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Abstract 

The low subgrade stiffness associated with railway corridors constructed over peat often results in large 

rail displacement and ground deformations during train passage, leading to accelerated track deterioration 

and increased risk of derailment. This thesis provides insights into track behaviour using Digital Image 

Correlation (DIC) and fiber optic sensing. 

 

To measure track displacement using DIC at sites with soft subgrades a two-camera backsight method 

was developed to account for the movement of the camera due to ground vibrations. This method was 

then used to measure track displacement of the ballast crib before and after mass stabilization at a poorly 

performing section of track. The effectiveness of the mass stabilization was quantified using the trackbed 

modulus, which provides a method to isolate the improvement of the subgrade from the presence of voids 

between the rail, sleepers, and ballast. The results indicate that mass stabilization can be an effective 

rehabilitation strategy. 

 

The use of Rayleigh backscatter fiber optic sensing was first validated in the laboratory and then used to 

measure rail strains and investigate the track behaviour over a 7.5 m long section of track at two different 

sites. Measurements from a hi-rail vehicle showed that the rail strains can be used to calculate rail 

curvature, which can then be used to assess the variability of track support.  

 

The fiber optic sensing was then used at a second site where the measured rail strains, along with train 

axle weights, were used to infer the rail seat load–deflection relationships for individual sleepers. These 

relationships were observed to provide significantly more detailed information than the traditional 

consideration of the relationship between applied load and rail deflection.  
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The effectiveness of helical screw piles installed at a site with a peat subgrade was assessed based on the 

axial load carried by several piles instrumented with strain gauges, piezometric data, and track 

displacement measurements. The results of the analysis show that the piles carried a portion of the train 

load, however due to the seasonal variation of pore pressures and the limited track displacement data 

gathered it is not possible to ascertain how effective the piles were at improving the track behaviour. 
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Chapter 1 

Introduction 

1.1 Introduction 

The low subgrade stiffness associated with railway corridors constructed over peat often results in large 

rail displacements and ground deformations during train passage. This can lead to accelerated track 

deterioration and an increased risk of derailment due to cyclic pore water pressures, the pumping of fines, 

and void formation. These problems have been exacerbated in recent years due to increases in train car 

weights as well as overall train lengths.  

 

Short-term mitigation strategies for these risks include frequent maintenance as well as reduced train 

speeds through these problematic sections of track, resulting in increased maintenance costs and lost 

productivity for railway operators. Therefore, there are considerable financial and risk management 

incentives for finding the most efficient long term remediation techniques for persistent problematic 

sections of track. Traditional methods of track improvement include the replacement of the soft peat 

material with a more suitable fill or the installation of a geotextile below the ballast. However, both of 

these methods require a long continuous period of track closure and removal of the track superstructure 

(rails, sleepers, and ballast), which comes at a significant cost and risk to railway operators. Because the 

financial and operational impacts of track closure are non-linear with time, it is desirable to use a method 

that can be completed in multiple short blocks of time and leaves the track in place, therefore resulting in 

minimal disruption to traffic. 

 

Two examples of track improvement that meet these criteria are mass stabilization and helical screw piles. 

Mass stabilization is the process of mixing a binding agent, such as Portland cement, fly ash, slag, kiln 

dust, or lime, into a soil in order to improve its physical properties. One of the stated uses for mass 
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stabilization is the improvement of the stiffness and bearing capacity of marginal soils, such as peat, 

beneath both new and existing track (Wilk 2014). It is hypothesized that helical screw piles work by 

transferring train loads to the helix of the piles, located within the ballast or subballast layer, resulting in a 

reduction of the loads carried by the soft subgrade material.  

 

Although these methods can be used to improve a subgrade with minimal impact on rail traffic, little is 

known regarding how effective these methods are. Visual inspections and records of maintenance 

frequency can be used as qualitative measures but quantifying the improvement in terms of increased 

subgrade stiffness can be challenging. Developing a method to calculate a localized track stiffness before 

and after the remediation of a site can be beneficial in determining and comparing the effectiveness of 

various types of soft subgrade remediation at different sites. 

 

One measure of track quality that is employed is the track modulus, which is defined as the supporting 

force per unit length of the rail per unit deflection (Selig and Li 1994). It can be calculated from the load 

applied to the rail and the associated track displacement. However, poor subgrade systems are particularly 

prone to voids between the rail and sleeper as well as voids between the sleeper and underlying ballast 

which adds to the difficulty of determining track modulus. A method for assessing the improved subgrade 

stiffness therefore needs to include: a) a method to quantify track modulus that can account for the 

presence of voids, b) a measurement of track deflections under dynamic train loading, and c) known 

wheel loads.  

1.2 Objectives 

This research will examine track modulus at various sites with poor subgrades. The primary objectives of 

this research are to: 

• develop a method to measure track displacement using Digital Image Correlation (DIC) on soft 

subgrades where ground vibration results in camera movement, 
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• develop a methodology for assessing track support using DIC that is not dependent on the 

condition of voids within the track superstructure and use this methodology to measure pre- and 

post-remediation track modulus for mass stabilization, 

• develop experimental techniques to use fiber optic sensing to measure dynamic rail strains and to 

investigate whether measurements of rail strain (combined with localized DIC displacement 

measurements) can determine distributed displacement and curvature  profiles of a loaded rail in 

service, 

• use field measurements of distributed rail strain to determine how loads are distributed to sleepers 

in the presence of voids and highly non-uniform track support under in-service freight train 

loading, and 

• use strain measurements from instrumented piles, piezometric data, and track displacement data 

to assess the effectiveness of helical screw piles in transferring load away from soft subgrade 

soils and improving the response of track to loading. 

These objectives were carried out by collecting field data at four rail sites located in Ontario and Quebec, 

Canada along with laboratory testing. The majority of field testing was conducted at sites with soft peat 

subgrades. 

1.3 Background 

1.3.1 Track modulus 

The track modulus of a site depends on a number of factors including, but not limited to, the rail type, 

sleeper type, sleeper spacing, fastener stiffness, as well as the stiffness and thickness of the ballast, 

subballast, and subgrade. Selig and Li (1994) showed that the condition of the subgrade soils has the 

greatest influence on track modulus value. Therefore, comparing the track modulus before and after the 

mass stabilization should provide a measure of the improvement in subgrade stiffness assuming all other 

variables remain the same. These track modulus values can also be compared to those published in the 



 

 

4

literature. For example, Selig and Li (1994) suggested a minimum track modulus of 28 MPa to ensure 

good track performance and Raymond (1985) proposed an optimum track modulus of 35 MPa. 

 

There are several track modulus models proposed in the literature. Static measurement models include the 

beam on elastic foundation model (BOEF) and the displacement basin test (DBT). Because the BOEF and 

DBT models can measure a localized track modulus and are both commonly referenced in the literature 

the following discussion will focus solely on these two methods. The BOEF model is based on Winkler’s 

beam theory (Winkler 1867) with the assumption that the rail responds as a beam supported by a base of 

closely spaced linear elastic springs. The BOEF model assumes that the displaced shape of the rail is 

based on the rail’s flexural stiffness (EI) and that the support under each sleeper in the loaded area is 

constant (Read et al. 1994). In order to have vertical equilibrium, the supporting forces on the rail must 

equal the applied forces. This equilibrium of rail forces forms the basis of the DBT method, which was 

first proposed by the ASCE-AREA Special Committee on Railroad Tracks (Talbot 1980). They suggested 

that track modulus could be obtained by dividing the sum of the wheel loads by the area of the rail 

deflection. 

1.3.2 Voids 

Both the BOEF and DBT methods for calculating track modulus assume the components of the track 

superstructure, including the rails, sleepers, and ballast, are all in direct contact when unloaded. With this 

assumption, some studies have measured sleeper displacement instead of rail displacement to calculate 

track modulus (e.g. Zarembski and Choros 1980, Stewart 1985). However, there can be voids or slack 

between both the rail and the sleeper as well as between the sleeper and the underlying ballast, which is 

also known as a hanging sleeper. A void between the rail and the sleeper can be caused by loose spikes, 

missing and/or defective fasteners, broken, missing, or worn sleeper plates and pads, concrete sleeper rail 

seat abrasion, timber sleeper plate cutting, and rotted timber rail seats while voids between the sleepers 
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and ballast can be the result of cemented ballast conditions or localized differential settlements of the 

substructure and/or ballast beneath rail joints or in transition zones (Read and Plotkin 2009). 

 

Voids within the track superstructure are a complex problem because the magnitude of the voids is often 

unknown and can vary greatly from sleeper to sleeper. In addition, the voids located at one sleeper can 

affect the loads and displacements experienced at adjacent sleepers due to redistribution of loads (Priest 

and Powrie 2009). For example, a single unsupported sleeper will have a different response than a group 

of unsupported sleepers when loaded. A model by Yang et al. (2009) showed that an unsupported sleeper 

results in increased stresses in the subballast below neighbouring sleepers but the effects of an 

unsupported sleeper rapidly diminish with depth and it is unlikely to have much effect on the underlying 

soil. Because the track displacement at a site with poor quality subgrade is largely driven by the subgrade 

conditions, it can be assumed that uneven load distribution due to unsupported sleepers will not have a 

significant impact on the subgrade deformation and stresses. 

 

It has been established by field measurements that vertical track deflections are not proportional to the 

wheel loads (e.g. Talbot 1980, Zarembski and Choros 1980, Stewart 1985). Kerr and Shenton (1986) 

proposed that nonlinearity for poor quality tracks and light wheel loads can be attributed to voids between 

the rails and the sleepers, voids between the sleepers and the ballast, and bending of the sleepers during 

train loading, whereas nonlinearity for heavy wheel loads on well-maintained track can be due to 

stiffening of the track caused by compression of the ballast and subgrade layers. For heavy wheel loads on 

poorly maintained tracks the nonlinearity can be caused by both voids in the system and stiffening of the 

ballast and subgrade. 

 

The BOEF and DBT methods will provide the same track modulus assuming there are no voids in the 

system and the shape of the displacement basin matches the theoretical BOEF rail displacement profile. 
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Previous studies where track modulus has been calculated using both BOEF and DBT models have 

typically found the DBT track modulus to be lower than the BOEF track modulus (e.g. Charenko and 

Scott 1982, Read et al. 1994, Priest and Powrie 2009). This is assumed to be due to errors when voids are 

not properly accounted for. 

 

Both the BOEF and DBT methods assume a constant track modulus for all load levels and therefore do 

not account for the variation of stiffness due to voids in the track superstructure. Various methods to 

account for voids have been proposed in the literature (e.g. Talbot 1980, Kerr and Shenton 1986, Selig 

and Li 1994) however the validity of such methods is in dispute (Kerr and Shenton 1985, Crawford 

2001).  

 

Most measurements of track displacement have focused on measuring either rail or sleeper displacement 

but their non-linear response makes it difficult to calculate the track modulus. However, if the 

displacement of the underlying ballast could be measured it would provide a displacement that does not 

include voids. For example, in one of the few studies in which both sleeper and ballast displacements 

were measured, Mostert and Gräbe (2013) found that sleeper displacements varied greatly but the 

displacement of the ballast remained relatively constant between their three monitoring locations over a 

span of 10 m. This supports the idea that using a ballast displacement to calculate track modulus would 

provide a more representative and repeatable track modulus in the presence of voids. 

1.3.3 Methods for measuring track displacement 

Traditional methods for localized track deflection measurement such as potentiometers, extensometers, 

and multi-depth deflectometers can be costly to install, lack portability, are prone to failure under train 

loading, and can impede regular track maintenance. The use of geophones and accelerometers only 

provides a peak to peak displacement due to a shift in the datum from removing high frequency noise 

(Bowness et al., 2007).  
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Single-camera digital image correlation (DIC) is a 2D image-based measurement technique. DIC has been 

used for a wide range of measurement applications from experimental solid mechanics (Peters and 

Ranson 1982; Sutton et al. 1983) to fluid mechanics (Adrian 1991) and has since been adapted for use in 

measuring rail track displacements. The first application of DIC for a railway monitoring application was 

by Bowness et al. (2005) and DIC displacement measurements have been shown to be in agreement with 

measurements taken using geophones (Bowness et al. 2007; Le Pen et al. 2014). DIC measures the 

change in location of a specified subset of pixels between two images with sub-pixel accuracy. Once the 

displacement of the subset in pixels is determined, a scale factor can be applied to convert the change 

from pixel space to a physical displacement. DIC can be used to measure the displacement of the rail, the 

sleepers, as well as the surface of the ballast. Because the amount of movement determined is relative to 

the initial image it is important for the camera to remain stationary throughout the measurement period. If 

the camera were to move between sequential images there would be a shift in the view captured for the 

second image. Without prior knowledge of the camera movement this shift could be interpreted as 

additional movement of the subsets being tracked, adding error to the DIC analysis. The total measured 

displacement, which contains both real subset movement and error due to the camera movement, will be 

referred to as the apparent displacement. 

 

When a train is in motion it transmits vibrations to the rail, sleepers, ballast, and surrounding ground. The 

speed of the train, type and weight of cars, type and quality of the track, and quality of the subgrade 

material will affect the amount of vibration that can be felt on the ground surface at a given distance from 

the track. For example, faster trains will typically generate greater ground vibrations than slower trains, 

and high quality tracks and subgrades will typically experience less ground vibration than poor quality 

tracks and subgrades. If a camera tripod is set up on ground that is vibrating then the camera may 

experience vibration induced movement. This invalidates the DIC assumption that the camera is 
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stationary and results in an error in the displacement measurement that is proportional to the magnitude of 

camera movement. As a general rule, the further the camera is from the track, the less vibration it will 

experience. However, for poor quality subgrades or very fast trains the ground vibrations may be felt even 

at large distances from the track. At sites where remediation is occurring due to poor subgrade soils, it can 

be assumed that ground vibrations will be large enough to impact the results of DIC track displacement 

measurements. 

 

Although it is possible to determine the approximate shape and magnitude of the track displacement from 

the apparent displacement, the noise from the camera movement makes it difficult to accurately determine 

peak displacements, individual bogie and wheel spacings, and other features of the time-displacement 

history. If the relative magnitude of the track displacement was to decrease or the error due to camera 

movement was to increase then the true track displacement would become increasingly difficult to 

determine without further analysis of the data. One method used to correct for noise due to camera 

movement is low-pass filtering of the apparent displacement data (e.g. Murray et al. 2014) but the 

effectiveness of this method is highly dependent on both the frequency of camera movement as well as 

the speed of the train.  

1.3.4 Rail strains 

When a rail is loaded by a passing train the rail will deflect under the loading of the train. At sites with 

poor quality subgrade these displacements can be large and may cause a significant increase in the rail 

stresses. Types of stresses that the rail can experience include bending stress (due to vertical and lateral 

loading), shear stress, axial stress, torsional or twisting stress, and contact stress (Hay 1982). On a straight 

section of track the greatest stresses will be bending stresses due to vertical loading and axial stresses. In 

order to prevent breakage of the rail the total stress in the rail must be less than the strength of the rail. 
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It has been shown that due to voids between the rail, sleepers, and the underlying ballast that track support 

conditions can vary along a track. The magnitude and spacing of these voids can have a significant impact 

on the bending stresses in the rail due to train loading. For example, a short section of poorly supported 

track will bend much more than an adjacent section that is well supported. In addition, a long section of 

poorly supported rail may experience lower bending stresses than a short section. Because of the 

potentially large variability of track support conditions at sites with poor subgrade conditions, measuring 

the strains at discrete locations on a rail may not provide an accurate picture of critical track strain 

conditions. 

 

Another consequence of voids between the rail, sleepers, and ballast is that the distribution of loading 

from a train will not match theoretical loads due to well supported sleepers taking a greater portion of the 

load than poorly supported sleepers. The distribution of a train axle load on the surrounding sleepers is 

important because it can provide better estimates of maximum sleeper loads. If the bending moment of 

the rail, calculated based on strain measurements, is known at several points between sleepers then the 

shear force acting on the rail can be determined. This, combined with knowledge of the loads applied to 

the rail from the weight of the train, can be used to determine the loads carried by the individual sleepers, 

which can provide information on how loads are spread through the track superstructure. 

 

There are various methods that can be used to measure rail strains. Measuring the increase in stress from 

trains can be done using strain gauges (e.g. Jones and Malinoksi 1992), however the disadvantage to 

using strain gauges is that they are expensive, time consuming to install, and only measure strains at a 

single point.  

 

An alternative to strain gauges is fiber optic sensing. Fiber optic sensing technology can be divided into 

two main types: discrete sensors, including fiber Bragg gratings (FBG) and Fabry-Perot interferometers, 
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and distributed sensors, including Brillouin, Raman, and Rayleigh scattering techniques. Previous 

research using fiber optic sensing to measure rail strain has used FBG and Brillouin technologies and 

involves a trade-off between fiber length, spatial resolution, measurement accuracy, and measurement 

frequency. FBG requires the grating to be etched at each individual sensing location which becomes 

prohibitively expensive when attempting to monitor strains over longer fiber lengths. Therefore only short 

fiber lengths have been used (e.g. Filograno et al. 2012; Qiushi et al. 2015), resulting in discrete strain 

measurements at a small number of locations on the rail. These measurements are often only used for 

detecting wheel flats or measuring train properties, such as the number of axles, speed, or dynamic loads. 

Brillouin based sensors have been used to monitoring longer lengths of rail. For example, Yoon et al. 

(2011) were able to measure strains along a 2.8 m long fiber with a 3.6 cm spatial resolution. However, 

the data was recorded at a frequency of only 0.25 Hz. Minardo et al. (2013) were able to capture data over 

a 60 m long fiber at a much faster rate of 31 Hz, however this was at the expense of having a larger spatial 

resolution of 1 m.  

 

Fiber optic sensing, if able to measure distributed dynamic strains over a short gauge length, could be 

used to determine rail curvature as well as the distribution of rail loads onto the sleepers. One such system 

that meets this criteria is the Luna ODiSI–B optical distributed sensor interrogator. It is capable of 

acquiring data at a rate of 50 Hz for a fiber up to 20 m long with a sensor spacing of 2.56 mm and a gauge 

length of 5.12 mm. The single-scan strain repeatability is ±10 µStrain.  

1.4 Structure of thesis 

This thesis is presented in manuscript format as outlined by the School of Graduate Studies at Queen’s 

University. Chapter 1 provides a general introduction and the main objectives of the research. 

 

Chapter 2 presents a two-camera method that can account for the camera movement when measuring 

track displacements using digital image correlation. The method is validated on a stationary track and 
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then used to measure track displacement during the passage of two trains travelling at different velocities. 

The results of the two-camera method are then compared to the track displacements found using a low-

pass filter. The two-camera method was found to successfully reduce error due to camera movement 

while removing the subjectivity of choosing a cut-off frequency for filtering. 

 

Chapter 3 describes the development and use of a method to calculate trackbed modulus in order to 

quantify the improvement due to mass stabilization at a site with peat subgrade. Track modulus was 

calculated using in-service freight trains by measuring track displacements using Digital Image 

Correlation and wheel loads from a nearby Wheel Impact Load Detector. Because of the voids that 

existed between the rail, sleepers, and ballast it was found that using displacements of the ballast crib to 

calculate the trackbed modulus, instead of the overall track modulus using rail or sleeper displacements, 

provided a way to quantify the improvement of the subgrade that was not affected by the presence of 

voids. The results indicate that the post-rehabilitation trackbed modulus was double the original baseline 

value for the track section, indicating that mass stabilization can be an effective rehabilitation strategy to 

improve the stiffness of problematic peat subgrades. 

 

Chapter 4 investigates the use of fiber optic sensors to measure distributed dynamic strains during the 

passage of rail traffic. The experimental program included both a laboratory evaluation and a field trial. In 

the laboratory experiments, two methods of affixing the fiber to the rail are compared (minimal and 

optimal surface preparation) in order to determine whether rapid field installation is possible. 

Furthermore, displacement measurements from linear potentiometers and Digital Image Correlation are 

used to illustrate and evaluate the calculation of rail displacement from the fiber optic rail strains. Finally, 

the distributed strain measurement technique was used to measure rail strains at a level-crossing using 

vehicular loading under low vibration conditions (hi-rail vehicle) and high vibration conditions (in-service 
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passenger train) to investigate the range of applicability of the current state of this technology under field 

conditions. 

 

Chapter 5 develops a technique for using measured distributed rail strains to determine the rail shear 

forces as well as the rail seat load for group of sleepers if the wheel loads are known. This data was then 

combined with measurements of dynamic rail displacement captured using DIC to infer the rail seat load–

deflection relationships for individual sleepers. These relationships were observed to provide significantly 

more detailed information about unsupported voids and the sleeper contact stiffness than the traditional 

consideration of the relationship between applied load and rail deflection and highlights how sleeper 

behaviour at a monitored location can be dependent on the condition of neighbouring sleepers. 

 

Chapter 6 provides a case study of a section of track with a peat subgrade improved using helical screw 

piles. In order to assess the effectiveness of the piles a monitoring program was carried out to measure 

pile strains, piezometric data, and track displacement. Several piles were instrumented with strain gauges 

to measure axial loads carried by the piles. Piezometers were installed to measure static and dynamic pore 

water pressures before and after pile installation to seek evidence of load transfer from the peat subgrade 

to the piles via a reduction in the pore pressures generated by trains. Track displacement was measured 

using DIC to quantify the change in stiffness of the track before and after pile installation in terms of 

vertical track displacement. The instrumentation showed that the piles were carrying a portion of the load 

from the train, however seasonal variations in the piezometric data and limited track displacement 

measurements make it difficult to ascertain how effective the pile were at improving the track behaviour. 
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Chapter 2 

Measurement of Rail Deflection on Soft Subgrades Using DIC 

2.1 Introduction 

In railway assessment, the quality of track support can be quantified using the vertical displacement of the 

track during the passage of a train in conjunction with measured wheel loads to calculate track modulus. 

Vehicle-mounted measurement systems (e.g. McVey et al., 2005) measure relative rail displacements 

over a large section of track to efficiently identify areas of poor quality but do not enable measurements 

of sleeper and ground displacements. Traditional methods for localized measurement such as 

potentiometers, extensometers, and multi-depth deflectometers can be costly to install (i.e. need to 

reference to a stationary datum such as bedrock), lack portability, are prone to failure under train loading, 

and can impede regular track maintenance. The use of geophones and accelerometers successfully 

overcomes these issues, but only provides peak to peak displacements due to a shift in the datum from 

removing high frequency noise (Bowness et al., 2007; Priest et al., 2010). If the track contains voids and 

experiences rail lift-off then peak to peak displacements will not provide an accurate measure of track 

displacement. An alternative strategy is to use 2D digital image correlation (DIC) to measure track 

deflections using images captured from a single high speed camera. DIC is an image-based measurement 

technique which enables the user to track subsets defined in an image series from their original position in 

a reference image with sub-pixel accuracy (e.g. White et al., 2003; Take 2015; Stanier et al., 2015). The 

application of DIC to railway monitoring was pioneered at Southampton University by Bowness et al. 

(2006, 2007), where DIC measurements have been shown to be in agreement with measurements using 

geophones (Bowness et al., 2007; Le Pen et al. 2014). DIC track displacement measurements have been 

used in combination with other instrumentation to study track transition zones (e.g. Coelho et al., 2011; 

Le Pen et al., 2014; Wang et al. 2015) as well as ground vibrations (e.g. Picoux et al., 2003; Picoux and 

Houédec 2005). 
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When a train is in motion it transmits vibrations to the rails, sleepers, ballast, and surrounding ground. 

