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ABSTRACT 

Railroad track crossings through sandy areas, like deserts, face the unique 

challenge of sand infiltrating into the ballast, leading to ballast fouling. Geographical 

conditions make these areas particularly prone to windblown sand infiltration, causing 

fine sand to gradually fill the ballast voids, ultimately resulting in fouling issues. Over 

time, fouled ballasts become a significant concern because of their negative impacts on 

track performance. 

This study explores the impact of ballast fouling primarily caused by sand 

infiltration on track deflection, stiffness (modulus), and overall track degradation. The 

main goal is to establish a clear relationship between these factors and fouling levels 

due to sand infiltration. 

The research was conducted at the University of Delaware's Civil Engineering 

laboratory, utilizing an 18-cubic-foot (0.67 cubic yards) ballast box. A rail/tie/fastener 

assembly was placed on the ballast and subjected to cyclic loading at a rate of 12 cycles 

per minute. The testing began with clean ballast, and dynamic load tests were carried 

out under simulated vehicle wheel loading conditions for up to five hours, with load-

deflection behavior recorded during each cycle. Sand was introduced to the ballast in 

two series: Series 1, representing unconsolidated tests, and Series 2, simulating 

progressive fouling. These tests were repeated with varying levels of sand fouling, 

ranging from moderate to severe. Load deflection curves were analyzed using the Beam 

on Elastic Foundation (BOEF) theory to determine track modulus (stiffness) 
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values and cumulative deformation, corresponding to cumulative plastic strain 

under repeated wheel loading. 

The study's results reveal a consistent pattern in load deflection curves, track 

modulus values, and cumulative plastic strain for different levels of sand fouling. It was 

observed that as sand fouling increased, both track stiffness (modulus) and track 

settlement also increased, aligning with field measurements conducted under similar 

conditions. 

As a result of these findings, a predictive application was developed to estimate 

maintenance time based on the degree of fouling. This application can offer valuable 

insights into maintenance planning and decision-making for tracks traversing sandy 

regions. 
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Chapter 1 

INTRODUCTION  

1.1 Introduction to railway s operating in sandy areas 

The railway track can be divided into two main layers. First is the superstructure 

layers, which consists of the rail, cross-tie (sleeper1), and the fastening system. Second 

is the substructure layers, which includes the ballast, subballast, and subgrade. The focus 

of this research is to investigate the ballast. Ballast is a layer that is placed over the 

subgrade (soil), made from a coarse aggregate with a specific size and angularity to 

ensure the connectivity between particles. Ballast has many functions, including load 

distribution, providing stability to the track superstructure and drainage. These function 

abilities vary based on the aggregate size and the total volume between ballast particles.  

A track crossing a sandy area, such as a desert,  is prone to fouling2 due to sand 

infiltrating into the ballast due to the geographical conditions. Wind-blown sand 

infiltration causes fine sand to fill the voids in the ballast, ultimately leading to fouling. 

Over time, sand-fouled ballast becomes an uncontrolled problem that will cause 

negative impacts to the track. 

Ballast can be fouled by various means, including ballast breakdown, materials 

dislodged by the wheels, soil particle infiltration into the ballast, and particles carried 

 

 
1 The crosstie or tie is often referred to as a ñsleeperò in many parts of the word. 

2 Fouling is the particles of sand or any other materials that infiltrates into the ballast, filling the voids 

between the ballast particles. 
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by the air. However, the nature of sandy terrain has a more pronounced effect on fouling 

compared to other types of terrain. This is primarily due to the continuous migration of 

sand from one location to another.  

1.2 The effect of sand fouling on ballast 

Sand-fouled ballast can have several negative track and economic impacts. 

Studies have shown that sand fouling increases track stiffness i.e., and settlement. As a 

result of sand fouling, the track stiffens and settlement increases, which leads to an 

increased occurrence of  rail defects, as compared to a normal, stiff track. This impact, 

in turn, necessitates a higher frequency of maintenance, ultimately affecting the track's 

classification, permissible train operating speeds, and operating and maintenance costs. 

1.3 The influence of fouled ballast on track stiffness. 

Track stiffness, also known as modulus, tells how much a rail moves up and 

down when a vertical load is applied to it. In simple terms, it is a measure of the support 

provided to the rail by the supporting track structure, under the weight of train loading. 

This stiffness, and the associated vertical movement of the track, can be influenced by 

the presence of sand. When sand fills the gaps between ballast particles, it reduces track 

deflection3, leading to an increase in track stiffness. Research on how track stiffness is 

impacted by sand fouling is currently limited, with only a few studies addressing this 

issue. This paper purpose is to provide additional data and information on the issue of 

sand fouling of ballast and the associated response of the track structure. 

 

 
3 Track deflection in railways is the vertical movement or bending of the track due to the weight and 

motion of trains. 
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1.4 The influence of fouled ballast on track settlement. 

Track settlement refers to the sinking and shifting of the granular material 

(ballast) and soil caused by an applied load. Track settlement is an inevitable occurrence 

resulting from applied loading to the track, the corresponding changes in 

ballast/subgrade conditions, and the associated gradual deformation of the substructure 

materials. As a result, differential settlement occurs, compromising train performance 

and track safety, as well as requiring correction through ballast maintenance activities, 

such as tamping. 

1.5 Hypothesis and methodology 

Track stiffness and track settlement increase with sand infiltration and cause a 

change in the rate of degradation of the track geometry. Therefore, quantifying the effect 

of sand infiltration on track support stiffness and subsequent track geometry degradation 

are the goals of this research. 

1.6 Methodology 

The research methodology employed herein utilizes the mechanics of track 

response based on track stiffness and Beam on Elastic Foundation (BOEF) theory. In 

addition, the research methodology will attempt to introduce track settlement mechanics 

to define the rate of degradation of the ballast and the corresponding maintenance-

related needs.  

The study approach will develop a relationship for track stiffness (track 

modulus) as a function of sand-influenced ballast by analyzing both the tests performed 

in this study and all available corresponding test data from the literature. BOEF theory 

will be used to determine the stiffness (track modulus) as a function of track deflection. 

This will be supplemented by laboratory testing, as described below. 
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The deflection results will also be used to determine permanent settlement as a 

function of ballast fouling caused by certain percentages of sand infiltration into the 

ballast. These results can potentially lead to a relationship between load cycles and 

fouling percentage, which can be used to obtain the time until maintenance is required 

as well as predict the necessary maintenance requirements. 

To investigate these hypotheses, data will be obtained using a set of laboratory 

experiments. The railway track will be simulated in the lab using a Large-Scale Box 

Test, which is a wooden box with specific dimensions. Two sets of fouling tests will be 

conducted, with each set consisting of six tests at varying fouling percentages (0%, 10%, 

25%, 50%, 75%, and 100%). Each set will employ a distinct approach to study the 

fouling mechanism and its impact on load-deflection behavior. The box will be filled 

with a volume of ballast and tested at different levels of sand-induced fouling of that 

ballast. The box will be loaded using the labôs dynamic load actuator to obtain a load-

deflection relationship as a function of load magnitude and loading frequency. This 

experiment will be repeated as the proportion of sand-fouling of the test is changed. 

The test results will be analyzed, to include statistical and engineering analysis, 

and those results will be compared with the stiffness and deflection analysis performed 

on the test results found in the literature. 
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1.7 Research goals 

The objective of this thesis is to explore the correlation between ballast fouling 

caused by sand infiltration and various track factors, including track stiffness, track 

deflection, track degradation4, and, potentially, the interval between maintenance 

periods. Furthermore, this objective will be achieved by using the Ballast Box model. 

 

1.8 Thesis outline 

A quick outline summary of the next chapters is provided below:  

Chapter 2: Literature Review  

This chapter presents essential background information required to elucidate the 

topics under discussion. This includes fundamental concepts related to railroad tracks, 

such as track ballast, ballast fouling, voids between ballast particles, various ballast box 

tests, and field measurements, as well as insights into track stiffness and track settlement 

drawn from textbooks, academic papers, and journal articles.  

 

Chapter 3: Large-Scale Ballast Box Model, Analysis and Evaluation  

This chapter presents the laboratory experiments exploring the impact of sand 

on ballast. This section covers the process of determining voids between ballast 

particles, creating a large-scale ballast box model, introducing controlled fouling with 

sand, conducting various test series to investigate the research hypothesis, and 

concludes with an analysis using the Beam on Elastic Foundation (BOEF) theory. 

 

 

 
4 Track degradation is the deterioration of both the track superstructure and substructure layers over 

time. 
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Chapter 4: Results and Discussion  

 This chapter presents the outcomes of the analysis of the test data and provides 

a discussion of these results. 

Chapter 5: Maintenance Application for Predicting Track Tamping Time 

Intervals. 

This chapter represents the maintenance application for predicting track 

tamping time. 

Chapter 6: Conclusion 

This chapter represents research conclusion. 

Chapter 7: Recommendations and Future Research  

This chapter represents the recommendations and future research. 

 

Appendices include:  

Appendix A: Analysis Code 

Appendix B: Series 1 and Series 2 Test Results  

 include the analysis code for the ballast box data, and the MATLAB code used 

to analyze the data obtained from the ballast box tests, as well as additional results 

derived from the LVDT (Linear Variable Differential Transformer) measurements. 
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Chapter 2 

LITERATURE REVIEW  

2.1 Introduction  

Railroads that cross sandy areas often face additional challenges that impact both 

maintenance and operations. One of these challenges is the contamination of the ballast 

layer with sand. This represents a fouling of the ballast that occurs when sand infiltrates 

into the ballast, filling the voids between the ballast particles. When sand fills these 

ballast voids, the ballast can see a change in mechanical properties, which, in turn, can 

affect both maintenance and safety. For example, sand infiltration into the ballast affects 

the track stiffness (modulus). A low value of track stiffness can cause differential 

settlement, whereas a high value of track stiffness leads to a reduction in track 

deflections but an increase in rail/tie forces and associated stresses in the track. This is 

because high track stiffness, such as when the ballast has high amounts of sand 

infiltration, causes the trainôs axle load to be distributed over fewer ties. This, in turn,  

results in higher tie/ballast stress and, potentially, an increase in the ballast settlement, 

which directly affects the ballast strain. Settlement occurs in the subballast and subgrade 

layers as well, due to repeated loads. Therefore, the aim of the thesis is to investigate 

the relationship between ballast fouling due to sand infiltration and track stiffness, track 

deflection, permanent settlement, track degradation, and time to next maintenance. 

2.2 Railway track ballast  

A railway track consists of three substructure layers: ballast, subballast, and 

subgrade (Figure 2,1). The term 'ballast' originally referred to the material used on ships 
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to counterbalance British coal ships during their empty return voyages. Ballast, in the 

context of a railway, is the crushed granular material placed as the top layer of the 

substructure, embedding the tie. It serves to distribute the cyclic load induced by trains 

to the substructure layers [1], [2], [3], [4]. This granular material consists of angular 

aggregates ranging in size from 10mm to 60mm, providing enhanced load-bearing 

capacity, efficient drainage, and cost-effectiveness  [1], [3], [5]. Ballast also encases the 

tie, ensuring both vertical and lateral (transverse) stability to the track. Additionally, it 

offers the necessary resilience to reduce the impact of large dynamic loads [6], [7], [8]. 

 

Figure (2.1) Superstructure and substructure layers 

2.2.1 Ballast functions 

The primary purpose of these substructure layers is to support the applied load 

and minimize permanent settlement [6], [9]ï[11]. Ballast serves various functions, 

including withstanding vertically, laterally, and longitudinally applied loads [1], [2], [9], 

[11]. It also plays a crucial role in adjusting the stiffness of the entire track structure, 

offering insulation properties to prevent track power issues, and preventing vegetation 

growth [1]. Furthermore, it ensures efficient water drainage due to the voids between its 
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particles [2], [9]ï[11]. In addition, ballast contributes to maintaining track geometry 

such as cross-level, surface, and alignment [11]. Moreover, it serves additional 

functions, such as absorbing energy, providing track resilience, facilitating maintenance 

by allowing the rearrangement of ballast particles through tamping, creating large voids 

for fouling material storage, ensuring immediate water drainage, and reducing pressure 

on the tie-bearing area [8], [12]. 

2.2.2 Ballast fouling 

Ballast fouling occurs when the voids between particles within the ballast layer 

are filled with foreign materials [9] (Figure 2.2). It includes situations where crushed 

stone voids are occupied by finer materials, whether generated from the aggregate itself, 

transported from outside sources like sand or coal dust from passing trains, or due to 

subgrade infiltration toward the ballast layer [10]. Additionally, ballast fouling can 

result from the gradual mixing of finer material with fresh ballast over time due to 

repeated loading [13] 

2.2.3 Causes of ballast fouling 

Ballast fouling can be caused by various factors, including particle degradation 

during construction, maintenance, under-applied loads, spillage from freight traffic, and 

the deterioration of ties [12]. The most common cause of fouling is the inherent 

breakdown of the ballast itself over time [9]. It can also be influenced by the crushing 

of ballast rock, climatic fluctuations, and the migration of soil particles from the 

subgrade layer into the ballast layer due to dynamic train loads [14]. Furthermore, 

fouling can result from materials originating from ballast deterioration, repeated 

loading, tamping, and external sources affecting the ballast, such as sand infiltration [9]. 
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2.2.4 Effect of ballast fouling 

Ballast fouling primarily leads to track deformation due to the change in track 

support condition and the associated distribution of the loads imposed by passing trains 

[14]. This, in turn, can result in several issues within the track's superstructure 

components and substructure layer, such as compromised drainage, rapid settling, 

reduced lateral stability, and increased maintenance costs [10]. Additionally, fouling 

significantly impacts track performance, causing reduced durability, impaired drainage, 

compromised vertical stability, and increased permanent deformation [6]. Ballast also 

experiences a decrease in mechanical properties as a result of fouling [14]. When voids 

between ballast particles are filled with finer materials, ballast degradation occurs, 

accelerating the fouling process and diminishing the ballast's ability to perform its 

intended functions [12]. 

2.3 Ballast voids  

Voids between ballast particles can be defined as the empty volumes between 

ballast particles that provide appropriate space for fouling materials in the ballast to 

reside [8]. The presence of unfilled voids, such occurs in clean, uniformly graded 

aggregate, leads to better drainage [8], [9], [15], [16]. Fouling, or filling of these voids, 

results in a decrease in drainage capability. 
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Three volumetric phases can be described as a function of the fouling that fills 

the voids between ballast particles ( Figure 2.2) [16]. 

Figure (2.2) Critical ballast fouling phases: (a) Clean ballast (Phase I), (b) partially 

fouled ballast (Phase II), and (c) heavily fouled ballast (Phase III)1. 

Phase I represents clean ballast where the aggregate fits close together allowing it to 

carry the applied load in a sufficient way. Phase II shows a moderate fouling that fills 

ballast voids. Although there is fouling that reduces the ballast strength, the aggregate 

does not lose contact between particles. Phase III shows a very high fouling that leads 

to losing contact between the aggregate particles, and the fine materials control the 

ballast movement [16]. A direct shear test was conducted at the University of Illinois to 

study the effects of different fouling agents, such as coal dust, plastic clayey soil, and 

mineral filler, on railroad ballast strength. The test shows that the total space between a 

clean granite sample is 43% of the total sample, which corresponds to a void ratio of 

75% [16]. Based on that study, the  main factors that play a significant role on the void 

volume between ballast particles are the particle size and  angularity [9].  

 

 
1 Source: Huang, Tutumluer. and Dombrow, Transportation Research Record, 0361-1981,2009. 
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Different approaches were used to investigate the void volumes between ballast 

particles using D-bar2 and Fouling Index3. However, these approaches are not validated 

because they are based on the sieve analysis test that measures the mass of ballast 

particles that infiltrate through different sieves sizes, and do not take into account the 

different densities of contaminants, failing to provide an accurate representation of void 

fouling percentages [17]. A volume based test to measure the voids between ballast 

particles was conducted using Percentage Void Contamination PVC method, which 

measures the voids for the depth of the ballast profile and takes into account the different 

densities of fouling [17]. The way that the PVC method works is by measuring the 

volume of fouling (contaminated materials passing through 9.5 mm sieve) and then 

dividing by the voids within the existing ballast (retained on 9.5 mm sieve) [17].  

Another study conducted by Selig [8], and confirmed by two other studies [12], 

[21] shows that the voids between ballast particles in a newly/clean ballast is almost 

45%. Moreover, Goltermann study [18] shows that the voids between ballast particles 

varied between 32% to 41%, depending on the ballast gradation. In addition, a 

simulation for determining air void between ballast particles was conducted using the 

image-aided Discrete Element Modeling (DEM) approach. The simulation shows that 

the mean air voids are between 34.6% to 36.7% for 6 different gradation curves that 

have 6 different particle sizes vary from 2.2 cm to 5.6 cm [15].  Thus, based on various 

studies, the volume of ballast voids falls within a range of 32% to 45%, depending on 

 

 
2 D-bar is a numeric indicator for the weighted geometric mean of particle sizes. 

3 The Fouling Index is calculated as the sum of the percentages of fine particles passing through the 

4.75mm sieve and the 75-micron sieve (FI = P%4.75 + P%0075). 
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the specific ballast type and gradation. This research will further investigate and analyze 

void volume in subsequent sections. 

2.4 Ballast box  

A ballast box is a container, typically made from wood or metal and designed 

with specific dimensions, filled with ballast and other materials according to the test 

objectives. This box simulates real track conditions, and it is subjected to a specific load 

similar to the load generated by the train wheels. Many ballast boxes were built for 

varying functions and are discussed in the literature. One such  ballast box was built by 

Selig [8] to study the effect of ballast breaking, volume change, and shear strain 

mechanism for vertical plastic strain development. However, a research study using the 

finite element model to calibrate a ballast box model [19] found contradicting results 

compared to Seligôs [8] ballast box model. The contradicting results showed increasing 

plastic deformation, tie rotational instability, reduction in ballast strength capacity, 

punching shear at the depth of the sample, and an uncontrolled drainage system. The 

finite element model [19] suggests that a 50% increase in the Selig ballast box model 

[8] can eliminate the shear stress. Another ballast box was built [20] using the finite 

element model recommendations [19] to investigate the effect of fouling on the plastic 

deformation of ballast in different moisture conditions up to 300 MGT of heavy axel 

load traffic (See section 1.6 for the results).    

