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ABSTRACT

Railroad track crossings through sandy areas, like deserts, face the unique
challenge of sand infiltrating into tHmallast, 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 becara 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
dueto sand infiltration.

The research was conducted at the University of Delaware's Civil Engineering
laboratory, utilizing an 18ubicfoot (0.67 cubic yards) ballast box. A rail/tie/fastener
assembly was placed on the ballast and subjected to cyclic loading at a rate ofd.2 cycle
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 theiballast
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 (BEF) theory to determine track modulus (stiffness)

XiX



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
sdtlement 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 decisiaking for tracks traversing sandy

regiors.
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Chapter 1

INTRODUCTION

1.1 Introduction to railway soperating in sandy area

The railway track can be divided into two méagers. First isthe superstructure
layers,which consists ofhe rail,crosstie (sleepe¥), and the fastening syste®econd
isthe substructure layers, which inclsdee ballast, subballast, and subgrade. The focus
of this research is to investigate the ballast. Ballast is a layer that is placed over the
subgrade qoil), made from a coarse aggregate with a specific size and angularity to
ensure the connectivity between particles. Ballast has many functions, indogihg
distribution, providing stability to the track superstructure @raghage Thesdunction
abilitiesvary based on the aggregate size and the total volume bebaéast particles

A trackcrossing a sandy aresuch as a deseris prone to foulingdue to sand
infiltrating into the ballastdue to the geographical conditiong/ind-blown sand
infiltration causes fine sand to fill the voids in the ballast, ultimately leading to fouling.
Over time, sandouled ballast becomes an uncontrolled probidrat will cause
negative impastto the track

Ballast can be fouled by variouseansincluding ballast breakdown, materials

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

1The crosstie or tie is often referred to as a

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



by the air. However, the nature of sandy terrain has a more pronouncedreftading
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

Sandfouled ballast can have several negatikeck and economi@mpacts.
Studies have shown that sand fouling increases track stiffieesand settlement. As a
resultof sand fouling the track stiffens and settlemeantreaseswhich leads to an
increased occurrence @il defects ascompared to a normagtiff track. Thisimpact
in turn, necessitateshigher frequency ahaintenance, ultimately affecting the track's

classification permissible train operating speedsdoperating and maintenancests.

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 whenra vertical loads applied to it. In simple terms,igameasue ofthe support
providedto the railby the supporting track structure, under the weight of train loading.
This stiffness, and the associatezttical movement of the trackan be influenced by
the presence of sand. When sand fills the gaps between ballast particles, itradkces
deflectior?, leading to an increase frack stiffness. Research on how track stiffness is
impacted by sand fouling is currently limited, with only a few studies addressing this
issue. his paper purpose is fiwovide 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.



1.4 The influence of fouled ballast on tracksettlement

Track settlement refers to the sinkirand shifting of the granular material
(ballast) and soil caused by an applied Idadck settlement is an inevitable occurrence
resulting from applied loading to the track, the correspondicganges in
ballast/subgradeonditions and theassociategradual deformation of theubstructure
materials As a result, differential settlement occurs, compromisiam performance
andtrack safetyas well agequiringcorrection through ballasbhaintenance activities,

such agamping

1.5 Hypothesis and methodology

Track stiffnessand track settlemembcrease with sand infiltration and cause a
change irtherate of degradation of the track geometry. Therefore, quantifying the effect
of sandnfiltration 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 tke 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 saimfluenced 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.



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 LScgke Box
Test, which is a wooden box with specific dimensidivgo 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 ledeflectionbehavior The box will be filled
with a volume of ballast and tested at different levels of saddced fouling of that
ball ast. The box wil/l be | oaded usi-ng the
deflection relationship as a function of load magnitude and loading frequency. This
experiment will be repeated as the proportion of sfmuding of thetestis 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.



