis and design of fastening systems.  I also identified the root cause of spike fatigue failures 

that have led to at least 12 derailments.  I subsequently investigated methods to reduce the 

occurrence of spike fatigue failures to improve safety and the state of good repair of rail 

infrastructure.  Based on this research I am able to make a number of conclusions that I 

summarize in the following sections. 

 

Chapter Dimensions Methodology
Analytical Tool 

Description
Validation Data

Overview of                           

Questions Investigated

3 3 FEA
Single cut-spike-in-

crosstie

Laboratory 

instrumented spike in 

crosstie block

Effect of load magnitude and direction 

and timber grain direction on spike 

stress

4 2
Differential 

equations

Analytical method 

based on BOEF

Laboratory 

instrumented spike in 

crosstie block

Effect of spike cross-sectional area, 

applied load, and crosstie modulus on 

spike stress

5 3 FEA
Full rail seat with 

fastening system

Four laboratory 

instrumented spikes in 

a full fastening system

Effect of spike cross-sectional area, 

loading location, engagement with 

plate, and quantity, as well as plate 

hold-down force on spike stress

5 3 FEA
Single screw-spike-in-

crosstie
Not validated Effect of spike type on spike stress

6 3 FEA
Nonlinear parametric 

track model (Illi3D)

Formerly field-

validated models

Effect of component and track 

longitudinal stiffness and strength on 

rail seat load magnitude
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7.1 Conclusions 

7.1.1 Chapter 2: Quantification of Vertical, Lateral, and Longitudinal Fastener Demand in 

Broken-Spike Track: Inputs to Mechanistic-Empirical (ME) Design 

In this chapter I quantified vertical, lateral, and longitudinal fastening system demands in 

locations with failed elastic fastening system components and illustrated the impact of friction in 

fastening system load transfer.  These data and insights into the importance of friction can be 

used to inform future fastening system design for demanding track locations.  Additionally, this 

research identified the relationship between track superelevation, train operation, and failures 

and how these parameters affect the stress state of track components. 

Revenue service field data were collected on a freight railroad mainline curve that has 

historically experienced broken spikes.  While the magnitude of the applied vertical load was the 

lowest on the high rail of Track 3 (the location of the majority of failures), the failure threshold is 

also the lowest.  This is because the high-rail was subject to lower-magnitude rail seat loads that, 

in-turn, reduced the frictional capacity to a level that was exceeded more often than on Track 1.  

The high rail of Track 3 was subjected to the highest lateral/vertical (L/V) load ratios and was an 

outlier in the typical lateral load reversals applied that would likely lead to a reversal in stress in 

the spike and thus shorter fatigue life.  A summary of additional findings from this investigation 

include:  

▪ The maximum vertical, lateral, and longitudinal load percentage of wheel load 

transferred to the fastening system was approximately 26%, 35%, and <10%, 

respectively. 
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▪ Underbalance operations led to a median rail seat vertical load of 2.8 kips (12.5 kN) on 

the high rail of Track 3 and thus the lowest lateral and longitudinal capacity of all rail 

seats. 

o The higher magnitude vertical loads on both rails of Track 1 and the low rail 

of Track 3 provide greater frictional resistance as compared to the high rail on 

Track 3, likely reducing the amount of load transferred into the spikes.   

▪ Longitudinal fastener loads ranged from 1.29 to 2.40 kips (5.8 to 10.7 kN) for Track 3 

and 0.84 and 1.64 kips (3.7 to 7.3 kN) for Track 1 for the nominal and 95% loads, 

respectively. 

▪ Lateral fastener loads ranged from 0.11 to 2.88 kips (0.5 to 12.8 kN) for Track 3 and 

1.61 and 5.97 kips (7.1 to 26.6 kN) for Track 1 for the nominal and 95% loads, 

respectively. 

▪ The 95th percentile rail seat L/V ratio of 0.78 on the high rail of Track 3 is 50% higher 

than the 0.52 values fastening systems are subjected to during severe service testing as 

recommended by AREMA. 

▪ Spike fatigue failures are caused by a combination of lateral and longitudinal loading.   

o The longitudinal load magnitudes, which are present even when vertical and 

lateral loads are not applied, are insufficient to independently cause fatigue 

failures.   

 

To mitigate spike failures at this location, as well as similar failures in other track types (e.g. rail 

seat deterioration, etc.) railroads should encourage train operating speeds close to balanced 

speed.  This increases the vertical force on the high rail of Track 3 while reducing the L/V ratios 
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and lateral load reversal.  Finally, encouraging friction between the tie plate and crosstie is 

critical in reducing the forces transferred to the spike. 

 

7.1.2 Chapter 3: 3D Finite Element Modeling of the Effect of Load Magnitude/Direction 

and Timber Species on Spike Stress 

In this chapter I developed and validated a 3D finite element model (FEM) consisting of a 

single cut spike fastener and timber crosstie block.  The model was validated using laboratory 

data and the outputs were representative of field performance, with the depth to maximum stress 

location consistent with broken spikes observed in the field.   