2.5 Track stiffness    

One of the prevailing and widely acknowledged methods for assessing how well 

a track performs under the stress of traffic, specifically the varying wheel loads 

generated by a rail vehicle traversing a track segment, involves representing track 
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deformation through the concept of a Beam on Elastic Foundation (BOEF). As depicted 

in Figures 2.3.a and 2.3.b, this model assumes the rail behaves like a continuously 

supported beam on a uniform elastic foundation. Proposed by Winkler in 1867 [21], this 

model computes a fundamental parameter known as the track modulus, sometimes also 

referred to as track stiffness. This parameter is linked to both the applied load and the 

resulting track deflection, which is measured at a specific location relative to the loading 

point. A significant investigation into track stiffness concerning contemporary railroad 

track was carried out by the ASCE-AREA Special Committee on Stresses in Railroad 

Track, led by Prof. A. N. Talbot [22]. In the initial progress report of this committee, 

Talbot utilized the theory initially introduced by Winkler and introduced the notation 

that has been widely adopted by American railway engineers. The corresponding model 

definition is depicted in Figures 2.3.a and 2.3.b. 
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Figure (2.3.a) Track structure under wheel load4 

 

Figure (2.3.b) BOEF Representation of ties, ballast and subgrade as a series of linear 

springs5 

A crucial aspect of the beam on elastic foundation theory involves determining 

a parameter that aims to encapsulate, in a single term, the collective influences of cross 

ties, ballast, and subgrade. This parameter, as termed by Talbot, is known as the 

 

 
4 Zarembski, Transportation Infrastructure Geotechnology, 10.1007/s40515-020-00129-4 

5 Zarembski, Palese, Alzhrani, AREMA 2023 Annual Conference Proceedings, 03 October, 2023 
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modulus of elasticity of rail support, or, more commonly, the "track modulus". This 

modulus value is expressed in units of lb/in/in and has also been denoted as stiffness 

along the track, as long as stiffness is likewise defined in the same units of lb/in/in. It is 

crucial to recognize that the influence of the rail itself is directly integrated into the beam 

on elastic foundation theory and, therefore, isn't encapsulated by the modulus term. For 

a more comprehensive exploration of the BOEF theory, along with its calculation of 

deflection under load (deformation), bending moments, and stresses in the rail, Kerr 

offers an in-depth presentation [23], [24]. Zarembski and Choros [25] present a variety 

of techniques for computing the vertical track modulus by utilizing load and deflection 

measurements, either in a field or laboratory setting. In all instances, the track modulus 

pertains to the vertical deflection of the track under load, distributed along the track's 

length.  

2.5.1 Track stiffness in sandy areas 

Ballasted track crossing sandy areas encounters significant challenges related to 

sand infiltration into the ballast layer, filling voids. . This phenomena reduces track 

elasticity, which, in turn, increases track stiffness [26]. Moreover, as the fouling ratio 

increases over time, the track may become buried, obscuring track components from 

view. This process can result in defects in the rail crown, leading to a flattened rail head 

and consequently affecting maintenance costs [26]. Additionally, this infiltration can 

lead to corrosion of the rail itself due to the salt content in the sand, subsequently 

affecting maintenance needs and costs [26] 
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2.5.2 Track stiffness calculations 

Sand fouled ballast can affect the track stiffness (k), which is the vertical 

displacement that is caused by the applied force, and it is measured in lb./in [26], [27]. 

Therefore, the Beam on Elastic Foundation (BOEF) method will be used to analyze the 

applied load and its effect on the rail deflection to calculate for the rail stiffness.  

 

ήὼ ὉὍ Ὧύὼ   (2.1) 

Where:  

q(x) = The vertical loading  

EI = Flexural rigidity of the rail 

w(x) = The vertical deflection of rail at point x 

k = Stiffness  

 

The stiffness in the BOEF equation can be calculated using the following 

equation: 

 

Ὧ
 

               (2.2) 

 

Where:  

P = The dynamic load of a given wheel 

a = Tie spacing  

 

The deflection in the BOEF equation can be calculated using the following 

equation: 
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ύὼ  Ὡ   ὧέί‍ὼ ίὭὲ‍ὼ             (2.3) 

 

Where:  

ɓ=ʒk/4EI                                                       (2.4) 

2.5.3 Factors influencing track stiffness  

When the sand infiltrates into the ballast layer, or when the wind-blown sand 

enters the  ballast layer, the track stiffness increases due to the decrease in vertical 

displacement [28]. Similarly, high track stiffness means a reduction in deflection and 

rail stress, and low track stiffness causes a differential settlement that increases the 

maintenance work. Moreover, subgrade soil type, the state of the soil, and its stress 

condition have direct effects on the thickness and resistance of the subgrade, which, in 

turn, have a significant effect on the track stiffness [26]. Likewise, when the ballast is 

fouled by sand, it increases the ballast stiffness, which leads to a loss of its capacity to 

absorb vibration [28]. Additionally, various factors can affect track stiffness, including 

the number of loading cycles, grading, density, maximum grain size, fines content, 

aggregate type, particle shape, and moisture content [29]. Similarly, the ballast 

angularity and its shape helps to distribute the load effectively due to better interlocking  

[13]. 

2.5.4 Field study in Iran 

A field study was conducted by Zakeri [26] to investigate the effect of variations 

in rail support modulus in a ballasted track. In this study, the  Zarembski and Choros 
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[25] method was used to calculate the rail support modulus6. The methodology of this 

study involved collecting five samples from four different areas, each with a different 

fouling percentage (12%, 18.9%, 27.5%, 50.7%, and 62.7%), and then calculating the 

rail support modulus resulting from the repeated heavy axel loads. Finally, the results 

were compared with similar findings from non-sandy areas. The results of this study 

clearly demonstrate that the stiffness magnitude increases as fouling in the ballast 

increases (Figure 2.4) . 

 

 

Figure (2.4) Relationship between ballast contamination percentage and rail support 

modulus7 

 

 

 
6 "Rail support modulus" is the same as the term "track modulus," as utilized in the cited field study 

conducted in Iran. 

7 Zakeri, Latin American Journal of Solids and Structures, December, 2012 
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2.5.5 Large-triaxial test and CEDEX Track Box (CTB) test  

Another study was performed by Estaire and Santana [28] to examine the effect 

of fouled ballast with sand on track stiffness. In this study, two different types of tests 

were conducted: a large-triaxial test (23 cm diameter) and The CEDEX Track Box test.  

The CEDEX Track Box test was developed for a testing facility owned by CEDEX in 

Madrid, Spain, which is also known by its short name, CTB. CTB is a large-scale facility 

measuring 69 feet in length, 16.4 feet in width, and 13 feet in depth includes a segment 

of track. In the large-triaxial test, the sample was divided into 5 layers, with each layer 

being 3.9 inches thick. A prepared amount of weighted sand was then spread from the 

top of the large-triaxial cylinder. Seven tests were conducted in this setup, with each 

test representing different fouling percentages starting from clean ballast (0%) and 

increasing in each test as follows: 15%, 30%, 45%, 62%, 80%, and 100%. The results 

(Figure 2.5) show that the initial tangent modulus had a constant value of 6817 psi for 

fouling indices ranging from 0% to 70%. However, at higher fouling indices (80% to 

100%), the same modulus increased significantly, ranging from 15229 psi to 17404 psi.  

In the CEDEX Track Box (CTB) test, a total of 48 vertical loading static tests 

were conducted to assess the mechanical behavior of the track under 100,000 axe loads 

with varying sand fouling percentages ranging from 0%, 15%, 25%, 40%, 55%, 70%, 

85%, to 100%. An actuator was in contact with the rail, producing a maximum load of 

20,812 lbs. and a minimum load of 562 lbs. Vertical displacement was measured for 

each test to determine track stiffness. Additionally, ballast layer settlements were 

measured using LVDT inductive sensors. The contamination process was achieved 

using a track contamination device set up in the CTB, ensuring precise control over the 

entire contamination process. It was observed that no sand was present on the surface 

when the contamination level ranged from 0% to 70%. However, at 85% and 100% 
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fouling, sand was visible on the ballast surface. Talbot's method (as mentioned in the 

previous section) was used to calculate stiffness, assuming that the central tie takes 40% 

of the wheel load due to the rail distribution effect. 

The results (Figure 2.5) from the CEDEX Track Box (CTB) test indicated that 

track stiffness, measured in lb/in (as opposed to modulus, which is typically expressed 

in lb/in/in), remained almost constant at at 354,029 lb./in as fouling ranged from 0% to 

70%. However, track stiffness increased to 394,000 lb./in at 85% fouling and 462,521 

lb./in at 100% fouling, representing an approximately 25% increase. A similar behavior 

was observed in the ballast stiffness. It's worth noting that both stiffness values aligned 

with those obtained previously in the triaxial tests. 

 

 

 

 

 

 

 

 

 

Figure (2.5) Static vertical track and ballast stiffness for theoretical contamination 

levels8  

 

 
8 Source: Estaire, Cuéllar. and Santana, 2017. 
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2.6 Settlement-Strain on ballast, subballast, subgrade  

Ballast settlement is the permanent plastic deformation of the ballast due to the 

repeated applied load. As reported in Selig and Waters [8], ballast is highly influential 

on the track substructure. Although the small amount of deformation under each cycle 

is mainly elastic, there is also a small amount of plastic deformation due to the applied 

load [9]. Thus, significant vertical deformation can occur due to the progressive 

cumulation of this plastic deformation under repeated wheel load. In addition, 

settlement increases with repeated vibrations from the wheel loading causing erosion of 

larger particles and the resulting fines filling the voids [8]. Additionally, the ballast 

settled due to changes in geological conditions , which referred to the subsurface 

conditions that the track was placed over, such as soil, and the deformation of the 

geomaterials employed in the construction of track substructures [30]. Fouling can 

cause either an increase or a decrease in the rate of volume change and plastic strain 

accumulation [8]. Settlement can cause a geometric deformation, which increases when 

the fouling is increased [20]. Moreover,  research conducted by Kashani [20] to evaluate 

the effect of fouled ballast under heavy axel loads and high traffic conditions shows 

that, although the settlement is increased when fouling is increased, the settlement rate 

does not change significantly when the ballast is fouled. However, water content has a 

significant effect on changing the plastic and elastic settlement when the load cycles are 

increased. Another study by Han and Selig [31] confirms Kashaniôs study and shows 

that the settlement increases when the fouling is increased, and the water content can 

cause a rapid increase in the settlement when the fouling is 20% or more. In addition, a 

study conducted on the South African Railway to evaluate the effect of coal-

contaminated ballast on track settlement by use of a large-scale box test shows an 

agreement, in terms of increasing the settlement when the fouling is increased. The same 
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study shows that the settlement increases from 11% to 40% when the fouling percentage 

increases by 10% [32]. These two studies present a contradiction. Kashani's research 

suggests a limited impact on settlement rate with increased fouling; whereas, the South 

African Railway test shows a clear correlation between increased fouling and 

settlement. This contradiction warrants further investigation.  

2.6.1 Settlement by Selig and Waters 

Ballast can be described as the primary source of differential and average 

settlement. This is termed short-term settlement. In long-term settlement, the subgrade 

layer is involved. Excluding new track locations, subgrade, which has been subjected to 

repeated load over years, experiences gradual settling. Although the subgrade settlement 

is high, the depth of the ballast layer can reduce the settlement rate. Therefore, a 

laboratory ballast box test and field measurement were carried out to investigate the 

ballast settlement. The settlement results from the ballast box can be interpreted from 

two different perspectives: the semilogarithmic approach and the linear relationship. 

When analyzed in a semilogarithmic manner, the settlement displays continuous growth 

throughout the cycles, but it exceeds the expectations of a typical semilog pattern, 

indicating a more rapid increase in settlement (Figure 2.6). Conversely, when presented 

on a linear axes (Figure 2.7), the data shows that the settlement still increases, but the 

rate of increase diminishes over time.  
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Figure (2.6) Settlement as a function of log of cycles9 

The field measurements, which encompass the ballast, subballast, and subgrade, reveal 

that the ballast and subballast experienced rapid settling during the initial 3 million gross 

tons (MGT), followed by a slower and ongoing settlement. In contrast, the findings from 

the subgrade soil analysis indicate a variation in settlement. Sections 2.6.1.2 and 2.6.1.3 

provide additional details regarding the ballast box test and field measurement tests 

conducted within each substructure layer [8].  

2.6.1.1 GEOTRACK model by Selig 

The GEOTRACK model is a 3D finite element model developed for the US 

Department of Transportation, Transportation Technology Center (TTC) in Pueblo 

 

 
9 Source: Selig, and Waters, 978-0-7277-4982-6, 1994. 
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Colorado. It was created to help understand the behavior of different parts of track, such 

as the rails, ties, and the layers beneath them, and how the track reacts when a train goes 

over it. The model allows changing of key track design parameters including  parameters 

such as the type of soil below the track and how thick the different layers are [8], [9]. 

Furthermore, in the GEOTRACK model, the applied load is determined by the stress 

beneath the tie, which can also be expressed as the static load divided by 8. For instance, 

a static load of 39,000 lb is equivalent to 4,900 lb in the GEOTRACK model [8], [9]. 

2.6.1.2 Ballast box testing by Selig  

Selig developed a ballast box that has 6 inches of dry ballast layer [8]. A wood 

tie segment was placed over the ballast. It should be noted that the ballast was laid over 

a resilient base. The load was carried out based on the GEOTRACK model, and 

consisted of a minimum seating load of 50 lb. and a maximum load of 4900 lb. 

(equivalent to 39 US tons) without any dynamic magnification. This load was designed 

to match tie -ballast contact pressure. After running the test, and once the settlement 

reached 1.5 inches, the tie section was raised, and ballast was added to fill  the gap 

without disrupting the already-compacted ballast bed, in contrast to tamping. Then, the 

loading was resumed until a total of 3,840,000 cycles had been applied ( figure 2.7) [8].  
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Figure (2.7) Ballast box - Settlement increase with cycles10 

Figure (2.7) shows that the best trend describes the increase of the settlement is a power 

relationship.  

 Ὓ Ὓὔ   (2.5) 

Where:  

Ὓ = Settlement after N load cycles. 

Ὓ = Settlement from the first load cycle.  

N  =  Total load cycles. 

b   = Exponent  

 

 

10 Source: Selig, and Waters, 978-0-7277-4982-6, 1994. 
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If the repeated passing traffic are given in term of Million Gross Ton (MGT), it can be 

converted to load cycles by using the following equation.  

 ὅ
 

 (2.6) 

Where:  

ὅ   number of load cycles/MGT 

ὃ   Axel load in tons (Static load) 

ὔ   Number of axles/ load cycle 

 

In this test, according to guidance from the Railway Geotechnics textbook [9], 

the number of axles per load cycle (ὔ ) varies based on the specific layer being 

calculated. When measuring settlement in the ballast, two axles (equivalent to 4 wheels) 

are considered to represent one load cycle, taking into account the distance between the 

wheels and the ballast. On the other hand, when assessing subgrade settlement, 

Reference 9 states that four axles (equivalent to 8 wheels) represent a single load cycle, 

factoring in the distance between the wheel and the subgrade layer. In summary, 

settlement decreases as the depth from the wheel increases.  

As a result, the settlement shows a permanent increase over repeated loads as 

described in the following relationship [8]:  

 Ὓ πȢρχ ὔȢ  (2.7) 
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2.6.1.3 Field measurement (FAST track11) by Selig 

Settlement measurements were carried out on 6 sections of the FAST track . 

These sections consist of all three substructure layers: ballast, subballast, and subgrade. 

Five of these sections had a ballast depth of 15 inches. The exception is one section, 

which has a greater ballast depth of 21 inches ( Table 2.1).  

Table (2.1) FAST track section conditions12 

 

On this track, a total  of 300 MGT of traffic was applied without tamping. Moreover, 

the settlement was expressed in terms of strain, which is the change in the layer 

thickness divided by the initial layer thickness [8].  Strain can be measured within all 

three substructure layers, but it varies among the ballast, subballast, and subgrade due 

 

 
11 FAST track refers to the Facility for Accelerated Service Testing, located at the U.S. Department of 

Transportation Test Center in Pueblo, Colorado 

12 Source: Selig, and Waters, 978-0-7277-4982-6, 1994. 
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to various factors. For instance, in the ballast layer, strain can be influenced by the 

density of the ballast material [2]. It is important to note that ballast strain, as calculated 

here-in,  specifically considers only the uppermost layer of ballast and not the entire 

layer. Another study conducted by Li [33], which relies on the Selig GEOTRACK 

model, demonstrates that, in the subgrade layer, strain can be affected by factors such 

as the thickness of the layer, the type of soil, and stresses like confining stress and 

deviatoric stress. 

2.6.1.3.1 Selig Ballast strain behavior 

Ballast strain was determined by dividing the thickness of the ballast layer after 

compaction by the thickness of the ballast layer itself [8]. The equation result is:   

 ‐  ‐ὔ  (2.8) 

Where: 

‐  Ballast strain after N cycles  

‐   Ballast strain after the first cycle 

ὦ   Exponent  

 

The strain equation can be expressed as a function of MGT instead of number of cycles 

N.  

 ‐  ‐  Ὕ (2.9) 

Where: 

‐  Ballast strain after T traffic in MGT 

‐   Ballast strain after 1 MGT of traffic 

ὧ   Exponent  
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The results of the FAST track were expressed in the following figure (2.8). 

It was found that the settlement rate increased rapidly with the first 3 MGT, and then it 

continued to increase gradually. The average strain measurements were calculated as 

the following:  

 ‐  πȢπρω ὝȢ   (2.10) 

ὥὲὨ  

 ‐  πȢπρχ ὝȢ  (2.11) 

 

The following figure shows the relationship between all track sections and resulting 

strain relationship developed: 
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Figure (2.8) Ballast Strain for the FAST track13 

2.6.1.3.2 Subballast strain (FAST track) by Selig 

Subballast strain measurements were calculated in the same manner as the 

ballast calculation. The study revealed that subballast experiences a notable increase in 

strain during the initial 3 MGT. After this point, beyond approximately 3 MGT, the 

subballast layer continues to exhibit a gradual strain increasing (Figure 2.9). This 

behavior agrees with previously studied ballast behavior [8]. The results of the 

subballast strain are: 

 

 ‐  πȢπρχ ὝȢ  (2.12) 

 

 
13 Source: Selig, and Waters, 978-0-7277-4982-6, 1994. 
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Figure (2.9) Subballast Strain for the FAST track14 

2.6.1.3.3 Subgrade strain (FAST track) by Selig 

Subgrade settlement can vary based on the soil type (figure 2.10). In this model, 

the depth of the subgrade is 10 ft., and the soil at this site was moist sine silty sand. The 

total repeated traffic was 330 MGT [8].  