1.7 Research goals

The objective of this thesis is to explore the correlation between ballast fouling
caused by sand infiltration and varioack factors, including track stiffness, track
deflection, track degradatibnand 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 kelow

Chapter 21 iterature Review

This chapter presenessential 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 fiel measurements, as well as insights into track stiffness and track settlement

drawn from textbooks, academic papers, and journal articles

Chapter 3Large Scale Ballast Box Model, Analysis and Evaluation

This chapter presents theboratory experimestexploring the impact of sand
on ballast. This section covers the processdetierminingvoids between ballast
particles, creating a larggcale ballast box model, introducing controlled fouling with
sand, conducting various test series to investigateresearch hypothesis, and

concluceswith 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.



Chapter 4Results and Discussion

This chapter presents the outcomes of the analysis of the test data and provides
a discussion of these results.

Chapter 5Maintenance Application for Predicting Track Tamping Time
Intervals.

This chapter represents thaimtenance application for predicting track
tamping time

Chapter 6Conclusion

This chapterepresents research conclusion.

Chapter 7Recommendatisand Future Research

This chapter represents the recommendationsuaace research.

Appendicesnclude:
Appendix A: Analysis Code
Appendix B: Series 1 and Series 2 Test Results
includethe analysis code for the ballast box data,taedMATLAB 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.



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 sdratesfil
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,imvtuch can
affect both maintenance and safétyr example, sand infiltration iatheballast affects
the track stiffnessnjodulug. 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 stiféss, such ashen the ballast has high amounts saind
infiltration, causes the tr atesnThigintm, e | oa
results in higher tie/ballast stress and, potentialtyincrease in the ballast settlement,
whichdirecty affects the ballast strain. Settlement occurs in the subbatidstbgrade
layers as welldue to repeated loadEherefore, he 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

subgrad€Figure 2,1) The term 'ballast’ originally referred to the material used on ships



to counterbalance British coal ships during tlenptyreturn 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 layef$], [2], [3], [4]. This granular material consists of angular
aggregates ranging in size from 10mm to 60mm, providing enhanceddasidg
capacity, efficient drainage, and cadtectivenesq1], [3], [5]. Ballast also encases the

tie, ensuring both vertical andteral (ransvers) stability to the track. Additionally, it

offers the necessary resilience to reduce the impact of large dynami¢dpdds [8].

Subgrade

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 settlemdsl, [9]i[11]. Ballast serves various functions,
including withstanding vertically, laterally, and longitudinally applied Ida§i§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 \atigsdn its



particles[2], [9]i[11]. In addition, ballast contributes to maintaining trggometry
such ascrosslevel, surface, and alignmentl]. Moreover, it servesadditional
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 rgguessure

on the tiebearing are¢8], [12].

2.2.2 Ballast fouling

Ballast fouling occurs when the voids between particles within the ballast layer
are filled with foreign materialf®] (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 balldstyer [10]. Additionally, ballast fouling can
result from the gradual mixing of finer material with fresh ballast over time due to

repeated loadinfiL3]

2.2.3 Causes oballast fouling

Ballast fouling can be caused by various factors, including particle degradation
during construction, maintenance, undeplied loads, spillage from freight traffic, and
the deterioration of tie$l2]. The most common cause of fouling is the inherent
breakdown of the ballast itself over tirf§. 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 Ifais Furthermore,
fouling can result from materials originating from ballast deterioration, repeated

loading, tamping, and external sources affecting the badlasih as sand infiltratidd].



2.2.4 Effect of ballast fouling

Ballast fouling primarily leads to track deformation due todhange in track
support condition and the associated distribution ofdhds 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 [d¥tsAdditionally, fouling
significantly impacts track performance, causing reduced durability, impaired drainage,
compromised vertical stability, and increased permanent defornjéfioBallast also
experiences a decrease in mechanical properties as a result of fbdjingyhen 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 function§l2].

2.3 Ballast voids

Voids between ballast particles can be defined as the empty volumes between
ballast particles that provide appropriate speeouling materials in the ballasb
reside[8]. The presence of unfilled voids, such occurs in ¢lesnformly graded
aggregatgleads to better drainad@], [9], [15], [16]. Fouling, or filling of these voids,

results in a decrease in drainage capability.

1C



Three volumetric phases can be described as a functibe fafuling that fills

the voids between ballast partelgFigure2.2) [16].