The speed of the train, type and weight of cars, type and quality of the track, and quality of the subgrade 

material will affect the amount of vibration that can be felt on the ground surface at a given distance from 

the track. If a camera tripod is set up on ground that is vibrating then the camera may experience vibration 

induced movement (Figure 2-1c). This invalidates the assumption inherent in DIC analysis that the 

camera is stationary. As a result, an error is introduced in the displacement measurement that is 

proportional to the magnitude of camera movement (apparent displacement in Figure 2-1a in comparison 

to actual displacement in Figure 2-1b). Although it is possible to determine the approximate shape and 

magnitude of the track displacement from the apparent displacement, the noise from the camera 

movement makes it difficult to accurately determine peak displacements, individual bogie and wheel 

spacings, and other features of the time-displacement history (Figure 2-1a). If the relative magnitude of 

the track displacement was to decrease or the error due to camera movement was to increase then the true 

track displacement would become increasingly difficult to determine without further analysis of the data.  

 

A variety of different strategies have been proposed in the literature to attempt to avoid camera vibration 

in DIC measurements of rail deflection. As a general rule, the further the camera is from the track, the less 

vibration it will experience. Therefore, one solution to the issue of ground vibration is to place the camera 

on a tripod far enough from the track so it is out of the zone of any ground vibration (e.g. Bowness et al., 

2006) placed the camera 20 m away from the track). However, this method may not always be practical as 

nearby vegetation, buildings, slopes, bodies of water, and limited right of way can all limit camera 

distance. Camera distance may also be limited by equipment constraints, such as the ability of the lens 

used to provide an adequate scale factor to resolve track deflections. Other strategies reported in the 

literature include the use of an air cushion under the camera tripod to prevent higher frequency content 

from reaching the camera by acting as a mass and damper suspension system (e.g. Iryani et al., 2014 and 
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Le Pen et al., 2014). However, Le Pen et al. (2014) still observed non-real movement in the DIC data 

even after the application of a 15 to 30 Hz low-pass filter while the effectiveness of the technique in 

Iryani et al. (2014) cannot be assessed as a displacement-time history was not reported. 

 

If it is not possible to prevent camera movement due to ground vibration then there are several options 

available to attempt to remove camera movement errors from DIC measurements. Murray et al. (2014) 

used DIC to track subsets on both the moving rail track as well as a stationary object in the image. 

Apparent movement in the stationary object was then subtracted from the apparent displacement of the 

track to obtain the true track displacement. Although effective, this method requires a location within the 

image (and within the depth of focus containing the rail) to remain stationary throughout the entire image 

sequence. This technique is often not practical for rail monitoring as the foreground of the images 

typically show the track ballast, which can vibrate or experience dynamic settlement during the passage of 

a train, especially at sites with poor subgrade conditions. An alternative method to remove camera 

movement errors is the use of a moving average (e.g. Bowness et al., 2006) or low-pass filters (e.g. Le 

Pen et al., 2014). The assumption behind this method is that the frequency of the camera movement is 

higher than the frequency of the train displacement. The effectiveness of this approach depends on several 

factors, including the frequency of the ground vibrations/camera movement and the frequency content of 

the track displacement which is dependent on the wheel spacing and the velocity of the train. The 

frequency of the camera movement due to ground vibration is typically higher than the frequency content 

of the track displacements, as can be seen in the results from Bowness et al. (2006) and Murray et al. 

(2014). The faster the train is travelling the greater the likelihood that there is overlap between the track 

displacement frequencies and the camera movement frequencies. If there is an overlap then low-pass 

filtering will either fail to remove all of the camera movement error or else filter out real track 

displacement, depending on the cutoff value chosen. Therefore, the cutoff frequency for low-pass filtering 
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can significantly influence the filtered values; however its selection is often highly subjective and cannot 

account for any low frequency movement of the camera such as tilting due to wind gusts from the train. 

 

In this paper it is hypothesised that the effect of camera vibrations on DIC measurements can be non-

subjectively corrected using two rigidly attached cameras in which one camera observes track behaviour 

and the second senses camera movement. The objectives of this paper are to test this hypothesis through 

the development of a two camera DIC system, evaluate its performance by measuring known stationary 

track deflections at a peat subgrade test site when subjected to ground vibration, and compare measured 

train-induced deflections with those corrected solely with a low-pass filter. 

2.2 Working principle of proposed two camera method  

The proposed strategy to overcome the susceptibility of the DIC method to ground vibration is the 

addition of a second synchronized camera, called a backsight camera. The backsight camera is used to 

monitor subsets on a stationary object located behind the primary, or foresight, camera. This is done by 

rigidly attaching the backsight camera to the foresight camera with the backsight camera facing in the 

opposite direction. Because the two cameras are rigidly attached it can be assumed that they are moving 

as a single unit and any apparent movement observed by this backsight camera could be used to account 

for the movement of the foresight camera. 

 

During train passage there are three possible types of camera movement that can occur: camera tilt 

(rotating about a pivot point), camera translation (moving up and down), or a combination of tilt and 

translation. In order to determine how to identify and correct for these different types of camera 

movement it is important to understand the impact these types of movement have on the resulting images. 

Another important factor to consider is the impact of distance between the two cameras and their 

respective targets as these distances will not be equal in most cases. 
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A camera’s field of view can be defined as the part of the physical world that is captured by the camera. 

The field of view is often expressed as the angle of the view cone that extends from the camera and is 

dependent on the sensor size of the camera and the focal length of the lens. Figure 2-2 shows a simplified 

pin-hole camera, defined by the field of view angle (α), focal length of the lens (f), the distance to the 

image target (S1), and the CCD size (d).  

 

Figure 2-3a shows the relationship between pixel space and physical space for two different target 

distances. In this example, an image is captured of two trees, one at distance d1 and the other at distance 

d2. Both trees are physically the same height, however due to the different proximities to the camera the 

tree at d1 appears to be twice the height of the tree at d2 in the image of the two trees shown. Because the 

tree at d1 appears twice as large as the tree at d2 its height in pixels will also be twice that of the tree at d1. 

 

Figure 2-3b shows the effect of camera tilt on images with target distances of d1 and d2. Δy1 and Δy2 are 

the change in position of the two trees in the image after the camera has tilted about its focal point. When 

considering these displacements in pixel space, i.e. as a fraction of the image height, the changes in the 

position of the trees are equal. However, in physical space, i.e. as a fraction of the tree height, the tree at 

d2 appears to move twice as much as the tree at d1. Therefore when a camera is tilting the amount of 

apparent displacement is independent of the target distance in pixel space but not in physical space. 

 

Figure 2-3c shows the effect of camera translation on images with target distances of d1 and d2. As seen in 

the figure, if the camera is translated downwards then the amounts of apparent displacement are Δy1 and 

Δy2. When considering these displacements in pixel space the movement of the tree at d1 is twice the 

movement of the tree at d2. However, in physical space the trees both appear to move the same amount. 

Therefore when a camera is translating the amount of apparent displacement is independent of the target 

distance in physical space but not in pixel space. 
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Figure 2-4 shows the relationship between the directions of apparent movement for camera tilt and 

camera translation with respect to a rigidly attached foresight and backsight camera. Although the true 

rotational axis for camera tilt is unknown and would depend on the camera setup used, it was assumed 

that the rotational axis is between the two cameras. If the foresight and backsight cameras were to tilt 

together about a central pivot point (Figure 2-4a) then the two cameras would move in opposite 

directions. For example, if the foresight camera tilts down the backsight camera would tilt up. As 

previously stated, the change in pixels for a tilting camera is independent of the distance between the 

camera and the object being tracked, so the magnitude of the apparent displacement in pixels would be 

the same for both the foresight and the backsight camera. Adding the apparent displacements from the 

two cameras (one positive and the other negative) should yield a zero displacement resultant. 

 

If the cameras were to translate up and down as a unit without any rotation, as seen in Figure 2-4b, then 

both cameras would move in the same direction. In addition, apparent displacement due to camera 

translation is independent of camera distance in physical space, so a scale factor must be used to convert 

both the foresight and the backsight camera apparent displacements from pixels to a physical 

displacement before the backsight correction can take place. Since the direction of movement is the same 

for both cameras the apparent backsight displacement should be subtracted from the apparent foresight 

displacement to eliminate the effects of camera movement. 

 

The third possibility for camera movement is a combination of both tilt and translation. This case is 

difficult to provide a correction for because tilt and translation result in opposite directions of backsight 

movement and the correction is made in different spaces (pixel space for tilt and physical space for 

translation). Without additional knowledge of how the system is behaving it is not possible to know how 

to correct for camera tilt and translation occurring at the same time. 
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The cameras used in rail monitoring are typically placed as far away from the track as practical and 

therefore often use lenses with a longer focal length. This results in a small angle for the field of view 

which, combined with typically large distances between the camera and the track, makes the image very 

susceptible to camera tilt compared to translation, where the error is only as great as the physical 

displacement of the camera. Because the images are more sensitive to camera tilt than to camera 

translation it will be assumed that the primary source of camera movement error is tilt. This assumption 

will be verified in the field evaluation tests. 

2.3 Methodology 

Field tests of camera movement due to ground vibration were undertaken at a site with a soft peat 

subgrade in order to determine the validity of the backsight camera method. Initial tests were conducted 

with both cameras focused on stationary objects in order to determine the accuracy of the method. Once 

the validity of the method was confirmed the backsight camera system was tested for the monitoring of 

track displacement during train traffic at the same site. Finally, the track displacements were determined 

using a second method, low-pass filtering, to compare the quality of data obtained using the backsight 

correction method to filtering. 

 

The camera system in this study consisted of two time synchronized AVT Prosilica GX1050 cameras. 

The cameras can record at speeds of up to 100 fps with a one megapixel resolution (1024 × 1024 pixels) 

and have a cell size of 5.5 μm. An 85 mm lens was used for the cameras to achieve an appropriate scale 

factor for rail monitoring, which was approximately 0.45 mm/pixel for the camera setup used.  

 

The backsight camera was rigidly attached directly above the foresight camera but facing in the opposite 

direction (Figure 2-5). Because the bracket was attached to the camera tripod mount on both cameras they 

both extended an equal distance out from the tripod but in opposite directions. A level was used 
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throughout the process to ensure that the cameras remained parallel to each other in both the vertical and 

horizontal planes.  

 

The soil profile at the peat subgrade site consists of approximately one metre of peat underlain by up to 

0.5 metres of native sand and then bedrock. The water table sits at or just below the ground surface. In 

order to prevent the cameras from settling into the soft ground, 81 cm long foundation spikes were 

inserted into the peat to support each leg of the tripod. Figure 2-6 shows the positioning of the cameras in 

relation to the track and the tree used as the backsight camera target. The cameras were located 

approximately 1.1 m above the ground surface in order to have the foresight camera as perpendicular to 

the rail as possible. The foresight camera tracked the surface of the rail, which was 7.0 m away. The 

backsight camera tracked the surface of a tree 5.3 m away.  

 

The program geoPIV (White et al., 2003) was used for the DIC analysis. Each analysis used 25 subsets of 

64 x 64 pixels in a grid pattern with 16 pixel spacing between subsets. The median displacement value of 

the 25 subsets was used rather than the mean as it is less affected by subsets with erroneous results due to 

shadows or other environmental factors (e.g. flying debris such as leaves). Figure 2-7 shows a sample 

image for the foresight and backsight cameras and the location of the subsets used. 

2.4 Results of field evaluation 

Field evaluation of the effectiveness of the two-camera system to sense and remove camera movement 

was performed by setting up the cameras as if they were to be used to measure rail deflection and striking 

the ground adjacent to the tripod by foot, inducing ground vibration. The tests were repeated for varying 

magnitudes of ground impact to simulate different levels of ground vibration. Figure 2-8 shows the 

apparent displacements for both the foresight and the backsight cameras during light, medium, and hard 

impact tests. As seen in the figures, the larger the impact is, the greater the magnitude of apparent 

displacement.  When comparing the apparent foresight and backsight displacements they appear to be 
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equal in magnitude but opposite in direction. This confirms that the primary mode of camera movement is 

tilt and that in order to correct for camera movement due to ground vibration the apparent backsight 

camera displacement should be added to the foresight camera displacement.  

 

Because both cameras are tracking subsets on stationary objects the amount of tracked movement after 

applying the backsight correction should yield a zero displacement resultant. Figure 2-8 shows the 

resultants after applying the correction for the three tests. Although the amount of camera movement error 

has been reduced to less than 10% of the original movement it has not been completely eliminated.  

 

Figure 2-9a shows a 0.12 second interval of the data from Figure 2-8c with a mirrored y-axis for the 

backsight data so the two cameras’ apparent displacements should overlap. Although the data points are 

plotted using the image timestamp, which is recorded to the nearest hundredth of a second, it appears that 

there is a time lag between the two cameras because the backsight camera curve plots to the right of the 

foresight camera curve. Figure 2-9b shows the backsight camera data shifted back by one millisecond, 

which provides a much better match between the two curves. Based on this it can be assumed that the two 

cameras are not perfectly synchronized and a time correction may yield better results when applying a 

backsight camera correction. An increase in the time lag between the two cameras will increase the error 

associated with the backsight correction method. The magnitude of error will also increase if the cameras 

move with a higher frequency or a higher amplitude. In order to determine the apparent displacements for 

both cameras at the same point in time, interpolation and cross-correlation were used to match the two 

datasets. Both the foresight and backsight camera data were interpolated using a spline to artificially 

increase the sampling rate. After interpolating the data, a cross-correlation algorithm was used to 

determine the time shift that would result in the best match between the two cameras. This time shift was 

then applied to the backsight data before performing the backsight correction. 
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Figure 2-10 compares the backsight correction residual for the three validation tests using both direct 

addition of the foresight and backsight apparent displacements and the improved time corrected method 

using interpolation and cross correlation. An interpolation value of 10 was used and the cross correlation 

analysis shifted the backsight data one millisecond for all three tests. Interpolation values of up to 100 

were also investigated but no improvement in the displacement residual was observed for interpolations 

beyond 10. The validation test shows that even camera movement errors as large as 14 pixels in amplitude 

can be reduced to subpixel values. Although some errors still remain all of the errors after applying the 

time corrected backsight method are less than 3% of the original camera movement errors, with the 

exception of one peak for the hard impact test which was less than 5% of the original error.  

2.5 Application to track deflection monitoring 

The track displacement tests were performed at the same site as the validation experiments and used the 

same camera setup. The results of the backsight method were analyzed for two trains. The first was 

travelling at approximately 29 mph (47 km/h) and the second was travelling at approximately 54 mph (87 

km/h). The trains monitored were freight trains. The cars of the 29 mph train were empty while the cars of 

the 54 mph train were loaded, however both trains had locomotives with similar weights. 

 

Two major differences exist between the initial validation tests and the track displacement tests. First, for 

the track displacement tests the ground vibrations were induced by the train instead of from a single 

ground impact source near the camera tripods. This means that during the track displacement tests there 

could be numerous locations along the track where ground vibrations are originating from with varying 

magnitudes. These ground vibrations are also travelling further before reaching the camera tripod than the 

ground vibrations in the initial validation tests. Second, for the track displacement tests the foresight 

camera is monitoring subsets on a moving rail, so the apparent displacement found from the DIC analysis 

includes both camera movement as well as real track displacement. Therefore when the backsight 

correction is applied the deflection of the rail will be obtained instead of a zero resultant. 
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Because the source of ground vibration is different for the validation tests and the track displacement tests 

the frequency of the apparent movement from the backsight camera was compared for the two test types 

to ensure that the frequency of the camera movement was comparable. Figure 2-11 shows the Fast Fourier 

Transforms (FFT) of a) the light impact test, b) the heavy impact test, c) the 29 mph train, and d) the 54 

mph train. All four FFTs show a similar range of frequency content with the 8-11 Hz range dominating. 

This indicates that the frequency content of the camera movement is not significantly different between 

the two different sources of ground vibration. Figure 2-11d shows additional content at lower frequencies 

which will be discussed later. 

 

Figure 2-12 shows both the apparent track displacement from the foresight camera as well as the 

displacement after applying the time-corrected backsight method for a) the 29 mph train and b) the 54 

mph train. Only a five second long portion of displacement data from each train is shown in order to 

highlight the high frequency camera movement along with the track displacement. Using the backsight 

correction method the track displacements can be determined with subpixel accuracy and it is possible to 

see more detailed features of the track displacement such as the individual bogies and the asymmetric 

shape of the track deflection. 

 

The backsight correction method reduces the measurement errors due to camera movement but the 

effectiveness of this method begins to decrease when the rate of the camera movement is very high and 

the images begin to blur. When the images are blurred the DIC algorithm is not able to match the subsets 

in these images with as much accuracy as it would with a sharper image. Blurring in the images becomes 

visible when the backsight camera is moving at approximately 150 pixels/s, but the blurring appears to 

affect the results only once the movement reaches approximately 200 pixels/s. These numbers are specific 

to the equipment and camera settings used as well the site conditions. If a large amount of camera 
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movement is anticipated it is recommended that the exposure time of the camera be decreased in order to 

prevent blurred images. 

 

Returning to Figure 2-11d it can be seen that there is additional camera movement occurring at lower 

frequencies than the camera shake caused by the ground vibration for the fast train. These lower 

frequencies correlate to the fundamental frequency of the track displacement and its harmonics. Unlike 

the high frequency content, which is easily identifiable as camera tilt, it is not immediately obvious if this 

low frequency camera movement is due to camera tilt or translation. Because the magnitude of this low 

frequency movement is small in relation to the overall rail displacements and since DIC measurements 

are much more susceptible to camera tilt, the backsight camera movement data was treated as being due 

to purely tilt. If this movement is treated as tilt when it is actually displacement there is the possibility of 

either over or underestimating the track movement. The size of this error would depend on the magnitude 

of the low frequency movement as well as the foresight and backsight distances. For example, the low 

frequency backsight displacements for this specific train are approximately 0.6 pixels, which could 

underestimate the peak displacements by up to 0.5 mm. 

2.6 Comparison of backsight method to filtering 

Filtering can be used to attempt to remove the effects of camera movement from track displacement data. 

A comparison of the data filtering method and the backsight method was undertaken in order to determine 

if one method is preferable to the other. The analysis was performed on the data from both the 29 mph 

and 54 mph trains. However, one of the main issues with filtering is the subjectivity involved when 

choosing a cutoff value for the low-pass filter. Figure 2-13 shows the results of filtering the apparent 

movement from the foresight camera using filter cutoffs of 5 and 9 Hz as well as the uncorrected data for 

both trains. A 9th order Butterworth low-pass filter was used for all filtering because it provides an 

adequately steep rolloff without rippling. Looking at these plots, especially the 54 mph train, it is not 

immediately clear what the best choice is for the cutoff value.  
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In order to choose an appropriate cutoff value for the low-pass filter the FFT plots of the backsight 

camera apparent movement from Figure 2-11c and d were used. The frequency of camera movement was 

similar for both trains and the majority of camera movement appeared to occur at frequencies higher than 

7 Hz so that value was chosen as the filter cutoff for both trains. It is worth noting that without the 

backsight DIC data, the choice of filter cutoff frequency would be highly subjective. 

 

Figure 2-14a shows that the two methods provide displacement time histories which exhibit a high quality 

visual match for the 29 mph train. However, the backsight corrected data is not as smooth as the filtered 

data. Some of this is due to errors associated with the DIC analysis and the backsight method but it is also 

possible that some of it is real track movement that is lost when the data is filtered. Looking at the results 

for the 54 mph train in Figure 2-14b there is a higher degree of noise in the backsight corrected data. This 

is partly due to the increased camera movement. The magnitude of the backsight camera apparent 

displacement regularly reached peaks of 10-15 pixels for the 54 mph train, compared to peaks of 7 pixels 

for the 29 mph train. This resulted in more blurry images at peak camera velocities and therefore greater 

errors when using DIC. The maximum downward track displacements for the filtered data are larger than 

the displacements found using the backsight correction. It is also not possible to see the individual wheels 

in the filtered data because at 54 mph the frequency that the wheels in a single bogie pass the camera 

location (approximately 12.5 Hz) is greater than the cutoff frequency used for the low-pass filtering. 

Therefore it can be assumed that the difference between the maximum track displacements for the 

backsight and filtering methods is due to the filtering method overestimating the peak track displacements 

by 2-3 pixels, which corresponds to a 1-1.5 mm error. If the low-pass filter cutoff frequency were to be 

increased it would allow more camera movement noise to be included, resulting in further errors in the 

measurements. In this case, the backsight camera correction method provides a significant advantage over 

low-pass filtering. 
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Another way to compare the backsight and the low-pass filtering methods is to look at the final location 

of the track at the end of the train. Figure 2-15 shows the final measured track vertical location for the 29 

mph unloaded train. The track is measured to be 0.1 mm lower than its initial position when using the 

backsight correction method and 0.3 mm lower for the filtering method. The reason for this difference is 

believed to be that the cameras did not return to the exact same position they were in before the arrival of 

the train due to the amount of shaking caused by ground vibration. However, the backsight camera is able 

to capture the tilt portion of this movement and is therefore able to correct for this movement from the 

displacement time history. 

2.7 Practical relevance and potential applications 

The measurement of track displacements and the calculation of track modulus are key elements in the 

assessment of rail track condition. The proposed method offers a portable and rapidly deployable (setup 

time of approximately one hour) technology that can deliver the required displacement data. The method 

builds on existing work in this area to account for vibrations that could affect the accuracy and usefulness 

of the measurements. Potential applications include the measurement of rail, sleeper, and ground 

displacement in areas of poor subgrade to determine if speed restrictions are required, and the 

measurement of rail system response both before and after rehabilitation to determine the effectiveness of 

the rehabilitation. 

2.8 Conclusions 

Measurement of track deflection is a particularly challenging task in areas with poor subgrades leading to 

significant ground vibration from passing trains. To overcome this challenge, a two-camera system to 

account for camera movement due to train induced ground vibration was developed and validated. The 

method was first tested for ground vibrations induced by impacting the ground by foot while the two 

cameras focused on stationary objects. These validation experiments illustrated the need for precise time 
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synchronization. This was achieved using spline interpolation and cross correlation of both foresight and 

backsight camera displacement time histories. 

 

The backsight method was then applied to track displacement data captured during the passage of two 

trains, each travelling at different speeds. With the camera settings used for the field test, this method 

worked well when the rate of camera movement was less than 200 pixels/s but larger camera movements 

resulted in images that were blurry, which affected the subpixel accuracy of the measurements. These 

observations illustrate that camera settings such as exposure time define an upper limit on the magnitudes 

of vibration that can be corrected for using the backsight method. 

 

The backsight method was then compared with a low-pass filtering method, which has in the past been 

used to correct for camera movement due to ground vibration. If an acceptable cut-off filter was chosen, 

the filtering method was observed to provide an excellent visual match for the displacement time history 

for a 29 mph train calculated using the backsight method. However, due to an overlap in the rail 

displacement and camera movement frequencies the low-pass filter method performed less well for the 54 

mph train. Furthermore, the low-pass filter method has the significant disadvantage of the requirement of 

a subjective choice of cut-off frequency and cannot account for progressive camera tilt in the 

displacement time history. The backsight method also provides confidence that the cameras are not 

located in an area experiencing vertical depression or rotation as the train is passing.   
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Figure 2-1 a) Apparent track displacement due to the effect of ground vibration, b) actual track displacement, and c) propagation of 

ground vibration from the train to the DIC camera 
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Figure 2-2 Simple pinhole camera model



 

 

Figure 2-3 Effect of target distance on camera images for a) a stationary camera, b) a tilting 

camera, and c) a translating camera



 

 

Figure 2-4 Comparison of foresight and backsight camera movement direction for a) camera tilt and b) camera translation 
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Figure 2-5 Setup of foresight and backsight cameras 



 

 

36

 

Figure 2-6 Site setup



 

 

Figure 2-7 Sample images with 64 x 64 pixel subsets used in DIC analysis for a) foresight camera 

and b) backsight camera 
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Figure 2-8 Apparent displacement of foresight and backsight camera targets and backsight 

correction residuals for a) light, b) medium, and c) hard ground impact tests



 

 

Figure 2-9 Comparison of hard impact test foresight and backsight data for a) uncorrected displacements with time error and b) 

displacements with the backsight data shifted 1ms



 

 

Figure 2-10 Backsight correction residuals both with and without time correction for a) light, b) 

medium, and c) hard ground impact tests



 

 

Figure 2-11 Fast Fourier transform of backsight camera apparent displacement for a) light impact test, b) hard impact test, c) unloaded 

29 mph train, and d) loaded 54 mph train 
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Figure 2-12 Uncorrected and backsight corrected track displacement data for a) unloaded 29 mph train and b) loaded 54 mph train 
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Figure 2-13 Comparison of the effect of low-pass filter cutoff frequencies on track displacement for a) unloaded 29 mph train and b) 

loaded 54 mph train 
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Figure 2-14 Comparison of low-pass filtering and backsight camera correction for a) unloaded 29 mph train and b) loaded 54 mph train



 

 

Figure 2-15 Comparison of final measured track location of 29 mph unloaded train for low-pass 

filtering and backsight camera correction methods  
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Chapter 3 

Performance Assessment of Peat Rail Subgrade Before and After Mass 

Stabilization 

3.1 Introduction 

The low subgrade stiffness associated with railway corridors constructed over peat often results in large 

rail displacements and ground deformations during train passage, leading to accelerated track 

deterioration and increased risk of derailment due to cyclic pore water pressures, the pumping of fines, 

and piping hole formation (Figure 3-1). Typical mitigation strategies for these risks include frequent track 

maintenance and reduced train speed limits, resulting in increased operating costs and lost productivity 

for railway owners. Hence, there are considerable financial and risk management incentives to find the 

most efficient long term remediation techniques for persistent problematic sections of track. 