Two equations emerged from the subgrade analysis in the FAST track. The first 

equation was derived by substituting strain with compression [8]. 

 Ὓ Ὥὲ πȢπσω ὝȢ  (2.13) 

 

 

14 Source: Selig, and Waters, 978-0-7277-4982-6, 1994. 
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Figure (2.10) Subgrade Strain for the FAST track (Section 18B)15 

 While the second equation describes the subgrade's impact on track settlement after the 

track has been in service for some time ( Figure 2.11) 

 Ὓ Ὥὲ πȢππρ Ὕ (2.14) 

 

 

15 Source: Selig, and Waters, 978-0-7277-4982-6, 1994. 
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Figure (2.11) Subgrade Strain for the FAST track16 

2.6.1.3.4 Total settlement (FAST track) by Selig 

The total track settlement can be expressed as the sum of the compression of 

substructure layers, ballast (Ὓ) , subballast(Ὓ), and subgrade (Ὓ). Since the total 

settlement varies along the track, differential settlement was carried out. The total 

settlement can be calculated by multiplying the strain of each layer by the layer 

thickness and then summing them up [8]. 

 

 Ὓ Ὓ Ὓ Ὓ (2.15) 

 

 

 

16 Source: Selig, and Waters, 978-0-7277-4982-6, 1994. 
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It was found that when the track was newly constructed, the ballast settlement 

had only half of the settlement contribution. This is because the subballast and the 

subgrade layer had not been previously subjected to traffic or repeated load. When the 

first 6 inches of the ballast layer are disturbed after tamping, the ballastôs contribution 

to settlement decreases. The subballast and subgrade contribution still increase when 

they have been subjected to repeated load [8].  

2.6.1.3.5 Fouling contribution to settlement (Ballast Box) By Selig 

The Selig ballast box was lined with a rubber pad to mimic resilience. A 12-inch 

ballast was divided into layers, each of which was filled with fine particles to simulate 

fouling properties in the field. Based on the GEOTRACK model, a load of 4,500 lbs, 

which is equivalent to 36,000 lbs, was applied for one million cycles (72 MGT). The 

results show that the settlement increased as the amount of fouling increased. Thus, an 

increase in the settlement means an increase in the differential settlement (track 

roughness) [8].  

2.6.2 Cumulative plastic deformation by Chrismer  

Cumulative plastic deformation refers to the overall permanent settlement that 

accrues due to repetitive loading. Since the settlement is not uniform, differential 

settlement can contribute to track roughness. Hence, comprehending the accumulation 

of plastic deformation within the substructure layers, including ballast, subballast, and 

subgrade, is crucial for designing the track foundation correctly and ensuring its 

efficient performance during service [9], [33]. 
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2.6.2.1 Cumulative plastic deformation of ballast by Chrismer 

In Reference [9], [33], Chrismer introduces a power equation, which predicts the 

time to maintenance or the time when the ballast needs to be replaced,. This model 

calculates the cumulative strain and then converts it to settlement and track roughness. 

Although the soil condition has a significant effect on track settlement, the ballast can 

have a more significant effect. However, this ballast effect decreases over time so there 

can be a condition, under high  applied load where the subgrade layer dominates the 

settlement.  

Chrismer developed his ballast equation (equation 2.16) based on the Selig ballast strain 

equation ( equation 2.6)  

 ‐ Ϸ  πȢςς ὔȢ  (2.16) 

where the 'N' in this context represents the total load cycles [9], [33].  

2.6.2.2 Cumulative plastic deformation of subballast by Chrismer 

In  analyzing the effect of the subballast layer,  Chrismer notes that subballast, 

which has been in place for many years, has a linear strain rate [9], [33]. Based on this, 

Chrismer developed an  average strain rate equation,  calculated based on the results 

from different test sections, as follows [9], [33]. 

 ‐ Ϸ  ρȢχ ὼ ρπ ὔ (2.17) 

 

2.6.2.3 Cumulative plastic deformation model of subgrade by Li-Selig 

There are many reasons that can lead to cumulative plastic deformation under 

repeated load, but the three main mechanisms that are directly responsible for 

cumulative plastic deformation include cumulative compaction deformation, 

cumulative plastic shear deformation, and cumulative consolidation [9]. Therefore, a 
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prediction power model was originally implemented by Monismith to study the effect 

of the repeated load on the permanent deformation characteristics of the subgrade soil. 

This study was done via a triaxial test [34].  

 ‐ ὃὔ  (2.18) 

Where: 

‐  Cumulative plastic strain  

ὔ  Repeated load cycles  

ὃȟὦ  Two parameters, which can be affected by other factors.  

 

From this model, the influence of parameter A was studied by Li to demonstrate the 

effect of the soil type and deviatoric stress on the subgrade plastic deformation [9], [35]. 

 ὃ ὥ    (2.19) 

„  Deviatoric stress  

„  Soil static strength  

ὥȟά   Material parameters.  

 

Based on the predicted model (equations 2.18), another model was developed by Li and 

Selig, which incorporates three material constants for different soil types [9], [36].  

 

 ‐ ὥ ‍  ὔ   (2.20) 

Where: 

‍ is  

‍              (2.21) 
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ὥ   Soil's plastic strain before repeated loading, induced by loading it to its static 

strength. 

ὦ  The plastic strain accumulation rate during repeated loading. 

ά  The degree of softening of fine-grained soils under deviator stress.  

 

These constants, as mentioned in Table (2.2), increase when the clay content and soil 

plasticity increase. As a result, an increase in the parameters leads to an increase in 

plastic strain accumulation [9], [36]. 

Table (2.2) Values of soil parameters a, b, and m for various soil types17 

 

2.6.2.4 Track settlement and roughness by Chrismer 

As mentioned previously, calculating the total settlement while considering the 

three substructure layers can be related to the rate of differential settlement or track 

roughness accumulation. The reason behind this relation is to determine the proper 

 

 
17 Source: Li, D. and Selig, E.T., J. Geotech. Eng., ASCE, 122(12), 1006ï1013, 1996. 
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maintenance timing to correct the track geometry. This relation was developed by 

Chrismer as a linear relationship [9], [33]. 

 

 ὛὈ ὛὈ ‌ Ὓ  (2.22) 

 

Where: 

SD= standard deviation which represents track roughness 

Ὓ  Total average track settlement  

‌  0.15 

ὛὈ  0.098 in.  

 

It should be noted that track roughness is often expressed in terms of standard 

deviation (SD), and, when the track has been in place for many years and the first 6 

inches of the ballast layer have been subjected to tamping, the track roughness returns 

to the ὛὈ  in the best-case scenario. Moreover, it was found that every unit increase 

in average track settlement can increase the rate of SD profile roughness by 0.15. In 

addition, the ὛὈ   varies based on the type of track. For example, a high-speed track 

doesn't allow for a large settlement, whereas the ὛὈ  can be increased when the 

class of the track is lowered [9], [33].
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Chapter 3 

LARGE -SCALE BALLAST BOX MODEL, ANALYSIS, AND EVALUATION  

3.1 Hypothesis 

Track stiffness increases with sand infiltration and causes a change in the rate of 

degradation of the track geometry. Therefore, quantifying the effect of sand infiltration 

on track support stiffness and the subsequent track geometry degradation are the goals 

of this research. 

3.2 Methodology  

The researchôs methodology uses the mechanics of track response based on track 

stiffness and the Beam on Elastic Foundation (BOEF) theory. In addition, the research 

introduces track settlement mechanics to define the rate of degradation and 

corresponding maintenance related behavior.  

The deflection results are also used to try to determine the permanent deflection 

as a function of ballast fouling with different proportions of sand. These results can 

potentially lead to a statistical relationship between load cycles and fouling percentage, 

which can be used to  predict maintenance timing. 

To investigate these hypotheses, additional data was obtained using a set of 

laboratory experiments. The railway track was simulated in the lab using a Large-Scale 

Box Test, which is a wooden box with specific dimensions ( section 3.4). The box was 

filled with a volume of ballast and tested with different levels of sand-induced fouling.   
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3.2.1 Experimental Methodology and Expected Outcomes 

Two series of fouling tests were conducted, each using a different approach to 

the fouling mechanism and associated load-deflection behavior. Both series were started 

with clean, unconsolidated ballast.  

In the first series of tests, sand was added in layers ( Figure 3.1) at the defined 

percentage of fouling. This consisted of installing an approximately 3-inch layer of 

ballast mixed with the appropriate percentage of sand for each test. This mixing was 

performed using a cement mixer, and each layer installed after the sand and ballast was 

thoroughly mixed. This method was intended to establish a uniform level of fouling 

throughout the entire ballast depth. Thus, the entire ballast section had to be removed 

after each test and then reinstalled in layers.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.1) Distributing sand in layers - Series 1 
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In the second series of tests, the clean ballast was allowed to remain in the track, 

and sand was added, from the top of the ballast layer, in the defined percentages. After 

each addition of sand, the system was subjected to 3500 cycles of loading. The next 

increment of sand was then added. Thus, for example, in going from 10% to 25% of 

sand; the initial 10% of sand, approximately 0.6 cubic feet, was first added to the clean 

ballast layer, to the top. After completion of the 3500 load cycles, an additional 1 cubic 

foot of sand was added to the top, bringing the total sand to 1.6 cubic feet or 25%, and 

the system was cycled to 3500 cycles. At that point, an additional 1.6 cubic feet of sand 

was added to bring the total sand percentage to 50%, and the cyclic load was applied 

again. This pattern continued until the 100% fouling condition was reached. 

 

 It should be noted that the first approach represented the ballast that already had 

been placed and is already  consolidated. Thus, this approach examined the track 

behavior in terms of stiffness and permanent settlement at the time where the ballast 

was subjected to a repeated load and its voids had been filled with certain percentages 

of fouling. Whereas the second approach is consistent with what happens to track in 

desert areas, where wind-blown sand continues to enter the ballast layer from the top 

and continues to build up the sand fouling of the ballast ( Figure 3.2).  



 

 
43 

 

Figure (3.2) Distributing sand from ballast surface - Series 2 

It is worth noting that in both series of tests, the ballast box did not incorporate a 

subgrade layer (soil); instead, it was solely comprised of the ballast layer. 

The box was loaded using the labôs dynamic load actuator to obtain a load-

deflection relationship as a function of load magnitude and loading frequency. This 

experiment was repeated as the proportion of ballast fouling was changed with the 

addition of sand for each test. The test results were analyzed, including both statistical 

and engineering analyses, and compared with the stiffness and deflection analyses 

performed on the test results found in the literature.  
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3.3 Quantify the total voids of the ballast in the lab.  

This study aims to quantify the total volume of the voids between ballast 

aggregates. Knowing the total volume is an essential step in this experiment to quantify 

the amount of sand required to represent the fouling ratio. Therefore, a new approach 

was developed to calculate the total voidsô volume between ballast particles. This 

approach is presented below. As a result, the total voidsô volume between the traprock 

stone is 49.07%.  

The aggregate used in this study follows American Railway Engineering and 

Maintenance-of-Way Association (AREMA) gradation number #3. The sample was 

obtained from DYER QUARRY, INC., which produces ballast for the NORTHFOLK 

SOUTHERN.  The following tables (3.1), (3.2), and figure (3.3) include more details 

about the ballast type and gradation that was used in this study.   

Table  (3.1) Ballast information   

Aggregate Type Granite 

Sample Weight 62.70 kg 

Date of Collection 10/21/2021 

Location  Altoona, PA. USA 

Quarry Name DYER QUARRY, INC 

Gradation AREMA # 3 

Sieving Date 10/28/2021 

D60 mm 41.216 

D30 mm 32.210 

D10 mm 24.831 

Cu 1.659863946 

Cc 1.013728392 
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Table (3.2) Ballast gradation table following AREMA gradation #3 

 
 

 

Figure (3.3) Ballast (Traprock) gradation curve 

Soil 

Retained

(g)

(ASTM E11-

09)
(mm) % % gram gram % %

2 1/2" 63 100 100 0 0 0 100

2" 50 100 95 2.26 2.26 3.6 96.4

1 1/2" 37.5 65 30 32.48 34.74 55.4 44.6

1" 25 15 0 21.63 56.37 89.9 10.1

1/2" 12.5 5 0 4.64 61.01 97.3 2.7

#200 0.074 0.5 0 1.62 62.62 99.88 0.12

% 

Passing

Sieve 

Designation 

Sieve 

Opening 

Size

Upper 

Boundaries

Lower 

Boundaries

Accumulative 

Retain (gm)

% Mass  

Retain



 

 
46 

3.3.1 Test preparation  

Three different ballast samples were tested at the University of Delawareôs Civil 

Engineering Structures Laboratory to quantify the total volume of the voids. The 

materials used in this study are:  

1) Ballast. 

2) Water. 

3) Sand. 

4) Volumetric container.  

5) Large-Scale Ballast Box 

Prior to completing the test, the following parameters needed to be considered: 

1) C = The weight of container. 

2) A = The net weight of the aggregated sample after filling 100% of container 

C. 

3) L = The net weight of the water after filling 100% of the container C. 

4) S = The net weight of the sand after filling 100% of the container C. 

 From there, the test procedures were divided into five steps, as follows: 

 

1) Measuring the weight of dry ballast and wet ballast: This step started with 

recording the weight of the ballast sample in dry conditions. Since the dry ballast 

was sensitive to moisture absorption, its actual weight may have been influenced 

by water. As a precaution, the ballast was placed in a water basin after recording 

its weight in a dry condition. Then, after the ballast had absorbed the water, it is 

essential to record its weight to measure the amount of absorbed water. In this 

manner, it was ensured that the addition of water to the ballast in subsequent 

steps did not permeate the stone and accurately reflected its weight. 
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ὃ ὡὩὭὫὬὸ έὪ ὸὬὩ ὥὫὫὶὩὫὥὸὩ Ὥὲ ὨὶὭὩὨ ὧέὲὨὭὸὭέὲÔÈÅ ×ÅÉÇÈÔ ÏÆ ÃÏÎÔÁÉÎÅÒ #  

 (3.1) 

 

ὃ ὝὬὩ ύὩὭὫὬὸ έὪ ὸὬὩ ὦὥὰὰὥίὸ ὥὪὸὩὶ ύὥὸὩὶ ÁÐÓÏÒÐÔÉÏÎ 

 

2) Mixing ballast sample with water: After retrieving the wet ballast from the 

basin and recording its weight, the next step was to place it inside the container. 

Then, the container was filled with water using a Volumetric Container until it 

reached the top of the container, which covered the entire ballast voids. The 

reason for using water to fill the ballast voids was because the fluidic properties 

of water enable it to permeate the gaps between the particles, which resulted in 

a more precise measurement of the voidsô volume. This precise measurement 

protocol was utilized since, as mentioned previously in step 1, the weight of the 

dry ballast changes when it is exposed to water. If this change from dry to wet 

ballast weight was not properly recorded, it would result in an incorrect 

measured ballast weight for the testing and computations since the ballast and 

voids were purposefully filled with water in step 2. Therefore, to ensure an 

accurate ballast weight, it was necessary to first weigh the dry ballast and then 

to purposefully expose it to water and weigh it again, as happened in step 1. That 

way, it was ensured that the measured weight of the ballast remained the same 

when the ballast and voids were purposefully filled with water in step 2, which 

allowed an accurate measurement of the ballast voids through the volumetric 

measurement of the water added in step 2. 
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3) Measuring the total weight: Now, the total weight of the containers represents 

the weight of container ὅ, the weight of the dried aggregate ὃ, the weight of the 

absorbed water ὃ , and the weight of the water that filled-in the container in step 

1.  

 

 ὡ ὅ  ὃ ὃ ὒ  (3.2) 

  Where:  

 ὡ  = The total weight 

 ὒ       = The total weight of water mixed with ballast by the Volumetric      

container. 

 

4) Total voidsô volume: Therefore, calculating the actual total voids was 

completed by dividing the recorded weight of the water mixed with ballast, ὒ, 

by net weight of the water after filling 100% of the container, C. 

 

 ὠέὭὨ Ϸ    (3.3) 

 

5) Determine the actual weight of the sand which represents the total voidsô 

volume: To account for the actual sand that fills the voids 100%, it was 

necessary to fill the container to 100% of the container volume, S, with only 

sand. Since the total voidsô volume was obtained in step 4, the total sand weight, 

represented at 49.63% of the container volume, was found by multiplying the 

total voidsô volume by the total sand weight.  

 



 

 
49 

 Ὂ  ὠέὭὨ Ϸ  z3   (3.4) 

  Where: 

 Ὂ = The total weight of fouling that covers 100% of the sample voids. 

 

In summation, this methodology provided an effective approach for accurately 

assessing the total voidsô volume between ballast particles. Moreover, it allowed an 

effective measurement of the total weight of the sand infiltrating into the ballast voids. 

Therefore, quantifying the total weight of sand that represents any fouling percentage 

could be controlled during the lab tests in both series. 

3.3.2 The application of measuring the total volume of voids in three different 

samples 

 The following Table (3.3) illustrates the application of three distinct traprock 

ballast samples being tested within a container of specified dimensions (Table 3.4). All 

samples show an average of 49.07% voids, which means the stone occupied only 

50.93% of the container, and the rest of the container was voids. 