Figure(2.2) Critical ballast fouling phases: (a) Clean ballast (Phase 1), (b) partially
fouled ballast (Phase II), and (c) heavily fouled ballast (Phade IlI)

Phase | representieanballast where the aggregate fits close together allowing it to
carry the applied load in a sufficient wahase Il shows a moderate fouling that fills
ballast voids. Although there is fouling that reduces the ballast strength, the aggregate
does not lose contact betwegarticles Phase Il shows a very high fouling that leads

to losing contactbetween the aggregaparticles,and the fine materials contrthe

ballast movemerjtL6]. A directshear test was conducted at the University of lllinois to
study the effects of different fouling agendésich ascoal dust, plastic clayey soil, and
mineral filler, on railroad ballast strengtfihe tesshows that the total space between a
clean granite sample is 4386 the total samplewhich corresporsgito a void ratio of
75%[16]. Based on that study, th@ain factos thatplay a significant role on the void

volume between ballast particlasethe particle size and angular[8].

1 Source: Huang, Tutumluer. and Dombrow, Transportation Research Record,98362009.
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Differentapproaches/ereusedto investigate the void volumes between ballast
particles using Ebar2 and Fouling IndeX However, these approaches are not validated
because they are based the sieve analysis test that measute mass of ballast
particles thatnfiltrate through different sieves sizesnddo not take into account the
different densities of contaminants, failing to provide an accurate representation of void
fouling percentagefl7]. A volume based test to measure the voids between ballast
particles was conducted usifgercentage Void Contamination P\W@ethod, which
measursthe voids for the depth of the ballast profile and takes into account the different
densities of fouling17]. The way thathe 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 sj&vé)

Another study conducted by Se[®], and confirmed by two other studies [12],

[21] shows that the voids between ballast particles in a newly/clean ballast is almost
45%. MoreoverGoltermannstudy[18] shows that the voids between ballast particles
varied between 32% to 41%lepending on the ballast gradation. In addition, a
simulation for determining air void between ballast particles was conducted using the
imageaidedDiscrete Element Modelin(PEM) approach The simulatiorshows 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 5.4X5h 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 H#Bicron 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 traxnditions and it is subjected to a specific load
similar to theload generated by theain wheels Many ballastboxeswere built for
varying functionsand are discussed in the literature. One sbalast box was built by
Selig [8] to study the effecbf ballast breaking, volume change, and shear strain
mechanism for vertical plastic strain development. However, a ressadyusingthe
finite element model to calibrate a ballast box mdd@] found contradicting results
compared t&eligd B8] ballast box modelThe contradicting resultshowedncreasing
plastic deformation, tie rotational instability, reduction in ballast strength capacity,
punching shear at the depth of the sample,aandncontrolled drainage systeirhe
finite element mod€]19] suggests that 0% increase in the Selig ballast box model
[8] can eliminate the shear stress. Another ballast box was[2ojlusing the finite
element model recommendatidi®f] 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

13



deformation through the concept of a BeamElastic Foundation (BOEFAs depicted

in Figures2.3.a and Z.b, this model assumes the rail behaves like a continuously
supportebeamon a uniform elastic foundatioRroposed by Winkler in 18421], 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 refative loading

point. A significant investigation into tracgtiffnessconcerning contemporary railroad
track was carried out by the ASGAREA Special Committee on Stresses in Railroad
Track, led by Prof. A. N. Talbd®2]. 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 ifrigures 23.a and Z3.b.
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Figure(2.3.a) Track structure under wheel |dad
Rail

22z zz

Figure(2.3.b) BOEF Representation of ties, ballast and subgradsexries of linear
springs

N

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/s4Z2%1301294

5 Zarembski, Palese, Alzhrani, AREMA 2023 Annual Conference Proceedings, 03 October, 2023
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modulus of elasticity of rail support, ,anore commonly, the "track modulusThis
modulus value is expressed in units of Ib/in/in and has also been denoted as stiffness
along the track, as long as stiffness is likewise defined in the same units of Ib/is/in. It
crucial to recognize that the influence of the rail itself is directly integrated into the beam
on elastic foundation theory arttlereforgisn't encapsulated by the modulus term. For

a more comprehensive exploration of the BOEF theory, alotiyitsi calculation of
deflection under load (deformation), bending moments, and stresses in the rail, Kerr
offers an indepth presentatioj23], [24]. Zarembski and Chord&5] 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 |abstributed along the track's

length.