 

There are a variety of remediation techniques available to improve soft subgrades and they typically focus 

on improving the subgrade stiffness. For example, the underlying peat can be replaced with a more 

suitable fill if the problematic peat layers are shallow and thin, however replacement is highly invasive 

and requires a significant duration of continuous track downtime. Because the financial and operational 

impacts of track closure are non-linear with time, it is desirable to use a method that can be completed in 

multiple short blocks of time. One such method is mass stabilization, which is the process of mixing a 

binding agent, such as Portland cement, fly ash, slag, kiln dust, or lime, into a soil in order to improve its 

physical properties. One application of mass stabilization is the improvement of the stiffness and bearing 

capacity of marginal soils, such as peat, beneath both new and existing track (Wilk 2014). 

 

Although mass stabilization can be used to improve a subgrade with minimal impact on rail traffic, it is 

not known if it provides the same benefits as soil replacement or other traditional subgrade improvement 
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techniques. Visual inspections and records of maintenance frequency may provide an indication of track 

improvement but quantifying the improvement in terms of increased subgrade stiffness can be 

challenging. Therefore, developing a method to calculate a localized measure of track quality before and 

after the remediation of a site can be beneficial in determining and comparing the effectiveness of various 

types of soft subgrade remediation. 

 

One measure of track quality is track modulus, which is defined as the supporting force per unit length of 

the rail per unit deflection (Selig and Li 1994), and is a function of both the load applied to the rail and 

the associated track displacement. However, poor subgrade systems are particularly prone to voids 

between the rail and sleeper as well as voids between the sleeper and underlying ballast (Figure 3-2) 

which further complicates track modulus determination. A method for assessing the improved stiffness 

must include: a) a method to quantify track behaviour that can account for the presence of voids, b) a 

measurement of track deflections under dynamic train loading, and c) known wheel loads. The objective 

of this paper is to develop such a system and to use it to quantify the effectiveness of a mass stabilization 

field trial. 

3.2 Background 

3.2.1 Fouled ballast 

Boils in the ballast are problematic in several ways. First, they foul the ballast by transporting fines 

upwards from the subgrade. Fouled ballast does not drain properly and, once the voids in the ballast 

become clogged with fines, can result in excess pore pressures being generated during train loading 

(Tennakoon et al. 2014). The pumping of peat material from the subgrade is also a problem due to the 

loss of material from beneath the track, which can cause track settlement and poor track geometry. The 

resulting piping holes can be repaired by filling them with ballast and tamping but have been observed to 

reappear, sometimes within days. Several methods have been proposed to define the degree of fouling in 
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ballast, including the fouling index method (Selig and Waters 1994), percentage void contamination 

(Feldman and Nissen 2002), and the relative ballast fouling ratio (Indraratna et al. 2011).  

3.3 Track modulus 
The track modulus of a site depends on a number of factors including, but not limited to, the rail type, 

sleeper type, sleeper spacing, fastener stiffness, as well as the stiffness and thickness of the ballast, 

subballast, and subgrade. Selig and Li (1994) showed that the subgrade soil condition has the greatest 

influence on track modulus value. Therefore, comparing the track modulus before and after the mass 

stabilization should provide a measure of the improvement in subgrade stiffness assuming all other 

variables remain the same.  

 

The term track modulus was first introduced to railroad engineering using the beam on an elastic 

foundation (BOEF) model. It is based on Winkler’s beam theory (Winkler 1867) and the assumption that 

the rail responds as a beam supported by a base of closely spaced linear elastic springs. The BOEF model 

also assumes that the shape of the rail is based on the rail’s flexural stiffness (EI) and that the support 

under each sleeper in the loaded area is constant (Read et al. 1994). The differential equation for a BOEF 

analysis is: 

( ) + ( ) = ( )  (3.1) 

where:  ( ) = the vertical deflection of the rail at point x from the applied wheel load (m), 

 = modulus of elasticity for the rail (Pa), 

 = the second moment of area of the rail (m4),  ( ) = the distributed vertical load equivalent to the wheel loads (N/m), and  

 = the track modulus (Pa).  

 

After applying boundary conditions, the equation becomes: 
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=  (3.2) 

where  

 = the vertical deflection of the rail under the load (m), 

 = the load applied to the rail (N), and 

=  (3.3) 

 

Equation 3.2 is only applicable for a single point load on the rail, but applying such a load to a track 

requires special track loading equipment (e.g. Read et al. 1994). Through the use of superposition, Kerr 

(1983) developed an equation to calculate track modulus using any available multi-axle rail vehicle as a 

load source: 

= ∑ ( + ) (3.4) 

where 

 = number of axles, and 

 = the distance between the axle and the point of measured displacement (m). 

 

Figure 3-3 shows theoretical BOEF displacements for a single-axle load as well as a multi-axle load based 

on the principle of superposition. The BOEF model has the advantage of requiring only a single 

displacement measurement to calculate track modulus. However, calculating a track modulus based on 

the displacement at a single location may not be representative of the track response as a whole due to 

variations in rail, sleeper, ballast, and subgrade conditions. 

 

In order to satisfy vertical equilibrium, the supporting forces on the rail must equal the applied forces. 

This rail force equilibrium forms the basis of the displacement basin test (DBT) method, which is another 

method used to calculate track modulus. The DBT method was first proposed by the ASCE-AREA 
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Special Committee on Railroad Tracks (Talbot 1980). Track modulus can be found by dividing the sum 

of the wheel loads by the area of the rail deflection. This is described by the following equation: 

= ∑( )  (3.5) 

 

An advantage of this method is that Equation 3.5 can be used for multi-axle loads even if the spacing of 

the axle loads is unknown. Also, unlike the BOEF method, the DBT method does not inherently assume 

that the support under each sleeper in the loaded area is constant (Read et al. 1994). However, in order to 

determine the displacement basin area the magnitude of rail displacement must be measured at many 

points along the track, which, depending on the measurement system chosen, can be time consuming and 

costly. The number of displacement measurements required will depend on both the length of rail that is 

displaced and the spacing of the measurements, although a measurement spacing equal to the sleeper 

spacing is sometimes used (e.g. Zarembski and Choros 1980). 

3.3.1 Calculation of track modulus in the presence of voids 

The original definition of track modulus is based on the BOEF model, which assumes that track support 

remains constant under all load levels, therefore the rails, sleepers, and ballast will be in direct contact 

when unloaded. Under this assumption, some studies have measured sleeper displacement instead of rail 

displacement to calculate track modulus (e.g. Zarembski and Choros 1980, Stewart 1985). However, there 

can be voids or slack both between the rail and the sleeper as well as between the sleeper and the 

underlying ballast, which is also known as a hanging sleeper (Figure 3-2). A void between the rail and the 

sleeper can be caused by loose spikes; missing and/or defective fasteners; broken, missing, or worn 

sleeper plates and pads; concrete sleeper rail seat abrasion; timber sleeper plate cutting; and rotted timber 

rail seats. Voids between the sleepers and ballast can be the result of cemented ballast conditions or 

localized differential settlements of the substructure and/or ballast beneath rail joints or in transition zones 

(Read and Plotkin 2009). 



 

 

51

 

Voids within the track superstructure are a complex problem because the magnitude of the voids is 

usually unknown and can vary greatly from sleeper to sleeper. In addition, the voids located at one sleeper 

can affect the loads and displacements experienced at adjacent sleepers due to load redistribution (Priest 

and Powrie 2009). A model by Yang et al. (2009) showed that an unsupported sleeper results in increased 

stresses in the subballast below neighbouring sleepers, but the effects of an unsupported sleeper rapidly 

diminish with depth and it is unlikely to have a significant effect on the underlying soil. Because the track 

displacement at a site with poor quality subgrade is largely driven by the subgrade conditions, it will be 

assumed that uneven load distribution due to unsupported sleepers will not have a significant impact on 

the subgrade deformation and stresses. 

 

Field measurements have established that vertical track deflections are not proportional to the wheel loads 

(e.g. Talbot 1980, Zarembski and Choros 1980, Stewart 1985). Kerr and Shenton (1986) suggested that 

nonlinearity for light wheel loads on poor quality tracks can be attributed to voids between the rails and 

the sleepers, voids between the sleepers and the ballast, and bending of the sleepers during train loading, 

whereas nonlinearity for heavy wheel loads on highly maintained track can be attributed to stiffening of 

the track from compression of the ballast and subgrade layers. For heavy wheel loads on poorly 

maintained tracks the nonlinearity can be caused by voids in the system and/or stiffening of the ballast 

and subgrade.  

 

When using the BOEF method, track modulus is often calculated based on a typical maximum service 

load, which means that a stiff track foundation with large voids could have the same track modulus as a 

soft foundation with no voids. Although the average stiffness for these two cases is equivalent the 

behaviour during loading will be different. For example, a track with large voids may experience greater 

dynamic impact forces due to the closing of the voids, increasing the rate of track deterioration. 
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An alternate method for calculating track modulus for a track with voids was proposed by the ASCE-

AREA Special Committee on Railroad Tracks (Talbot 1980) where the track is loaded with both a light, 

or seating, load and a heavy, or contact, load and the track displacement is measured for both cases. Using 

the DBT method, the difference between the areas of the two displacement basins and the difference 

between the two loads could then be used to calculate a track modulus that describes the ground response 

and excludes the effect of the voids. However, Kerr and Shenton (1985) questioned the validity of this 

method for two reasons. The first is the assumption that the seating load removes all slack in the system. 

Without testing a range of loads the minimum seating load required to remove all slack is not known. In 

addition, they questioned the validity of the assumption of proportionality between the loads and the 

reduced area displacement basin.  

 

For a track with voids, the rail and sleeper displacement profiles will differ from the theoretical 

displacement profile of the BOEF model. Previous studies where track modulus was calculated using 

field measurements with both BOEF and DBT models have typically found the DBT track modulus to be 

lower than the BOEF track modulus (e.g. Charenko and Scott 1982, Read et al. 1994, Priest and Powrie 

2009). Although the definition of track modulus is based on the BOEF model, for a track that does not 

behave linear elastically the DBT method may be more representative as it captures the actual 

displacement profile of the track and provides a more conservative estimate of track modulus. 

 

Measurements of rail or sleeper displacement may vary significantly over a short distance due to a 

difference in the voids at each sleeper. In contrast, measurement of the underlying ballast displacement 

would exclude the variability due to voids. For example, Mostert and Gräbe (2013) measured both sleeper 

and ballast displacements at three locations over a span of 10 metres and found that even though the 

sleeper displacements varied greatly the displacement of the ballast remained relatively constant. This 

suggests that ballast displacement measurements provide a more consistent measure of the underlying 
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track support stiffness that is independent of voids. However, because the voids are not included, using 

the ballast displacement to calculate track modulus provides no indication of track quality with respect to 

voids. Therefore a track modulus calculated using the ballast crib displacement may be better defined as 

the trackbed modulus. Although the trackbed modulus is only one factor in the overall track quality, it is a 

useful parameter to quantify the response of the ballast and subgrade to loading and to determine if a soil 

rehabilitation technique has been effective. 

3.4 Strategy for field assessment of track modulus 

The DBT method was chosen as the preferred method for calculating track modulus for several reasons. 

First, it allows the actual track displacement profile to be used instead of assuming the theoretical BOEF 

displacement profile. Second, Equation 3.4 for the BOEF track modulus requires the distances between 

wheel axles to be known. However, determining these distances for the individual cars of an in-service 

freight train may be difficult and time-consuming due to the potential variety of cars in a single freight 

train, therefore providing an advantage to the DBT method. An additional benefit of the DBT method is 

that the load vs. displacement basin area can be plotted in order to visualize any potential nonlinearity of 

the track modulus due to increasing loads. The DBT method for calculating track modulus requires a 

track displacement measurement over the length of the train as well as the corresponding wheel loads. 

3.4.1 Track deflection measurement 

In very poor subgrade soils, such as peat, it is difficult to measure track displacements. In order to provide 

a constant datum, measurement methods such as potentiometers and extensometers need to be anchored 

to bedrock, or else sufficiently far below the track surface to be outside of the zone of influence of train 

loading. Specialized vehicle-mounted measurement systems such as the UNL system (McVey et al. 2005) 

have limited availability, are costly, and cannot capture settlement of the entire track structure. 

 

Digital Image Correlation (DIC) is a non-contact image-based measurement system that can be used to 

measure track deflections during the passage of a train. DIC determines the change in position of a 
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specified subset of pixels between two-images with sub-pixel accuracy (e.g. White et al. 2003; Take 

2015). The amount of movement can be converted from pixel space to a physical displacement by 

applying a scale factor to the data. DIC was first used to measure railway track displacements by Bowness 

et al. (2006, 2007). Since then, DIC has been used in combination with geophones and/or accelerometers 

to study ground deformations (Priest et al. 2010) and transition zones (Coelho et al. 2011, Le Pen et al. 

2014), as well as longitudinal rail displacements (Murray et al. 2014). 

 

Because the movement of DIC subsets are determined relative to an initial image it is important for the 

camera to remain stationary during the monitoring process. Any shift in the camera view caused by 

camera movement would be perceived as a movement of the object being tracked during the DIC 

analysis, therefore introducing errors into the track displacement measurement. Camera movement 

induced by ground vibration can occur when using DIC to measure track displacements at sites with poor 

quality subgrades such as peat (Bowness et al. 2005). In order to account for this movement the two-

camera backsight method (Chapter 2) was used. 

 

Unlike traditional measurement techniques, DIC can be used to measure the displacement of different 

components of the track by following subsets at different locations in the image. For this study the 

displacement of the rail, sleepers, and the surface of the ballast crib were measured, which can provide 

both information about voids in the track and displacement values for track modulus calculation. It was 

assumed that the displacement of the ballast crib provides a reasonable estimate of the displacement of the 

ballast below the adjacent sleepers. Figure 3-4 shows an image used in the DIC analysis and the subset 

locations. The precision of the DIC measurements was improved by adding visual texture to the subset 

surfaces by marking them with contrasting spray paint and/or chalk.  
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When DIC is used to measure track displacements the resulting track profile at the monitored location is 

known with respect to time. In order to calculate track modulus using the DBT method the track 

displacement profile with respect to distance along the track is required. It is possible to calculate a 

theoretical track displacement profile by converting the track displacement from time scale to length scale 

by using either the speed of the train or the axle spacing of the train cars. The method of converting from 

a time scale to a length scale has previously been used by both Charenko and Scott (1982) and Priest and 

Powrie (2009). This method assumes that the track conditions at the monitored location are representative 

of the overall track.  

3.4.2 In-service wheel loads 

A Wheel Impact Load Detector (WILD) is an electronic data collection device consisting of strain gauges 

installed on both rails over a 15 metre section of track (LB Foster 2015). The strain gauge measurements 

are used to calculate the vertical wheel force exerted by each wheel at various points as it rotates through 

the system. The primary purpose of a WILD is to detect high impact forces caused by damaged wheels, 

however WILD data has also been useful in providing track loading data (Van Dyk et al. 2014).  

 

It has been observed that loads produced by moving wheels are greater than those produced by static 

wheels (e.g. Talbot 1980). The increase in load due to a train’s velocity, also known as the dynamic 

factor, can be caused by impacts due to roll, slip, lurch, shock, buff, torque, load transfer, vibration, and 

unequal distribution of loads (Hay 1982). In addition, wheels with a higher static load can produce a 

higher peak dynamic load (Van Dyk et al. 2014). A WILD is able to report both the peak dynamic load 

and the estimated static load for each wheel. 

3.5 Peat Remediation Site 

The mass stabilization site is on a single-track railway with timber sleepers and spike fasteners. A typical 

track cross-section consists of 0.6 m of ballast, 1.1 m of sand fill, 1.2 m of peat, and 0.6 m of sand 

underlain by bedrock. The water table sits at or just below the ground surface. The speed limit for this line 
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is 97 km/h (60 mph) but restrictions in the remediation area often limited the maximum speed to 16-48 

km/h (10-30 mph) due to the poor subgrade condition. 

 

The high water table at this site combined with heavy train loading creates excess pore water pressures, 

resulting in the development of peat boils and piping holes. This mechanism behind the development of 

boils near railway tracks is discussed in Wong et al. (2006). Figure 3-5 shows the pumping of material 

from the subgrade up through the ballast as a train passes a boil over a period of 0.5 seconds. The 

activation of these peat boils is a function of both the applied load and the loading history.  

 

Figure 3-6 shows the loads that corresponded to the pumping of fluid and fines during the passage of a 

single train travelling at approximately 40 km/h (25 mph). The pumping events were correlated to the 

bogies, as opposed to the individual wheels. Therefore the loads in Figure 3-6 are based on the sum of the 

static wheel loads applied to the rail for each bogie. The static wheel loads were obtained from a WILD 

system located approximately 200 km east of the monitoring site. Although the train weight data from the 

WILD was not collected at the remediation site, it was assumed that the loads did not change between the 

WILD site and the remediation site. 

3.5.1 Mass stabilization procedure 

A variety of mixing equipment can be used to perform mass stabilization, such as deep soil mixing 

augers, high pressure jets, pulver mixers or road reclaimers, power mixer attachments for excavators, and 

bare excavator buckets (Wilk 2014). The system used at the study site consisted of three parts: a power 

mixer attachment for an excavator, which injects the binder at the point of mixing; a pressure feeder, 

which moves the binder from its container, through a hose, and out through the middle of the mixing 

drums of the power mixer; and the data acquisition control, which controls the amount of binder that is 

injected (ALLU Finland Ltd. 2015). The system is shown in Figure 3-7. 
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The mass stabilization was performed on a 50 m length of track. In order to complete the remediation 

with minimal disruption to train traffic, the mass stabilization area was divided into 1.5 metre long panels. 

The work was sequenced in order to avoid stabilization of adjacent panels on the same day. Remediation 

of the site was completed in three to four weeks. 

 

As seen in Figure 3-7c, the ballast at the edge of the track was removed using an excavator, allowing 

access to the subgrade over the length of the panel. The mass stabilization was performed by inserting the 

power mixer head into the peat while injecting and mixing the cement binder into the peat subgrade. 

Mixing was completed from the underlying bedrock to the surface of the peat subgrade, which 

corresponds to a depth of approximately 1-2 metres. The power mixer was extended beneath the track up 

to 40 degrees from the edge of the sleepers in order to stabilize a wedge of peat beneath the track. A zone 

of peat directly beneath the track could not be reached while leaving the track intact and was therefore left 

unstabilized, however the two wedges of stabilized peat on either side of the rails are assumed to provide 

support and add stiffness to the unstabilized material. 

 

Train traffic was able to resume once the minimum strength value required by the design engineers was 

reached for the panels completed that day. After confirming minimum strength via vane testing, the peat 

was smoothed and compacted by the excavator and the ballast was restored. The track level was then 

checked, and, if required, track geometry was serviced via tamping. 

3.5.2 Instrumentation 

A setup consisting of four cameras was used to monitor track displacement at the remediation site. Using 

the backsight camera technique (Chapter 2), two cameras were setup to monitor the track while the other 

two were used as backsight cameras to account for potential camera shake due to vibrations in the soft 

subgrade. Figure 3-8 shows the camera setup used in the study as well as the field of view captured by the 

two foresight cameras. Each foresight camera monitored approximately 0.5 metres of rail, two sleepers, 
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and the surface of the ballast crib between the two sleepers. The cameras were set up to monitor four 

consecutive sleepers. Metal angles were attached to the sleepers to provide a surface to track for DIC 

displacement measurement. Ballast crib displacements were found by tracking the displacement of one or 

two large ballast particles on the surface of the ballast between two sleepers. Train weight data was 

obtained from the WILD system located approximately 200 km east of the monitoring site.  

3.6 Quantification of track modulus prior to stabilization work 

The ballast was tamped each morning after the mass stabilization panels were completed for the day but 

before the pre-mass stabilization monitoring began, resulting in significant ballast compaction and 

settlement during passage of the first train. Therefore, the first train passing the site after tamping was 

omitted from the study. Three freight trains were monitored over two days before the mass stabilization 

work began. A list of the monitored trains can be found in Table 3-1.  

3.6.1 Determination of dynamic wheel loads 

The definition of track modulus is based on a static displacement under a static load. Because the track 

displacements due to static loads are not known, dynamic loads and dynamic displacements were used to 

calculate track modulus. Since both the pre and post-mass stabilization track modulus will be found using 

trains travelling at similar speeds it is believed that using dynamic values instead of static values will not 

have a significant impact on the study results. 

 

During the mass stabilization project, data for a number of trains travelling over the WILD system at 

different speeds were collected, including the velocity of the train, the peak measured dynamic load, and 

the estimated static load for each wheel. Using this data, the static loads were plotted against the 

measured dynamic loads normalized by train speed, which showed that for a given speed and static wheel 

load, there was a clear minimum dynamic load but the peak dynamic load could vary greatly. It is 

believed that the majority of the peak dynamic loads are caused by irregularities of the train car, such as 
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wheel flats or other impacts.  In order to avoid overestimating both the dynamic load and the subsequent 

track modulus, a lower-bound line was empirically fit to the data. The equation for this line is: 

= + / + . ∙ / ∗  (3.6) 

where  

 = the dynamic load in kN,  

 = the static load in kN, and  

 = the train velocity in m/s. 

 

This equation was used to convert the static wheel loads for the monitored trains to dynamic loads based 

on the speed of the train when it passed the monitoring site, as measured using the high speed camera 

images. Based on the range of static wheel loads and train speeds at the mass stabilization site the 

dynamic loads ranged from 5 to 9% greater than the static loads. 

3.6.2 Determination of the displacement basin area 

The full displacement profiles for a rail, sleeper, and the adjacent ballast crib during the passage of Train 

2, as well as the calculated dynamic loads for each wheel is shown in Figure 3-9. The dynamic loads were 

calculated using Equation 3.6, the static wheel loads from the WILD data, and the speed of the train as it 

passed the mass stabilization site. Train 2 was chosen as it exhibits a wide range of loads and axle 

spacings. Comparing the rail, sleeper, and ballast crib displacements it can be seen that the magnitudes of 

each are different, which suggests that voids are present at this location. Furthermore, the figure shows 

that higher wheel loads correspond to greater track displacements.  

 

Figure 3-10 shows the displacement data presented in Figure 3-9 for the first 4 locomotives and 5 cars of 

the Train 2 as well as the associated dynamic wheel loads. The DBT method is based on ideal track 

displacement data taken from static measurements, such as the theoretical displacement profile seen in 
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Figure 3-3. However, Figure 3-10 illustrates several ways in which the DIC track displacement data 

varies from an idealized track displacement. These differences include the track not returning to zero 

displacement between car bogies and upward rail bending. A method to account for these variances was 

developed in order to both determine the area of the displacement basin and calculate the track modulus.  