Table  (3.3) Average voidsô volume based on three different samples 

 

Total Voids' Volume 

  Sample 1 Sample 2 Sample 3 Average 

Ballast net weight (lb.) 71.25 72.8 72.5 72.18 

Water net weight (lb.) 47.05 47.1 47.09 47.08 

Sand net weight (lb.) 63.6 63.4 63.9 63.63 

Ballast weight filled with water (lb.) 96.35 97.75 97.0 97.03 

Adding water weight (lb.) 23.35 23.2 22.8 23.10 

Water volume (in^3) 10.60 10.67 10.50 10.59 

Total voids' volume % 49.63% 49.26% 48.31% 49.07% 

Weight of sand at 49.07% (lb.) 31.56 31.23 30.87 31.22 
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Table (3.4) Container dimension used to calculate the volume of the voids. 

Container Dimensions  

Height (in) 14.5 

Diameter (in) 12 

 Area (in^2) 113.04 

 Volume (in^3) 1302.84 

 Weight (lb.) 1.75 

 

3.3.3 Applying the total weight of fouling into the Ballast Box 

The void ratio (49.07%) can be applied to any container or box, provided its 

dimensions are known. The designed ballast box ( section 3.4) has a total volume of 

31104 in3. Since the container ( Table 3.4), has a volume of 1302.84 in3, a total ballast 

weight of 72.18 lb., and a total sand weight of 31.22 lb, the volume of the ballast box 

volume requires 23.87 times the container volume to fill the ballast box with 1723.30 

lb. of ballast and 745 lb. of sand ( Table 3.5) 

Table (3.5) Box dimensions including the ballast volume and sand volume 

Box Dimensions   
Width in 36  

Long  in 48  

Height in 18  

Box volume  in^3 31104  

Number of containers required to fill the ballast box with ballast & 

sand 
- 23.87  

Ballast & sand weight to fill the box lb 2468.68  

Ballast ratio % 50.93%  

Void ratio % 49.07%  

Ballast weight to fill 50.93% of the ballast box lb 1723.30  

Sand weight to fill 49.07% of the ballast box lb 745.37  
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Since the goal of this study was to find the total voids between the ballast particle by 

determining the actual sand weight that represents 100% of fouling, the total weight that 

represented the percentage of fouling to be tested was selected by multiplying the 

fouling percentage by the total weight of sand. For example, the total weight of the sand 

that represented 10% fouling was determined as the following: 10% x 745.37 lb. 

Therefore, Table (3.6) shows the total fouling weight for each experiment. 

Table (3.6) Fouling distribution based on the ballast box dimensions  

 

 

 

 

 

 

 

 

 

  Fouling Distribution   

Fouling % Sand Weight (lb.) 

0% 0.00 

10% 74.54 

20% 149.07 

25% 186.34 

50% 372.69 

60% 447.22 

75% 559.03 

100% 745.37 
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3.4 Ballast Box model 

A special Ballast Box was built at the University of Delawareôs Civil 

Engineering Structures Laboratory to investigate the relationship between ballast 

fouling due to sand infiltration and track deflection, track stiffness, track settlement, 

track degradation, and time to the next maintenance. The box is 48 inches long, 36 

inches wide, and 18 inches high, containing 18 cubic feet of railway ballast (Figure 

3.4.a).  

 

 

 

 

 

 

 

 

 

Figure (3.4.a) Ballast Box with Clean Ballast 
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In the top of the ballast, a section of the railroad superstructure was constructed 

by using partial timber tie (tie) 7 in x 9 in x 3 foot in length, a section of rail (132 RE 

rail) approximately 12 inches in length, and plate with two cut spikes (Figure 3.4.b).  

Figure (3.4.b) Ballast Box includes track substructure (rail, plate, and tie) 

3.4.1 Actuator and data acquisition  

Loading was provided by an MTS Series 244 actuator with 55 kip dynamic and 

static capacity in both tension and compression. The test frequency was dependent on 

the valve size servo system. The specific unit used had two 15gpm servo valves, which 

allowed it to complete higher frequency testing. The test set-up is shown in Figure 3.5. 

Instrumentation consisted of the load and deflection measurement system of the 

dynamic loading actuator itself, together with an additional 6 LVDTs positioned as 

shown in Figures 3.6a and b.  
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Figure (3.5) Ballast Box in the lab shows the hydraulic actuator and LVDT  
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Figure (3.6.a) Top view shows LVDT distribution on the ballast box components  
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Figure (3.6.b) 3D view shows LVDT distribution on the ballast box components 

3.4.2 Load regime  

The load regime was designed to simulate the passage of heavy axle load freight 

traffic at low speed on a very stiff track structure. Therefore, assumptions were made 

by considering three different stiffness scenarios: 1000 lb./in./in., 5000 lb./in./in., and 

10000 lb./in./in. respectively, at a speed of 40 mph to measure rail deflection and 

calculate the amount of load transferred from the rail to the tie (Table 3.7), and (Figure 

3.7).  
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Table (3.7) Load regime at three different stiffness scenarios 

 

 

 

 

 

 

 

 

 

Inputs Units Scenario 1 Scenario 2 Scenario 3

Rail Type RE 132 132 132

Rail Weight lb/yd 131.7 131.7 131.7

Area in^2 12.91 12.91 12.91

MOI (I) in^4 87.90 87.90 87.90

E Ib/in^2 30000000 30000000 30000000

Lateral MOI in^4 14.40 14.40 14.40

Height above neutral axis in 3.20 3.20 3.20

Height of Rail in 7.13 7.13 7.13

H-C in 3.925 3.925 3.925

Tie Type - Wood Wood Wood

Tie Wide in 9 9 9

Tie Tall in 7 7 7

Tie long in 36 36 36

Tie Spacing in 19.5 19.5 19.5

Car weight Ib 286000 286000 286000

# of axles - 4 4 4

Axles spacing in 72 72 72

# of wheels - 8 8 8

Wheel Diameter in 36 36 36

Speed mph 40 40 40

Pstatic Ib 35750 35750 35750

Pdynamic Ib 48858.33 48858.33 48858.33

Load ratio Pdynamic/Pstatic - 1.37 1.37 1.37

K Ib/in/in 1000 5000 10000

Beta 1/in 0.0175 0.0262 0.0312

Max. Deflection (Wmax) in 0.429 0.128 0.076

Max. Moment (Mmax) in.Ib 696099.28 465509.65 391445.39

Max. Force lbf 428.66 641.00 762.28

Max. Tie Bearing Force Ibf 8358.93 12499.52 14864.51

Max. Load % for individual tie % 17.11% 25.58% 30.42%

Rail Detail

Max. Results 

Tie Detail

Car Detail

Load Regime
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Figure (3.7) Deflection at three different stiffness values in (lb./in./in.) 

As a result, it was found that the corresponding deflections are 0.429 in., 0.128 

in., and 0.076 in., respectively, with tie bearing forces of 8358.9 lbf., 12499.5 lbf., and 

14864.5 lbf., respectively. Subsequently, the decision was made to increase the load to 

20000 lb and then calculate the corresponding deflection, speeds, dynamic load, and 

transformed load on the tie (Table 3.8.a, 3.8.b, and 3.9), and (Figure 3.8). 

The dynamic impact formula introduced by AREMA was used to calculate the 

designôs vertical load. Noting that for very stiff track, as represented by the ballast box 

in Figure 3.4, the loading regime selected for this test series was a maximum vertical 
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load of 20,000 lbs. (20 Kips) at a test frequency of 0.2 Hz (720 cycles per hour). This 

relationship between the vehicle load and test load is discussed in section 3.4.3. 

 

 

 ὖ —ὖ ρ — ὖz  (3.5) 

 

Where: 

ὖ   The dynamic load (lb.) 

ὖ  The axel load (lb.) 

—  The dynamic ratio. 

 

 

—                   

(3.6) 

Where: 

6  Speed (mph) 

$  The wheel diameter (in) 

 

3.4.3 Application of the BOEF method 

After running a clean test, the load-deflection results showed that the maximum 

deflection applied was 0.08 at a load of 20 kips. Using the obtained data and substituting 

them into the BOEF equation helped measure how stiff the track was. Additionally, both 

the dynamic load and the speed could be measured. Assuming a 36-ton axel load with 

a 36-inch wheel diameter passing over a 132 RE rail type at 20 kips load results in 0.08 
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in deflection, as shown in table 3.8.a. The results ( Table 3.8.b) show that the track 

stiffness is 12821 lb/in/in, and the dynamic load is 61779 lb, in a ratio of 1.73 to the 

static load. This should simulate a track with a 79-mph speed. The load transfer from 

the wheel to the tie represents 32.7% (Table 3.9).  

Table (3.8.a) Rail type with its specifications and the load 

Giving data Value Unit 

Rail type 132 RE - 

Static load (Pstatic) 35750 lb. 

Tie spacing, a 19.5 in. 

Wheel diameter 36 in. 

E 30000000 lb.in2 

I 87.9 in4 

Measured W in lab 0.08 in. 

Applied load 20000 lb. 

Table (3.8.b) BOEF analysis results  

Results Value Unit 

k 12821 lb/in/in 

Beta 0.0332 1/in 

Dynamic load (Pdynamic) 61779 lb. 

Load ratio 1.73 - 

Speed, v 79 mph 

Force (psi) 1025.64 psi 

Max. applied load 20000.00 Ib 

Max. load % for individual tie 32.37% % 
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Table (3.9) BOEF analysis based on the given data from table (3.8.a) 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.8) Maximum deflection based on the 36-ton axle load. 
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 X (in) X (feet) W(in) Force (psi) Applied load (lb.) % of wheel

-120.00 -10.00 -0.002101 -26.94 -525.31 -0.85%

-108.00 -9.00 -0.002954 -37.88 -738.61 -1.20%

-96.00 -8.00 -0.003450 -44.23 -862.51 -1.40%

-84.00 -7.00 -0.002918 -37.41 -729.45 -1.18%

-72.00 -6.00 -0.000357 -4.58 -89.23 -0.14%

-60.00 -5.00 0.005494 70.43 1373.38 2.22%

-48.00 -4.00 0.015875 203.53 3968.77 6.42%

-36.00 -3.00 0.031399 402.56 7849.86 12.71%

-24.00 -2.00 0.050991 653.73 12747.77 20.63%

-12.00 -1.00 0.070340 901.80 17585.06 28.46%

0.00 0.00 0.080000 1025.64 20000.00 32.37%

12.00 1.00 0.070340 901.80 17585.06 28.46%

24.00 2.00 0.050991 653.73 12747.77 20.63%

36.00 3.00 0.031399 402.56 7849.86 12.71%

48.00 4.00 0.015875 203.53 3968.77 6.42%

60.00 5.00 0.005494 70.43 1373.38 2.22%

72.00 6.00 -0.000357 -4.58 -89.23 -0.14%

84.00 7.00 -0.002918 -37.41 -729.45 -1.18%

96.00 8.00 -0.003450 -44.23 -862.51 -1.40%

108.00 9.00 -0.002954 -37.88 -738.61 -1.20%

120.00 10.00 -0.002101 -26.94 -525.31 -0.85%
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3.5 Test steps in the lab 

As previously mentioned in section (3.2), there are two series of tests that were 

examined in this project. Although the method of calculation of the total voids between 

the ballast particles is same in both series, each series has a different preparation 

technique.  

3.5.1 Series 1 ï unconsolidated tests 

In Series 1, the test steps began by filling 23.87 of the ballast containers (1302.84 

in3) with ballast, with each container containing 72 lb. of ballast. This step prepares an 

accurate amount of sand to represent the corresponding test fouling percentage for each 

test. Since the ballast was filled into the ballast box in 6 layers, with each layer thickness 

being 3 inches deep, each layer was filled with 4 ballast containers (290.4 lb.). Prior to 

distributing the ballast into the ballast box, the four containers were placed in a cement 

mixer and mixed with the appropriate percentage of sand to represent the ballast box 

voids at each determined percentage of fouling (Table 3.6). The next step was to 

distribute the mix over the ballast box after running them through the cement mixer 

several times. Then, the first layer was tamped manually with 100 hits over the entire 

surface layer to ensure the layer was leveled and distributed evenly. It is important to 

mention that the force exerted was manually generated, applying the force in a manner 

which avoided excessive pressure on the ballast. This cautious approach aimed to 

prevent any external influences on the ballast. The same arrangement was applied in 

each layer until the ballast box was filled. Subsequently, it was necessary to position a 

steel plate onto the ballast box. The actuator force was then applied at an extremely low 

frequency of 0.2 Hz, with a magnitude of 1000 lb., for a total of 50 cycles. This measure 

was utilized to guarantee consistent conditions across all experiments in Series 1. 
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Afterward, the railroad tie, onto which the rail, plate, and cut spikes had been previously 

mounted, were positioned in the middle of the ballast area. It was oriented perpendicular 

to the actuator rod, which simulates the train wheel. Next, 6 LVDTs were placed as 

follows: two of them on the end of the rail, two on the two ends of the plate, and the last 

two on the end of the tie. In addition, the actuator rod was mounted to the middle of the 

rail head. Finally, a vertical load of 20,000 lbs. (20 Kips) at a test frequency of 0.2 Hz 

(720 cycles per hour) was used until 3500 load cycles were completed. After the test 

was completed, the LVDTs and the actuator rod were uninstalled, and 3 samples were 

collected for the sieving analysis, as explained in section (3.3.2). Finally, the ballast box 

was emptied and separated from the sand to prepare for the next test (0%, 10%, 25%, 

50%, 75%, and 100%). It should be noted that the cement mixer and sand steps were 

not used when testing a clean ballast, i.e.  during the 0% fouling test.   

3.5.2 Series 2 ï progressive fouling tests 

In Series 2, the steps are similar to those in Series 1, with the same magnitude 

for each step. However, there are two differences in the series 2 steps, the way that the 

sand was mixed with the ballast and that the steel plate was used only one time at Test 

1, which was the clean test. The reason for using the steel plate only one time is that the 

ballast was not removed between the Series 2 tests. Instead, the tests were   continuously 

conducted until 21000 load cycles had been completed, with a pause every 3500 load 

cycles to add a new portion of sand to the top of the  ballast that corresponded with the 

next test fouling percentage . Therefore, in this method, the sand was spread from the 

top surface of the ballast. Test 1 in Series 2  (clean ballast or 0% fouling) had the same 

steps as Test 1 in Series 1. However, at Test 2 in Series 2 (10% fouling), the actuator 

rod, LVDTs, and the tie were removed at the end of Test 1 without removing the ballast, 
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and then the sand that occupied 10% of the ballast voids was spread equally from the 

top surface of the ballast. Next, the tie, LVDTs, and the actuator rod were placed on the 

tie, and the test was resumed from cycle 3500 to 7000. The same steps were repeated 

until reaching 21000 cycles, which was the end of the 100% fouling test. 
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Chapter 4 

RESULTS AND DISCUSSION  

4.1 Track stiffness 

Track stiffness can be calculated as mentioned in section (2.5.2). For each series 

of tests, a load-deflection graph, was generated over the full range of loading cycles ( 

Figure 4.1) [37]. This allowed for the calculation of the stiffness (modulus), defined 

here as the change in deflection under load per unit length of track, defined as lb/in/in. 

It also allowed for the determination of the permanent deformation, in inches, which is 

the final measured deflection, after completion of the load series (e.g. 3500 cycles) and 

removal of the load [37]. The resulting load-deflection, deflection-time, and stiffness-

time cycle graphs are illustrated in Figures 4.1, 4.2 and 4.3, respectively.  

 

 

 

 

 

 

 

 

 

 

Figure (4.1) Load-Defection curve for clean ballast over 3500 cycles 
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Figure (4.2) Defection-time curve for clean ballast over 3500 cycles 

 

 

Figure (4.3) Stiffness-Load Cycles curve for clean ballast over 3500 cycles 
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The initial stiffness can be clearly observed as can the final permanent 

deformation [37]. Average stiffness was initially calculated over the full set of loading 

cycles [37]. However, given the large initial deflections that occurred during the testing 

( Figures 4.1 and 4.2), it was determined that a more meaningful average stiffness value 

could be obtained by excluding the initial loading cycles, such that the final stiffness 

values were then calculated based on the average load-deflection behavior for cycles 

1000 through 3000 ( Figure 4.4) [37].  

Figure (4.4) Average stiffness ranging from 1000 cycles to 3000 cycles ï Series 2  
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Thus, the stiffness, for both series, was calculated in three different stages where: 

¶ Stage 1, stiffness was calculated from cycle 1 to cycle 3500. 

¶ Stage 2, stiffness was calculated from cycle 1 to cycle 500. 

¶ Stage 3, stiffness was calculated from cycle 1000 to cycle 3000. 

Note: The stiffness graphs in Stage 3 depict cycles within the range of 1000 to 3500, as 

shown in Table 4.1.a and 4.1.b. It is imperative to observe that the stiffness values at 

this stage were computed based on cycles 1000 to 3000. 

 

For example, Figures (4.5.a), (4.5.b), and (4.5.c) show the stiffness for Series 1 

resulting from the actuator in three different stages.  

NOTE: Appendix B includes all stiffness figures for both series. 

 

 

 

 

 

 

 

 

Figure (4.5.a) Stage 1- Stiffness-Load Cycles ranging from 0 to 3500 cycles ï Series 1 
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Figure (4.5.b) Stage 1- Stiffness-Load Cycles ranging from 0 to 500 cycles ï Series 1 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.5.c) Stage 1- Stiffness-Load Cycles ranging from 1000 to 3500 cycles ï Series 

1 
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Figures (4.5) present the test results for the range of fouling conditions from 0% to 

100%. Note, all deflections presented here are measured at the actuator at the top of the 

rail head (Figure 4.5). 

4.1.1 Stiffness results from Series 1 

Average stiffness was calculated for Series 1 (across the 1000 : 3000 range of 

load cycles) as a function of percent sand fouling. With this type of distribution, fouling 

configuration, the stiffness is fairly constant, with some minor variation to the order of 

+/- 3% ( Figure 4.6) [37].  

In reference to the stiffness results for Series 1, the data was gathered from the 

hydraulic actuator, which is responsible for applying the load on the rail. This actuator 

was positioned at the center of both the rail and the ballast box. These results are 

considered reliable when compared to the data obtained from the LVDTs. As explained 

in section (4.2), this reliability can be attributed to the fact that the fixation method for 

the LVDTs in Series 1 differs from that used in Series 2. 