2.5.1 Track stiffness in sandy area

Ballasted track crossing sandy areas encounters significant challenges related to
sand infiltration into the ballast layer, filling voidsThis phenomenaeduces track
elasticity, which, in turn, increases track stiffn§&8]. 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 cf$ Additionally, this infiltration can
lead to corrosion of the rail itself due to the salt content in the sand, subsequently

affecting maintenanceeedsand cost$26]

16



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 if263,/[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.

noe O0—— Qin (2.1)
Where:
g(x) = The vertical loading
El = 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

QO — (2.2)

Where:
P = The dynamic loadf a given wheel

a=Tie spacing

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

equation

17
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0w —0Q wéEll 0 i Q¢w (2.3)

Where:
b 3k/4EIl (2.4)

2.5.3 Factors influencing track stiffness

When the sand infiltrateisito the ballast layeror when the wineblown sand
enters the ballast layer, the track stiffness increases due to the decrease in vertical
displacemenif28]. 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 theamsoiits stress
condition have direct effegbn the thickness and resistance of the subgrade, which
turn, have a significant effect on the track stiffn¢28]. Likewise, when the ballast is
fouled by sandit increases the ballast stiffness, which leads to a loss of its capacity to
absorb vibratiori28]. 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 corfgfjt Similarly, the ballast
angularity and its shape helps to distribute the load effectively due to better inteylock

[13].

2.5.4 Field study in Iran
A field study was conducted by Zakgb] to investigate the effect of variations

in rail support modulus in a ballasted track. In this study, Zaeembski and Choros
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[25] method was used to calculate the rail support moéluliee methodology of this
study involved collectindive 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 modulusesulting from the repeated heavy axel lodélsally, the results

were compared with similar findings from neandy areas. The results of this study
clearly demonstrate that the stiffness magnitude increases as fouling in the ballast

increass (Figure 24) .

Effect of Sand Fouling on Track Modulus
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% sand fouling
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Figure(2.4) Relationship between ballast contamination percentage and rail support
modulug

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

19



2.5.5 Large-triaxial test and CEDEX Track Box (CTB) test

Another study was performed by Estaire and Sarj28jdo examine the effect
of fouled ballast with sand on track stiffness. In this study, two different types of tests
were conducted: a largdaaxial test (23 cm diameter) afitie CEDEX Track Box test
The CEDEX Track Box testias developed foa testing facility owned by CEDEX in
Madrid, Spainwhich isalso known by its short name, CTBTB isa largescale facility
measuring 69 feet in length, 16.4 feet in width, and 13 feet in degtides a segment
of track In the largetriaxial test, the sample walkvided into 5 layers, with each layer
being 3.9 inches thick. A preparacthount ofweighted sand was then spread from the
top of the largdriaxial 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 follawl$%, 30%, 45%, 62%, 80%, and 100%. The results
(Figure 25) show that the initial tangent modulus had a constant value of 6817 psi for
fouling indices ranging from 0% to 70%. Hovesy 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%,t0 100%. An actuator was in contact with the rail, producing a maximum load of
20,812 Ibs. and a minimum load of 562 Ibs. Vertical displacement was measured for
each test to determine track stiffness. Additionally, ballast layer settlements were
measured ueg LVDT inductive sensors. The contamination process was achieved
using a track contamination device set up in th& &hsuring precise control over the
entire contamination proceds$ 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 3) from the CEDEX Track Box (CTB) test indicated that
track stiffness, measured in Ib/in (as opposed to modulus, which is typically expressed
in Ib/in/in), remained almost constantat354,029 Ib./iras fouling ranged from 0% to
70%. However, track stiffness increased to 394,000 Ib./in at 85% fouling and 462,521
Ib./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 vaguesiali

with those obtained previously in the triaxial tests.
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Figure(2.5) Static vertical track and ballast stiffness for theoretical contamination
level$