 

In Figure 3-10 the sleeper and ballast do not always return to zero displacement between the bogies of a 

car. Potential causes of this behaviour include drainage of excess pore water (e.g. Kerr 2000) and ballast 

settlement after tamping. These factors have a small impact on the area of the displacement basin over the 

length of a single car, but if allowed to accumulate over the full length of a train they could result in 

significant errors. If the displacement basin area is taken as the peak to peak area between car bogies (i.e. 

between the points of least displacement during track recovery between bogie sets), as seen for the first 

200 metres of a train in Figure 3-11, any accumulating error due to pore water drainage and ballast 

settlement will not compound along the length of the train, thereby providing a more consistent track 

modulus. 

 

Figure 3-10 also shows the rail experiencing upward displacement due to rail lift-off. If a peak to peak 

displacement basin is used when there is rail lift-off then the area of the displacement basin will be 

overestimated. Because the track does not always return to zero displacement between a car’s bogies, it is 

not known when rail lift-off begins; therefore it was assumed to be the point where the rail displacement 

line crosses above the sleeper displacement line. In order to calculate the rail’s displacement basin the rail 

displacement was replaced with the sleeper displacement for the portion of time that lift-off was 

occurring, as shown in Figure 3-11.  

3.6.3 Calculation of track modulus  

Figure 3-12 plots the displacement basin area for the rail, sleeper, and ballast crib versus the sum of the 

dynamic wheels loads associated with each displacement basin between bogies sets for an entire freight 
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train. There are several observations that can be made about this data. First, there is a greater degree of 

scatter in the data for the rail (and, to a lesser extent, the sleeper) than there is for the ballast crib. This 

could be due to the effect of the voids combined with the variation in wheel spacing. For example, in a 

system with voids, two closely spaced axles will create a different displacement basin area than two axles 

spaced further apart (i.e. extensive load redistribution). Another observation is that the track modulus 

values differ for each of the three track components. As expected, due to the presence of voids, the rail 

has the lowest modulus while the ballast crib has the highest. The rail data appears to follow a nonlinear 

trend (suggesting a modulus that is dependent on the applied load) whereas the ballast crib data appears to 

follow a more linear trend.  

 

Because the modulus value based on the ballast crib displacement appears to be independent of loading 

level due to the exclusion of the voids, it was decided that effectiveness of the mass stabilization would be 

determined using the trackbed modulus. In order to investigate the repeatability of using the ballast crib 

displacement, the trackbed modulus for three different trains before mass stabilization was found. Figure 

3-13a, b, and c plot the displacement basin area versus loading for the two ballast crib monitoring 

locations of the three pre-mass stabilization trains. A similar trackbed modulus is observed at the 

measurement locations for all three trains and was found to range from 12 to 17 MPa. The overall average 

trackbed modulus is 15 MPa.  

3.7 Post mass stabilization trackbed modulus 

Following the completion of the mass stabilization work, three additional freight trains were monitored in 

order to calculate the trackbed modulus for the mass stabilized subgrade. A list of the trains monitored 

after the mass stabilization is presented in Table 3-2. 

 

Figure 3-14 shows the displacement profiles of the rail, sleeper, and the ballast crib, as well as the 

individual dynamic wheel loads for the beginning of Train 5. Comparing the peak displacements after 
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mass stabilization with the displacements before mass stabilization (Figure 3-10) it can be seen that the 

peak displacements for the ballast crib decreased from approximately 4 mm to 2 mm for the first 

locomotive bogie. However, the peak rail and sleeper displacements increased from 7 and 5 mm to 9 and 

8 mm, respectively. This suggests that the magnitude of the total void between the rail and ballast 

increased between the collection of the pre and post-mass stabilization datasets. Therefore, if the track 

modulus was calculated based on the rail or sleeper displacements, as is common practice, the resulting 

value would have indicated a decrease in track modulus due to the mass stabilization, possibly suggesting 

that the mass stabilization did not improve the trackbed stiffness. However, the decrease in the ballast crib 

displacements verify that the stiffness of the underlying peat increased and the decrease in track modulus 

is due to an increase in the void magnitude. 

 

The reason for the increase in the void size at the monitored location is not known. It is possible that the 

voids were redistributed amongst the sleepers due to the amount of track disturbance and tamping that 

occurred during the mass stabilization project (the track was resurfaced after all the panels were stabilized 

between Monitoring Day 3 and 4). The observation that the voids in the system remained after 

rehabilitation is a useful reminder that the mass stabilisation mitigation strategy targeted only the stiffness 

of the peat subgrade and to arrest the peat boil formation process, whilst leaving the rest of the track 

structure above this elevation largely untouched. Therefore, addressing other track issues above the 

elevation of the subgrade such as fouled ballast and the presence of voids would require further 

rehabilitation work specifically targeting these issues. 

 

Figure 3-15a, b, and c show the areas of the ballast crib displacement basins versus the wheel load for the 

three trains monitored after mass stabilization. The DIC analysis for the Train 4 image sequence was not 

able to correctly determine the displacement at certain points during the train’s passage due to shadows 

and cement dust from the mass stabilization affecting the image quality. Therefore only the displacement 
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basins from Location 1 with good quality data were used in the analysis. The trackbed modulus at the 

measurement locations for all three trains ranged from 37 to 42 MPa, with an average of 39 MPa.  

 

Figure 3-16 shows the trackbed modulus calculated at both monitoring locations for the three trains 

before mass stabilization and the three trains after mass stabilization. The mass stabilization more than 

doubled the trackbed modulus. As a point of comparison, a minimum track modulus of 28 MPa was 

suggested by Selig and Li (1994) to ensure satisfactory track performance. Raymond (1985) proposed a 

minimum track modulus of 35 MPa. Both of these values were chosen by plotting the theoretical track 

modulus versus the displacement for a BOEF model and determining the point where track modulus 

begins to have a dramatic effect on the track displacement. These recommended minimum values are 

based on the assumption of a constant track support and no voids. Because the trackbed modulus does not 

include voids it is reasonable to assume that the trackbed modulus for a good quality site should be above 

the minimum recommended track modulus values. As such, it appears that the trackbed modulus at the 

mass stabilization site went from an unacceptable to an acceptable value. No additional peat boils have 

been observed along the rehabilitated track in the months after mass stabilization. However, addressing 

other track issues above the elevation of the ameliorated subgrade such as fouled ballast and the presence 

of voids would require further rehabilitation work specifically targeting these issues. 

3.8 Conclusions 

A rail site with piping holes and peat boils due to a soft peat subgrade and high pore water pressures 

underwent mass stabilization to increase the stiffness of the subgrade and improve track conditions. Track 

modulus was chosen to quantify the effect of the mass stabilization as its value is largely driven by the 

subgrade conditions.  

 

A method for calculating track modulus was developed in order to quantify the ground improvement at 

the site. Rail, sleeper, and ballast crib displacements were measured using DIC, and wheel loads were 
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determined using WILD data. An advantage to this method is that track modulus can be calculated using 

in-service freight trains, allowing for measurement of a wide range of loads and axle configurations. 

Track modulus was calculated using the DBT method for rail and sleeper displacements, but it was 

decided that the trackbed modulus, calculated using the ballast crib displacements, provided the best 

measure of improvement due to the mass stabilization because it was consistent for all loading levels and 

did not appear to be influenced by the presence of voids. 

 

Three trains were monitored both before the mass stabilization and 10-40 days after the mass 

stabilization. The trackbed modulus was calculated at two locations for all six trains and it was 

determined that the mass stabilization was successful at increasing the trackbed modulus from a value of 

15 MPa to 39 MPa. Comparing this to the minimum recommended track modulus value of 28 MPa by 

Selig and Li (1994), it appears that the trackbed modulus was increased to an acceptable value. 

Furthermore, to date no additional peat boils have been observed on the rehabilitated track after mass 

stabilisation. However, the observation that the voids in the system remained after rehabilitation is a 

useful reminder that the mass stabilisation mitigation strategy targeted only the stiffness of the peat 

subgrade and to arrest the peat boil formation process whilst leaving the rest of the track structure above 

this elevation largely untouched. Therefore, addressing other track issues above the elevation of the 

subgrade such as fouled ballast and the presence of voids would require further rehabilitation work 

specifically targeting these issues. 
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Table 3-1 Summary of trains monitored before mass stabilization 

Train Monitoring Day Number of Engines Number of Freight Cars Speed km/h (mph) 

1 1 2 58 39 (24) 

2 2 4 111 39 (25) 

3 2 2 129 32 (20) 

 

Table 3-2. Summary of trains monitored after mass stabilization 

Train Monitoring Day 
Days After Mass 

Stabilization 

Number of 

Engines 

Number of 

Freight Cars 

Speed km/h 

(mph) 

4 3 10 days 2 99 38 (23) 

5 4 40 days 1 80 35 (22) 

6 4 40 days 2 143 43 (27) 

  



 

 

Figure 3-1 a) Boils and b) voids in the track ballast



 

 

Figure 3-2 Potential voids in the rail superstructure 
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Figure 3-3 Theoretical Beam on Elastic Foundation displacement for a single-axle load and a multi-axle load



 

 

Figure 3-4 Example of subsets used for DIC analysis 
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Figure 3-5 Image sequence illustrating the pumping and ejection of fluid and fines during the 

passage of a train



 

 

Figure 3-6 Bogie loads which resulted in active pumping and ejection of fluids and fines 
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Figure 3-7 a) Mass stabilization system, b) power mixer head, c) ballast removed for mixing, and d) mixing cement into peat subgrade 
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Figure 3-8 Camera setup



 

 

Figure 3-9 Vertical displacement for full train for a) rail, b) sleeper, c) ballast, and d) associated 

wheel loads



 

 

Figure 3-10 Rail, sleeper, and ballast crib displacement and the associated wheel loads at the beginning of a train before mass stabilization 

showing a) the difference in rail, sleeper, and ballast crib displacements, b) the sleeper and ballast crib not returning to zero displacement 

under rail car centres, and c) upward rail bending 



 

 

79

 

Figure 3-11 Sample areas used for displacement basin track modulus calculation for a) rail, b) sleeper, and c) ballast crib 
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Figure 3-12 Displacement basin area versus dynamic load for the rail, sleeper, and ballast crib for Train 2



 

 

Figure 3-13 Pre-mass stabilization ballast crib displacement basin area versus dynamic load for a) 

Train 1, b) Train 2, and c) Train 3



 

 

Figure 3-14 Rail, sleeper, and ballast crib displacement and the associated wheel loads at the beginning of a train after mass stabilization



 

 

Figure 3-15 Post-mass stabilization ballast crib displacement basin area versus dynamic load for a) 

Train 4, b) Train 5, and c) Train 6



 

 

Figure 3-16 Comparison of track modulus pre- and post-mass stabilization



 

Chapter 4 

Measurement of Distributed Dynamic Rail Strains for a Rail Transition Zone 

using a Rayleigh Backscatter Based Fiber Optic Sensor 

4.1 Introduction 

When a rail is loaded by a passing train it can experience bending stress (due to vertical and lateral 

loading), shear stress, axial stress, torsional or twisting stress, and contact stress (Hay, 1982). The 

magnitude of these stresses depends on many factors, including the weight of the train, the speed of the 

train, the geometry of the track, the condition of the wheels, and the support conditions under the rail. 

Track support conditions can vary along a track, especially in the transition zones at bridge and road 

crossings. In transition zones it is common for voids to develop between the rail, sleepers, and the 

underlying ballast (Li and Davis, 2005; Coelho et al., 2011). The magnitude and distribution of these 

voids can have a significant impact on the bending stresses in the rail due to train loading. For example, a 

short section of poorly supported track will bend much more than an adjacent section that is well 

supported. In addition, a long section of poorly supported rail may experience lower bending stresses than 

a short section. It is also common for rails to experience a change in lateral support in transition zones. 

 

Strain gauges can be used to measure the increase in stress from trains (Malinoski and Jones, 2011), 

however the disadvantage to using strain gauges is that they are expensive, time consuming to install, and 

only measure strains at a single point. Because of the potentially large variability of track support 

conditions within a short length of track, measuring the strains at discrete locations on a rail may not 

provide an accurate picture of critical track strain conditions. An alternative to strain gauges is fiber optic 

sensing. Fiber optic sensing technology can be divided into two main types: discrete sensors, including 

fiber Bragg gratings (FBG) and Fabry-Perot interferometers, and distributed sensors, including Brillouin, 

Raman, and Rayleigh backscattering measurement techniques. Measuring rail strain using fiber optic 
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sensing involves a trade-off between measurement accuracy, fiber length, spatial resolution, and 

measurement frequency.  

 

Previous applications of sensing strains in rails under in-service conditions have used FBG and Brillouin 

technologies. FBG requires the grating to be etched in the fiber at each individual sensing location which 

becomes prohibitively expensive when attempting to monitor distributed strains over longer fiber lengths. 

Because of this, short fiber lengths are typically used for rail monitoring (Filograno et al., 2012; Mi et al., 

2015), resulting in discrete strain measurements at a small number of locations on the rail. These 

measurements can be used for detecting wheel flats or measuring train properties, such as the number of 

axles, speed, or dynamic loads. In contrast, Brillouin based sensors have been used to monitor longer 

lengths of rail. For example, Yoon et al. (2011) were able to measure strains with ±15 microstrain 

accuracy and a 36 mm spatial resolution. However, the data was recorded at a frequency of only 0.25 Hz 

along only a 2.8 m length of rail, which may not be enough to capture differences in support conditions. 

Minardo et al. (2013) were able to capture data over a 60 m long fiber at a much faster rate of 31 Hz, 

however this was at the expense of the spatial resolution, which was one metre. Interestingly they only 

installed the fiber at one height along the rail, which leads to potential data interpretation problems if both 

bending and axial strains are present. The researchers were able to use their data for axle counting but 

noted that there was a need to improve the spatial resolution in order to improve the accuracy and 

reliability of the system. 

 

Although these initial attempts at distributed sensing of rail strains have shown promise, the limitations 

on sampling frequency and gauge length have restricted the potential uses of the strain data. If dynamic 

strains over a short gauge length can be measured using fiber optic sensing then it could be used to 

determine rail stresses, rail curvature and, if boundary conditions are known, rail displacement over the 

instrumented length. Recent advances with the Rayleigh backscatter technique can potentially allow for 
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the measurement of distributed dynamic strains over a single fiber optic cable up to 20 metres long at a 

frequency of 50 Hz and with a measurement accuracy of ±10 microstrain and a spatial resolution of 

approximately 5 mm. This represents an improvement in terms of all of three critical dynamic distributed 

strain sensing parameters (i.e. strain accuracy, spatial resolution, and sampling rate). And yet this new 

technology has never been used to measure rail strains. It is also worth noting that even the ability to 

measure distributed strain with high strain accuracy and spatial resolution would represent a step change 

over what is currently possible. Thus fundamental research is required to ascertain the potential benefits 

and limitations of using this technology for rail monitoring. 

 

The objective of this research is therefore to investigate the use of dynamic Rayleigh backscatter fiber 

optic sensing for the measurement of strains in rails under dynamic vehicular loading. The optimal fiber 

positioning and rail surface preparation method is first investigated in the laboratory using a short 

instrumented section of rail that is subjected to three-point bending under static and dynamic loading. 

Two methods of affixing the fiber to the rail are compared (minimal and optimal surface preparation) in 

order to determine whether rapid fiber installation in the field is possible. Furthermore, displacement 

measurements from linear potentiometers (LP) and Digital Image Correlation (DIC) are used to illustrate 

and validate the calculation of rail displacement from rail strains. Finally, using these lessons learned, the 

Rayleigh backscattering technique was used in an attempt to measure rail strains at a level-crossing using 

vehicular loading under hi-rail vehicles and an in-service passenger train to investigate the range of 

applicability of the current state of this technology for field monitoring. 

4.2 Background 

4.2.1 Strain relationships 

One of the goals of this research is to calculate the longitudinal bending curvature as well as the 

displacement of the rail based on fiber optic strain measurements. In order to do this, the relationships 

between strain, curvature, and displacement must first be examined. Figure 4-1 shows that, based on 
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engineering beam theory, total strain is the sum of bending strain and axial strain. If a rail is undergoing 

solely axial strain or solely bending strain then a single strain measurement at any elevation on the rail 

provides the strain condition for all elevations (assuming the location of the neutral axis is known for rail 

bending). However, if bending strain and axial strain are occurring simultaneously, as is common when a 

train passes over a section of track, then the strain must be known at two different rail elevations since the 

location of the neutral axis would be unknown. 

 

Curvature, which is a measure of the bending of a beam, can be calculated from strain measurements 

using the following equation: = − ∆∆  (4.1) 

where  = curvature (m-1), 

 ∆ = change in axial strain, and  

 ∆ = change in height along the rail (m). 

Assuming that the slope of the deformed beam will be very small, the relationship between bending 

moment and displacement can be defined as: ( ) =  (4.2) 

where = vertical displacement of the beam (m) and 

 = length along the beam (m). 

 

In order to solve for the displacement of the beam, v(x), two boundary conditions are required. The 

theoretical load, curvature, slope, and displacement along a beam for a 3 point bending test is shown in 

Figure 4-2a, b, c, and d, respectively. In this case the curvature of the beam changes linearly along the 

length of the beam. Assuming the boundary conditions are known, the slope can be determined by 

integrating the curvature and the displacement can be determined by integrating the slope. 
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A rail supported on a base of ballast and crossties, or sleepers, can be simplified as a beam that is attached 

to a continuous base of closely spaced elastic springs (Selig and Li, 1994). The theoretical load, curvature, 

slope, and displacement along a beam on an elastic foundation is shown in Figure 4-2e, f, g, and h, 

respectively. Similar to the simply supported case, the slope and displacement of the beam can be found 

by assuming boundary conditions and integrating the curvature.  

 

The previous equations are based on a purely elastic homogeneous beam with a constant cross section. 

However, the assumption that plane sections remain plane does not always hold true. The cross-sectional 

shape of a rail also affects its response to loads. For example, due to the low vertical stiffness of the rail 

web the head can act as a beam that is elastically supported by the web, resulting in large tensile stresses 

occurring directly below the rail head under heavy wheel loads (Fastenrath, 1982). However, the length of 

rail affected is relatively short. For example, a laboratory load test performed by Kolvoort and 

Woestenburg (1982) found that the stress distribution along the height of the rail returned to an 

approximately linear profile only 60 mm away from a point load of 100 kN. Similar localized effects may 

occur in the rail foot due to the reactions at the sleepers. Therefore, if the fiber is placed on the head or 

foot of the rail it may experience localized strain effects. In addition, the rail may have variations in the 

cross section that change the uniformity of the strain distribution from the idealized conditions. For 

example, bolt holes in the web can result in strain concentrations that cause localized deviations in the 

strain profile. The effect of this can extend away from the hole a distance equal to the diameter of the 

hole. Fibers installed on the web of the rail may be particularly susceptible to this. Because there is a 

potential for the magnitude of rail strains to be affected based on their position on the rail, the optimal 

position of the fiber is not clear. 

4.2.2 Fiber optic sensing 

Strain and temperature changes can be measured using Rayleigh backscatter as a function of position 

along the optical fiber due to random fluctuations in the fiber’s index profile. The amplitude of light 
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backscattered along the fiber is a unique and static property of the fiber and is highly repeatable. A 

change in fiber temperature or strain results in a shift in the spectrum of light backscattered. Strain or 

temperature changes can be measured by comparing the backscatter profile of a fiber undergoing strain or 

temperature change to the same fiber at a known or ambient state (Luna, 2015a). Rayleigh backscatter 

measurement systems do not measure strain and temperature independently. Therefore, care must be 

taken to ensure that temperature changes are either minimized or recorded when measuring strains. 

4.3 Lab evaluation 

To the best of the authors’ knowledge, Rayleigh backscatter has never been used to measure dynamic 

distributed rail strains and so an initial set of lab based evaluation tests was undertaken. The lab 

evaluation tests were performed on a 3.76 metre long section of 132 RE rail that had been removed during 

repairs on a nearby operational track. There were two bolt holes in the rail. The reason for using a worn 

section of rail was to provide a weathered and corroded rail surface similar to what would be expected 

when instrumenting in-service track, as well as to examine the effect of bolt holes and rail head wear on 

rail strains and curvature. The rail was tested as a simply supported beam with a span of 2.83 metres and 

loaded at midspan by an actuator (Figure 4-3a). Although this setup does not accurately represent the 

torsional loading, boundary conditions, and ground support that a rail would normally experience, the 

main purpose of this experiment was to test the ability of the dynamic fiber optic analyzer to measure 

dynamic strains and to evaluate the two methods of rail preparation for fiber application. Both static and 

dynamic cyclic loads were applied to the rail during testing. Static strains were measured using the Luna 

OBR 4600 fiber optic system while dynamic measurements were made using the Luna ODiSI-B system. 

Only the strains measured in the length of rail between the supports will be presented. 

4.3.1 Optical distributed sensor interrogators 

The Luna OBR 4600 has a potential accuracy of 1 microstrain or 0.1°C over a 20 mm gauge length using 

up to 70 m of fiber (Luna, 2016). The gauge length and sensor spacing can be modified. Hoult et al. 

(2014) have previously shown that the OBR 4600 was able to measure surface strains on steel with the 
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same accuracy as electrical resistance strain gauges. The Luna ODiSI–B has varying modes of operation, 

but the longest sensing length of 20 m has a strain repeatability of ± 10 microstrain, a gauge length of 

5.12 mm, a gauge spacing of 2.56 mm, and an acquisition rate of 50 Hz (Luna, 2015b). 

 

The OBR 4600 and ODiSI-B analyzers also provide a quality factor, which can be used to assess the 

quality of each strain measurement. The quality factor is normalized value from 0 to 1 and is based on the 

strength of the correlation between the measurement and the reference spectra. For the ODiSI-B, the noise 

floor of the correlation is typically between 0.2 and 0.3 and a value above 0.38 indicates that the strain 

and temperature measurements at that specific time and location are well correlated (Luna, 2015a).   

4.3.2 Fiber installation 

Nylon coated single-mode optical fiber was used for this experiment. This type of fiber was chosen 

because the nylon coating provides impact protection to the fiber, which will reduce the probability of the 

fiber being damaged during the installation in the field. Because the nylon coating is not bonded to the 

core of the fiber it relies on friction to transfer strain from the nylon coating to the fiber and there is a 

potential for the sensing core to slip inside of the coating (Hoult et al., 2014). However, it is believed that 

the low strain gradients in the rail will not result in any significant fiber slip. 

 

Two different methods were used to prepare the surface of the rail for the fiber application. The first 

method was the optimal rail preparation, which was time and labour intensive. A grinder was used to 

expose bare steel along the fiber path. The rail was then wiped to clear off any remaining debris, followed 

by a rubbing alcohol soaked wipe. The second method, the minimal preparation method, did not expose 

the bare steel and only involved wiping the rail with a damp cloth to remove surface dirt and grease 

followed applying and wiping a degreaser on the rail. 
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The strain was measured statically and dynamically for both installation methods in order to determine if 

the minimal preparation method could be used to install fibers on in-service rails. The advantage of using 

the minimal preparation technique would be faster and simpler installation in the field, increasing the 

opportunities for fiber installation to be completed during breaks in regular train traffic. Optical fiber was 

installed on both sides of the rail. The optimal preparation was used on what was formerly the gauge side 

of the rail while the minimal preparation was applied to what was formerly the field side of the rail.  

 

The fiber was glued to the rail using a cyanoacrylate adhesive (Loctite 4851). The cyanoacrylate was 

allowed to set for over 24 hours before testing. Four passes of the fiber were installed on each side of the 

rail at a vertical distance of 20, 50, 120, and 155 mm from the bottom of the rail (Figure 4-3b). This 

corresponded to one pass on the top of the rail foot, two passes on the web, and one pass on the side of the 

rail head.  