NOTE: Figure 4.6 exclusively presents the actuator data for Series 1, while the LVDT 

results for the same series can be found in Appendix B.1. 
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Figure (4.6) Average stiffness vs percent fouling ï Series 1 
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Table (4.1.a) Stiffness results (in/lb./lb.) for 3 different stages including the actuator and 

LVDT results ï Series 1  

 

 

4.1.2 Stiffness results from Series 2 

Average stiffness was calculated for Series 2 (across the full range of load 

cycles) as a function of percent sand fouling [37]. As a note, this type of fouling 

implementation is more consistent with what happens in the field for track in desert-

type areas [37]. Furthermore, following the installation of the new LVDT fixation, all 

LVDT measurements demonstrate concordance with the hydraulic actuator results ( 

Table 4.1.b).  

Actuator Rail Back Rail FrontPlate RightPlate Left Tie Right Tie Left

0 - 500 11023 11023 18295 15939 13152 20744 20005

0 - 3000 12236 12236 19000 17367 14641 23662 24267

1000 - 3000 12544 12544 18623 17764 15082 24287 25655

0 - 500 11703 11703 16417 14042 16477 26232 22751

0 - 3000 12517 12517 17117 15123 18001 31199 24654

1000 - 3000 12732 12732 17287 15406 18446 32703 25174

0 - 500 11001 11001 17323 15828 13160 21772 20024

0 - 3000 11960 11960 21981 17518 14396 25783 22372

1000 - 3000 12195 12195 23458 17963 14694 26753 23013

0 - 500 11246 11246 17194 15995 13817 19222 20432

0 - 3000 12382 12382 20084 17983 14925 23198 23151

1000 - 3000 12702 12702 21242 18518 15198 24078 23914

0 - 500 11011 11011 15279 15269 12886 20090 23564

0 - 3000 11825 11825 18933 16771 13734 22973 24357

1000 - 3000 12054 12054 20175 17196 13907 23622 24270

0 - 500 11435 11435 12307 15062 12266 21800 22805

0 - 3000 12234 12234 14440 16825 12749 24131 22414

1000 - 3000 12465 12465 15043 17314 12823 24773 22428

Series 1

0%

10%

25%

50%

75%

Fouling % Cycles

100%



 

 
73 

Table (4.1.b) Stiffness results (in/lb./lb.) for 3 different stages, including the actuator 

and LVDT results ï Series 2 

 

Additionally, stiffness results consistently indicate a rise in the stiffness modulus 

(stiffness per unit length) as the level of sand fouling increases [37]. When fitting a 

linear trend to the dataset, which includes data from the hydraulic actuator and six 

LVDTs ( Figure 4.7), the analysis revealed the correlation between stiffness and fouling 

to be as follows: 

1- Hydraulic actuator:  ὝὶὥὧὯ ὛὸὭὪὪὲὩίί ὰὦȢȾὭὲȾὭὲ ρυφςȢψ ὼ  ρςυφς    (4.1) 

2- Rail Back:                ὝὶὥὧὯ ὛὸὭὪὪὲὩίί ὰὦȢȾὭὲȾὭὲ ςφφψȢυ ὼ  ρυχφω    (4.2) 

3-   Rail Front:               ὝὶὥὧὯ ὛὸὭὪὪὲὩίί ὰὦȢȾὭὲȾὭὲ τυχψȢρ ὼ  ρςψωψ    (4.3) 

3- Plate Right:              ὝὶὥὧὯ ὛὸὭὪὪὲὩίί ὰὦȢȾὭὲȾὭὲ σψφτȢφ ὼ  ρψυχτ    (4.4) 

4- Plate Left:                ὝὶὥὧὯ ὛὸὭὪὪὲὩίί ὰὦȢȾὭὲȾὭὲ σχρτȢυ ὼ  ρυψςπ    (4.5) 

5- Tie Right:                ὝὶὥὧὯ ὛὸὭὪὪὲὩίί ὰὦȢȾὭὲȾὭὲ ρτχυσ ὼ  ςχωρυ     (4.6) 

6- Tie Left:                  ὝὶὥὧὯ ὛὸὭὪὪὲὩίί ὰὦȢȾὭὲȾὭὲ ρρψπψ ὼ  ςυχσπ     (4.7) 

Actuator Rail Back Rail FrontPlate RightPlate Left Tie Right Tie Left

0 - 500 11026 13061 16420 15943 13155 20744 20011

0 - 3000 12306 14791 17231 17454 14734 23662 24641

1000 - 3000 12580 15164 17412 17805 15124 24287 25901

0 - 500 11762 14577 12557 17959 15296 29281 24621

0 - 3000 12826 16245 13561 19729 16863 32678 28545

1000 - 3000 13050 16691 13751 20154 17237 33588 29501

0 - 500 11691 14505 12530 17240 14556 26742 22054

0 - 3000 12414 16157 13053 18857 15926 30740 24671

1000 - 3000 12575 16628 13133 19286 16302 31889 25381

0 - 500 11755 17076 13489 18332 16430 29578 47419

0 - 3000 12944 18079 14268 19925 17874 33780 44656

1000 - 3000 13186 18171 14328 20215 17938 34692 44153

0 - 500 13185 16151 16327 20060 16895 36882 32898

0 - 3000 13772 16282 16929 21342 18185 38602 35230

1000 - 3000 13921 16283 17155 21592 18441 38725 35771

0 - 500 12431 13438 16688 18039 15615 26632 24856

0 - 3000 13163 15548 16806 20415 18000 32754 28449

1000 - 3000 13314 16135 16730 21030 18647 34308 29300

25%

50%

75%

100%

Series 2
Fouling % Cycles

0%

10%
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with an R2 value of 74.5%, 74.6%, 74.3%, 71.9%, 73.3%, 72.2%, and 72.8%, 

respectively, corresponding to a good correlation of this relationship with the test data.  

The following figures show the fitted curve to all the data results:  

 

 

Figure (4.7.a) Average track stiffness vs percent fouling ï Actuator ï Series 2 

 

 

y = 1562.8x + 12562
R² = 0.7447

10000

10500

11000

11500

12000

12500

13000

13500

14000

14500

0% 10% 20% 30% 40% 50% 60% 70% 80%

T
ra

ck
 S

iff
n

e
ss

 (
lb

/in
/in

)

Percent (%) Sand Fouling

Track Stiffness vs Percent Sand Fouling 
(Actuator - Series 2)



 

 
75 

 

Figure (4.7.b) Average track stiffness vs percent fouling ï Rail Back ï Series 2 

 

Figure (4.7.c) Average track stiffness vs percent fouling ï Rail front ï Series 2 
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Figure (4.7.d) Average track stiffness vs percent fouling ï Plate Right ï Series 2 

 

 

Figure (4.7.e) Average track stiffness vs percent fouling ï Plate Left ï Series 2 
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Figure (4.7.f) Average track stiffness vs percent fouling ï Tie Right ï Series 2 

 

Figure (4.7.h) Average track stiffness vs percent fouling ï Tie Left ï Series 2 
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4.1.3 Stiffness results discussion  

As mentioned in section (3.4), the track substructure was represented in this test by an 

18-inch-deep ballast layer with no underlying subgrade. Thus, the measured stiffness 

was stiffer than that measured in regular track, which was expected.  

The observed stiffness behavior of the track, as a function of sand fouling, 

differed noticeably depending on how the fouling was introduced into the test. In the 

first series of tests, with fouling introduced in a ñhomogenousò manner during the 

installation of the ballast in the ballast box, the stiffness remained relatively constant 

with sand fouling [37]. This was, in fact, similar to that observed on another laboratory 

test, discussed in section (2.5.5). However, when the sand was introduced in a manner 

consistent with what occurs in the field, i.e. introduced from the top and allowed to 

consolidate under simulated traffic loading, the stiffness was found to increase with 

increasing percentage of sand fouling [37]. This stiffening behavior under increasing 

percentages of sand fouling in the ballast is consistent with the findings in section 

(2.5.4), which presented the results of a series of field measurements of track modulus 

as a function of sand fouling, the results of which are reproduced in Figure 4.7. As can 

be clearly seen in Figure 4.7, the modulus increases directly with increased percentage 

of sand fouling.  
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4.2 Track settlement 

Settlement, also known as permanent deformation, refers to the total settlement 

resulting from the ballast, sub-ballast, and subgrade layers, measured in inches. This 

condition arises within the substructure layers due to applied loads leading to differential 

settlements that results in rail defects. As previously mentioned, various factors 

influence settlement, including ballast type, ballast size controlling void volumes, and 

soil type, along with its properties. 

The results of the ballast box tests conducted at the University of Delawareôs 

Civil Engineering Structures Laboratory are presented in terms of load deflections as a 

function of fouling. It is important to note that, as mentioned earlier, the ballast box does 

not include a subgrade (soil) layer in both test series. 

4.2.1 Settlement results from Series 1 

Series 1 represents the unconsolidated tests, which each test ran for 3500 cycles. 

The data obtained from the ballast box tests was plotted in terms of load-deflection ( 

Figure 4.1) and deflection-load cycles ( Figure 4.8). Please note that in certain figures, 

'deflections' are referred to as 'displacement.' 
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Figure (4.8) Defection-Load Cycles curve for clean ballast ï Series 1 

In reference to the settlement outcomes of Series 1 ( Table 4.2), the data was 

gathered through the utilization of a hydraulic actuator, which was responsible for 

exerting pressure on the rail. Table (4.2) displays the results of all 6 tests conducted in 

Series 1. It is worth noting that certain cells were left blank as they did not contain 

results. This occurred due to issues with the LVDT, which did not accurately capture 

deflection measurements. Specifically, four data points are missing from the table, 

which are the results for the Rail Back and Tie-Right in the 10% fouling test, as well as 

the results for the Tie-Left in the 25% and 100% fouling tests.  
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Table (4.2) Settlement results in (inches) including the actuator and LVDT results ï 

Series 1   

 

Settlement results consistently indicate a rise in the settlement (in) as the level 

of sand fouling increases. When fitting an exponential trend to the obtained data, which 

includes data from the hydraulic actuator and six LVDT, the analysis revealed the 

correlation between settlement and fouling to be as follows: 

 

 

 

 

1- Hydraulic Actuator:   ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢυςχτ ὩȢ              (4.8) 

2- Rail Back:              ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢυπυτ ὩȢ               (4.9) 

3- Rail Front:              ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢτχυψ ὩȢ             (4.10) 

4- Plate Right:              ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢυςςω ὩȢ               (4.11) 

5- Plate Left:            ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢυπςς ὩȢ             (4.12) 

6- Tie Right:              ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢυτωχ ὩȢ             (4.13) 

7- Tie Left:                 ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢτψχω ὩȢ             (4.14) 

 

Actuator Rail Back Rail FrontPlate RightPlate Left Tie Right Tie Left

0% 0.576 0.574 0.599 0.590 0.546 0.621 0.509

10% 0.580 0.463 0.562 0.574 0.511

25% 0.579 0.575 0.494 0.558 0.543 0.607

50% 0.640 0.616 0.673 0.645 0.625 0.607 0.641

75% 0.943 0.762 0.965 0.932 0.897 0.936 0.856

100% 1.078 1.168 1.091 1.068 1.102 1.067

Fouling % Cycles
Series 1

3000
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with an R2 value of 91.9%, 82.4%, 89.5%, 91.4%, 92.6.3%, 83.3%, and 94.4% 

respectively, corresponding to a good to excellent correlation of this relationship with 

the test data.  

The following figure (4.9) shows the fitted curve to all the data resulting from the 

Actuator. It should be noted that, in certain figures, 'deflections' are referred to as 

'displacement'. LVDT settlement results for Series 2 are presented in Appendix B.2. 

 

 

Figure (4.9) Settlement vs Percent Fouling for the Actuator ï Series 1 

4.2.2 Settlement results from Series 2 

Series 2 represents the progressive tests in which fouling is increased every 3500 

cycles, as explained earlier in (section 3.5.2). Therefore, the load-deflection results ( 

Figure 4.10) and deflection-load cycles ( Figure 4.11) enable the ascertain of the 

settlement amounts. This measurement captures the final deflection observed after the 
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completion of the load series, after 3500 cycles. Please note that in certain figures, 

'deflection' is referred to as 'displacementô. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (4.10) Load-Defection curve for clean ballast ï Series 2 
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Figure (4.11) Deflection-Load Cycles curve for clean ballast ï Series 1 

Table (4.3) displays the settlement data for all tests conducted in Series 2 over 

3000 cycles. The settlement results consistently indicate an increase in settlement 

(inches) as the level of sand fouling increases.  

Table (4.3) Settlement results in (inches) including the actuator and LVDT results ï 

Series 2 

 
 

 

Actuator Rail Back Rail FrontPlate RightPlate Left Tie Right Tie Left

0% 0.580 0.574 0.574 0.586 0.542 0.619 0.504

10% 0.829 0.777 0.849 0.790 0.748 0.840 0.681

25% 1.070 1.030 1.094 1.034 0.992 1.062 0.948

50% 1.193 1.057 1.135 1.045 0.998 1.243 0.955

75% 1.623 1.490 1.550 1.488 1.408 1.809 1.253

100% 3.023 1.641 2.800 2.867 2.762 3.236 2.521

3000

Fouling % Cycles
Series 2
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When fitting an exponential trend to the collected data, which includes data from 

the hydraulic actuator and six LVDTs, the analysis reveals the correlation between 

settlement and fouling as follows:  

 

1. Hydraulic Actuator:       ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢφτψω ὩȢ               (4.15) 

2. Rail Back:                  ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢφχψρ ὩȢ              (4.16) 

3-   Rail Front                   ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢφυωψ ὩȢ              (4.17) 

3. Plate Right:                  ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢφσ ὩȢ                  (4.18) 

4. Plate Left:                ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢυωρψ ὩȢ              (4.19) 

5. Tie Right:                  ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢφφσω ὩȢ              (4.20) 

6. Tie Left:                   ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢυυτσ ὩȢ              (4.21) 

 

The R² values are 94.6%, 92.4%, 93.4%, 92.2%, 92.6.3%, 91.9%, and 96.5%, 

respectively. These values correspond to excellent correlation of this relationship with 

the test data. Figure (4.12) displays the fitted curve for all the data obtained from the 

Actuator. Moreover, LVDT settlement results for Series 2 are presented in Appendix 

B.2. 
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Figure (4.12) Settlement vs Percent Fouling for the Actuator ï Series 2 

4.2.3 Series 1 settlement discussion  

As noted in section (3.4), this test represented the track substructure with an 18-

inch-deep ballast layer without an underlying subgrade. 

The settlement observed in the figure depicting deflection-load cycles, as a 

function of sand fouling, exhibits a consistent pattern, regardless of how the sand was 

introduced in both Series 1 and Series 2. 

In Series 1, where fouling was introduced in a "homogeneous" manner during 

the ballast installation within the ballast box, the settlement increases with higher levels 

of fouling sand. The most significant settlement occurs during the initial cycles, 

typically ranging from cycle 5 to cycle 20, with variations between different tests ( 

y = 0.6489e1.4217x
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Figure (4.13)). The initial settlement rate experiences a dramatic surge in one cycle with 

variability across different tests ( Figure 4.14).  

Figure (4.13) Initial settlement vs Load cycles for the Actuator - Series 1 

As Figure (4.13) illustrates, the cycle at which the initial settlement occurs varies 

from one test to another. Notably, it's important to observe that in all tests within this 

series, the initial settlement occurs within just one cycle, except for the second test with 

10% fouling. For instance, in the 100% fouling test, the initial settlement initiates at 

cycle 9 and concludes at cycle 10. However, in the 10% fouling test, the initial 

settlement starts from cycle 10 to cycle 11, but it is quite brief. Subsequently, another 

settlement event occurs from cycle 11 to cycle 12 to complete the initial settlement. It 

is worth noting that the brief initial settlement in 10% fouling test appears to be an 

anomaly and could potentially skew the results when comparing it to the others. Given 
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that the hypothesis suggests that settlement increases with higher fouling levels, 10% 

fouling test does not align with this hypothesis. Instead, the 10% fouling test displays 

higher settlement levels compared to the 0%, 25%, and 50% fouling tests, though it was 

hypothesized to lie between the settlement levels of the 0% fouling test and the 25% 

fouling test. ( Figure 4.14) 

 

Figure (4.14) The effect of the short initial settlement in the total settlement 

Furthermore, when tracking the load from the hydraulic actuator, it becomes 

evident that at cycle 10, the full load of 20,000 lb. was not applied. Instead, this cycle 

experienced only a 4,000 lb. load, as indicated in Figure (4.15). 
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Figure (4.15) The initial load for 10% fouling for the Actuator ï Series 1 

This issue was identified as a technical problem, and, as a result, the short 

settlement was excluded from subsequent load cycles ( Figure 4.16). During the process 

of addressing the short settlement issue in the 10% fouling test, it was discovered that 

aligning all tests to commence from the same settlement cycle (cycle number 4) would 

be advantageous for analysis purposes. It is important to note that discarding some initial 

cycles does not impact the overall settlement results ( Figure 4.16).  
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Figure (4.16) Initial settlement for all tests after excluding the initial settlement from  

the 10% fouling test. 

Following the elimination of the short settlement in the 10% fouling test and the 

alignment of all tests to a common reference point, the conclusive results demonstrate 

that the 10% fouling test falls between the settlement levels observed in the 0% fouling 

and 25% fouling tests, in accordance with the original hypothesis ( Figure 4.17) 
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Figure (4.17) Settlement vs Load cycles after filtering the data from test 2 (10% 

fouling)  

In conclusion, the settlement rate continues to increase, though at a slower rate. 

This behavior is reminiscent of what was observed in the FAST track by Selig, where 

the settlement rate significantly increased during the first 3 MGT and then continued to 

increase at a reduced rate over time ( section 3.6.1.3.1).  

 

4.2.4 Series 2 settlement discussion 

As previously mentioned, Series 2 represents a progressive test in which fouling 

is introduced from the top of the ballast. The settlement results from the actuator were 

graphed as a function of fouling ( Figure 4.18).  
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Figure (4.18) Cumulative settlement vs Load cycles ï Series 2 

It is important to note that in Figure (4.18), each test was conducted over a span 

of 3500 cycles. Consequently, each segment in Figure (4.18) corresponds to different 

fouling levels, starting from 0%, then progressing in increments of 10% to 10%, 25%, 

50%, 75%, and 100% fouling, respectively.  