Timber species affects the maximum stress magnitude and location.  Consequently, use of 

premium fastening systems should include consideration of the effect of timber species on 

possible spike fatigue failure.  Additionally, hardwood species differ in key characteristics, 

therefore, simply specifying hardwoods is insufficient for ensuring acceptable behavior.  The 

data indicate that as the value of critical mechanical properties of the timber are increased, spike 

stress will decrease and the depth to maximum stress will be reduced.  The use of premium 

fastening systems and hardwood timber collectively increase the compressive, tensile, and shear 

strength properties.  This will delay premature failure of the timber which leads to excessive 

deflections and spike stresses.  Additional research is needed to quantify recommended strength 

values, and all recommendations must be considered in light of timber sourcing and other 

economic considerations.  Additional findings from this study include: 

▪ When longitudinal and lateral loads are applied at equal magnitudes, the fatigue 

strength of the spike can be exceeded with a load of only 1,500 lb. (6.7 kN) in each 

direction. 
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▪ Longitudinal load had a more detrimental effect on spike stress state than lateral load.   

o To exceed the fatigue strength of the cut spike, a longitudinal load 30% lower 

than a lateral load (2,000 lb. (8.9 kN) vs. 2,750 lb. (12.2 kN)) is required. 

▪ Loading direction had a significant effect on maximum stress depth.   

o When only longitudinal load was applied, the depth of maximum stress could 

be up to two times deeper than when lateral load only was applied.   

▪ Timber species significantly affected the magnitude and depth of maximum stress.   

o I hypothesize that the timber mechanical properties driving this are 

compressive, tensile, shear, and rolling shear strengths. 

 

7.1.3 Chapter 4: Analytical Method to Estimate Railroad Spike Fastener Stress 

In this chapter I presented the development and validation of an analytical model 

leveraging beam on elastic foundation (BOEF) principles.  The analytical model was used to 

accurately and economically analyze the effect of design variables (e.g. timber type and spike 

size) on component stresses thereby providing a useful tool to guide future M-E design of 

fastening systems. 

This analytical method was applied to multiple case studies quantifying the effect of key 

variables on spike stress.  Results demonstrate that the model can be used to improve fastener 

resiliency and railway safety through revised design recommendations.  While this study only 

investigated unidirectional loading, the findings can be generalized to account for bi-directional 

loading.  I found that regardless of loading direction, a decrease in modulus, decrease in spike 

size, or increase in load, will lead to increased spike stress.  Key findings from this research and 

the model generated are as follows:  
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▪ As timber modulus increased from 100 to 500 ksi, the: 

o induced bending moments decreased (1.98 to 1.24 kip-in.  

(0.223 to 0.140 kN-m)), 

o depth to maximum stress decreased (1.2 to 0.8 in. (30.5 to 20.2 mm)), and 

o fatigue limit was not exceeded when modulus exceeded 500 ksi. 

▪ As spike width is increased (0.500 to 0.700 in. (12.7 to 17.8 mm)), the: 

o factor of safety increases (0.8 to 1.9) at a greater rate than the induced bending 

moment (1.50 to 1.72 kip-in. (0.169 to 0.194 kN-m)) leading to increased 

resiliency, 

o fatigue limit is not exceeded when spike width exceeds 0.700 in. (17.8 mm) 

for this load case, and 

o depth to maximum stress does not significantly increase (1.0 to 1.2”  

(25.4 to 30.5 mm)). 

▪ As loads applied perpendicular to the timber grain increase (500 to 2,500 lbs), the: 

o induced bending moments increase (0.83 to 2.48 kip-in.  

(0.093 to 0.280 kN-m)) and 

o depth to maximum stress increase (0.8 to 1.2” (20.2 to 30.5 mm)). 

 

Therefore, to reduce spike stress and spike fatigue failures, railroads could ensure timber 

crossties installed with premium elastic fasteners in demanding locations have high modulus, 

could increase the size of spikes installed, and/or, reduce the longitudinal and lateral loads 

through proven methods (e.g. distributed power and gage-face lubrication).  Future work could 

include further model refinement and validation to provide greater applicability to a wider range 
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of problems.  Additionally, this method can be used to conduct additional case studies to further 

improve recommendations for spike resiliency. 

 

7.1.4 Chapter 5: Methods to Mitigate Railway Premium Fastening System Spike Fatigue 

Failures Using Finite Element Analysis 

In this chapter I presented the results from five FEM studies representing varying fastening 

system conditions that are expected to affect spike-stress magnitude.  The most effective method 

for reducing spike stress, thereby reducing or preventing spike failures, is to develop additional 

frictional forces between the tie plate and crosstie.  I proposed that railroads could use spring 

washers to develop this plate hold-down force.   

Changes in spike type, cross-sectional area, quantity of spikes, and loading location have 

an effect on spike stress magnitude, though not as significant as the development of plate to 

crosstie friction.  Following is a summary of the novel findings stemming from this 

investigation: 

▪ There is an inverse relationship between plate-crosstie normal hold-down force and 

spikes stress. 

o For example, a hold-down force of 4.5 kN (1,000 lbs.) at each spike can lead 

to a 70% reduction in spike stress. 