4.3.3 Other instrumentation 

Five linear potentiometers (LP) were installed beneath the rail to measure displacements. They were 

located 0.13 m, 0.71 m, 1.42 m, 2.13 m, and 2.67 m from the left support (Figure 4-3a) and were recorded 

at a frequency of 10 Hz. In addition, four high speed cameras were setup to measure rail displacement 

using DIC at a rate of 100 frames per second. DIC can be used to measure displacements by tracking the 

displacement of subsets of pixels between subsequent images (White et al., 2003; Take, 2015). DIC was 

first used to measure railway track displacements by Bowness et al. (2005; 2007) and has since been used 

to study ground deformations (Priest et al. 2010), transition zones (Coelho et al., 2011; Le Pen et al., 

2014), longitudinal rail displacements (Murray et al., 2014), and vibration-isolated rail, sleeper, and 

ballast deformations in peat subgrades (Chapter 3). 
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Three cameras were setup to measure rail displacements on the minimal preparation side of the rail and 

one camera measured rail displacements on the optimal preparation side. Each camera was equipped with 

a 24 mm lens. The length of rail captured by each camera is shown in Figure 4-3a.  

4.3.4 Results and discussion 

The lab testing was conducted in two stages. The first stage was a static test to a maximum load of 140 

kN.  During this test the strains were measured using the OBR 4600 static measurement analyzer. The 

second stage of the test involved cyclic loading of the rail from 14 kN to 140 kN at a frequency of 0.5 Hz. 

For this test the strains were measured using the ODiSI-B dynamic measurement analyzer. It is worth 

noting that the loading frequency of 0.5 Hz was dictated by the loading system and not the dynamic 

measurement analyzer, which should be able to capture much faster moving trains based on the Nyquist 

frequency (up to 25 Hz). The self-weight of the rail was accounted for by taking all measurements (strains 

and displacements) as the change from the unloaded simply supported rail.  

 

Figure 4-4 shows the strains measured along the rail during the static and the dynamic tests for both fiber 

application methods at an applied load of 140 kN. The static and dynamic strain measurements show 

good agreement for both the optimally and the minimally prepared fiber application. The dynamic data is 

noisier than the static data, however the signal to noise ratio is relatively small. The increased noise in the 

dynamic measurement is believed to be due to the shorter period over which data is acquired as well as 

the smaller gauge length of the ODiSI-B (5.12 mm) versus the OBR 4600 (20 mm). The strain data in 

Figure 4-4 suggests that although the dynamic analyzer data is noisier than the static analyzer data it 

provides an adequate measure of strain in the rail. Another observation is the increase in the level of noise 

along the fiber. The fiber begins on the foot of the rail and ends on the rail head. Looking at Figure 4-4 

there is a visible difference in the level of noise between the beginning of the fiber (on the rail foot) 

versus the end of the fiber (on the rail head). This is expected because light reflected near the beginning of 
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the fiber experiences less frequency interference than light reflected from the end of the fiber (Kreger et 

al., 2013).  

 

The effects of the two methods of rail preparation can also be seen in Figure 4-4 which shows that the 

strains on the optimally prepared side of the rail indicate greater compression and lower tension than the 

minimally prepared side of the rail. It is believed that this difference is partially due to out of plane 

bending of the rail when it is loaded. Although the values for the two rail preparation methods are 

different the data does not suggest that the difference is due to poor adhesion of the optical fiber for the 

minimal preparation method.  

 

The second objective of the lab test was to see if rail strains could be used to determine rail displacements 

along the rail. First, the curvature of the rail was calculated. Figure 4-5 shows the strains for the dynamic 

test for both preparation methods at the locations of LP1, LP2, and LP3. The curvature at these three 

locations was found by taking the inverse of the slope of a linear line fit to the four fiber strains.  

 

The calculation of curvature is influenced by localized strain effects. In areas where these localized 

effects are occurring, plane sections no longer remain plane and the strain profile along the height of the 

rail is no longer linear. Localized effects can also be seen in the two lower fibers near the supports. It is 

worth noting that the detection and localization of strain changes is a potential advantage of the system as 

it could allow for early detection of rail cracking and other deterioration mechanisms. In Figure 4-5 the 

best fit for curvature is at LP 2 at 0.71 m because it is a sufficient distance away from any variations in 

the rail cross section as well as external loads. In contrast, the two lower fibers at LP1 and the fiber on the 

upper web at LP 3 are both experiencing localized effects and are therefore are affecting the fit of the line 

through the data. The difference between the optimal and minimal preparation method was -16%, -3%, 

and 2% at LP1, LP2, and LP3, respectively. The difference between the two methods was large at LP1 
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due to its proximity to the supports and the relatively small curvature in this area, however the 

measurements at LP2 and LP3 were much closer and therefore the minimal rail preparation was chosen as 

the preferred method and will be the only rail preparation method used in the following analyses. 

 

Figure 4-6 shows the curvature calculated along the rail and the R2 value of the linear fit of the four strain 

data points taken at each height along the rail. As expected, the error increases at the supports due to 

localized effects on the two lower fibers and because the smaller strains experienced at the supports result 

in a larger signal to noise ratio. Although the bolt holes in the rail at 1.61 and 1.82 m create localized 

strain effects the overall effect on curvature appears to be minimal. This is partly because the strains in 

the two middle fibers are on opposite sides of the bolt holes. When the upper fiber measures increased 

compression strain above the bolt hole, the lower fiber measures increased tension, and therefore the 

effect on curvature is opposite and a significant portion of the error is cancelled out.  

 

The beam test showed that rail curvature can be calculated using the strains measured at the four fiber 

elevations. However, if the fiber is installed at only two elevations, the length of rail that can be 

monitored is effectively doubled. It is proposed to use the fibers on the foot and head of the rail because 

they measure greater absolute strains than the fibers on the web, due to their larger distance from the rail’s 

neutral axis, and therefore have the lowest signal to noise ratio. The curvature of the rail found using all 

four fibers was compared to the curvature found using only the upper and lower fibers. The difference 

between these two methods was within 5% except at the supports where the difference was greater. Thus 

only the upper and lower fiber data will be used to calculate rail displacement in future tests.  

 

The two constants for integration used to convert curvature to displacement were found by matching the 

rail displacements measured by LP1 and LP5. Figure 4-7 shows the displacement calculated using the 

dynamic fiber optic measurements as well as the displacement measured by the LPs and the DIC analysis. 
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Overall there is good agreement between all three methods as they are within 0.3 mm. The fiber optic 

displacement matches LP2 and LP4, however the displacement at LP3 is 0.2 mm greater than the fiber 

optic displacement. The DIC data shows some noise, likely because the visual appearance of the rail was 

not enhanced to create a high-contrast pattern (e.g. image texture) reducing the accuracy of the DIC 

analysis. Near the middle of the span the DIC displacement is generally between the LP and fiber optic 

displacement. Although there is some difference between the three methods, it was possible to calculate 

rail displacement using the fiber optic strains. 

4.4 Field trial 

4.4.1 Site location and setup 

After confirming the accuracy of dynamic fiber optic strain measurements using the minimal rail 

preparation method in the lab, a field trail of this new technology was performed. The field trial site was a 

section of double track adjacent to a road crossing in Kingston, Ontario, Canada (44°17'35.10"N 

76°25'59.20"W). This location was chosen because of the likelihood of a poorly supported section of 

track due to the transition zone from track to road crossing. The rail at this site is 132 RE rail. 

 

A 7.5 metre long section of rail was instrumented with nylon coated single-mode fiber using the minimal 

preparation method. Only the field side of the rail was instrumented. Figure 4-8 shows the fiber installed 

on the rail at two elevations – on the foot at 20 mm from the base of the rail and on the side of the head at 

155 mm from the base of the rail. The fiber installation started near the crossing on the foot (x = 7.5 m), 

continued out towards the free-field track (x = 0 m), then looped back and ended on the head of the rail 

near the crossing (x = 7.5 m).  

 

Track displacements were also measured using 5 high speed cameras. The cameras were setup to provide 

continuous overlapping coverage of the track over the 7.5 m instrumented length of the rail. The cameras 

were located approximately 7.75 metres away from the rail. 24 mm lenses were used on the cameras 
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which resulted in a scale factor (for converting DIC pixel measurements to physical distances) of 

approximately 1.8 mm/pixel.  

 

Installation and monitoring occurred on the same day. During the monitoring period one hi-rail vehicle 

travelling at 5 mph and one passenger train travelling at 80 mph were recorded. The two different vehicle 

types were monitored in order to assess the use of the fiber optics to measure distributed dynamic rail 

strains.  

4.4.2 Results and Discussion 

Figure 4-9 shows the strains measured by the upper and lower fibers, rail curvature, and rail displacement 

for the hi-rail vehicle at three different positions along the instrumented section of track. In the first 

position only the front wheels of the truck are on the instrumented section of the rail. In the second 

position both wheels are on the instrumented section and in the third position only the rear wheels are on 

the instrumented section of rail.  

 

The DIC displacements are shown in light grey in Figure 4-9c. Because the DIC cameras were setup to 

capture such a long section of rail the scale factor is suboptimal (approximately 1.8 mm/pixel). The 

quality of the DIC displacement data becomes particularly poor under the vehicle wheels due to the 

vehicle casting a shadow on the rail, changing the visual appearance of the rail in the digital image, and 

lowering the correlation coefficient of DIC tracking. In order to find the rail displacements to use as 

boundary conditions for the fiber optic data a more rigorous DIC analysis was performed at two locations 

on the rail, one at 0.7 m and the other at 6.7 m. The rail’s displacement profile was found at these two 

locations with respect to time and then fit with a smoothing spline to further reduce the noise in the data. 

These displacements were then used as the boundary conditions to calculate rail displacement from rail 

curvature. The fit between the DIC and the fiber optic data shows good visual agreement with the two 

methods reporting similar displacement magnitudes, however there is some difference due to the error 
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form the suboptimal DIC scale factor as well as errors potentially accumulating in the fiber optic 

displacement during the interrogation. 

 

From Figure 4-9 it can be noted that the rail under the front of the vehicle displaces significantly less 

when the hi-rail vehicle is in the first position than in the second position, despite the same load being 

applied. This suggests that the rail has varying support conditions due to voids beneath the rail, which is 

not unexpected due to the site being in a transition zone. To further study this, the peak positive and peak 

negative rail curvature envelopes during the passage of the hi-rail vehicle are presented in Figure 4-10a. 

For some measurements the overall quality factor of the fiber optic data was too low and not enough 

measurement points were obtained in order to calculate curvature. These measurements were removed 

from the dataset. This data shows that at approximately 2.2 metres the rail experiences the lowest positive 

peak curvature and the greatest peak negative curvature. This suggests that there is a stiff or high point at 

this location and the rail experiences the greatest negative bending here. Conversely, there is a peak 

positive curvature at approximately 6.1 metres, suggesting that this location is the most poorly supported 

and therefore experiences the greatest positive bending. 

 

The maximum and minimum rail displacements during the passage of the hi-rail vehicle were also 

examined and are plotted in Figure 4-10b. The displacement for each time was found using the curvature 

of the rail from the fiber optic data and boundary conditions from the DIC data. Again, some of the fiber 

optic measurements had a very low quality factor and were removed from the analysis. Comparing the 

peak curvature envelope to the peak displacement envelope it can be seen that the location with the 

largest downward rail displacement occurs at approximately the same location as the peak positive rail 

curvature and the location with the smallest downward displacement also has the lowest peak positive 

curvature. This suggests that the measurement of rail curvature during the passage of a light vehicle such 

as a hi-rail can provide a reasonable indication of the variability of track support.   
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Only a minimal amount of data points were obtained for the passenger train after applying the quality 

factor threshold of 0.38. In order to further explore why, quality factor data for both the hi-rail and the 

passenger train are plotted in Figure 4-11. The quality factor is plotted for the period before, during, and 

after the vehicle or train passes for two sensing locations near the road crossing. One is at the beginning 

of the fiber installed on the rail and the other is at the end of the fiber. Figure 4-11a shows the quality 

factor for the hi-rail vehicle. The time that the hi-rail is passing over the instrumented section is indicated 

by grey shading. There are several observations that can be made from this figure. First, the quality factor 

at the beginning of the fiber is much greater than at the end of the fiber, even before the arrival of the 

vehicle, which is due to the degradation of signal quality along the length of the fiber. The second 

observation that can be made is that the quality factor of the data begins to drop before the arrival of the 

vehicle at the instrumented section of rail, and does not return to its initial value until after the vehicle has 

passed. This suggests that vibrations travelling in the rail will affect the strain measurements even when 

the vehicle is not directly over the monitoring area. Based on the speed of the hi-rail the effects of 

vibration were observed in the quality factor when the vehicle was approximately 10 metres away from 

the instrumented section. Although some readings during the passage of the hi-rail vehicle are below the 

manufacturer’s recommended cut-off value of 0.38, the majority are above and therefore the data can be 

analyzed after the exclusion of the low quality data. 

 

Figure 4-11b shows the quality factor during the passage of two passenger trains. The first train was 

travelling on the adjacent track that was not instrumented, however it is interesting to note that a drop in 

the quality factor of the data can still be observed. It is not known whether this drop is due to vibrations 

caused by the passing train or noise, however its effect is clearly visible. The quality factor sharply drops 

to below 0.38 as the engines pass but soon recovers to values above the threshold (but below the static 

values) during the passage of the passenger cars. The second train, which was travelling on the monitored 
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track, shows a slightly different response. For this train the quality factor drops to below the 0.38 

threshold and does not recover until after the train has passed. Also, the quality factor at the beginning of 

the fiber drops off sharply while the quality factor at the end of the fiber drops more slowly and also stays 

below 0.38 for several seconds before and after the train. Based on the speed of the train the effects of 

vibration were observed in the quality factor data when the train was approximately 150 metres away 

from the instrumented section. Because the quality factor of the data is below the threshold for practically 

all of the data points obtained for the entire passenger train, it can be concluded that any strains measured 

for the passenger train are not accurate and should not be further analyzed.  

 

Despite the impact of vibrations on the passenger train measurements, the measurements taken under the 

hi-rail vehicle still provided valuable insights about the track support conditions and rail bending 

behavior. Data from this vehicular loading and sensing system can identify the length scale of variability 

of track support (e.g. the position of relative lengths of regions of predominantly hogging and sagging 

along the rail in Figure 4-10a and the variability of track deflection in Figure 4-10b) required to 

quantitatively document the time rate of degradation of track support in problem areas and the efficiency 

in rehabilitation strategies to improve track support. The speed at which trains can be monitored and 

techniques that can be used to mitigate the impact of vibrations is the subject of ongoing research.  

4.5 Conclusions 

Laboratory and field tests were performed to evaluate of the use of a new distributed dynamic fiber optic 

strain measurement system to assess rail behavior. The dynamic strain measurement system was 

evaluated against a static monitoring system in a laboratory test by instrumenting and loading a 2.8 m 

long section of simply supported rail and comparing the results from the static and dynamic tests. The 

fiber was installed at 4 different elevations on the rail (one on the rail foot, two on the rail web, and one 

on the side of the rail head). Additionally, a fiber was installed on each side of the rail. One side of the rail 

received optimal cleaning and preparation, including grinding, before the fiber was installed. The other 
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side received only surficial cleaning. Measurements of rail displacement were also recorded using five 

linear potentiometers and four DIC cameras.  

 

The strains measured on both sides of the rail for the static and the dynamic tests showed that the dynamic 

data is noisier than the static data, however both tests provided similar magnitudes of strain. It was also 

observed that both methods of rail preparation produced similar results. Localized strain effects were 

observed on the rail head at the location of the applied load, on the rail foot at the rail supports, and on the 

web near the joint bar holes. It was determined that for future field trials the fiber would be affixed to the 

rail foot and the rail head. Even though these locations may potentially be affected by localized strains 

under heavy train wheels the calculation of rail curvature away from these loads is more accurate when a 

greater distance between the two fibers is used. 

 

Displacements measured using DIC and LPs were used to evaluate the displacement calculated based on 

rail strains. In order to calculate the displacement of the rail from the measured strains two boundary 

conditions were required, which were found by matching the displacement of the two outer LPs. The rail 

displacements based on the fiber optic strain measurements, the five LPs, and the three DIC cameras 

matched within 0.3 mm.  

 

After evaluating the use of fiber optics to measure dynamically distributed strains on a rail in the lab and 

finding good agreement between measurement systems, a field trail was performed at a site near 

Kingston, Ontario, Canada adjacent to a road crossing. A 7.5 m length of rail was instrumented with fiber 

on both the rail foot and the side of the rail head using the minimal rail cleaning method developed in the 

lab. The rail displacement was also monitored using five DIC cameras which covered the entire length of 

the fiber. The goals of this field trial were to test the system under field conditions, confirm that (with the 

assistance of DIC displacement measurements to obtain the boundary conditions) rail displacements can 



 

 

102

be obtained for in-service track, and investigate the impact of a poorly supported rail on peak rail strains. 

Data was collected during the passage of a hi-rail vehicle as well as a passenger train.  

 

The displacement of the rail was found using the rail strains and DIC data from two points along the rail 

as boundary conditions and was compared to the displacement measured using DIC along the length of 

the rail. This data shows general agreement in shape but there is some difference, potentially due to errors 

accumulating during the two integrations as well as errors in the DIC data due to a suboptimal scale factor 

caused by the cameras’ large field of view. In addition, the peak positive and negative curvatures were 

compared with the peak positive and peak negative rail displacements. The data showed increased 

positive bending and downward rail displacement near the road crossing, suggesting that the rail is poorly 

supported in this zone, which is expected at transition zones. In addition, the section of the rail with the 

largest negative curvature had the smallest downward displacements, indicating that that section of track 

was well-supported. These results suggest that is possible to use rail curvature measurements as an 

indicator of the variability in track support along a section of rail. When the passenger train was recorded, 

the high vibration generated by the fast moving train resulted in a quality factor of the recorded fiber optic 

strain data that was below the manufacturer’s minimum recommended threshold. Therefore it was 

concluded that the system is not capable of recording during high vibration events, such as the passage of 

passenger trains travelling at higher speeds. However, in low vibration conditions, such as a slower 

moving vehicle, it was possible to measure dynamic distributed rail strains that could be used to assess 

rail behavior, which represented several significant advantages over previous rail strain measurement 

techniques. Specifically, this preliminary investigation has highlighted the value of distributed sensing for 

capturing local defects in the rail as well as identifying areas of poor rail support and the associated length 

scales. 
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Figure 4-1 Theoretical total strain, bending strain, and axial strain along the vertical profile of the rail 
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Figure 4-2 Theoretical a) load, b) curvature, c) slope, and d) displacement for a 3-point bending test and theoretical e) load, f) curvature, 

g) slope, and h) displacement for a beam on an elastic foundation 
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Figure 4-3 a) Laboratory test setup and b) optical fiber installed on the rail 
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Figure 4-4 Strains along rail measured at 20mm, 50mm, 120mm and 155mm from the base of the rail for static and dynamic tests using 

both the optimal and minimal rail preparation methods 
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Figure 4-5 Determination of curvature based on the four measured strains at three different locations on the rail for the minimal and 

optimal rail preparation methods 
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Figure 4-6 a) Curvature and b) R2 along the length of the rail based on the fiber optic strains measured at all four fiber elevations 
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Figure 4-7 Displacements along the rail calculated using strain from the upper and lower fibers compared with displacement measured 

using LPs and DIC 
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Figure 4-8 Installation of fiber on rail at field site 



 

 

113

 

Figure 4-9 a) Strain, b) curvature, and c) displacement of the rail (calculated from fiber optic strains and DIC) for three different hi-rail 

vehicle positions along the track 
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Figure 4-10 a) Curvature envelope and b) displacement envelope along the length of the rail during the passage of the hi-rail vehicle 
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Figure 4-11 Comparison of fiber optic quality factor for a) low vibration scenario (hi-rail vehicle at 5 mph) and b) high vibration scenario 

(passenger train at 80 mph) at the beginning and end of the fiber on the rail



 

Chapter 5 

The Use of Fiber Optic Sensing to Measure Distributed Dynamic Rail Strains 

and Determine Rail Seat Forces 

5.1 Introduction 

Railway track is designed to transfer and distribute the train wheel loads downwards through the rail, 

sleepers, ballast, and subgrade so that loads in each component are low enough to ensure track stability 

and acceptable rail deflection. The degree of load distribution amongst the sleepers depends on many 

factors, including the sleeper properties, sleeper spacing, ballast and subgrade properties, rail fastening 

system, rail geometry, and subgrade stiffness. Although traditional track design assumes that all the 

sleepers are equally supported (e.g. AREMA 2006) it is common for in-service track to have poorly-

supported sleepers. Voids can exist between the rail and the sleeper as well as between the sleeper and the 

ballast (Figure 5-1) resulting in a spatial variation of track support between well-supported sleepers and 

sleepers with voids of varying magnitudes.  

 

Voids can develop at the sleepers due to the compaction and deterioration of the ballast over time. As the 

ballast particles undergo repeated cyclic loading they can experience grinding and wearing, crushing, and 

breakage of sharp corners, which can lead to differential track settlement and voids (Indraratna et al. 

2011). Once differential track settlement begins, dynamic loading may also increase at these locations, 

resulting in further deterioration of the track and differential settlement. This process of track 

deterioration and settlement is a common occurrence at transition zones where the track support stiffness 

changes over a short distance (e.g. Coelho et al. 2011, Le Pen et al. 2014) but it can also occur in freefield 

track (e.g. Chapter 3). Tamping the ballast may temporarily remove the voids below a track but the ballast 

often returns to its previous orientation within a short period of time after tamping (Selig and Waters 

1994). Once voids develop, the distribution of loads from the rail to the sleepers will become a function of 
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these voids. For example, it is expected that well-supported sleepers will carry greater loads than voided, 

or poorly-supported, sleepers. 

 

Although there have been efforts to model the effect of voids on the distribution of loads from the rail to 

the sleepers (e.g. Lundqvist and Dahlberg 2005, Shi et al. 2013), there is minimal measured rail seat load 

data in the literature. Sadeghi (2008) presented a method to measure rail seat loads using load cells. 

However, this method is costly, limits the number of monitored sleepers to those that can be 

instrumented, and requires modification of the existing track to install the instrumentation, which may 

disturb the track and alter the existing load distribution. Mishra et al. (2014) used strain gauges to 

measure the sleeper reaction forces using eight strain gauges for each monitored sleeper, however half of 

the strain gauges were used to measure the wheel load applied to the rail. Instrumenting more than a few 

sleepers with this method would become costly, time consuming to install, and also require calibration of 

the strain gauges after they are installed. 

 

Dynamic fibre optic strain sensing is an alternative strain measurement strategy that could potentially 

overcome the limitations of conventional strain gauges in this application. The distributed nature of the 

strain sensing technology ensures that numerous sleepers can be monitored simultaneously while the 

installation of the fibre on the rail is rapid and minimally invasive. However, previous uses of Brillouin 

based fiber optic sensors to measure distributed dynamic strains have either had limitations in 

measurement frequency (36 mm spatial resolution, 0.25 Hz scanning rate, 2.8 m long monitoring length 

of Yoon et al. 2011) or spatial resolution (1 m spatial resolution, 31 Hz scanning rate, 60 m long 

monitoring length of Minardo et al. 2013). Recent advances in Rayleigh backscatter fiber optic sensing 

technology have enabled distributed dynamic rail strains to be measured along an optical fiber with a 

gauge spacing that can capture the variation of flexural strains along the rail between sleepers (2.56 mm) 
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and temporal resolution to fully capture the passage of the wheel over each support (50 Hz) along a 7.5 m 

long monitored section of rail (Chapter 4). 