It is evident that there is a substantial initial settlement during the initial cycles, 

after which the rate of settlement continues to increase, albeit at a slower pace. This 

behavior was consistent across all tests in both series. 
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However, in Series 2, starting from the second test (with 10% fouling) and 

continuing to the fourth test (with 50% fouling), the initial settlement is relatively small. 

This is because Series 2 is a progressive test, and the significant initial settlement 

already occurred during the first test (clean ballast or 0% fouling). It is worth noting that 

even with this smaller initial settlement, the behavior persists throughout each test in 

Series 2. 

For tests representing 75% and 100% fouling, the initial settlement is 

surprisingly substantial, considering these tests are part of the progressive test series. In 

a progressive test, the ballast should have already consolidated, and the voids should 

have been filled with sand. However, a possible reason for this behavior is that the 

settlement in these tests is not solely due to the ballast since it also includes settlement 

in the sand. The sand dominates the amount of the settlement because it remains on the 

surface of the ballast and does not infiltrate down into the ballast. 

Although Series 2 comprises progressive tests, Figure (4.19) represents the 

settlement of each test in Series 2 individually. It is evident that settlement decreases in 

each test and then begins to increase again upon reaching 75%. This suggests that the 

settlement occurring at this stage is attributed to the settling of the crosstie into the sand 

that hasn't infiltrated down to the ballast. 
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Figure (4.19) Permanent settlement for each test in Series 2 individually 

Figure (4.20), representing 75% fouling, reveals that the sand does not infiltrate 

down to the ballast after the test. However, it does show signs that the crosstie has sunk 

into the ballast, with dots appearing on the sand surface. These dots indicate that some 

of the sand has indeed infiltrated down to the ballast, but the majority remains on the 

surface. Similar behavior was documented in the Estaire and Santana CEDEX Track 

Box studies [28], where the sand failed to infiltrate down to the ballast layer when 

fouling levels ranged from 85% to 100%, remaining predominantly on the surface of 

the ballast.   
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Figure (4.20) 75% sand fouling test in the lab ï Series 2 

Figure (4.21), which represents 100% fouling, shows that the sand has not 

infiltrated down to the ballast, and there are no dots on the surface. This suggests that 

the voids in the upper ballast have already been compacted and filled with sand from 

previous tests. Moreover, it shows the same behavior as the Estaire and Santana CEDEX 

Track Box studies [28].  
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Figure (4.21) 100% sand fouling test in the lab ï Series 2 

In summary, this study employed two distinct fouling methods to investigate the 

impact of sand on track settlement. In Series 1, representing the unconsolidated 

approach, fouling was introduced in six layers, each containing a predetermined 

quantity corresponding to the test fouling level. In contrast, Series 2, the progressive 

test, introduced sand from the top of the ballast surface with predetermined amounts at 

the outset, and the test ran for 3500 cycles before introducing additional sand with 

progressively higher amounts, ultimately reaching 100% fouling. 

The results from both series consistently demonstrated an increase in settlement 

as fouling levels increased. This behavior aligns with findings reported in numerous 

studies [20], [28], [31], [32]. 
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4.3 Ballast strain 

In this section, the concept of ballast strain is introduced, which is defined as the 

change in the ballast layer thickness due to the applied load divided by the original layer 

thickness. In other words, it quantifies the settlement that occurs due to the applied load 

relative to the ballast layer's thickness before experiencing any load. The focus here is 

solely on Series 1. The rationale behind this choice is that Series 1 represents a scenario 

where fouling already exists between the ballast particles, much like an existing 

ballasted track undergoing tamping. 

The methodology employed to determine ballast strain when subjecting the 

ballast box to a 20,000 lb. load involved dividing each load cycle by the ballast 

thickness, which is 18 inches. The resulting strain data was then plotted on a strain-

MGT graph ( Figure 4.22). 

Figure (4.22) Strain vs MGT resulting from the Actuator data ï Series 1 
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Notably, in Figure (4.22), the term 'load cycles' was converted to 'MGT' (million 

gross tons) for greater applicability and wider relevance. To calculate 1 MGT, a one-

step process was undertaken. 1 MGT (equivalent to 1,000,000 million gross tons) was 

computed by multiplying load cycles by the axle load, which was 36 US tons. For 

example, 27,778 cycles by 36 tons equal 1 MGT. 

As outlined in Chrismer's dissertation [33], ballast strain was modeled using a 

variety of equations, including linear, exponential, and power functions. The analysis 

concluded that the power equation provided the best-fitting trend, as represented by 

Equation (2.6). 

Applying Chrismer's approach, the ballast box strain results were obtained by 

fitting a power trend. This process begins with the initial determination of the settlement 

observed in the ballast test conducted during Series 1. Subsequently, this settlement data 

is transformed into corresponding strain values. With the utilization of this equation, it 

becomes feasible to predict the actual strain that occurs when the track experiences 

specific MGT at varying fouling levels. This equation is recognized as the predicted 

strain equation, as proposed by Chrismer [33]. 

 

                                  ‐  ‐ὓὋὝ                        (4.22) 

Where: 

‐  Ballast strain after the track experience load in MGT 

‐   Ballast strain at specific fouling after the first cycle 

ὦ   Exponent  
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As previously mentioned and depicted in Figure (4.22), when the power trend is 

applied to the strain-MGT relationship, it reveals a discernible correlation between 

strain and fouling, which is summarized in the following table (4.4). 

Table (4.4) Ballast strain after the first cycle and exponent as a function of ballast 

fouling 

Power equations as a function of fouling 

 0% 10% 25% 50% 75% 100% 

‐  0.0482 0.0493 0.0502 0.057 0.0943 0.1234 

b 0.1329 0.1404 0.1423 0.1541 0.1988 0.2425 

 

The following equations can be utilized to calculate the ballast strain at specific 

MGT values based on the fouling percentage: 

 

1. Ballast strain at 0% fouling:      ‐  πȢπτψς ὓὋὝȢ                      (4.23)   

2. Ballast strain at 10% fouling:     ‐  πȢπτωσ ὓὋὝȢ                      (4.24)     

3. Ballast strain at 25% fouling:     ‐  πȢπυπς ὓὋὝȢ                      (4.25)   

4. Ballast strain at 50% fouling:      ‐  πȢπυχ ὓὋὝȢ                        (4.26)   

5. Ballast strain at 75% fouling:     ‐  πȢπωτσ ὓὋὝȢ                       (4.27)   

6. Ballast strain at 100% fouling:     ‐  πȢρςστ ὓὋὝȢ                       (4.28)   

 

The R² values are 93.3%, 96.3%, 93%, 96%, 98.6%, and 98.6%, respectively. These 

values correspond to excellent correlation of this relationship with the test data. Figure 

(4.22) displays the fitted curve for all the data obtained from the actuator.  
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Furthermore, an analysis was conducted to examine the relationship between the 

first cycle and the exponent as a function of fouling. It was concluded that a polynomial 

fitted curve offered the most accurate fit for this relationship. ( Figure 4.23) 

 

Figure (4.23) First cycle strain and coresponding exponent as a function of sand fouling 

The following equations can be used to predict the initial strain and exponent 

when experiencing any fouling percentage. 

 

1. Ballast strain at specific fouling after the first cycle 

 ‐  πȢρρψχ Ὂ πȢπρρς Ὂ πȢρσφ    (2.29) 

 

2. Exponent:      

 ὦ  πȢπωχψ Ὂ πȢπςρρ Ὂ πȢπτψψ (2.30) 
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Where: 

Ὂ  The fouling percentage  

The R² values are 99% for the initial settlement,  ‐ȟand 98.4% for the exponent. These 

values correspond to excellent correlation of this relationship with the test data. 

 

4.3.1 Ballast strain discussion 

In summary, ballast strain can be calculated by dividing the change in ballast 

settlement by the ballast thickness. Utilizing Chrismer's strain production method, the 

results from Series 1 were employed to predict the strain experienced by the ballast after 

a certain MGT has passed over the track under different fouling conditions. It was 

observed that strain increases as fouling levels rise. 

Furthermore, a polynomial curve fitting approach was employed to determine 

the initial strain and the corresponding exponent for various fouling levels experienced 

by the track. The R-squared values resulting from the polynomial curve fitting 

demonstrate an outstanding fit, with a correlation relationship exceeding 98%. 
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Chapter 5 

MAINTENANCE APPLICATION FOR PREDICTING TRACK TAMPING 

TIME  INTERVALS  

5.1 Introduction to the predictive application 

Various research studies have been conducted to evaluate the effect of repeated 

loads on the cumulative plastic strain of substructure layers. Dingqing Li and Selig [8], 

[36] studied the effect of repeated loads on the subgrade layer using four different soil 

types, as explained in Section 2.6.2.3. Another study by Selig [8], [38], which was 

further developed by Chrismer [33], investigated the effect of repeated loads on the 

ballast layer, as explained in Section 2.6.2.1. Thereafter, Chrismer [9], [33] developed 

an application, using his developed ballast method and Li and Selig's subgrade method, 

to predict the time when the track might face differential settlement, as explained in 

Section 2.6.2.4. This application was developed in terms of Standard Deviation 

Roughness (SD Roughness). It should be noted that the two prediction models were 

developed separately based on the GEOTRACK model. 

 

Since the ballast box study conducted at the University of Delaware does not 

contain soil, it is possible to use the methodology of Li and Selig , who studied the effect 

of repeated loads on the soil to introduce the soil (subgrade) effect in this study. This 

soil strain methodology can be combined with the ballast box strain method, to get 

ballast strain, and then applied to Chrismer's model to predict the differential settlement. 

of the track in terms of SD Roughness. 
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5.1.1 Cumulative plastic deformation as a function of load cycles 

Based on Chrismer's approach, as discussed in section 2.6.1.2, the definition of 

load cycles can vary based on the layer experiencing the load. Therefore, Chrismer 

assumed that a two-axle load (four wheels) represents one load cycle when measuring 

at the ballast layer, and a four-axle load (eight wheels) represents one load cycle when 

measuring at the subgrade layer. However, in this research, a ballast box test was 

conducted at the University of Delaware, and it was assumed that a one-axle load (two 

wheels) represents one load cycle when measuring at the ballast layer, while a two-axle 

load (four wheels) represents one load cycle when measuring at the subgrade layer.  

Both the ballast and subgrade employ a power model that illustrates the 

relationship between cumulative plastic deformation and load cycles. As load cycles 

increase, so does cumulative plastic deformation. It is essential to note that load cycles 

can be converted into MGT (Million Gross Tons), a standardized unit of measurement 

globally recognized for representing the total accumulation of traffic. Typically 

expressed in tons, 1 MGT signifies the load equivalent to one million tons of train 

loading on a railroad track. To calculate the total cycles required to complete 1 MGT 

when each axle carries a 36-ton load, simply divide 1 MGT (usually 1,000,000 tons) by 

the weight of a single axle load (36 tons). In this research, with a static load of 36 tons, 

it is observed that the ballast requires 27,778 cycles to reach 1 MGT, whereas the 

subgrade accomplishes the same within 13,889 cycles. 
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Within the application, the ballast power equation represents cumulative plastic 

deformation in the ballast  in relation to MGT, while in the subgrade, the power equation 

relates cumulative plastic deformation in the subgrade to the number of load cycles. 

5.1.2 Application of Li and Selig's method to Study cumulative plastic 

deformation on the subgrade 

A Li and Selig study [36] focused on predicting cumulative plastic deformation 

in subgrade subjected to repeated loading across four distinct soil types: CH, CL, MH, 

and ML ( Table 2.2). It delves into the influence of deviatoric stress and soil static stress, 

encompassing key physical soil properties like moisture content and dry density. 

Emphasizing the paramount role of deviatoric stress within the prediction model, the 

research has developed three material parameters for each soil type, which is intended 

for integration into the power model, as explained in Section 2.6.2.3. 

Based on Li and Selig's studies [8], [35], [36], the subgrade layer can be divided 

equally into three distinct soil conditions, each characterized by specific soil static stress 

and moisture content values. Furthermore, within each soil condition, there are five 

sublayers, with each sublayer featuring varying deviatoric stress levels. Notably, the 

first sublayer consistently has the highest deviatoric stress, which gradually decreases 

until reaching the fifth sublayer within the same soil condition. The settlement can be 

determined by summing up the settlement within each sublayer within the same soil 

condition. Ultimately, the total settlement is calculated as the summation of settlements 

from the three different soil conditions ( Table 5.1). 

 

 

 



 

 
105 

Table (5.1) Prediction of cumulative plastic deformation for test-track subgrade1 

 

Furthermore, it is worth highlighting that within the subgrade layer the moisture 

content increases while the soil static stress decreases. This dynamic leads to a high 

stress ratio, which, in turn, contributes to increased soil settlement. 

In this study, Li and Selig [36]  calculated cumulative plastic deformation for a 

subgrade layer with a total thickness of 177 inches (4.5 meters). The stress ratio (ɓ)  was 

determined using equation (2.21). As shown in Table 5.1, the ratios for the first sublayer 

to the fifth sublayer within the first soil condition are as follows: 0.34, 0.3, 0.26, 0.23, 

and 0.21, respectively.  

 

 
1 Source: Li, Selig, Journal of Geotechnical Engineering, 0733-9410,1996. 



 

 
106 

The application of this research involves calculating cumulative plastic 

deformation for subgrade for four soil types using the material parameters proposed by 

Li and Selig. The assumed subgrade thickness is 36 inches (0.9 meters). In terms of the 

stress ratio applied in this application, it is assumed that the 36-inch subgrade layer 

represents a single soil condition with an average stress ratio of 0.25 for the CH and CL 

soil types and a stress ratio of 0.3 for the MH and ML soil types (Table 2.2).  

5.2 Application to predict maintenance intervals. 

Table 5.3 and 5.4 illustrate a complete application of 400 MGT of traffic on a 

track with an allowable SD Roughness of 0.23 inches, a static load of 36,000 lb., in Fat 

Clay (CH) soil with 0% fouling. This application suggests that the first tamping should 

occur after 360 MGT. In the 'SD Roughness' column, the colors represent the track's 

condition after a certain number of repeated loads (Table 5.2). Green indicates that the 

track is in good condition, and trains can pass unobstructed, with an SD Roughness less 

than 0.21. Yellow suggests that the track is still suitable for operation but advises 

frequent measurement of track settlement to ensure it remains within the limits of the 

yellow zone, where SD Roughness ranges from 0.21 to less than 0.22. The orange zone 

indicates that SD Roughness is approaching the allowable limit, and tamping needs to 

be scheduled. In this zone, SD Roughness falls between 0.22 to just under 0.23. The red 

zone indicates that SD Roughness reach a limit where the track is excessively rough.  
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Table (5.2) Color-coded allowable SD Roughness and for track conditions 

Allowable SD 
Roughness 

The ranges of SD Roughness (in) 
 

0.23 in > 0.21 0.21 to < 0.22 0.22 to < 0.23 < 0.23  

0.24 in > 0.22 0.22 to < 0.23 0.23 to < 0.24 < 0.24  

0.25 in  > 0.23 0.23 to < 0.24 0.24 to < 0.25 < 0.25  

Table (5.3) Information needed to be collected in advanced for the application 

 

Track condition 36000

0%

18

6

CH

12

3

0.25

36

Standered Deviation 

Roughness
0.23SD Roughness (in)

Soil condition

Soil type

Deviatoric stress (psi)

Soil static stress (psi)

Stress ratio

Subgrade thickness (in)

Static load (lb)

Ballast condition 

Present fouling of the ballast (%)

Ballast thickness (for a newly constructed track) (in)

Effective ballast thickness (for an established track) (in)
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Table (5.4) A complete application to predict maintenance time  

 

 

Ballast in 

MGT

Subgrade 

Number 

of cycles

Ballast

 Strain

(%)

Subgrade

 Strain (%)

Ballast 

Settlement

(in)

Subgrade 

Settlement

(in)

Total 

Settlement (in)

SD 

Roughness

(in)

0 0 0.0000 0.0000 0.0000 0.0000 0.0000 0.0980

10 138889 0.0655 0.3630 0.3927 0.1307 0.5234 0.1765

20 277778 0.0718 0.4112 0.4306 0.1480 0.5787 0.1848

30 416667 0.0757 0.4424 0.4545 0.1593 0.6137 0.1901

40 555556 0.0787 0.4659 0.4722 0.1677 0.6399 0.1940

50 694444 0.0811 0.4850 0.4864 0.1746 0.6610 0.1971

60 833333 0.0831 0.5012 0.4983 0.1804 0.6787 0.1998
70 972222 0.0848 0.5153 0.5086 0.1855 0.6941 0.2021

80 1111111 0.0863 0.5278 0.5177 0.1900 0.7078 0.2042

90 1250000 0.0877 0.5391 0.5259 0.1941 0.7200 0.2060

100 1388889 0.0889 0.5494 0.5333 0.1978 0.7311 0.2077

110 1527778 0.0900 0.5589 0.5401 0.2012 0.7414 0.2092

120 1666667 0.0911 0.5678 0.5464 0.2044 0.7508 0.2106
130 1805556 0.0920 0.5760 0.5523 0.2074 0.7596 0.2119
140 1944444 0.0930 0.5837 0.5577 0.2101 0.7679 0.2132
150 2083333 0.0938 0.5910 0.5629 0.2128 0.7756 0.2143

160 2222222 0.0946 0.5979 0.5677 0.2153 0.7830 0.2154

170 2361111 0.0954 0.6045 0.5723 0.2176 0.7899 0.2165

180 2500000 0.0961 0.6108 0.5767 0.2199 0.7965 0.2175
190 2638889 0.0968 0.6167 0.5808 0.2220 0.8028 0.2184
200 2777778 0.0975 0.6224 0.5848 0.2241 0.8089 0.2193
210 2916667 0.0981 0.6279 0.5886 0.2261 0.8147 0.2202
220 3055556 0.0987 0.6332 0.5923 0.2280 0.8202 0.2210

230 3194444 0.0993 0.6383 0.5958 0.2298 0.8256 0.2218

240 3333333 0.0999 0.6432 0.5991 0.2316 0.8307 0.2226

250 3472222 0.1004 0.6480 0.6024 0.2333 0.8357 0.2233
260 3611111 0.1009 0.6525 0.6055 0.2349 0.8405 0.2241
270 3750000 0.1014 0.6570 0.6086 0.2365 0.8451 0.2248
280 3888889 0.1019 0.6613 0.6115 0.2381 0.8496 0.2254
290 4027778 0.1024 0.6655 0.6144 0.2396 0.8540 0.2261
300 4166667 0.1029 0.6696 0.6172 0.2410 0.8582 0.2267
310 4305556 0.1033 0.6735 0.6199 0.2425 0.8623 0.2274
320 4444444 0.1037 0.6774 0.6225 0.2439 0.8664 0.2280
330 4583333 0.1042 0.6812 0.6250 0.2452 0.8703 0.2285
340 4722222 0.1046 0.6848 0.6275 0.2465 0.8741 0.2291
350 4861111 0.1050 0.6884 0.6299 0.2478 0.8778 0.2297
360 5000000 0.1054 0.6919 0.6323 0.2491 0.8814 0.2302
370 5138889 0.1058 0.6953 0.6346 0.2503 0.8849 0.2307
380 5277778 0.1061 0.6987 0.6369 0.2515 0.8884 0.2313
390 5416667 0.1065 0.7020 0.6391 0.2527 0.8918 0.2318
400 5555556 0.1069 0.7052 0.6412 0.2539 0.8951 0.2323
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5.2.1 Step 1 ï Collecting data 

To apply the results of this study to real-life applications, some considerations 

and guidelines must be taken into account. Firstly, the application is designed under the 

assumption that the track is in good condition and well-maintained. Secondly, it is 

assumed that the track has an annual usage of 100 MGT, which can last for 20 years or 

until the end of the ballast's lifespan, which is defined as 2000 MGT. Thirdly, several 

preliminary steps need to be taken to ensure accurate results. These steps begin with 

collecting track information, including the track condition, ballast, and subgrade details, 

as well as the allowable SD Roughness. The details of these parameters are explained 

in detail in the following sections. 