▪ The disengagement of a single spike (reduction from four to three) can lead to a 140% 

(2.4 times) increase in the stress experienced by a remaining spike  

▪ There is little difference in cut and screw spike expected performance (load required to 

exceed fatigue limit) or strength (capacity) at longitudinal loads below  

8.90 kN (2,000 lb.). 
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▪ There is an inverse linear relationship between spike cross-section and resulting stress 

as well as load required to exceed the endurance limit. 

o For each 1% increase in spike width there is a 2% reduction in stress. 

o For each 1% increase in spike width there is a 1.6% increase in the load 

required to exceed the endurance limit. 

▪ There is an inverse linear relationship between spike contact location and resulting 

stress as well as load to exceed the endurance limit. 

o A +/- 6.22 mm (0.245”) change in load location can lead to approximately a -

/+ 20% change in maximum stress and load required to exceed the endurance 

limit. 

 

These findings are consistent with recommendations originally proposed by the American 

Railway Engineering Association (AREA) and further developed by Kerr (2003a); fastening 

systems installed in demanding locations should employ fasteners whose only function is holding 

down the tie-plate to the crosstie and not transferring additional loads from the rail.  Future 

fastening system designs can consider these results to mitigate spike fastener failures.  Fasteners 

should be designed to transfer forces via friction, when possible, encourage uniform engagement 

of the spikes, and encourage forces to be transferred as close to the top of the crosstie as feasible.  

If additional capacity is required beyond what can be generated by the above mitigation methods, 

increasing the spike size could also be considered.   
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7.1.5 Chapter 6: Longitudinal Rail Seat Load Distribution: Critical Considerations 

In this chapter I advanced the M-E track analysis and design approach presented by 

Edwards et al. (2021) through the development, validation, and application of a 3D non-linear 

parametric track model that quantifies the longitudinal fastener demands.  Such demands are a 

required input for the M-E analysis and design process.  Longitudinal forces play a role in many 

fastener failures and thus highlight the importance of this work given they had not been 

quantified previously.  Specific findings from this research are: 

▪ Bi-linear approximations, in combination with the interaction between vertical loads 

and slip, are necessary for accurately quantifying fastener forces. 

o When not accounting for vertical load, fastening system loads were  

51% lower.  

o There was a 7% increase in fastening system loads using the parametric model 

compared to the linear analysis.  

▪ Ballast and fastener stiffness have a direct logarithmic effect on fastener load. 

o Timber crosstie elastic fasteners produced a 24% increase in fastener load 

compared to anchored track. 

▪ Changes in component resistance (slip forces) produced minimal changes in fastener 

demands given the vertical applied load increased the required load to produce slip. 

o There was a 6% -7% decrease in the fastener demand when the force required 

to have fastener slip increased by a factor of 20 (0.5 kips (2.22 kN) to 10 kips 

(44.5 kN)). 
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7.2 Future Research 

The results presented in this dissertation will facilitate improved fastening system designs 

based on field demands and validated models and can guide future M-E analysis and design of 

track fasteners.  However, additional questions remain, and this research could be advanced 

through the further development of the non-linear parametric track model that can be used to 

improve rail safety by reducing track-caused derailments.  Analysis of FRA derailment data for 

Class I railroad mainline and sidings between 2006 and 2015 (Figure 7.1) showed that “Broken 

rails or welds” and “buckled track” derailments occur at an above average frequency and result 

in an above average number of cars derailed per accident (Wang et al., 2020).   

 

 

Figure 7.1: Frequency severity for mainline derailment causes on U.S. Class 1 railroads 

from 2006 to 2015 (Wang et al., 2020)  
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While there are multiple failure mechanisms causing broken rails and buckled track, 

improved management of longitudinal rail stress could lead to fewer track-caused derailments 

(Kish, 2013).  Effective management of longitudinal rail stress requires knowledge of rail neutral 

temperature (RNT), which is defined as the temperature at which the net longitudinal force in the 

rail is zero (Read et al., 2005).  However, RNT is difficult to quantify (Kish, 2013) and can 

change over time due to rail traffic and maintenance (e.g. tamping, etc.) (Harrison, 2005; Read et 

al., 2005; Kish, 2013).  Furthermore, broken rails lead to local changes in the RNT.   

If RNT is set too low or too high then the rail may buckle or pull apart, respectively, 

creating unsafe operating conditions.  To prevent this, researchers have used data from field, 

laboratory, and analytical models to develop guidelines for managing RNT maintenance 

activities.  Nonetheless, there were 24 derailments caused by buckled track between 2009 and 

2018.  Consequently, longitudinal stress management maintenance guidelines can be improved 

using this non-linear parametric track model.   

Current guidelines estimate RNT before a rail break or cut based on the resulting rail gap 

size, and high-level factors related to the track’s method of longitudinal anchorage (Kish, 2013).  

The model discussed in Chapter 6 can be used to predict broken rail gap-size and estimate the 

pre-break RNT given various ballast and fastening system conditions.  This approach has been 

pursued by others (Kerr, 2003c; Kish, 2013), but there are opportunities for further advancement. 
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