 

In this paper it is hypothesised that this dynamic Rayleigh backscatter fiber optic technique can be used to 

measure the distribution of rail curvature along a length of rail at a high enough spatial and temporal 

resolution to permit the calculation of the bending moment and shear force along the rail using principles 

of elastic beam theory. Furthermore, if the position and magnitude of the train wheel loads are known, it 

is hypothesised that it will be possible to calculate the rail seat load for each sleeper in the instrumented 

section as a train passes over the site. This data, combined with image analysis data of rail and sleeper 

deflection obtained using Digital Image Correlation (DIC), would permit a rail seat load – deflection 

relationship to be developed for each sleeper. This creates a unique opportunity to investigate the effect of 

voids and spatial sleeper support variability despite the highly redundant nature of the soil-structure 

interaction of the track support system. 

 

Despite a highly promising first application of the Rayleigh backscatter fiber optic strain measurement 

technique, the results of Chapter 4 have also raised a significant limitation. This particular fiber optic 

sensing technique is highly sensitive to vibration, and although it was successful in measuring distributed 

rail strains during the passage of a hi-rail vehicle, it was unable to measure dynamic strains during the 

passage of a passenger train travelling at 129 km/h. It is currently unclear whether this technique would 

work under full in-service train loading if a train was temporarily slowed (e.g. 10 km/h) to minimise 

vibration. 

 

The objectives of this paper are therefore to a) investigate whether the Rayleigh backscatter technique can 

be used to measure distributed dynamic rail strains for a section of in-service track during the passage of a 

freight train subject to a slow order and, if so, to b) to assess whether these strain measurements are of a 
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high enough spatial and temporal resolution to permit the calculation of rail seat loads during train 

loading, and c) combine these loads with rail displacement data, measured using digital image correlation 

(DIC), to define the unique load-displacement behaviour for individual sleepers. 

5.2 Background 

5.2.1 Theoretical models for rail seat loads 

The vertical stiffness of a rail foundation is often quantified using either track stiffness or track modulus. 

Track stiffness, k, is defined as the ratio of the wheel load, P, to the vertical deflection of the rail under 

that load, δ:  

=  (5.1) 

 

Track modulus, u, is defined as the supporting force per unit length of the rail per unit deflection (Selig 

and Li 1994) and is based on the Beam on an Elastic Foundation (BOEF) theory, which assumes that the 

rail is a beam supported by a base of closely spaced linear elastic springs. While track stiffness can only 

be directly calculated using a single point load on the rail, Kerr (1983) used superposition to develop an 

equation to calculate track modulus, u, using any available multi-axle rail vehicle as a load source: 

= ∑ ( + ) (5.2) 

where 

	 =  (5.3) 

 = modulus of elasticity for the rail (Pa), 

 = the second moment of area of the rail (m4),  

 = the vertical deflection of the rail under the load (m), 

 = the load applied to the rail (N), 

 = the track modulus (Pa), 
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 = number of axles, and 

 = the distance between the axle and the point of measured displacement (m). 

 

In addition, the equations found in Hay (1982) for bending moment (M), shear force (V), and vertical 

sleeper ballast reaction force (q) can be adapted for a multi-axle load as follows: 

= ∑ ( − ) (5.4) 

= − ∑ ( ) (5.5) 

= ∑ ( + ) (5.6) 

 

The relationship between track modulus and track stiffness, derived from Equations 5.1 and 5.2, is: = /( ) /  (5.7) 

 

The theoretical BOEF load, shear force, and bending moment diagrams for both single-axle and a multi-

axle load distributions are shown in Figure 5-2. The BOEF model assumes the shape of the displaced rail 

when loaded is based on the rail’s flexural stiffness (EI) and the support stiffness beneath each sleeper is 

constant (Read et al. 1994). However, if voids exist then the rail’s load-displacement behaviour will be 

nonlinear. The load that results in the voids completely closing is often referred to as the seating load. For 

any additional load applied after the seating load it is assumed that the rail will follow similar load-

displacement behaviour as a rail without voids, which may also be nonlinear due to the compaction of the 

ballast and subgrade layers (Kerr and Shenton 1986).  

 

Measuring track stiffness typically involves applying point loads of varying magnitude to the rail and 

measuring the displacement of the rail at that point, but doing so requires special track-loading equipment 

(e.g. Read et al. 1994). Figure 5-3 shows the theoretical load-displacement history for an ideal BOEF rail 
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as well as a rail with voids. For the BOEF model, the track stiffness is independent of the magnitude of 

the applied load. However, when voids are present the rail exhibits non-linear behaviour. It has been 

proposed that a bi-linear approximation can be used to estimate the contact stiffness, size of the void, and 

seating load (Kerr and Shenton 1986). 

 

One shortcoming of this method is that the choice of seating load is often subjective. For example, in 

Figure 5-3 the seating load could easily be defined as a greater or smaller value than what is shown. Read 

and Plotkin (2009) suggested determining the rail seat load using the wheel load of an empty car, ranging 

from 22-44 kN, however there is no guarantee that either of these loads will close the voids. In some 

cases, a change in the choice of seating load may have a significant impact on the assumed track stiffness 

and assumed void size. Instead of using a bi-linear approximation to determine a single value for track 

stiffness, the track stiffness could be defined as a function of the applied load. However this is only valid 

if the rail is tested at enough load levels to properly define the load-displacement curve. Because the 

BOEF method does not account for the potential presence of voids it cannot accurately predict the rail 

seat loads experienced by sleepers on a track with voids.  

5.2.2 Strain relationships 

A rail can experience bending stress (both vertical and lateral), shear stress, axial stress, torsional or 

twisting stress, and contact stress during train passage (Hay 1982), however given that the definition of 

the vertical rail seat load – deflection relationship is the objective of this paper, bending stress is the 

primary focus of attention. The magnitude of the bending stress will vary based on several factors, 

including the weight of the train, speed of the train, geometry of the track, condition of the wheels, and 

support conditions under the rail. Chapter 4 demonstrated how rail bending curvature can be calculated 

using distributed strains measured at two elevations on the rail. This method assumes a purely elastic rail 

with a constant cross section. If the rail curvature is known, the bending moment can be determined using 

elastic beam theory: 
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( ) = ( ) ∙  (5.8) 

where 

 = bending moment in the rail at x (N·m), 

 = curvature of the rail at x (m-1),  

 = modulus of elasticity for the rail (Pa), and 

 = the second moment of area of the rail (m4). 

 

Based on distributed strain readings every 2.56 mm, Chapter 4 found the assumption that plane sections 

remain plane is not valid in all cases. For example, a disturbed strain region can exist at the point where 

external loads are applied to the rail. As described later in the paper, special treatment must be given 

when analyzing the rail at these locations. 

5.2.3 Fiber optic analyzer system 

Rail strains were measured using the Luna ODiSI-B, which uses Rayleigh backscatter to calculate strain 

and temperature changes as a function of position along an optical fiber. An optical fiber has random 

fluctuations in the index profile along the length of the fiber and the Rayleigh backscatter frequency 

profile will be a function of the position along the fiber. Although the amplitude of the backscattered light 

is a unique and static property of the fiber any change in strain or temperature of the resulting in a change 

in length of the fiber will cause the backscattered light to undergo a spectrum (frequency) shift. By 

comparing the backscatter frequency profile of a fiber at a known or ambient state to the same fiber 

undergoing strain or temperature change, the change in strain or temperature in the fiber can be 

determined (Rogers 1988). Because Rayleigh backscatter measurement systems do not measure strain and 

temperature independently, temperature changes should either be minimized or recorded when measuring 

strains. It is assumed that during the measurement period for a single train no significant temperature 

change will occur.  
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The ODiSI-B is capable of measuring the strains in an optical fiber up to 20 m long at a frequency of 50 

Hz. Readings are taken every 2.56 mm over a gauge length of 5.12 mm with a strain repeatability of ± 10 

microstrain (Luna 2016). This system was previously used in Chapter 4 to measure rail strains for an in-

service track using a hi-rail vehicle, however the system was not able to measure strain in a high-vibration 

environment, such as during passage of a passenger train travelling at 129 km/h (80 mph) over the 

instrumented section. The ODiSI-B analyzer also provides a quality factor for each strain measurement, 

which is based on the strength of the correlation between the measurement and the reference spectra. The 

quality factor is a normalized value with a maximum of 1, indicating a perfect correlation, and has a 

typical noise floor between 0.2 and 0.3. A quality factor above 0.38 indicates that the strain and/or 

temperature measurements for that reading are well correlated (Luna 2016). It is hypothesized that a slow 

moving freight train may reduce the rail vibrations to a level where rail strains can be measured under the 

loading of a moving train. 

5.3 Field Monitoring Site 

The monitoring site is located near Lévis, Quebec, Canada (46.78265, -71.01080) on a section of tangent 

track located approximately 10 m away from a road crossing. The rail is 100 lb/yd ARA-A (second 

moment of inertia, I, of 2.037x10-5 m4; modulus of elasticity, E, of 210 GPa) jointed rail and is supported 

by timber sleepers.  

5.3.1 Instrumentation 

A 7.5 m long section of track was instrumented using single-mode optical fiber with a nylon coating and a 

core diameter of 8 microns. The rail was prepared by cleaning the surface with a degreaser. The fiber was 

then glued to the rail using a cyanoacrylate adhesive (Loctite 4851). In Chapter 4 this method was 

compared to a fiber installed on a rail which had been prepared by exposing the bare steel and no 

significant difference was observed in the strain readings obtained between the two methods. A single 

continuous 15 m length of fiber was installed on the rail with the first 7.5 m installed on the top of the rail 

foot and the last 7.5 m on the side of the rail head. The instrumented section of rail spanned 15 sleepers.  
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Although a single continuous fiber was installed, it will be referred to as two separate lengths for the 

analysis: the lower fiber (installed on the rail foot) and the upper fiber (installed on the rail head). Both 

the lower and upper fibers are considered to begin at 0 m and end at 7.5 m, as shown in Figure 5-4a. 

Figure 5-4b shows the installation position of the fiber on the rail, with the lower fiber located 17 mm 

from the base of the rail and the upper fiber located 134 mm from the base.  

 

In addition to the fiber optic sensing, rail displacements were measured using DIC, which uses the 

movement of subsets of pixels between images to measure track displacements (e.g. Bowness et al. 2007, 

Murray et al. 2014, Chapter 3, Chapter 4). Three cameras, centered at 0.8, 3.8, and 6.5 m along the 

instrumented section, were used to measure the rail displacement. Each camera monitored approximately 

0.6 m of rail, centred between two sleepers, and included a portion of the rail above the two adjacent 

sleepers.  

5.4 Results 

Rail strains and track displacements were recorded during the passage of a freight train consisting of two 

engines and 19 cars travelling between 8-11 km/h (5-7 mph). Static engine and car weights were provided 

by the rail operator, indicating some of the cars were empty while others were loaded. The train was 

moving slowly so no dynamic factor was used in the analysis to account for dynamic effects, and it was 

also assumed that the car weights were evenly distributed amongst the eight wheels for each car. A 

summary of the train information including car type, static car weight, and length can be found in Table 

5-1. 

 

To provide a visual summary of the monitored train, the static car weights are plotted in Figure 5-5, along 

with vertical and axial rail displacements measured between two sleepers using DIC at 3.8 m along the 

instrumented length. As expected, larger vertical rail displacements were measured for the heavier train 

cars. At this location, the loaded cars weighed over three times more than the empty cars, yet the vertical 
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rail displacements for the loaded cars were less than twice those for the empty cars. The difference 

between relative load and displacement is likely an indicator of voids being present at this location. In 

Figure 5-5c negative axial rail displacement represents rail movement in the direction of train movement. 

The rail begins moving longitudinally, in the direction of train travel, approximately 15-20 seconds before 

the arrival of the freight train and continues to move until the end of the train. The rate of movement 

appears to be correlated to the weight of the cars, with a reduced rate of movement while the empty cars 

are passing. The rail sees an overall longitudinal movement of approximately 3.6 mm. 

 

Figure 5-6 shows an example of the fiber optic strain data captured during the passage of the freight train 

for both the lower and upper fibers at a position 3.8 m along the instrumented length of rail. The data 

shown has been filtered by removing all the strain data points with a quality factor less than the 

manufacturer’s recommended value of 0.38. Although this removed most of the erroneous data there were 

still some large spikes in the strain data. Strain values that were at least 100 microstrains higher or lower 

than the surrounding data points were deemed to be erroneous and also removed from the dataset. The 

strain data was linearly interpolated between the removed points. This figure shows that the strains in 

both the lower and upper fibers are approximately twice as large for the loaded cars than the empty cars. 

At the beginning of the train (at approximately 85-100 seconds) the strain data for both the lower and 

uppers fibers had a particularly poor quality factor and no strain data was recovered. This corresponds to 

the time when the two train engines were passing over the instrumented section of track, which is shaded 

in grey. It is believed that the vibration transmitted to the rail by the engines resulted in errors in the data.  

 

Because the effects of train speed, car type, and car weight on the fiber optic sensing system are not well 

understood, the quality factor at different points along the fiber was examined. Figure 5-7 shows the 

quality factor measured at four different positions along the fiber during the test period. The first position 

is near the beginning of the lower fiber located on the rail foot at 0.8 m (a point along the fiber close to 
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the analyser). The second and third points are located at 6.5 m on the rail foot and rail head, respectively. 

The last point is at 0.8 m on the upper fiber on the rail head (a point along the fiber far away from the 

analyser). The reflected light has to travel the shortest distance along the fiber to reach the first point 

(Figure 5-7a) and the furthest distance to reach the fourth point (Figure 5-7d). The type of train car 

passing over the instrumented section is divided into three types: engine, loaded car, and empty car (as 

indicated by the different shaded areas in the figure). Comparing the quality factor of the data as the 

distance along the fiber increases (i.e. from Figure 5-7a to Figure 5-7d) it is clear that as distance along 

the fiber increases, more error is introduced to the measurement. For example, near the beginning of the 

fiber (Figure 5-7a) there are very few measurements that have a quality factor below the manufacturer’s 

recommended threshold value of 0.38, but the number of measurements falling below the threshold 

increase with distance along the fiber (Figure 5-7b and c) until at the end of the fiber (Figure 5-7d) a 

significant portion of measurements are below the recommended threshold. In addition, even though data 

points are above the threshold, they may still exhibit increased noise the closer the quality factor is to the 

quality threshold. Therefore, it is desirable to use data with the highest quality factor possible. 

 

Figure 5-7 shows that for most measurements the quality factor during the passage of the engines is below 

the threshold value. As mentioned previously, this is likely due to vibrations caused by the engines. The 

quality factor for the first location (Figure 5-7a) is less affected than the other 3 points, which all have a 

quality factor that drops to less than 0.38 before the train arrives. This is assumed to be due to the shorter 

distance that the light has to travel through the fiber to reach the first location. Because the majority of 

strain measurements recorded during the passage of the engines have a quality factor of less than 0.38, 

any strain data measured during this period will not be analyzed further.  

 

A second observation from Figure 5-7 is that the average quality factor for the loaded freight cars appears 

to be better than the average quality factor for the empty freight cars. Table 5-2 presents the percentage of 
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strain measurements that were below the threshold of 0.38 for a set of empty cars (110 – 160 seconds) 

versus a set of loaded cars (160-205 seconds). Approximately 2-4 times more data points were below the 

threshold for the empty cars than the loaded cars. One possible reason for this could be that the loaded 

cars provide a damping effect on rail vibration. Although strain data for the empty cars will be noisier due 

to the lower quality factor it is anticipated that both the loaded and the empty cars will provide useful data 

for analysis, however the analysis will primarily focus on the loaded cars as they provide better quality 

data as well as a more extreme loading case. 

 

The fiber optic rail strain data can be used to determine the change in the rail’s stress state during the 

passage of the train. Because strain measurements are taken at two elevations on the rail both the change 

in axial and bending stresses can be calculated. It was assumed the rail behaviour is linear elastic and that 

plane sections remain plane. The axial stress change in the rail was found at the published neutral axis of 

the rail, which for 100 ARA-A rail is 69.85 mm from the base. Figure 5-8a shows the change in axial 

stress in the rail at 3.8 m along the instrumented length of rail as the train passes over, where negative 

stress indicates compression. As the figure shows, the largest axial stress change at this location on the 

rail is approximately 10 MPa, which is a relatively insignificant value compared to the strength of the rail. 

 

Based on the rail geometry, the location of maximum bending stress would be at the base of the rail 

because it is furthest from the rail’s neutral axis. Figure 5-8b shows the change in bending stress at the 

base of the rail at 3.8 m assuming a linear rail strain along the rail profile. The overall maximum bending 

stress is approximately 75 MPa. AREMA (2006) recommends a maximum allowable bending stress for 

rail design of jointed rail of 220 MPa, which includes reductions for lateral bending, rail wear and 

corrosion, unbalanced super elevation, and track conditions. Based on the measured change in bending 

stresses in Figure 5-8b, the stresses at this location are well below the maximum allowable design value, 
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however it is still desirable to limit rail bending stresses because rail fatigue life may be impacted by 

increased tensile stresses at locations with voids (Nkundineza and Turner 2015). 

 

The previous analysis assumed the strain profile along the height of the rail was linear (i.e. that plane 

sections remain plane). In most cases this assumption is adequate, however there are some situations 

where localized strain effects are measured by the optical fiber. The effects of localized strains are further 

examined in Figure 5-9a, which shows the strains for the lower and upper fibers. The sleeper locations are 

shaded in grey. From this figure it can be seen that the lower fiber measures localized strain peaks at the 

sleepers. These peaks are a result of contact pressures between the rail and the sleeper plates. The effect 

of the sleepers on the lower fiber strain can span up to the entire width of the sleeper, but does not extend 

past the sleeper edges. In addition, localized strain effects can be observed for the upper fiber at the 

location of the wheel loads, which are due to contact pressures between the wheel and the rail. The effect 

of the wheels on the upper fiber strain typically span a length of less than 100 mm.  

 

Figure 5-9b shows the calculated bending moment profile along the rail, which exhibits a linear trend 

between the sleepers. Only the strains in the zones between the sleepers were used to determine bending 

moment of the rail. In addition, strains within 75 mm of the wheels were also excluded from the analysis 

(e.g. between Sleepers 8 and 9). This was done to avoid the localized strain effects in the lower and upper 

fibers discussed previously. Comparing Figure 5-9b with Figure 5-2 shows that the overall shape of the 

measured bending moment is similar to the theoretical bending moment of the BOEF model, with peaks 

at the locations of the wheel loads.  

 

The shear force in the rail was found by differentiating the bending moment. This was done by fitting a 

first order line through the bending moment data between each set of sleepers. In cases where the wheel is 

located between two sleepers, there is a limited amount of data that is unaffected by localized effects. In 
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these cases, the shear force was calculated using only the moment data on the side of the wheel furthest 

from the sleeper as there was typically not enough unaffected data on the other side of the wheel.  

 

Assuming that the weight of each car is evenly distributed between all eight wheels, a static analysis of 

the rail was used to determine the force reactions at the sleepers. Figure 5-9c shows the relative 

magnitude of sleeper reaction forces. The position of the wheels are also shown in the figure. The BOEF 

model, which assumes a constant linear foundation support, predicts that the sleeper reaction forces will 

be greatest at the sleepers directly beneath the wheels and the forces will decrease with increasing 

distance from the load point. However, in Figure 5-9c this is not the case. For example, the first wheel in 

the figure at 2.5 m along the instrumented section is located directly over Sleeper 5, however Sleeper 4 (to 

the left) is carrying a similar load and Sleeper 6 (to the right) is carrying a greater load. The next wheel, at 

4.3 m along the instrumented section is located between Sleepers 8 and 9. Although BOEF theory 

suggests that these sleepers would carry similar loads, Sleeper 8 is carrying over twice the load that 

Sleeper 9 is. This uneven load distribution is most likely due voids below the rail. 

 

When a wheel is located between two sleepers it may be possible to calculate the shear in the rail on both 

sides of the wheel, allowing the wheel load to be calculated, which was done for each wheel of the section 

of loaded cars. The spacing of the sleepers was not consistent and in some cases the number of strain 

measurements on either side of the wheel were limited after the zone of localized strain effects under the 

wheel was removed from the dataset. To ensure that the calculated wheel loads were accurate only strain 

values with an R2 value greater than 0.95 were used. The average of the calculated wheel loads was found 

for each space between sleepers. The average of these values was 156 kN with a standard deviation of 

14.5 kN. The average calculated wheel load is slightly higher than the assumed static value, however the 

values are within 5% of each other. It is believed that some of the variation is due to the short 



 

 

130

measurement sections when attempting to find the wheel load, therefore the assumed static wheel loads 

are adequate and were used in the subsequent analysis. 

 

To further examine how the load is spread amongst the sleepers at different train positions, Figure 5-10 

shows the sleeper reactions for three different train positions captured 0.4 seconds apart, with the train 

moving forward approximately 1 m between the measurements. Also shown are the theoretical sleeper 

reactions based on the BOEF model for a track modulus of 35 and 70 MPa, which is the range of 

optimum track modulus values suggested by Raymond (1985). 

 

Comparing the theoretical sleeper reaction forces with the calculated reaction forces it can be seen that 

there are differences between the two datasets. Some sleepers, such as Sleeper 2 and Sleeper 8 

consistently have larger reaction forces than expected while other sleeper reaction forces, such as those 

for Sleeper 3 and Sleeper 11, are consistently lower than expected. Although it can be assumed that the 

sleepers carrying lower than expected loads are the sleepers with voids, it appears that the magnitude of 

load carried by each sleeper is not only a function of the support at the individual sleeper but also a 

function of the support conditions of the nearby sleepers. For example, a well-supported sleeper with 

poorly supported sleepers on either side will carry a greater load than a well-supported sleeper surrounded 

by other well-supported sleepers. 

 

In order to compare the support at each sleeper, the maximum load carried by each sleeper for both a 

loaded and an empty car is shown in Figure 5-11a. Because of the variability in the measurements the 

maximum rail seat load was found for each wheel of the group of loaded cars (cars 12-16) and a group of 

unloaded cars (cars 4-11) and the median value is plotted. For both the loaded and the empty car the 

highest maximum rail seat load is carried by Sleeper 2 and the lowest maximum rail seat load is carried 

by Sleeper 1. It is not unexpected that the sleepers with the highest and lowest maximum rail seat load are 
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adjacent to each other because a sleeper with a large void will carry a smaller portion of the overall load 

and force the adjacent sleepers to carry a greater load.  

 

In order to compare the loaded and empty car data, the maximum sleeper reaction forces were normalized 

by the wheel loads (Figure 5-11b). Because the rail seat loads are the result of multi-axle loads it is 

possible for the normalized values to be greater than 1 (due to the possibility of a single sleeper carrying 

loads from more than one wheel). One observation that can be made is that for the sleepers with greater 

load ratios (such as Sleepers 2, 8, and 10) the empty car has a greater load ratio than the loaded car, while 

for sleepers with smaller load ratios (such as Sleepers 1, 3, and 11) the empty car has a smaller ratio than 

the loaded car. This point is further illustrated in Figure 5-12, which plots the empty car load ratio versus 

the loaded car load ratio. From this figure, it can be concluded that the loads from heavier cars are better 

distributed to the surrounding sleepers than the loads from the light cars, because as the applied load 

increases, there is a greater chance the voids at the sleeper under and near the wheel load will be closed, 

resulting in the load being better distributed amongst the sleepers. 

 

Based on the static car loads in Table 5-1, the freight cars can be divided into four different wheel load 

levels: 41 kN, 53 kN, 150 kN, and 167 kN. Although there are multiple cars with 41 and 150 kN wheel 

loads there is only one car with a 53 kN wheel load and one car with a 167 kN wheel load. Using the rail 

displacements measured using DIC at the Sleepers 1, 2, 7, 8, 12, and 13 (two sleepers monitored by each 

of the three cameras), the average load-displacement behaviour measured at the six sleepers can be 

plotted (Figure 5-13). For this figure the rail displacements for each load level were calculated as the 

mean of the peak rail displacements at each sleeper. Because of potential variability in actual wheel loads 

from the assumed values, as well as the small number of measurements for the 41 and 150 kN wheel load 

levels, the slopes shown are meant only to connect the points and do not necessarily represent an absolute 

stiffness between load levels. 
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This figure is similar to the theoretical load-displacement plot in Figure 5-3, however Figure 5-3 is based 

on a single-axle loading while the displacements in Figure 5-13 are the result of a multi-axle load. 