1. Track condition 

a. Static load 

2. Ballast layer 

a. Present fouling of the ballast 

b. Ballast thickness (for a newly constructed track) 

c. Effective ballast thickness (for an established track) 

3. Subgrade Layer 

a. Soil type 

b. Soil parameters, based on soil type 

c. Stress ratio, defined by deviatoric stress and soil static stress 

d. Subgrade thickness 

4. Allowable SD Roughness for the track 
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5.2.2 Step 2 ï Define MGT and Load Cycles 

The next step involves defining ballast and subgrade settlement in terms of 

MGT. While Li and Selig's method calculates cumulative plastic deformation in terms 

of load cycles for subgrade settlement, it is possible to convert these load cycles into 

MGT for more consistent results. Another crucial step is to establish the range of MGT, 

starting from 0 MGT to 2000 MGT, with intervals of 10 MGT. It is important to note 

that the 2000 MGT value is not a required condition; selecting values greater than 1000 

MGT can provide insight into at least two tamping intervals. Each Ballast MGT must 

be converted into load cycles to calculate the deformation that occurred in the subgrade. 

 

The conversion of MGT to load cycles is achieved by dividing MGT by the static 

wheel load. It's important to note that MGT is assumed in tons, while the static load is 

assumed in pounds. Therefore, to ensure consistent units, MGT is converted to pounds 

by multiplying it by 2,000. Additionally, as the subgrade layer accounts for two axle 

loads (equivalent to 4 wheels) representing one cycle, the static load is multiplied by 4 

wheels. 

 

ὒέὥὨ ὅώὧὰὩί 
  ȟ

 
    (5.1) 

 

This equation allows for the conversion of MGT to load cycles while 

maintaining unit consistency. 
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5.2.3 Step 3 - Ballast strain 

The relationship between ballast strain and fouling was determined from the 

ballast box results, expressed in a power equation as explained in section 4.3:  

‐  ‐ὓὋὝ   (5.2) 

 

The following table presents the equations used for calculating ballast strain, 

with the results already expressed as percentages. 

Table (5.5) Ballast strain after the first cycle and exponent as a function of ballast 

fouling 

Power equations as a function of fouling 

 
0% 10% 25% 50% 75% 100% 

‐  0.0482 0.0493 0.0502 0.057 0.0943 0.1234 

b 0.1329 0.1404 0.1423 0.1541 0.1988 0.2425 

 

In the application presented in Tables 5.3 and 5.4, the calculation of ballast strain 

assumes that the ballast is clean. The equation used for this purpose is: 

‐  πȢπτψς ὓὋὝȢ    (5.3) 

For instance, when calculating the strain at 10 MGT, it can be computed as: 

‐  πȢπτψς ὼ ρπȢ πȢπφυυ  (5.4) 
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5.2.4 Step 4 - Subgrade Strain 

Subgrade strain, as discussed in earlier literature (Section 2.6), is a crucial 

consideration in the application presented in Tables 5.3 and 5.4, where the soil type is 

CH. In this context, specific soil parameters must be taken into account, as suggested in 

Table (5.6), where a is 1.2, b is 0.18, and m is 2.4. 

Table (5.6) Values of soil parameters a, b, and m for various soil types2 

 

 

The subgrade strain equation proposed by Li and Selig was utilized to calculate 

the subgrade strain, assuming a deviatoric stress of 3 psi and a soil static stress of 12 

psi, with a stress ratio of 0.25.  

‐ ὥ ‍  ὔ     (5.5) 

Assuming that the strain at 10 MGT needs to be calculated, the process involves first 

converting MGT to cycle loads:  

 

 

 
2 Source: Li, D. and Selig, E.T., J. Geotech. Eng., ASCE, 122(12), 1006ï1013, 1996. 
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ὒέὥὨ ὅώὧὰὩί ρσψȟψψω ὰέὥὨ ὧώὧὰὩί                      (5.6) 

 

 and then computing the strain using the method proposed by Li and Selig: 

 

‐ ρȢς ὼ 
Ȣ

 ὼ ρσψψψωȢ πȢσφσ              (5.7) 

 

 

5.2.5 Step 5 - Total settlement  

In this step, it is important to convert the ballast strain and subgrade strain into 

settlement values and then sum them to obtain the total settlement. This total settlement 

is subsequently used to determine the SD Roughness, which serves as an indicator for 

scheduling the next maintenance. 

 

To convert the ballast strain into settlement, multiply the strain by the layer 

thickness. Notably, in a disturbing ballast test, it was observed that tamping affects only 

the top layer of the ballast, specifically the first 6 inches of the ballast layer thickness. 

Consequently, the settlement of the ballast can be determined as follows: 

 

‏  πȢπφυυ ὼ φ πȢσωσ ὭὲὧὬὩί              (5.8) 

 

A similar concept applies to the subgrade layer, with the difference being that 

the strain should be multiplied by the entire subgrade layer thickness, which, in this 

case, is 36 inches: 
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‏
Ȣ   

πȢρσρ ὭὲὧὬὩί          (5.9) 

 

Finally, calculate the total settlement by summing up the settlements that 

occurred in both the ballast and the subgrade: 

 

‏ πȢσωσπȢρσρπȢυςτ ὭὲὧὬὩί (5.10) 

 

5.2.6 Step 6 ï Finding the SD Roughness 

As discussed earlier in Section 2.6, SD Roughness can be determined using an 

equation that assumes each unit increase in average track settlement results in a 0.15 

increase in the rate of SD profile roughness. Additionally, the value 0.098 represents 

that, even after extensive tamping, the best achievable SD Roughness is 0.098 inches; 

it never reaches zero. The following equation can be used to calculate the SD Roughness 

at 10 MGT: 

 

ὛὈ πȢπωψπȢρυ ὼ πȢυτςπȢρχ Ὥὲ (5.11) 

5.2.7 Step 7 ï Finding the maintenance time 

The same steps should be repeated until the SD Roughness reaches the allowable 

limit of 0.23 inches in this application.  

From the application (Table 5.4), it was determined that the green zone extends 

from 1 MGT to 110 MGT, the yellow zone occurs from 120 MGT to 200 MGT, the 

orange zone ranges from 210 MGT to 350 MGT, and, finally, at 360 MGT, the red zone 
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appears, indicating that the track has reached the allowable SD Roughness. The red zone 

signals the need for tamping at this point (summary Table 5.7). 

Table (5.7) Color-Coded Allowable SD Roughness for Track Conditions (SD 

Roughness: 0.23) 

 

 

The same procedure should be followed while taking into account the fouling 

amount, and this process continues until the end of the ballast's lifespan. 

The following figures depict the maintenance time for 2000 MGT when the SD 

Roughness reaches the allowable limit, along with the corresponding settlement and 

strain. 

 

 

Figure (5.1) SD Roughness vs MGT at 0% fouling-Fat Clay (CH)- ὛὈ πȢςσ 

0.23 in > 0.21 0.21 to < 0.22 0.22 to < 0.23 < 0.23

MGT  > 110 120 to < 200 210 to < 350 < 360

Allowable SD Roughness

for Fat Caly soil (CH)
The ranges of SD Roughness (in)
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Figure (5.2) Strain vs MGT at 0% fouling - Fat Clay (CH) - ὛὈ πȢςσ 

 

Figure (5.3) Settlement vs MGT at 0% fouling - Fat Clay (CH) - ὛὈ πȢςσ 



 

 
117 

5.3 Maintenance time at various soil types, fouling levels, and allowable SD 

Roughness 

Following the same concept as presented in the previous Section 5.2, 

maintenance times were calculated for the four soils proposed by Li and Selig [36] while 

considering various fouling levels. This concept was also applied with different 

allowable SD Roughness levels, starting at 0.23, 0.24, and 0.25 inches. It is noteworthy 

that as the allowable SD Roughness increases, the maintenance time interval also 

increases accordingly.  

Figures 5.4, 5.5, and 5.6 illustrate the relationship between fouling and MGT for 

the four different soil types in predicting maintenance time. The difference among these 

figures lies in the SD Roughness values they depict. The first figure shows maintenance 

time at an SD Roughness of 0.23, the second at 0.24, and the last at 0.25. Additionally, 

all three figures represent fouling levels of 0%, 10%, 25%, and 50%. Notably, data for 

fouling levels of 75% and 100% are excluded from the analysis. The reason being that 

these extreme settlement cases, occurring at 75% and 100% fouling, are primarily 

associated with sand on the top surface of the ballast, as explained in section (4.2). When 
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applied the 75% and 100% results to the predictive  application, these results do not 

provide meaningful insights as the track would require tamping within less than 1 MGT.  

 

Figure (5.4) Maintenance time for four different soil types at different fouling levels for 

SD roughness = 0.23 inches 

Table (5.8) Maintenance time for four different soil types at different fouling levels for 

SD roughness = 0.23 inches  

 

 

 

0% 10% 25% 50%

CL 260 200 180 80

CH 360 260 240 100

MH 480 320 280 100

ML 920 600 500 160

SD Roughness = 0.23 in
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Figure (5.5) Maintenance time for four different soil types at different fouling levels for 

SD roughness = 0.24 inches  

Table (5.9) Maintenance time for four different soil types at different fouling levels for 

SD roughness = 0.24 inches 

 

0% 10% 25% 50%

CL 440 320 280 120

CH 580 400 360 140

MH 800 540 460 180

ML 1640 1020 840 260

SD Roughness = 0.24 in
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Figure (5.6) Maintenance time for four different soil types at different fouling levels for 

SD roughness = 0.25 inches 

Table (5.10) Maintenance time for four different soil types at different fouling levels for 

SD roughness = 0.25 inches 

 

 

 

 

 

0% 10% 25% 50%

CL 700 500 440 180

CH 940 660 580 240

MH 1340 900 760 260

ML 2800 1700 1400 420

SD Roughness = 0.25 in
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Table (5.11) Exponential equations to predict the next maintenance time for four 

different soils at different SD Roughness 

 

The exponential equation to predict maintenance time in MGT as a function of 

fouling level for different soil types and different SD Roughness can be expressed as 

the following: 

 

ὝὥάὴὭὲὫὅ Ὡ    (5.12) 

 

Where:  

ὝὥάὴὭὲὫ Maintenance time in MGT 

ὅ  Constant  

Ὡ  Exponential  

ὦ  Exponent 

Ὢ  Fouling in % 

 

Several trend lines were fitted to the curve, with the best-fitting trend line being the 

exponential trend, as demonstrated in Figures 5.4, 5.5, and 5.6. The R² values for these 

trends range from 93% to 95%, indicating an excellent correlation with the test data. 

 SD Roughness = 0.23 inches SD Roughness = 0.24 inches SD Roughness = 0.25 inches 

Soil 
Type 

e Coefficient Exponent e Coefficient Exponent e Coefficient Exponent 

CL 268.4 -2.278 446.11 -2.5 710.22 -2.608 

CH 366.02 -2.445 585.12 -2.712 944.71 -2.614 

MH 484.41 -3 798.13 -2.857 1366.6 -3.157 

ML 937.51 -3.367 1646.9 -3.532 2798.5 -3.632 
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- Prediction maintenance times for CL soil type 

1- SD Roughness = 0.23 inches          ὝὥάὴὭὲὫςφψȢτ ὩςȢςχψ           (5.13) 

2- SD Roughness = 0.24 inches          ὝὥάὴὭὲὫττφȢρρ ὩςȢυ           (5.14) 

3- SD Roughness = 0.25 inches          ὝὥάὴὭὲὫχρπȢςς ὩςȢφπψ           (5.15) 

 

- Prediction maintenance times for CH soil type 

1- SD Roughness = 0.23 inches          ὝὥάὴὭὲὫσφφȢπς ὩςȢττυ           (5.16) 

2- SD Roughness = 0.24 inches          ὝὥάὴὭὲὫυψυȢρς ὩςȢχρς           (5.17) 

3- SD Roughness = 0.25 inches          ὝὥάὴὭὲὫωττȢχρ ὩςȢφρτ           (5.18) 

 

- Prediction maintenance times for MH soil type 

1- SD Roughness = 0.23 inches          ὝὥάὴὭὲὫτψτȢτρ Ὡσ           (5.19) 

2- SD Roughness = 0.24 inches          ὝὥάὴὭὲὫχωψȢρσ ὩςȢψυχ           (5.20) 

3- SD Roughness = 0.25 inches          ὝὥάὴὭὲὫρσφφȢφ ὩσȢρυχ           (5.21) 

 

- Prediction maintenance times for ML soil type 

1- SD Roughness = 0.23 inches          ὝὥάὴὭὲὫωσχȢυρ ὩσȢσφχ           (5.22) 

2- SD Roughness = 0.24 inches          ὝὥάὴὭὲὫρφτφȢω ὩσȢυσς           (5.23) 

3- SD Roughness = 0.25 inches          ὝὥάὴὭὲὫςχωψȢυ ὩσȢφσς           (5.24) 

 

Using the exponential equations presented in Table 5.9, it is possible to predict 

maintenance times for fouling levels of 75% and 100%.  
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For example, to estimate the maintenance time required at a 75% fouling level 

for CL soil type at an SD Roughness of 0.23 inches, the exponential equation from Table 

5.9 can be applied as:  

 

ὝὥάὴὭὲὫ ςφψȢτ Ὡ Ȣ   Ϸ τω ὓὋὝ  (2.25) 

This calculation indicates that the track can function for up to 49 MGT with a 

75% ballast fouling level. 

Using the exponential equation, the maintenance time was projected as a 

function of fouling from 0% to 100% as can be seen in figures 5.7, 5.8, and 5.9.  
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Figure (5.7) Projected maintenance times for four different soil types at different fouling 

levels for SD roughness = 0.23 inches 

Table (5.12) Projected maintenance times for four different soil types at different 

fouling levels for SD roughness = 0.23 inches 

SD Roughness = 0.23 in  
0% 10% 25% 50% 75% 100% 

CL 268 214 152 86 49 28 

CH 366 287 199 108 58 32 

MH 484 359 229 108 51 24 

ML 938 669 404 174 75 32 
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Figure (5.8) Projected maintenance times for four different soil types at different fouling 

levels for SD roughness = 0.24 inches 

Table (5.13) Projected maintenance times for four different soil types at different 

fouling levels for SD roughness = 0.24 inches 

SD Roughness = 0.24 in  
0% 10% 25% 50% 75% 100% 

CL 446 347 239 128 68 37 

CH 585 446 297 151 77 39 

MH 798 600 391 191 94 46 

ML 1647 1157 681 282 116 48 
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Figure (5.9) Projected maintenance times for four different soil types at different fouling 

levels for SD roughness = 0.25 inches 

Table (5.14) Projected maintenance times for four different soil types at different 

fouling levels for SD roughness = 0.25 inches 

SD Roughness = 0.25 in 
 0% 10% 25% 50% 75% 100% 

CL 710 547 370 193 100 52 

CH 945 727 491 256 133 69 

MH 1367 997 621 282 128 58 

ML 2799 1946 1129 455 184 74 
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Chapter 6 

CONCLUSIONS  

6.1 Summary 

Track crossings sandy environments, such as deserts, face the unique challenge 

of sand infiltrating into the ballast, leading to fouling issues. Over time, fouled ballast 

becomes a significant concern, adversely affecting track performance. To investigate 

this matter, a research experiment involving a ballast box test was conducted at the 

University of Delaware's Civil Engineering laboratory. During this experiment, a 

rail/tie/fastener assembly was placed on the ballast and subjected to cyclic loading, 

resulting in load deflection curves that varied based on the degree of sand fouling. 

 

The introduction of sand into the ballast was carried out in two series: Series 1, 

representing unconsolidated tests, and Series 2, simulating progressive fouling. These 

tests were then repeated with varying levels of sand fouling, ranging from clean to 

severe. The resulting load deflection curves were analyzed using the Beam on Elastic 

Foundation (BOEF) theory to determine track modulus (stiffness) values and 

cumulative deformation, which corresponds to the cumulative plastic strain under 

repeated wheel loading. This study's primary objective was to explore the impact of 

ballast fouling, primarily due to sand infiltration, on various track parameters, including 

track deflection, stiffness (modulus), and overall degradation. The ultimate aim was to 

establish a relationship between these factors and the levels of fouling resulting from 

sand infiltration. 
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6.2 Ballast voids volume conclusion 

A preliminary study was conducted before initiating the primary study, which 

aimed to measure the volumes of voids between the ballast particles. Three separate 

samples were measured, and the average voids volume was determined. This was 

achieved by filling a bucket with a volume of 1302.8 in3 with a known weight of ballast, 

approximately 72 lb. Subsequently, water with a weight of 23.35 lb. was poured into 

the bucket until it was completely filled. Following this, the bucket was filled with water 

alone, which weighed 47 lb. The outcome was obtained by dividing the weight of the 

spilled water in the ballast (23.35 lb.) by the total water filling the container (47 lb.), 

resulting in an average voids volume of 49%. 