8 Source: Estaire, Cuéllar. and Santana, 2017.
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2.6 SettlementStrain 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 W§Bgrballast is highly influential
on the track substructur@dlthough the small amount of deformation under each cycle
is mainly elastic, there lsoa small amount of plastic deformation due to the applied
load [9]. Thus significant vertical deformatiorwan occur due to the progressive
cumulation of this plastic deformationnder repeated wheel load. In addition,
settlement increases with repeated vibrations from the wheel loading causing erosion of
larger particles and ¢éhresultingfines filling the voids[8]. Additionally, the ballast
settled due to changes geologicalconditions, 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 substrucf8@ds Fouling can
cause either an increase or a decrease in the rate of volume change and plastic strain
accumulatiorj8]. Settlement can cause a geometric deformation, which increases when
the fouling is increas€@0]. Moreover, research conducted by KasHi2zdj to evaluate
the effect of fouled ballast under heavy axel kadd high traffic conditios shows
that although the settlement is increased when fouBrigcreased, 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 Sig)] confirms Kashar@ study and shows
that the settlement increzmwhen the fouling is increadeand the water content can
cause a rapid increas 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 ofsa largescale box test shows an

agreemenin ternmsof increasing the settlement when the fouling is increased. The same
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study shows that the settlement incredsem 11% to 40% when the foulipgercentage
increass by 10% [32]. These two studies present a contradictidashani's research
suggests a limited impact on settlement rate with increased fpulhegeasthe 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 themary sourceof differential and average
settlementThis is termedhortterm settlement. In lonterm settlement, the subgrade
layer is involved. Excluding new track locations, subgrade, which has been subjected to
repeated load over yeaexperiences gradual settlinglthough the subgrade settlement
is high, the depth of theallastlayer can reduce the settlement rate. Therefore, a
laboratory ballast box test and field measurement were carried out to investigate the
ballast settlementThe 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 increasgesettlemen{Figure 26). Conversely, when presented
onalinear xes(Figure 27), the data shows that the settlement still incredsaisthe

rate of increase diminishes over time
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The field measurements, which encompass the ballast, subballast, and subgrade, reveal
that the ballasind subballastxperienced rapid settling during the initial 3 million gross

tons (MGT), followed by a slower and ongoing settlemientontrast, the findings from

the subgrade soil analysis indicate a variation in settler8ention.6.1.2 an®.6.1.3

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

conducted within each substructure laj@r

2.6.1.1 GEOTRACK model by Selig
The GEOTRACK model is a 3fnite elementmodel developed foithe US

Department of Transportatiod,ransportation Technology Center (TT@®) Pueblo

9 Source: Selig, and Waters, 90827749826, 1994.
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Colorado It was created to help understahd behavior oflifferent parts of tracksuch

asthe rails, ties, and the layers beneath theamd,how the trackeacs when a train goes

overit. The model allows changing of key track design paramitelteling parameters

such aghe type of soil below the track and how thick the different layer$S8hré9].
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 Ib is equivalent to 4,900 Ib in the GEOTRACK ni8l¢9].

2.6.1.2 Ballast box testing by Selig

Selig developed a ballast box that has 6 inches of dry ballasi&yér 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 ofGE@TRACK model and
consisted ofa minimum seating load of 50 Ib. and a maximum load of 4900 Ib.
(equivalent to 39 US tonsyithout any dynamic magnificatiofhis load was designed
to matchtie -ballast contact pressure. After running the test, and once the settlement
reached 1.5 incheshd tie section wagaised and ballast was added fiti the gap
without disrupting the alreadgompacted ballast bed, in contrast to tampirtgen, the

loading was resumed until a total g880,000 cycles had been appli{ddyure 27) [8].

25



0.0
5
-~ 10
5 o5l
o .
|
Z.
§ . 20
- 50 Ib (0.2 kN)
EE: 1.0 F "‘._'- / 425
m .-_-"-.
v T 30
4900 1b (22 KN) ™.~
e I ——— 356
P N KU S R R SN IR L TS
0 100000 200000 300000 A0NOND
CYCLES, N

SETTLEMENT (mim)

Figure(2.7) Ballast box Settlement increase with cyclés

Figure @.7) shows that the best trend describes the increase of the settlement is a power

relationship.