Because of this, the rail displacements in Figure 5-13 will be greater than those for a single axle load and 

it is not possible to use this data to calculate the track stiffness or the void magnitude at each of the 

monitored sleepers. However, some general observations about the relative load-displacement behaviour 

of the rail between the monitored locations can still be made. First, all six monitoring locations have 

similar slopes above the 53 kN wheel load. This suggests that the monitoring locations have a similar 

contact stiffness, however because there are only four different load levels measured the degree of non-

linearity between the points is unknown.  

 

The second observation that can be made from Figure 5-13 is the variation in apparent void size and 

whether this can be correlated to the sleeper reaction force. The inferred void for a single-axle load-

displacement curve can be found by extrapolating the contact stiffness line to the x-axis. Because this data 

is due to multi-axle loads the value of the intercept will be slightly larger than for a single-axle test, 

however it can be assumed that the relative difference between the inferred voids would be similar. In this 

case, Sleeper 2 has the smallest inferred void, Sleepers 1, 7, and 8 are all slightly larger, and Sleepers 12 

and 13 have the largest inferred voids. Based on this, it might be assumed that Sleepers 12 and 13, which 

have the largest inferred voids, would carry the least amount of the overall wheel loads. However, looking 

at the maximum rail seat loads in Figure 5-11 shows that Sleepers 12 and 13 have a higher than average 

maximum rail seat load. In addition, Sleepers 1 and 2, which have the largest difference in rail seat load, 

have inferred voids that are more similar than may be expected. This demonstrates that the load-

displacement behaviour measured at a sleeper is dependent not only on the voids at the sleeper itself but 

also highly dependent on the voids and track support at the adjacent sleepers. 
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Although a load-displacement plot may give an indication of a track’s contact stiffness and voids it does 

not provide any information regarding the load distribution to the sleepers. If the rail displacement was 

plotted against the rail seat load instead of the applied wheel load, additional information about the track 

behaviour may be ascertained. Using the rail seat load also allows a full load-displacement behaviour 

profile to be measured using regular train traffic instead of requiring a special track-loading vehicle.  

 

The traditional theoretical load-displacement curve using the wheel load applied to the rail (Figure 5-14a) 

is compared to an alternative load-displacement curve base on the rail seat load (Figure 5-14b). One of the 

main differences when using the rail seat load is that the rail can experience downward displacement even 

though no rail seat load is measured at the monitored location. This can happen as a rail begins to displace 

downward due to a nearby load but due to voids at the monitored sleeper there is no initial resistance from 

the sleeper. The rail displacement value up to where the load-displacement behaviour begins to deviate 

from the x-axis can be defined as the “unsupported void”. The unsupported void cannot be measured 

using the traditional load-displacement diagram using the load applied to the rail. 

 

The unsupported void is followed by a zone of nonlinear behaviour. This non-linear behaviour may be a 

combination of remaining voids closing (for example the bending of a centre bound sleeper that is 

supported in the middle but is unsupported towards the edges) and the compaction and stiffening of the 

ballast and subgrade layers as the rail seat load increases. 

 

For higher rail seat loads there is a contact zone where the load-displacement behaviour follows a more 

linear trend. Although the slope of this line represents a stiffness, i.e. a load versus displacement 

relationship, it is not equivalent to the track stiffness or contact stiffness as defined in Figure 5-3. This is 

because the rail seat load under a given wheel loading will typically only be a fraction of the applied 

wheel load, resulting in a stiffness value that is less than the track stiffness. To differentiate, the stiffness 
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measured using the rail seat load will be referred to as the sleeper contact stiffness. The point where the 

contact zone begins can still be defined as the seating load, however choosing an exact value where this 

transition occurs can be subjective.  

 

Figure 5-15 shows the vertical rail displacement versus the rail seat load calculated using the fiber optic 

data for a section of loaded cars and six sleepers. To reduce noise in the rail seat load data it was filtered 

using a 9th order Butterworth lowpass filter with a cutoff of 3 Hz. An unsupported void, where the rail 

displaces with no rail seat load, occurs for Sleepers 1, 7, 12, and 13. There is no unsupported void for 

Sleepers 2 and 8, which suggests that these two sleepers have at least some initial support as soon as the 

rail begins to displace. These two sleepers also have the largest maximum rail seat loads, which is further 

evidence they are the best-supported sleepers in the monitoring zone. A zone of nonlinear behaviour can 

be seen at all six monitoring locations. However, the size of this zone varies at each location. For 

example, Sleepers 1 and 7, which carry the lowest rail seat loads, have a much smaller zone than Sleepers 

2 and 8, where the nonlinear zone covers a much larger range of loads and displacements.   

 

Linear regression was used to fit a line through the contact zone to calculate the sleeper contact stiffness 

at each sleeper. In order to provide a systematic way to calculate the stiffness, only the data measured 

between the four wheels at the connection between each set of cars was used. The sleeper contact stiffness 

values for the six sleepers in Figure 5-15 range from 37 to 49 kN/mm with Sleepers 7, 8, 12, and 13 all 

being within 2 kN/mm of each other. The stiffness values for Sleepers 1 and 2 vary the most, likely due to 

the greater difference in maximum rail seat load as well as void size between these two adjacent sleepers. 

Although these stiffness values cannot be directly compared to track stiffness as defined by Equation 5.1, 

they still provide useful insight into the load-displacement behaviour of the monitored sleepers. However, 

it is important to focus not only on the sleeper contact stiffness, but the entire load-displacement 

behaviour, which for a track with voids can be unique for each sleeper. 
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Due to the rail’s flexural stiffness, a rail over a section of several poorly-supported sleepers will displace 

more than a single unsupported sleeper. However, load distribution amongst the section of poorly 

supported sleepers will be more consistent than the single unsupported sleeper. Based on this, it can be 

assumed that Sleepers 12 and 13, which have similar maximum rail seat loads and large displacements, 

are part of a section of poorly-supported sleepers while Sleepers 1 and 2, and to a lesser degree Sleepers 7 

and 8, show that a well-supported sleeper adjacent to poorly-supported sleepers results in similar 

displacements between the two sleepers but different rail seat loads. Comparing the load-displacement 

behaviour for the six monitored sleepers shows that all six locations behave differently in response to the 

applied rail seat loads and the behaviour at a single sleeper cannot be examined in isolation as the 

condition at the adjacent sleepers may have a significant impact on the behaviour at the sleeper location.  

5.5 Conclusions 

The objectives of this paper were to a) investigate whether the Rayleigh backscatter technique can be used 

to measure distributed dynamic rail strains for a section of in-service track during the passage of a freight 

train subject to a slow order and, if so, to b) to assess whether these strain measurements are of a high 

enough spatial and temporal resolution to permit the calculation of rail seat loads during train loading, and 

c) combine the rail seat load data with rail displacement data measured with DIC to define the unique 

load-displacement behaviour for individual sleepers. To this end a 7.5 m long section of rail was 

instrumented with optical fiber in an attempt to measure distributed dynamic rail strains on the rail foot 

and side of the rail head during passage of a freight train slowed to 8-11 km/h in order to reduce rail 

vibration. The results indicate that this strategy to minimise rail vibration was successful in permitting 

distributed dynamic rail strains to be measured using the Rayleigh backscatter technique under freight car 

loading, however, no data was collected at the beginning of the train due the higher level of vibration 

from the locomotives.  
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The spatial and temporal resolution of the observed distribution of rail curvature was found to be 

sufficiently high to permit an analysis of the rail shear forces, which were used with the static wheel loads 

to determine the rail seat load for 14 consecutive sleepers as the train passed over the monitoring site. 

This data was then successfully combined with measurements of dynamic rail displacement captured 

using digital image correlation to infer the rail seat load–deflection relationships for individual sleepers.  

These relationships were observed to provide significantly more detailed information about unsupported 

voids and the sleeper contact stiffnesses than the traditional consideration of the relationship between 

applied load and rail deflection. This data showed the variability of track behaviour over a relatively short 

distance, highlighting how track behaviour at a monitored location can be dependent on the conditions 

and behaviour of neighbouring sleeper. These results indicate that despite clear limitations associated with 

rail vibration, Rayleigh backscatter fiber optic distributed strain sensing combined with digital image 

correlation now permit a rail seat load–deflection relationship to be developed for individual sleepers with 

minimal setup, yielding an unique opportunity to further investigate the effect of voids and the degree and 

length scales of spatial variability associated with different track support problems. 
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Table 5-1. Summary of freight train 

Equipment 
No. 

Equipment 
Type 

Loaded/Empty Weight 
(ton) 

Weight 
(kN) 

Length 
(ft) 

Length 
(m) 

1 Locomotive N/A 132 1294 60 18.3 
2 Locomotive N/A 129 1265 60 18.3 
3 Freight Car L 136 1334 60 18.3 
4 Freight Car E 33 324 59 18.0 
5 Freight Car E 34 333 67 20.4 
6 Freight Car E 33 324 59 18.0 
7 Freight Car E 34 333 67 20.4 
8 Freight Car E 34 333 67 20.4 
9 Freight Car E 33 324 59 18.0 

10 Freight Car E 34 333 67 20.4 
11 Freight Car E 33 324 59 18.0 
12 Freight Car L 123 1206 68 20.7 
13 Freight Car L 122 1196 68 20.7 
14 Freight Car L 122 1196 68 20.7 
15 Freight Car L 122 1196 68 20.7 
16 Freight Car L 121 1187 68 20.7 
17 Freight Car E 32 314 59 18.0 
18 Freight Car E 32 314 59 18.0 
19 Freight Car E 43 422 60 18.3 
20 Freight Car E 32 314 59 18.0 
21 Freight Car E 33 324 59 18.0 

 

Table 5-2. Percentage of strain measurements below the threshold of 0.38 for a set of empty cars 

and a set of loaded cars 

Position Empty Loaded
1 0.4% 0.1% 
2 8% 2% 
3 14% 4% 
4 48% 25% 

  



 

 

Figure 5-1 Track with voids between the rail and sleepers as well as voids between the sleepers and the ballast 
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Figure 5-2 Theoretical beam on an elastic foundation a) load, b) shear, and c) bending moment for a rail under a single axle load and 

theoretical beam on an elastic foundation d) load, e) shear, and f) moment for a rail under a multi-axle load 
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Figure 5-3 Rail load-displacement behaviour for a rail with a linear elastic response as well as a non-linear response with a bi-linear 

approximation 
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Figure 5-4 a) Fiber installed on the rail and b) close up of fiber installation elevations 
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Figure 5-5 Sample a) train weight, b) vertical rail displacement, and c) axial rail displacement measured at 3.8 m along the instrumented 

section of rail during passage of the train 
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Figure 5-6 Sample strain data measured at 3.8 m along the instrumented section of rail for the a) lower fiber and b) upper fiber during 

passage of the train 
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Figure 5-7 Quality factor of the fiber optic data as the train passed over the instrumented rail for a) the lower fiber at 0.8 m, b) the lower 

fiber at 6.5 m, c) the upper fiber at 6.5 m, and d) the upper fiber at 0.8 m 
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Figure 5-8 Sample change in a) axial rail stress and b) maximum bending rail stress (at bottom of the rail) measured at 3.8 m along the 

instrumented section of rail during passage of the train



 

 

Figure 5-9 a) Rail strain for the lower and upper fibers, b) rail bending moment between sleepers, 

and c) relative sleeper reaction forces at 170.4 seconds 
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Figure 5-10 Sleeper reaction forces calculated based on strain measurements and theoretical BOEF 

sleeper reactions (based on 35 and 70 MPa track modulus) at a) 170.5 s, b) 170.9 s, and c) 171.3 s



 

 

Figure 5-11 a) Maximum rail seat load carried by each sleeper due to loaded and empty cars and b) maximum rail seat load carried by 

each sleeper due to loaded and empty cars normalized by the applied wheel load 
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Figure 5-12 Relationship between the normalized loads for the loaded and empty cars 
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Figure 5-13 Rail displacement versus wheel load for the six location monitored using DIC within the fiber optic monitoring zone 
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Figure 5-14 Rail displacement versus a) wheel load applied to the rail and b) rail seat load applied to the sleeper 
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Figure 5-15 Rail displacement versus rail seat load for the six locations monitored using DIC within the fiber optic monitoring zone



 

Chapter 6 

Field Performance of a Peat Railway Subgrade Reinforced with Helical Screw 

Piles 

6.1 Introduction 

Sections of track over soft subgrades, such as peat, are more susceptible to problems such as excessive 

settlement and embankment failures. Near Lévis, Quebec, Canada, two derailments have occurred within 

a short section of track where the underlying peat subgrade has been identified as a contributing factor to 

the derailments (TSB 1999, TSB, 2008). 

 

A number of rehabilitation strategies are available to improve peat railway subgrade, the most invasive of 

which is to replace the underlying peat with a more suitable fill. This method is only possible if the peat 

layers are shallow and replacement fill is readily available. Other less invasive options have been 

proposed to reduce the financial and operational impacts of the track downtime required for track 

improvement. One option is to improve the soft subgrade soils using methods such as mass stabilization 

or cement slag injection. In the context of improving existing railway track, mass stabilization is an in-situ 

construction technique in which a binding agent such as Portland cement is mixed with the peat layer to 

form stabilized panels of peat underneath the undisturbed track (Wilk, 2014). This technique has been 

shown to significantly increase the stiffness of the subgrade in a minimally invasive construction process 

in which track closures were restricted to periods of time less than four hours (Chapter 3). Cement slag 

injection, which is the process of injecting a slag-cement slurry into a subgrade to fill cracks and voids by 

displacing water and impeding re-entry, has also been successfully used to address soft subgrade soils and 

reduce the frequency of track maintenance (Hill and Colwell 2015). An alternative remediation strategy is 

the use of piles to reduce the load carried by the soft subgrade soils. Timber piles have been used with 

varying success. Hendry et al. (2011) observed that significantly lower excess pore pressures were 
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generated for a section of track supported with timber piles versus a location without piles. Hill and 

Colwell (2015) reported heaving of the ground after the installation of timber piles which required 

additional track resurfacing, however the frequency of resurfacing was reduced within a year after the 

piles were installed. 

 

Helical screw piles were chosen for the remediation of the Lévis site. Screw piles are an attractive option 

because they are relatively quick to install, can be installed vertically or battered, and the equipment 

required for installation is often small and low-impact (Perko 1999). They can be installed through the 

track structure at locations between the sleepers until the upper helix of the pile is at a designed depth 

within the ballast or subballast. It is hypothesised that the piles will capture the load from the train and 

transfer it down to the underlying bedrock, thereby reducing the loads carried by the peat layer. Load 

transfer has been observed for static applications of piled embankments (e.g. Chen et al. 2010, Zhuang 

and Cui 2015) but additional work is required to understand the long-term behaviour of this load sharing 

mechanism under cyclic dynamic loading. Some finite element models have been developed to study how 

cyclic loading affects the development of load transfer for piled embankments (e.g. Han et al. 2014, 

Zhuang and Li 2015, Messioud et al. 2016), however the interactions of the embankment, piles, and 

subgrade soil is complex and poorly understood. 

 

This uncertainty surrounding load transfer under dynamic loading indicates that a long-term field 

monitoring program of a helical pile stabilized peat railway subgrade is required to document the time 

variation of load carried by the piles and the resulting behaviour of the rehabilitated track subgrade. The 

objective of this paper is to conduct such a long-term monitoring program using piles instrumented with 

strain gauges in order to measure the axial loads carried by the piles; piezometers to measure static and 

dynamic pore water pressures before and after pile installation to seek evidence of load transfer from the 

peat subgrade to the piles via a reduction in the pore pressures generated by trains; and high-speed 
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cameras to perform digital image correlation (DIC) analysis to quantify the change in stiffness of the track 

before and after pile installation in terms of vertical track displacement. 

6.2 Mile 3.89 Lévis Subdivision 

The site selected for screw pile rehabilitation is located at Mile 3.89 on the CN Rail Lévis subdivision in 

southeastern Quebec, near the site of two previous peat-related derailments (TSB 1999; 2008). After the 

second derailment in 2004, a field study was performed at this site, which included the installation of 

piezometers and potentiometers to measure pore pressure generation and track displacement (Konrad et 

al. 2007). Ten loaded trains were monitored over a period from June to November, 2006. The water table 

during this period ranged from 0.5 to 0.8 m and was not observed to have an effect on the excess pore 

water pressures, however train weight and train speed were determined to have an influence. 

 

Soil profiles from five boreholes located 60 m to 260 m southeast of Mile 4.0 are presented in Konrad et 

al. (2007) and show a ballast layer ranging from 0.4 to 0.95 m thick underlain by a sand and gravel 

subballast approximately 0.6 to 1.2 m thick. The granular layers are resting on top of a peat layer ranging 

from 1.3 to 3.0 m thick. The peat is resting on top of a weathered and fractured shale.  

 

Konrad et al. (2007) determined material properties for the peat at this site. The water content of the peat 

beneath the track embankment ranged from 500 to 600% and 733 to 841% for the peat adjacent to the 

embankment. The bulk density of the peat varied from 997 to 1075 kg/m3. Between the two derailments 

in 1999 and 2004 rehabilitation work was performed from Mile 3 to Mile 5.9, including an increase in the 

ballast depth and a berm and ditch being added to the northeast side of the track (TSB 2008). Figure 6-1, 

based on the cross section presented in Konrad et al. (2007), shows a typical track profile located 200 m 

southeast of Mile 4.0. 
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The screw piles were installed in early November 2013 over a 250 m length of track from Mile 4.0 to 

3.75. The diameter of the piles is 88.9 mm and the wall thickness of the steel tube is 5.5 mm. Each pile 

has an upper and a lower helix, with a diameter of 254 mm and 203 mm, respectively. The helix size was 

restricted so that the piles could be installed between the sleepers. Pile sequencing alternated between a 

single vertical pile and two battered piles installed at a slope of 1:6. Figure 6-1 shows a cross sectional 

view of the installed piles and Figure 6-2 shows a plan view of the pile locations. It was intended for the 

pile spacing to be between every third sleeper, however in the instrumented zone the location of the piles 

was adjusted to avoid damaging the existing instrumentation and the spacing of the piles varied between 

every second to fourth sleeper in this zone. 

 

The piles were drilled down to refusal at the bedrock interface and then retracted approximately 2.44 m so 

that the upper portion of the pile could be cut off and replaced with a 0.61 m section of pile containing the 

upper helix. The pile was then drilled back down until it again reached refusal and filled with bentonite 

pellets. The top of the piles are approximately 1.2 m below the top of the sleepers. Figure 6-3a shows the 

installation of a battered pile and Figure 6-3b shows a pile after the top piece with the upper helix has 

been welded on to the pile before being drilled down to bedrock. 

6.3 Instrumentation 

Several methods were used to evaluate the effectiveness of the helical screw piles. Strain gauges were 

installed on some piles, the pore pressures within the peat layer were measured, and the displacement of 

the track was measured using DIC. A section of track was instrumented in September 2012 to monitor the 

track behaviour during train loading both before and after the installation of the piles. The instrumentation 

included strain gauge piezometers as well as a position sensor and a vibrating wire settlement gauge to 

measure general site behaviour, and was installed from approximately 180 m to 191 m southeast of Mile 

4.0. The peat is approximately 2.3 m thick at this location. All instrumentation depths are in relation to 
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the top of the sleeper at the location of the instrument. Table 6-1 lists the instrumentation installed onsite 

before installation of the piles.  

 

Four strain gauge piezometers were installed in the peat at varying depths along the centerline of the 

track. Pz 1 was installed just above the bedrock at a depth of 3.7 m, Pz 2 and 3 are in the middle of the 

peat layer at 3.0 and 2.7 m, and Pz 4 is located just below the subballast at 2.1 m. A potentiometer was 

installed to measure the dynamic displacement of the track. The anchor was installed in the bedrock and 

the sensor was installed 25 mm below the sleeper, and measured both track displacement as well as 

temperature. Due to the harsh field conditions this instrument only measured track displacement data for a 

short time after installation before malfunctioning. A vibrating wire settlement gauge was installed at a 

depth of 1.4 m and provides static readings of temperature within the subballast. 

 

Six of the piles were instrumented with strain gauges. Each pile has two strain gauges mounted 0.24 m 

from the top of the pile (Figure 6-4). The strain gauges were attached to the inside of the piles by two 

bolts spaced 76.2 mm apart, which were then cut flush and welded. An instrumented section of pile was 

calibrated in the lab and resulted in a calibration factor of 0.32 kN/µε. The calibration factor for the rest of 

the strain gauges was assumed to be the same. The piles were installed so that the axis of the sensors was 

aligned to measure bending perpendicular to the rail and care was taken to protect the strain gauges 

during installation of the piles. 

 

Geophones were installed on either side of the instrumented section and were used as triggers when trains 

approached in order to collect the dynamic data. Once triggered, the acquisition rate for the piezometers, 

potentiometer, and strain gauges was 20 Hz for the first five minutes followed by another five minutes at 

1 Hz. This allowed high frequency data to be collected as the train passed followed by low frequency data 
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to capture the dissipation of the excess pore water pressures generated. Before the installation of the piles 

over 230 loaded trains were monitored, and 120 were monitored after the piles were installed. 

 

In addition to the installed instrumentation, two site visits were made to measure track displacement using 

digital image correlation (DIC), which is a technique that determines the movement of subsets of pixels 

within a series of images in order to measure displacements. This technique was first developed by 

Bowness et al. (2006; 2007) and has since been used to study ground deformations (Priest et al. 2010), 

transition zones (Coelho et al. 2011; Chapter 4), longitudinal rail displacements (Murray et al. 2014), and 

the rehabilitation technique of mass stabilization (Chapter 3). A total of four trains were monitored over 

three days. The day before the piles were installed two trains were monitored. The second day of 

monitoring occurred two days later (the day after pile installation) when one train was monitored, and the 

third day was approximately one year after the installation of the piles and only a single train was 

monitored. Four cameras were used to measure the displacement of four sleepers, numbered S1-4 on 

Figure 6-2. On the third day of monitoring only Sleepers 1-3 were monitored. The sleeper displacement 

was measured at the ends of the sleepers on the first two days but near the rail on the third day of 

monitoring. 

 

Because of the soft peat foundation at the site, the cameras used to measure track displacement 

experienced some shaking due to ground vibrations. Chapter 2 showed that the effect of camera shake 

could be filtered out from the track displacement data as long as the frequency of the passing wheels is 

less than the frequency of the camera shaking. Because the train speed of the monitored trains ranged 

from approximately 13-17 km/h the maximum wheel frequency is approximately 2 Hz. Therefore, a 9th 

order Butterworth low-pass filter with a cutoff of 4 Hz was applied to the data to remove the noise from 

the data due to the moving camera.  
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6.4 Subgrade behaviour prior to pile installation 

The analysis of the field monitoring results at the site will be reported in terms of subgrade behaviour 

prior to and post pile installation. The piezometers were installed approximately one year before pile 

installation in November 2012, to capture a full year of seasonal variation of static and dynamic pore 

pressure as baseline data to aid in making conclusions about the effect of the piles. Figure 6-5 shows an 

example of typical piezometer data recorded by piezometers Pz 1-4 from March 2013. The figure shows 

the pore pressure data for three time periods: the beginning of the train, the end of the train, and a period 

after the train has passed. The peak pore pressures of the four piezometers occur at slightly different times 

because the piezometers are installed at different locations along the track, and for this train the 

locomotive was travelling in the direction from Pz 1 to Pz 4. Piezometers Pz 1-3, which are the three 

lower piezometers, show a gradually increasing peak pore water pressure for each load impulse at the 

beginning of the train and the maximum values occurring near the end of the train. In contrast, Pz 4, 

which is near the peat/subballast interface, measures only a small increase in pore water pressure and does 

not increase above this value throughout the passage of the train and during some of the unloading cycles 

the pore water pressure drops to a level lower than the initial static level. This suggests that drainage is 

occurring at the top of the peat layer during the passage of the heavy train. 