 

To calculate the actual amount of sand, the same bucket was filled entirely with 

sand, weighing 63.6 lb. From this weight, 49% was calculated, equating to 31.6 lb. This 

weight of 31.6 lb. represents 100% fouling. Consequently, by defining the weight of 

100% fouling, any fouling level can be computed. 

6.3 Stiffness conclusion 

Based on the load-deflection results obtained from the hydraulic actuator after 

completing 3500 cycles of loading, the track stiffness (modulus) was calculated using 

the BOEF method. Initially, the average stiffness was calculated over the entire set of 

loading cycles. However, due to significant initial deflections observed during testing, 

a more meaningful average stiffness value was determined by excluding the initial 

loading cycles. Consequently, the final stiffness values were computed based on the 

average load-deflection behavior for cycles 1000 through 3000. 
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For Series 1, average stiffness was calculated as a function of the percentage of 

sand fouling. In this fouling configuration, the stiffness was relative constant, with 

minor variations of approximately +/- 3%. This behavior closely resembled 

observations from another laboratory test, the CEDEX Track Box, as discussed in 

section 2.5.5. 

 

In Series 2, average stiffness was similarly calculated as a function of the 

percentage of sand fouling. This fouling implementation more closely mirrored real-

world conditions in desert-type areas. The same approach used in Series 1 was applied 

here, involving the calculation of average stiffness and the exclusion of initial stiffness 

values, with evaluation focused on cycles 1000 to 3000. Consequently, the stiffness 

values consistently indicated an increase in the stiffness and track modulus (stiffness 

per unit length) as the level of sand fouling increased. This trend was consistent with 

other field measurements discussed in section 2.5.4. A linear trendline was fitted to 

illustrate the relationship between stiffness and sand fouling, showing a good correlation 

with an R2 value of approximately 74.5%. 

 

ὝὶὥὧὯ ὛὸὭὪὪὲὩίί ὰὦȢȾὭὲȾὭὲ ρυφςȢψ ὼ  ρςυφς (6.1) 

 

6.4 Settlement conclusion 

Based on the load-deflection results obtained from the hydraulic actuator after 

completing a series of 3500 cycles, track settlement could be calculated. In Series 1, the 

settlement results consistently demonstrate an increase in settlement (inches) as the level 

of sand fouling increases. An exponential trend was applied to illustrate the relationship 
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between settlement and sand fouling, showing a strong correlation with an R2 value of 

approximately 92%. 

ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢυςχτ ὩȢ   (6.2) 

 

In Series 2, the settlement results similarly indicate a consistent increase in 

settlement (inches) with higher levels of sand fouling. Itis worth noting that in tests with 

75% and 100% sand fouling, the significant settlement occurred in the sand layer that 

did not infiltrate down to the ballast rather than in the ballast itself. This behavior aligns 

with observations from the CEDEX Track Box, as discussed in section 2.5.5. An 

exponential trend was fitted to depict the relationship between settlement and sand 

fouling, demonstrating an excellent correlation with an R2 value of approximately 

94.5%. 

ὛὩὸὸὰὩάὩὲὸ Ὥὲ πȢφτψω ὩȢ   (6.3) 

 

6.5 Strain conclusion 

Analysis of the ballast strain was performed exclusively on Series 1, and the 

rationale behind this decision is that Series 1 more closely represents disturbed ballast 

that can generate strain deformation behavior. This type of ballast is representative of 

ballast that had been in place for an extended period and then subjected to maintenance 

activities. On the other hand, Series 2 represents newly placed ballast on the track that 

has not yet experienced any disturbance. As such the strain analysis was not considered 

appropriate. 
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To calculate ballast strain, the change in ballast settlement was divided by the ballast 

thickness. Utilizing Chrismer's strain predictive method, the results from Series 1 were 

used to predict the strain experienced by the ballast after a certain number of million 

gross tons (MGT) has passed over the track under various fouling conditions. Notably, 

it was observed that strain increases as fouling levels rise. 

A power trendline was applied to depict the relationship between strain at 

different sand fouling levels and MGT. The results displayed a strong correlation, with 

R2 values ranging from approximately 92% to 98.6%. 

 

1. Ballast strain at 0% fouling:     ‐  πȢπτψς ὓὋὝȢ                          (6.4) 

2. Ballast strain at 10% fouling:     ‐  πȢπτωσ ὓὋὝȢ                         (6.5)   

3. Ballast strain at 25% fouling:     ‐  πȢπυπς ὓὋὝȢ                       (6.6)     

4. Ballast strain at 50% fouling:      ‐  πȢπυχ ὓὋὝȢ                         (6.7)   

5. Ballast strain at 75% fouling:     ‐  πȢπωτσ ὓὋὝȢ                         (6.8)   

6. Ballast strain at 100% fouling:     ‐  πȢρςστ ὓὋὝȢ                        (6.9)   

 

Furthermore, the constants and exponents from the power equation were plotted 

as functions of sand fouling. This relationship can offer insights into the appropriate 

constant and exponent values at any fouling level the ballast may encounter. As a result, 

a polynomial fitting curve was applied, revealing an excellent correlation with R2 values 

of 99% for the exponent and 98% for the constant. Additionally, it is noteworthy that 

the same constants and exponents exhibited a parallel increase with ballast strain as sand 

fouling levels increased. 
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The results of this analysis are as follows: 

Ballast strain at specific fouling after the first cycle: 

 ‐  πȢρρψχ Ὂ πȢπρρς Ὂ πȢρσω (6.10) 

Exponent:      

 ὦ  πȢπωχψ Ὂ πȢπςρρ Ὂ πȢπτψψ (6.11) 

6.6 Application Summary 

The development of this application drew upon various studies and 

methodologies that examined the impact of repeated loads on different layers of railway 

tracks. One such study by Li and Selig focused on subgrade layers using four different 

soil types. Another study explored the effects of repeated loads on the ballast layer, 

initially proposed by Selig [8] and later refined by Chrismer [33]. Additionally, 

Chrismer [9], [33] developed a predictive application to estimate the time when the track 

might experience differential settlement, measured in terms of Standard Deviation 

Roughness (SD Roughness). 

 

Given that the ballast box study conducted at the University of Delaware did not 

involve subgrade (soil), it was necessary to adapt the methodology of Li and Selig, who 

studied the effect of repeated loads on soil. Li and Selig methodology was combined 

with the ballast box strain method results obtained at the University of Delaware and 

then applied to Chrismer's methodoology to predict track differential settlement in terms 

of SD Roughness. 

 

It is noted that predicting maintenance application operates under the 

assumption that the track is in good condition and well-maintained. The application in 
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section 5.2  was tested on a track subjected to a static load of 36000 lb on a subgrade 

soil of Fat Clay (CH) at 0% fouling, with an allowable SD Roughness of 0.23 inches. 

The track experienced 400 million gross tons (MGT) of passing load. 

 

Predicting the maintenance application begins by gathering information about 

the track, including the static load, current fouling in the ballast, soil type, stress ratios 

on the soil (deviatoric stress and soil static stress), soil thickness, and the allowable SD 

Roughness for the track. 

 

The next step involves identifying the existing fouling on the track and applying 

a polynomial equation to determine appropriate parameters (constant and exponent). 

These parameters are then used in the ballast strain equation to calculate cumulative 

plastic strain on the ballast after experiencing a specific amount passing traffic (applied 

load) in MGT. 

 

Following that, the application employs Li and Selig's method to calculate 

cumulative plastic strain on the subgrade, based on the identified soil type and its 

designated material parameters. 

 

The subsequent step converts ballast and subgrade strain into settlement by 

multiplying them by the layer thickness and then summing them to determine the total 

settlement. It is essential to note that the effective ballast layer considered here is 6 

inches, as the upper ballast layer is the only layer subjected to maintenance (tamping). 
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The final step is applying Chrismer's SD Roughness predictive equation to 

estimate the time required for maintenance. The resulting analysis shows that 

maintenance should be scheduled before the track reaches 360 MGT. 

 

This same application, Chrismer's SD Roughness predictive equation, was 

applied to Series 1 sand fouling tests to assess maintenance timing. Each test was 

conducted with four different soil types proposed by Li and Selig, with varying SD 

Roughness values (0.23, 0.24, and 0.25 inches). 

 

The results of the maintenance timing investigation for different soil types and 

SD Roughness values were used to establish a relationship between tamping time in 

MGT and sand fouling percentage at different SD Roughness. An exponential fitting 

trend was applied to this relationship, revealing a strong correlation, with R2values 

ranging between 93% to 95%. The exponential equation to predict maintenance time in 

MGT as a function of fouling level for different soil types and different SD Roughness 

can be expressed as the following: 

ὝὥάὴὭὲὫὅ Ὡ    (6.12) 

Where f is the fouling in %  

- Prediction maintenance times for CL soil type 

1- SD Roughness = 0.23 inches          ὝὥάὴὭὲὫςφψȢτ ὩςȢςχψ  (6.13) 

2- SD Roughness = 0.24 inches          ὝὥάὴὭὲὫττφȢρρ ὩςȢυ  (6.14) 

3- SD Roughness = 0.25 inches          ὝὥάὴὭὲὫχρπȢςς ὩςȢφπψ  (6.15) 

 

- Prediction maintenance times for CH soil type 
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1- SD Roughness = 0.23 inches          ὝὥάὴὭὲὫσφφȢπς ὩςȢττυ  (6.16) 

2- SD Roughness = 0.24 inches          ὝὥάὴὭὲὫυψυȢρς ὩςȢχρς  (6.17) 

3- SD Roughness = 0.25 inches          ὝὥάὴὭὲὫωττȢχρ ὩςȢφρτ  (6.18) 

 

- Prediction maintenance times for MH soil type 

1- SD Roughness = 0.23 inches          ὝὥάὴὭὲὫτψτȢτρ Ὡσ  (6.19) 

2- SD Roughness = 0.24 inches          ὝὥάὴὭὲὫχωψȢρσ ὩςȢψυχ  (6.20) 

3- SD Roughness = 0.25 inches          ὝὥάὴὭὲὫρσφφȢφ ὩσȢρυχ  (6.21) 

 

- Prediction maintenance times for ML soil type 

1- SD Roughness = 0.23 inches          ὝὥάὴὭὲὫωσχȢυρ ὩσȢσφχ  (6.22) 

2- SD Roughness = 0.24 inches          ὝὥάὴὭὲὫρφτφȢω ὩσȢυσς  (6.23) 

3- SD Roughness = 0.25 inches          ὝὥάὴὭὲὫςχωψȢυ ὩσȢφσς  (6.24) 
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Chapter 7 

RECOMMENDATION S AND FUTURE RESEARCH 

The results obtained from the ballast box align with the study's hypothesis and 

are consistent with other ballast box tests and field measurements. This research 

presents opportunities for further improvement and investigation. 

 

The quantification of void volume between ballast particles can vary depending 

on aggregate size. Therefore, utilizing the same method proposed in this research, on 

different ballast types and sizes,  may yield different void volumes. 

 

The equation calculating the time to the next required maintenance may be 

different than calculated herein if the void volume is greater than or less than used in 

this study because of the ballast size and degree of fouling, which could extend or reduce 

the time between maintenance intervals. 

 

As noted previously, the analysis of the ballast box load-deflection data, without 

including a subgrade layer (soil) impacts the track stiffness results. Reconfiguring the 

ballast box test to include a subgrade layer (with different soil types) using the same 

method, may produce more realistic results mirroring actual track conditions. 

 

Given that stiffness significantly increases when ballast becomes wet, 

conducting tests on ballast stiffness with various soil types under dry and wet conditions 

can provide a comprehensive understanding of ballast behavior in different scenarios. 
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The effects of other types of fouling, such as coal fouling,  is likewise expected 

to result in stiffer ballast. However,  the extent of this change may differ from the impact 

of sand fouling. Further investigation is needed to determine the magnitude of this 

difference. 
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Appendix A 

ANALYSIS CODE  

A.1 Introduction to the code  

The data obtained from the load and deflection measurement system and LVDTs 

was analyzed by using a designed MATLAB code. The data achieved as txt. extension 

that has 10 columns of data, as can be seen in figure (A.1). 

Figure (A.1) Ballast box txt. results 
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 Column 1 represents the sequence of the data. Column 2 is the data acquisition 

as one hundred segments per cycle. Column 3 represents the applied load. Column 4 

represents the data from the actuator. Column 5 represents the Back-Rail LVDT data. 

Column 6 represents the Front-Rail LVDT data. Column 7 represents Plate-Right 

LVDT data. Column 8 represents Tie-Right LVDT data. Column 9 represents Plate-Left 

LVDT data. Column 10 represents Tie-Left LVDT data. The way the code works is by 

initializing the data and placing it in the form of variables. The code can be divided into 

two phases. Phase 1 is the data reprocessing phase, where researchers exclude the 

undefined data, change the signs from negative to positive to consolidate the data, and 

processes and correct necessary data due to the power outages during the tests and other 

reasons. Phase 2 is the processing phase where the obtained data can be analyzed with 

respect to the research goal. Since the obtained data are sine waves that each performed 

for 5 seconds, and each second has a 100 reading points, determining the peak of the 

wave and its valley was an essential step to determine the displacement of each applied 

load. Therefore, the loop started from cycle 1 at point 76 (second number 1) and ended 

at point 575 from cycle 2 (second number 6). Thus, the loop window was selected 

intentionally to make sure the designed loop catches the heights peak and the lowest 

valley in each cycle. The next cycle should start from point 576 (second number 6) and 

end at point 1075 from cycle 3 (second number 11). This pattern should continue for 

the rest of the cycles. Besides the displacement information of each cycle, this loop 

endeavors to extract the following information from each cycle: 

1) The peak and the valley. 

2) The maximum load and the minimum load. 

3) Displacement between the peak and the valley. 
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4) Stiffness. 

5) Plastic deformation (permanent settlement). 

6) Settlement rate. 

7) Strain. 

8) Initial strain. 

A.1.1 Phase 1: data preprocessing  

This phase includes a sequence of operations performed on a matrix of data 

stored in the variable data_name. These operations involve mathematical 

transformations and calculations (Figure 8.1). 

 

 

Figure (A.2) Data reprocessing phase 

 

Below, each step of the code and its purpose will be described and classified, as needed. 

 

 

Step 1: 
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This step takes the absolute value of all elements in the matrix or data stored in 

the variable data_name using the abs() function to ensure that all values are positive. 

 

 

Step 2: 

The next step is used to initialize the first rows for all columns and make sure 

they start from zero by subtracting the corresponding element in the first row from the 

rest of the rows of data. This step is very important to eliminate the variation of 

measurement when the actuator and LVDTs are placed on the ballast box. 

 

 

Step 3: 

This step calculates the size of the matrix using the size function which returns 

a row vector with the number of rows and columns in the matrix.  

 

 

Step 4: 

This line identifies a constant value for the total reading points in one cycle that 

are attained by the actuator or LVDTs. 

 

 

Step 5: 
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This line represents the total cycles in the test. Floor function is used to round 

down the division result to the nearest integer. This ensures that the result is an integer 

value.  

 

Step 6: 

This step is used to create 5-row vectors filled with zeros that  are used later in 

the processing phase. Here is an explanation of what each variable represents (Table 

A.1): 

 

 

 

 

Table (A.1) Victors variables   

Variables Represents 

data_name_k: stiffness 

data_name_p peaks 

data_name_v valleys 

data_name_maxL maximum load 

data_name_minL minimum load 
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A.1.2 Second Phase: Data Processing: 

This phase involves various operations to process data for different cycles, 

calculating specific parameters related to stiffness and load for each cycle and storing 

these values for further analysis. 

Figure (A.3) Processing phase 

Below, some snippets of the code will be described, as well as provide 

clarification as needed. 

 

Step 7: 

This loop is used to iterate through cycles, where each line calculates specific 

values related to the current cycle, such as the start and end indices, peak (data_name 

_p1), and valley (data_name _v1) values. Min and max are used to extract specific 

statistical values (minimum and maximum) from a subset of data, which is defined by 
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a specified range within the data_name _b array. These extracted values are then 

assigned to the variables peak (data_name _p1), and valley (data_name _v1) values. 

 

Step 8: 

These two steps are used to detect the load at the maximum detected peak and 

at the minimum detected valley for each cycle. 

 

Step 9: 

This conditional statement is used to check if the difference between the peak 

and valley values within the cycle is not zero. If this difference is not zero, the stiffness 

of the cycle is computed by dividing the difference between peak load and valley load 

by the difference between peak and valley deformation, then dividing it by 19.5, which 

is the dimension of the tie. Otherwise, the value of stiffness for the cycle is set to zero 

to prevent division by zero, ensuring precise outcomes. 
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Step 10: 

These variables are used to store specific values associated with each cycle, 

including peak deformation, valley deformation, peak load, and valley load, in their 

respective vectors, for further analysis. 
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Appendix B 

SERIES 1 AND SERIES 2 TEST RESULTS 

B.1 Series 1 

In Series 1, the figures display the findings for each component of the ballast 

box, namely the Actuator, Rail-Back, Rail-Front, Plate-Right, Plate-Left, Tie-Right, 

and Tie-Left. Each component is associated with six distinct figures, each focusing on 

different aspects of performance: 

 

1- Stiffness vs Load Cycles 

2- Average Stiffness vs % Fouling 

3- Peaks and Valleys vs Load Cycles 

4- Displacement vs Load Cycles 

5- Settlement vs Load Cycles 

6- Settlement vs % Fouling 
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B.1.1 Actuator  ï Series 1 

 

 

 

 

 

 

 

 

 

 

Figure (B.1) Stiffness vs load cycles ï Actuator ï Series 1 

 

 

 

 

 

 

 

 

 

 

Figure (B.2) Average stiffness vs % fouling ï Actuator ï Series 1 




































































