Where:

“Y = Settlement after N load cycles.
“Y = Settlement from the first load cycle.
N = Total load cycles.

b = Exponent

10 Source: Selig, and Waters, 90827749826, 1994.
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If the repeated passing traffaxe given in term of Million Gross Ton (MGT), it can be

converted to load cycles by using the following equation.

o — (2.6)
Where:
0 number of load cycles/MGT

0 Axel load in tons (Static load)

0 Number of axles/ load cycle

In this test, according to guidance from the Railway Geotechexdsook [9],
the number of axles per load cyclé | 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 atHeand, when assessing subgrade settlement,
Reference 9 statékat 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 framwiheel increases

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

described in the following relationshid]:

Yoo ® (2.7)
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2.6.1.3 Field measurement (FAST trackl) 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 indfes exception is one section,

which has a greater ballast depth of 21 in¢hEsble 2.1)

Table(2.1) FAST track section conditioi

N Variable Track Parameters
Track Track  |Ballast Type Ballast Depth Slecper Sleeper Spacing
Section | Geometry Type .
- in, mm : in. mm
A ) Original Track
17C Curved Granite 15 380 Concrete 240 610
17E Tangent Granite 15 380 Concrete 240 610
18A Tangent Granite 21 530 Wood 19.5 495
18B Tangent Granite 15 380 Wood 19.5 495
20B Tangent | Limestone 15 380 Wood 19.5 495
206 Tangent | Traprock 15 380 Wood 19.5 495
B) Reconstructed Track
2A Tangent | Traprock 15 380 Wood 19.5 495
228 Tangent | Traprock 15 380 Concrete 24.0 610

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, 90827749826, 1994.
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to variousfactors. For instance, in the ballast layer, strain can be influenced by the
density of the ballast material [2].istimportant to note that ballast straas calculated
herein, 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 the subgrade layer, strain can be affected by factors such
as the thickness of the layer, the type of soil, and stresses like ngnéitness 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 i{83/fThe equation result is:
- -0 (2.8)
Where:
- Ballast strain after N cycles
- Ballast strain after the first cycle

w  Exponent

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

N.
- - Y (2.9)
Where:

- Ballast strain after T traffic in MGT
- Ballast strain after 1 MGT of traffic

w Exponent
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The results of the FAST track were expressed in the follofigge (28).
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:
- T8t p ‘¥ (2.10)
wEQ
- T8t p Y8 (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 th&AST track3

2.6.1.3.2 Subballast strain (FAST track) by Selig

Subballast strain measurements were calculated in the same manner as the
ballast calculationThe study revealed that subballast experiences a nitabdasen
strain during the initial 3 MGT. After this point, beyond approximately 3 MGT, the
subballast layer continues to exhibit a gradstahin increasng (Figure 29). This
behavior agrees with previously studied ballast behal8pr The results of the

subballast strain are:

- T8p B (2.12)

13 Source: Selig, and Waters, 90827749826, 1994.
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Figure(2.9) Subballasttrain for the=AST track4

2.6.1.3.3 Subgrade strain (FAST track) by Selig

Subgrade settlement can vary based on the soil type (figiOe [ 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 MG8].

Two equations emerged from the subgrade analysis IRABd track The first
eqguation was derived by substituting strain with compreg8ion

Y Q¢ Tt o o8 (2.13)

14 Source: Selig, and Waters, 90827749826, 1994.
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While the secondquation describes the subgrade's impact on track settlement after the

track has been in service for some tifkegure2.11)

Y Q¢ minmpy

15 Source: Selig, and Waters, 90827749826, 1994.
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2.6.1.3.4 Total settlement (FAST track) by Selig

Thetotal track settlement can be expressed as the sum of the compression of
substructure layers, ballagty) , subballagty), and subgrad€’Y). Since the total
settlement varies along the track, differential settlement was carried loaittotal
settlement can be calculated by multiplying the strain of each layer by the layer

thickness and then summing them[8p

YOY Y Y (2.15)

16 Source: Selig, and Waters, 90827749826, 1994.

34



It was found that when the tragkasnewly constructed, the ballast settlement
had only half of the settlement contributioithis is because the subballast and the
subgrade layer had not been previously subjected to traffic or repeateWloenl the
first 6 inches of the ballast layer are disturbed after tamping, the ba#lastribution
to settlement decreasekhe subballast and subgrade contribution still increase when

they have been subjected to repeated |8hd

2.6.1.3.5 Fouling contribution to settlement (Ballast Box) By Selig

TheSeligballast box was lined with a rubber pad to mimic resilience.-hé&R
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 loadb604bs,
which is equivalent to 36,000 Ibs, 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 settl@graekt

roughness]8].