 

Figure 6-6 shows the dissipation of the excess pore water pressures with depth measured by the 

piezometers after the passage of the train from Figure 6-5. The data for each piezometer was shifted so 

that the initial time (ti=0s) for each piezometer aligned with the peak pore pressure from the final bogie of 

the train. The data shows that the induced pore pressures begin to rapidly dissipate upon unloading with 

the rate of dissipation slowing with time. By the end of the measurement period at 381.4 s all four 

piezometers have returned to levels similar to the initial piezometric levels before the train.  
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The two trains monitored with DIC the day before the piles were installed at the instrumented section 

included a long loaded train with heavy cars, while the other was a short train with lighter empty cars as 

well as a lighter engine. Therefore, a wide range of loads were represented by these two trains. Because 

piezometric data was also measured for both of these trains the relationship between the peak cyclic 

sleeper displacement and excess pore pressure can be plotted (Figure 6-7). This figure uses the 

displacement data from Sleeper 3 but the displacement profiles of all four sleepers were similar. The data 

from the piezometers shows a nonlinear relationship between sleeper displacement and excess pore water 

pressure. A large part of the nonlinearity is likely due to voids and compression of the ballast, however at 

larger displacements the relationship between displacement and excess pore pressure for Pz 1-3 follows a 

more linear trend. Since previous track displacement measurements have shown that an approximately 

linear relationship exists between train load and track displacement at higher load levels (e.g. Stewart 

1985, Read et al. 1994, Crawford et al. 2001) it can also be assumed that there is a linear relationship 

between load, displacement, and excess pore water pressure at higher load levels. Pz 4 experiences the 

lowest amounts of excess pore pressure and no increase in excess pore water pressure is observed for 

displacements above 11mm. This supports the idea that some drainage is occurring at this location. 

 

In order to be able to study the effect of the piles it is first important to examine the effect of various 

parameters, such as train length, seasonal variations, and train speed, on the induced pore water pressures. 

The effect of train length was examined by dividing the monitored trains into three groups based on the 

train length: short, medium, and long. A short train was defined as 50-150 axles, a medium train was 150-

250 axles, and a long train was 250 axles or more. A comparison of the piezometric response of Pz 2 for a 

short, medium, and long train is shown in Figure 6-8 as well as the displacement measured by PO 1. The 

three trains were travelling at similar speeds, ranging from 14.7 to 16.3 km/h and were monitored within a 

four week period in March 2013. The peak excess pore pressures measured for each train are different, 

which is likely due to changing static pore pressures as the readings were taken over a one month period. 
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This figure shows that once a train reaches a medium length there is little to no increase in the maximum 

excess pore pressure generated by the train as the length increases. Because a short train may not be long 

enough to fully generate maximum excess pore pressure it was decided to only consider medium and long 

trains in future analyses.  

 

Next, the change in piezometric levels over a one year period were examined in order to determine the 

effect of seasonal variation in pore water pressures. Figure 6-9a plots the static pore water pressure as 

well as the maximum dynamic pore water pressure measured for every medium and long train monitored 

by Pz 2 from November 2012 to November 2013. Figure 6-9b plots the mean air temperature measured 

for the same time period by a nearby climate station as well as the temperatures measured by the vibrating 

wire settlement gauge at a depth of 1.4 m, in the subballast, and the displacement sensor at a depth of 4.9 

m, in the bedrock. The piezometric data shows a higher static water level as well as lower peak pore 

pressures during the colder months of November to April. This corresponds to the months where freezing 

and thawing is occurring. It is possible that the decrease in generated pore pressures over the winter 

months is a result of better load spreading due to a frozen embankment.  

 

Konrad et al. (2007) measured the excess pore pressure generated for several trains travelling at speeds 

ranging from 1-24 km/h. Figure 6-10a shows this data for a piezometer 3.0 m deep located 60 m from 

Mile 4.0, which suggests a linear relationship between train speed and excess pore pressure. These results 

can be compared to the data measured by Pz 2, which is located at a similar depth. Figure 6-10b plots the 

velocity versus excess pore pressure data for all medium and long trains over a one year period. The data 

is divided into two time periods based on the variations of pore water pressure. The first period ranges 

from November to May, which is when the site experiences freezing and thawing and both the static and 

maximum dynamic pore water pressures fluctuate. The second period ranges from June to October, when 

the piezometric data is more consistent over time. The November to May data shows a wide range of 
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excess pore pressures over a small range of train speeds. Based on the large range of excess pore 

pressures measured for the relatively small range of train speeds, it appears that seasonal variations have a 

much greater impact on the excess pore water pressures than train speed over the range of speeds 

currently possible at the site due to the slow order. Looking at just the data collected from June to 

October, a potential correlation between train speed and excess pore pressure may exist, however due to 

the limited range of speeds that were monitored and the degree of scatter in the data a linear fit to the data 

provides an R2 value of 0.06. Therefore, it is not possible to make any meaningful conclusions regarding 

the relationship between train speed and excess pore water pressures. Because all of the monitored trains 

were travelling within a small range of speeds, speed was not considered a significant factor when 

comparing the excess pore pressures developed from passing trains. 

6.5 Subgrade behaviour after pile installation 

6.5.1 Pile loads 

The effectiveness of the piles in transferring loads from the ballast and subballast was monitored using 

piles instrumented with strain gauges, with differences in strain between the two sides of each pile 

corresponding to the imposed bending moment and the average strain measured by the two gauges 

corresponding to the axial load. Due to the harsh monitoring environment and damage during installation, 

half of the gauges on instrumented Piles 1 and 5 (gauges St 1b and St 5b) were lost during installation, 

while both gauges from Pile 2 (gauges St 2a and 2b) had erratic readings, likely the result of damage to 

the waterproofing. Therefore, only three of the six instrumented piles (Piles 3, 4, and 6) had the two 

functional strain gauges immediately after installation of the piles required to infer axial loads. Figure 

6-11 shows an example of strain gauge data measured for the three functional instrumented piles, along 

with the corresponding piezometric data from Pz 2, measured approximately three weeks after installation 

of the piles. The piezometric data shows a correlation between the excess pore pressures that develop and 

the strains measured by the strain gauges. All three piles exhibit a significant amount of bending, as 

indicated by the large difference in strain between the two sides of the piles.  
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After averaging the strains measured on each side of the piles to determine the axial strain, the laboratory-

derived conversion factor of 0.32 kN/µε was applied to convert the data from axial strain to axial load. 

Figure 6-12 shows the maximum load carried by each of the three functioning instrumented piles for all 

of the long and medium trains monitored for approximately six months after installation of the piles. 

There is no axial load data for Pile 6 after November 28, 2013 because of the failure of St 6a and no data 

for Pile 3 after December 20, 2013 due to the failure of St 3a. Both strain gauges on Pile 4 continued to 

work until the final data collection on May 20, 2014.  

 

Figure 6-12 shows that Pile 3 appears to be carrying up to 210 kN the overall bogie load (approximately 

635 kN) when the piles are first installed but the amount of load carried drops to levels similar to Piles 4 

and 6 within two weeks. All three piles appear to be carrying a similar load for period of time until both 

Pile 3 and Pile 6 are no longer functioning.  Piles 3 and 4 were both battered piles while Pile 6 was a 

centred vertical pile. Based on the limited results no relationship between pile orientation and the amount 

of axial load carried can be developed. The load carried by Pile 4 is decreasing with time. A month after 

installation the piles were carrying a load of approximately 50-60 kN and after six months the remaining 

functional pile was carrying a load of 30 kN. Although the exact cause of this decrease in unknown, this 

data validates that hypothesis that load-sharing is not constant with time, and that a long-term monitoring 

program is required to adequately examine the dynamic behaviour of the piles under cyclic loading.  

6.5.2 Effect of piles on pore pressure generation 

Dynamic piezometric data was only collected until May 2014 due to the failure of the geophone which 

triggers dynamic logging, however static data continued to be collected until September 2014. Figure 

6-13 plots the measured static and peak dynamic piezometric data for Pz 1-4 both before installation of 

the piles (in grey) and after installation of the piles (in black).  
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In order to better compare pre and post pile pore pressure response in the peat the mean static and 

maximum dynamic pore pressure before and after pile installation is plotted with depth and compared for 

the months of November through May (Figure 6-14). These profiles indicate that the profile of static pore 

water pressure is approximately hydrostatic at all times and shows a 0.25 m change in monthly average 

water table elevation. However, the dynamic pore water pressures generated by train loading vary 

considerably with time of year. For the months of November and December the static data indicates a 

similar decrease in pore water pressure for all four piezometers. The upper two piezometers show an 

equivalent drop in maximum dynamic pore pressure after pile installation, however the bottom two 

piezometers show an increase in both total and excess pore water pressure. By March, all four 

piezometers are showing a decrease in both dynamic pore water pressure and excess pore water pressure 

after pile installation, with a much larger decrease in  excess pore water pressure for the lower two 

piezometers. Similar behaviour is observed for April and May. These observations indicate that a 

reduction in dynamic pore water pressures was measured after pile installation, however because the 

measurements were made over a time period with the greatest seasonal fluctuations it is difficult to 

separate the effect of the piles from seasonal changes. 

6.5.3 Vertical track deflection 

The vertical deflection of the track was monitored prior to and immediately following pile-installation in 

November 2013 and again one year later in November 2014. For consistency of comparison between 

these three different trains, only the results for the first locomotive are presented in Figure 6-15 since the 

locomotive loads are similar. The results contained in Figure 6-15a-d report the measured displacements 

of four sleepers selected to be either more than one sleeper away from a screw pile (sleepers S1 and S3) 

or directly beside one (sleeper S4) or more screw piles (S2). If only the displacements immediately before 

and after pile installation are compared then Sleepers 2 and 4 show a slight decrease in displacement 

while Sleepers 1 and 3 show a slight increase in displacement, therefore no significant improvement from 

the pile installation was observed. The displacement data collected one year after pile installation 
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measured a similar level of displacement for Sleepers 1 and 3 and a slight decrease for Sleeper 2, however 

these measurements are based on the sleeper displacement near the rail instead of the sleeper end which 

may have a small effect on the magnitude of measured displacement. No significant change in sleeper 

displacement was observed for the first engine of the train, which suggests that the piles did not change 

the stiffness of the track system. However, the displacement data was collected in November, when the 

piezometer data suggests that the piles did not have an impact on the pore water pressure data, therefore it 

is possible that a difference in track displacement may have been observed had track displacement data 

been collected in the spring or summer. 

6.6 Conclusions 

Helical screw piles were installed under the premise that the piles, through load transfer, will reduce the 

loads carried by the peat layer. However, the conditions for the development of load transfer under cyclic 

dynamic loading are not well understood. In order to determine the effectiveness of the piles a long-term 

field monitoring program was undertaken to document the variation with time of load carried by the piles 

and the resulting behaviour of the rehabilitated track subgrade. Piles were instrumented with strain gauges 

in order to measure axial loads carried by the piles, piezometers were installed in the peat to measure 

static and dynamic pore water pressures before and after pile installation, and high-speed cameras were 

used to perform digital image correlation (DIC) analysis to quantify the change in stiffness of the track 

before and after pile installation. 

 

The load carried by the instrumented piles was approximately 50-60 kN three weeks after installation but 

reduced to approximately 30 kN after six months. Therefore, a reduction in both sleeper displacement as 

well as excess pore pressure would be expected. Although one year’s worth of piezometric data was 

collected before installation of the piles it is difficult to conclusively attribute the changes in pore 

pressures to the piles, particularly because the piezometric data collected after the pile installation was 

only available for the seven months which exhibit the greatest seasonal fluctuations. The large seasonal 
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variations in both static and excess pore pressure measured over the course of a year at this site 

demonstrate the importance of establishing a long period of baseline data when attempting to monitor the 

effect of a remediation strategy on the generation of pore pressures. Additionally, a comparison of sleeper 

displacements before and after pile installation showed no difference for the train engines. If it had been 

possible to monitor more trains at varying time periods before and after installation of the piles then more 

insights into the track displacement behaviour could have been made. 

 

The piles were determined to be carrying a portion of the train load, however there is limited data for the 

long-term behaviour of the piles due to three of the instrumented piles being damaged during installation 

and another two failing within 45 days.  Because of seasonal fluctuations in the pore water pressure data 

and the limited amount of track displacement data it is difficult to make conclusions on the effect of the 

piles on the behaviour of the peat subgrade. This highlights the importance of long-term monitoring with 

robust sensors due to the time-dependent nature of monitored data and harsh conditions in the field. 
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Table 6-1 Instrumentation 

Type ID Installed Depth (m)
Position Along Track 

(m from Mile 4.0) 

Strain Gauge Piezometer 

Pz 1 3.7 177.15 

Pz 2 3.0 180.60 

Pz 3 2.7 182.75 

Pz 4 2.1 184.80 

Potentiometer PO 1 0.2-4.9 188.85 

Vibrating Wire Settlement Gauge VW 2 1.4 179.70 

 

 

 

 

 



 

 

Figure 6-1 Cross section of the site 200 m southeast of MP4 (based on Konrad et al. 2007) including positioning and orientation of the piles 
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Figure 6-2 Site plan including location of instrumentation and piles 
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Figure 6-3 a) Installation of a battered screw pile and b) instrumented pile top after welding (photos courtesy of GKM Consultants)



 

 

Figure 6-4 Cross section of a pile top including the positioning of strain gauges



 

 

Figure 6-5 Typical piezometer data showing the beginning of a train, end of a train, and the dissipated excess pore pressures



 

 

Figure 6-6 Dissipation of pore water pressure with depth measured by Pz 1-4 after a train 
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Figure 6-7 Sleeper 3 displacement peaks (measured using DIC) versus excess pore water pressure peaks for a) Pz 1, b) Pz 2, c) Pz 3, and d) 

Pz 4 for a loaded and an empty train monitored before installation of the piles 
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Figure 6-8 Comparison of a) track displacement measured using the potentiometer and b) excess pore pressure measured by Pz 2 for a 

short, medium, and long train in March 2013



 

 

Figure 6-9 a) Static and maximum dynamic pore water pressure for medium and long trains during 

the year before installation of the piles measured by Pz 2 at a depth of 3.0 m and b) average air 

temperature and ground temperature at a depth of 1.4 and 4.9 m 
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Figure 6-10 a) Influence of train speed on maximum induced pore water pressure from Konrad et 

al. (2007) and b) influence of train speed on maximum induced pore water pressure for long trains 

for the winter/spring months (Nov-May) and the summer/fall months (Jun-Oct) 
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Figure 6-11 a) Excess pore pressure measured at Pz 2, b) strain measured by St 3a and 3b on Pile 3, 

c) strain measured by St 4a and St 4b on Pile 4, and d) strain measred by St 6a and St 6b for Pile 6 

for a train approximately 3 weeks after pile installation



 

 

Figure 6-12 Maximum axial load measured for each long train monitored after installation of the piles



 

 

Figure 6-13 Static and maximum pore pressures before and after installation of the piles for a) Pz 4 

at 2.1 m, b) Pz 3 at 2.7 m,  c) Pz 2 at 3.0 m, and d) Pz 1 at 3.7 m



 

 

Figure 6-14 Mean monthly static and maximum dynamic pore pressures measured by Pz 1-4 before and after pile installation for the 

months of November to May 
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Figure 6-15 Vertical displacement of a) Sleeper 1, b) Sleeper 2, c) Sleeper 3, and d) Sleeper 4 before and after installation of the piles for 

the leading engine of a train



 

Chapter 7 

Conclusions 

7.1 Overview 

This thesis explores ways to measure track performance and behaviour with a particular emphasis on 

poorly performing track including tracks with soft subgrades and tracks with voids and poorly supported 

sleepers.  

 

Chapter 2 presented the development and validation of a two-camera system to account for camera 

movement due to train induced ground vibration at sites with soft subgrades. The method was first 

validated for ground vibrations induced by impacting the ground by foot while the two cameras focused 

on stationary objects, illustrating the need for precise time synchronization between the two cameras. The 

backsight method was then used to measure track displacement data during the passage trains travelling at 

29 mph and 54 mph. The results of these tests showed that camera settings such as exposure time define 

an upper limit on the magnitudes of camera movement that can be corrected for using the backsight 

method. The backsight method was then compared with a low-pass filtering method, which is an alternate 

method used to correct for camera movement due to ground vibration. The backsight method was shown 

to be superior to low-pass filtering when the frequency of the passing axles began to overlap with the 

frequency of the camera movement.  

 

Chapter 3 presented the development of a method to calculate the trackbed modulus in order to assess the 

effectiveness of a mass stabilization program at a site with a peat subgrade. The use of DIC enabled the 

measurement of rail, sleeper, and ballast crib displacement and it was discovered that large voids existed 

both between the rail and sleepers, and the sleepers and the ballast. The trackbed modulus was used to 

quantify the improvement because it was based on the displacement of the ballast crib instead of the rail 
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or sleeper displacement. Therefore the trackbed modulus was not influenced if the magnitude or location 

of voids was altered due to ballast disturbance created by the mass stabilization. This was useful when the 

priority was to assess a change in subgrade conditions. The mass stabilization increased the trackbed 

modulus from 15 MPa to 39 MPa and no additional peat boils have been observed in the mass 

stabilization zone.  

 

The results from the mass stabilization study highlighted the importance of considering both the 

magnitude and distribution of voids when studying the response of a section of track. As such, the 

evaluation and application of a distributed dynamic fiber optic strain measurement system to monitor 

track behaviour by measuring rail strain was presented in Chapter 4 and Chapter 5. The dynamic strain 

measurement system was first evaluated in the laboratory to validate its use in measuring dynamic rail 

strains. A method to affix an optical fiber to a rail in the field in a quick and efficient manner was also 

tested in the laboratory and was found to provide satisfactory results. Using the two rail supports as 

boundary conditions the displacement of the rail was calculated using the strain measurements and the 

results agreed with the rail displacements measured using the linear potentiometers and DIC within 0.3 

mm.  

 

A field trial of the fiber optic system was performed on a section of track near Kingston, Ontario, Canada 

adjacent to a road crossing. A 7.5 m length of rail was instrumented with fiber on both the rail foot and 

the side of the rail head. DIC was also used to measure rail displacement along the entire length of 

instrumented rail. Using data collected for a passing hi-rail vehicle the displacement along the rail was 

calculated using the rail strain data (the DIC displacements were used to establish the boundary 

conditions) and compared to the displacements measured using DIC. The two measurements were found 

to be in good agreement. It was also found that zones with large rail displacements correlated with zones 

of greatest positive curvature and zones with small displacements correlated with zones with the largest 
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negative curvature, suggesting that fiber optic rail strain monitoring could be used to provide an 

indication of the variability of track support over a section of instrumented track. A passenger train was 

also monitored during the field study, however the high vibration generated by the fast moving train 

resulted in fiber optic strain data that was below the manufacturer’s minimum recommended threshold. 

Therefore it was concluded that the system is not capable of recording during high vibration events, such 

as the passage of passenger trains travelling at higher speeds. 

 

An optical fiber was installed on the rail at a second field site in Quebec in order to test the ability of the 

fiber optic analyzer to measure rail strains for a slow moving (8-11 km/h) freight train. Slowing the train 

to this speed reduced the amount of vibration generated by the train and rail strains were successfully 

measured for the length of the train excluding the engines. The rail strain data was combined with static 

wheel load data to determine the rail seat load for 14 consecutive sleepers as the train passed over the 

monitoring site. Sleeper displacement measured using DIC for six of the sleepers was plotted against the 

rail seat loads to provide a unique load-displacement relationship for each sleeper, providing significantly 

more detailed information about voids and the sleeper contact stiffness than the traditional consideration 

of the relationship between applied load to the rail and rail deflection. The response of the sleeper was 

found to be affected by both the conditions at the sleeper itself as well as condition of neighbouring 

sleepers.  

 

Chapter 6 presented a case study of a rail site remediated with helical screw piles. A monitoring program 

was undertaken in order to assess the effectiveness of the piles in carrying a portion of the train under 

cyclic loading. Several piles were instrumented with strain gauges in order to calculate the amount of 

axial load being carried by the piles. Piezometers were installed in the peat to measure static and dynamic 

pore water pressures before and after pile installation to investigate the load transfer from the peat 

subgrade to the piles. High-speed cameras were used to perform digital image correlation (DIC) analysis 
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to quantify the change in stiffness of the track before and after pile installation in terms of vertical track 

displacement. 

 

Based on the strain gauge data, the piles were found to carry a load of approximately 50-60 kN three 

weeks after installation but this value reduced to 30 kN after six months. However, no significant track 

stiffness change was observed as the sleeper displacements from the front engine of a train measured the 

day before and the day after the installation of the piles were similar. Similarly, for the first few months 

after the piles were installed the average monthly static and dynamic pore water pressure was similar to 

the pore pressures measured one year prior. A drop in both dynamic pore pressure and excess pore 

pressure was observed beginning in March, but it could not be concluded whether this change was driven 

by the piles or seasonal fluctuations. This study highlighted the importance of long-term monitoring due 

to the time-dependent nature of the monitored data. 

7.2 Impact of research 

The measurement of track displacements and the calculation of track modulus are key elements in the 

assessment of rail track condition. The backsight camera method that was developed offers a portable and 

rapidly deployable (setup time of approximately one hour) technology that can deliver the required 

displacement data. The method builds on existing work in this area to account for vibrations that could 

affect the accuracy and usefulness of the measurements. Potential applications include the measurement 

of rail, sleeper, and ground displacement in areas of poor subgrade to determine if speed restrictions are 

required, and the measurement of rail system response both before and after rehabilitation to determine 

the effectiveness of the rehabilitation. 

 

The use of trackbed modulus to quantify the effectiveness of remediation at the mass stabilization site 

provides a useful methodology that can be applied to other rail sites. One advantage of using the trackbed 

modulus when assessing remediation of a site is that the trackbed modulus is not significantly affected by 
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changes at the surface of the track, such as tamping. Therefore, it can be used to compare the 

effectiveness of a variety of remediation techniques on improving subgrade condition.  

 

The use of fiber optic sensing to measure distributed dynamic rail strains over a section of sleepers 

provides the ability to measure stresses induced in the rail during train passage. In addition, the fiber optic 

monitoring provides new insights into the distribution of loads amongst sleepers and allows for more 

detailed analysis of a track’s load-displacement behaviour, yielding a unique opportunity to further 

investigate the effect of voids, and the degree and length scales of spatial variability associated with 

different track support problems..  

7.3 Next steps 

The research presented in this thesis provides new insights into the field monitoring of the performance of 

track support, particularly at sites where voids between the rail, sleepers, and ballast are present.  

However, a number of questions have arisen from the research presented and are suggested as areas of 

future work. For example, pre- and post-remediation data was collected for both the helical pile and mass 

stabilization projects, however further studies into the long-term effectiveness of these methods should be 

undertaken. There are also remaining questions about how the pile loads change with time and their effect 

on pore pressures. Mass stabilization was found to have an immediate effect on improving the track 

performance, however additional research into its long-term performance is suggested in order to ensure 

the stiffness of the support does not reduce with time.  

 

Additionally, the track remediation studies were limited in scope as they were based on the results at a 

single site. It can be assumed that site-specific variables as well as variations in the methods used would 

result in varying degrees of rehabilitation effectiveness. Therefore, further studies into the effectiveness of 

helical screw piles and mass stabilization, as well as other remediation methods, are required to determine 

their effectiveness over a range of conditions as well as in the long-term. 
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The fiber optic sensing system used was limited to low-vibration scenarios, however it would be of use to 

further define the range of situations where this equipment could be used in order to study a wider range 

of train loading scenarios and speeds as well as to examine dynamic effects. Additionally, an exploration 

of other fiber optic sensing technologies that are not susceptible to environmental vibrations should be 

undertaken. 
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