2.6.2 Cumulative plastic deformation by Chrismer

Cumulative plastic deformation refers to the overall permanent settlement that
accrues due to repetitive loadingince the settlement is not uniform, differential
settlement can contribute to track roughnékmsnce, 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 servi{9, [33].
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2.6.2.1 Cumulative plastic deformation of ballastby Chrismer

In Referencg¢9], [33], Chrismer introduces@ower 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 significanteet on track settlement, the ballast can
have amore significaneffect. However, tis ballasteffect decreases over tirme there
can be a conditigrunder high applied loadwherethe subgrade layer dominates the
settlement
Chrismer developetis ballast equatiofequation 2.16pased orthe Selig ballast strain
eqguation( equation 2.6)

- b e Q@ 8 (2.16)

wherethe 'N' in this context represents the total load cy@E$33].

2.6.2.2 Cumulative plastic deformation ofsubballast by Chrismer

In analyzing the effect ohe subballast layerChrismer notes thaulballast,
which has been in place for many years, has a linear straii®}d@3]. Based on this,
Chrismer developed amverage strain ratequation, calculated based on the results

from differenttestsectionsas follows[9], [33].

- b p wp 1 0 (2.17)

2.6.2.3 Cumulative plastic deformation model of subgrade by LiSelig

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 shearetbrmation, and cumulative consolidati{#]. 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 donéa a triaxial tes{34].
- 00 (2.18)
Where:

- Cumulative plastic strain
0 Repeated load cycles

O6hd Two parameters, which can be affected by other factors.

From this model, the influence of parameter A was studied g demonstrate the

effect of the soil type and deviatoric stressthe subgrade plastic deformat[&h [35].
0 O — (2.19)

" Deviatoric stress

" Soll static strength

¢t Material parameters.

Based on the predicted modetjuation.18), another model was developed by Li and

Selig, which incorporates three material constants for different soil [9436].

W (2.20)

Where:

R (2.21)
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@ Soil's plastic strain before repeated loading, induced by loading it to its static
strength
@ The plastic strain accumulation rate during repeated loading

& Thedegree of softening of fingrained soils under deviator stress
These constants, as mentioned able (2.2),ncrease when the clay content and soil

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

plastic strain accumulatnd9], [36].

Table(2.2) Values ofsoil parameters a, b, and m for various soil types

Soil type a b m
CH (fat clay) 1.2 0.18 24
(0.82—-1.5) (0.12-0.27) (1.3-3.9)
CL (lean clay) 1.1 0.16 2.0
(0.3-3.5) (0.08-0.34) (1.0-2.6)
MH (elastic silt) 0.84 0.13 2.0
(0.08-0.19) (1.3-4.2)
ML (silt) 0.64 0.10 1.7
(0.06-0.17) (1.4-2.0)

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 determipeopies

17 Source: Li, D. and Selig, E.T., J. Geotech. Eng., ASCE, 122(12)j 1008, 1996.
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maintenance timing to correct the track geometry. This relation was developed by

Chrismer as a linear relationsifj, [33].

YO O | Y (2.22)

Where:

SD=standard deviatiowhich representgack roughness
“Y Total average track settlement

| 0.15

O 0.098 in.

It should be noted that trackughness is often expressed in terms of standard
deviation (SD), andwhen 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™O in the besttase scenario. Moreover, it was found that every unit increase
in average track settlement can increase the rate of SD profile roughness.dn 0.15
addition, théYO  varies based on the type of track. For example, aspgled track
doesn't allow for éargesettlement, whereas the© can be increased when the

class of the track is lowergd], [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 chathgeate of
degradation of the track geometry. Therefore, quantifying the effect of sand infiltration
on track support stiffness atitke subsequent track geometry degradation are the goals

of this research.

3.2 Methodology

The r esear c hudesthemeethancslobttack pegponse based on track
stiffness andhe Beam on Elastic Foundation (&F) theory. In addition, the research
introduces track settlement mechanics to definke rate of degradation and
corresponding maintenance related behavior.

The deflection resultarealso 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 atatistical relationshipetween load cycles and fouling percentage,
which can be used to predict maintenance timing.

To investigatethese hypothesesdditionaldatawas obtained using a set of
laboratory experiments. The railway tragssimulated in the lab using a Lar§eale
Box Test, which is a wooden box with specific dimensigssction 3.4)The boxwas

filled with a volume of ballast and testadth different levels of santhduced fouling.
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3.2.1 Experimental Methodology and Expected Outcomes

Two series of fouling testwereconductedeach using a different approach to
the fouling mechanism and associated {daflection behavior. Both serie®restarted
with clean unconsolidated ballast.

In the first series of tests, sam@dsadded in layer¢ Figure 3.1)at the defined
percentage of fouling. Thisonsised of installing an approximakg 3-inch layer of
ballast mixed with the appropriate percentage of saneédohtest. This mixingwas
performed using a cement mixand each layer installed after the sand and ballast
thoroughly mixed. Thignethodwasintended to establish a uniform level of fouling
througlout the entire ballast depth. Thus, the entire ballast sebtdio be removed

after each test and then reinstalled in layers.

Figure(3.1) Distributing sand in layersSeries 1
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In the second series of teshe clean ballastasallowed to remain ithetrack
and sandvasadded, from the top of the ballast layer, in the defined percentages. After
each addition of sand, the systevas subjected tB8500cycles of loading. The next
increment of sanavasthen added. Thudor example, in going from 10% to 2566
sand the initial 10% of sand, approximately 0.6 cubic feetsfirst added to the clean
ballast layerto the top. After completion of the5B0 load cycles, an additional 1 cubic
foot of sandvasaddedto the top bringing the total sand to 1.6 cubic feet or 25%, and
the systenwascycled to 300 cycles. At that poinan additional 1.6 cubic feet of sand
wasadded to bring the total sand percentage to,50% the cyclic loadvasapplied

again Thispatterncontinued until thd00% fouling conditionrwasreached.

It should be noted th#he first approach represedthe ballast that alreadyad
been placed antg already consolida¢d. Thus, this approach examohéhe track
behavior intermsof stiffness and permanent settlement at the time where the ballast
wassubjected t@ repeated load and its voiladbeenfilled with certain percentage
of fouling. Whereas the second approach is consistent with what happens to track in
desert areas, where wiiddown sand continues to enter the ballast layer from the top

and continues to build up the sand fouling of Hadlast( Figure 3.2)
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Figure(3.2) Distributing sandrom ballast surface Series2

It is worth noting that in both series of tests, the ballast didxnot incorporate a
subgrade layer (soil); insteadwassolely compriséd of the ballast layer.

The boxwas| oaded wusing the | abbés dynamic | ¢
deflection relationship as a function of load magnitude and loading frequency. This
experimentwas repeated as the proportion of ballast foulimgs changedwith the
addition ofsandfor each testThe test resulterereanalyzed, inclughg bothstatistical
and engineering analyses, and compared with the stiffness and deflection analyses

performed orthetest 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, appesach

was developed to calculate the t ohisal VOoi (

approach is presented belovs a resul t, t he t ottragrockv oi ds o
stone is 49.07%.

The aggregate used in this study follodsierican Railway Engineering and
Maintenanceof-Way Association(AREMA) gradation number #3The sample was
obtained from DYER QUARRY, INC., which prodwgballastfor the NORTHFOLK
SOUTHERN. The following tabls (3.1), (3.2), and figure (3.3)ncludemore details

about the ballagiype and gradatiothatwasused 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

Sieve Osfr:/if] Upper Lower Restgi"ne q Accumulative| % Mass| %
Designatior] Zize g Boundaries Boundaries Retain (gm) | Retain | Passing
(@)
(ASB'\;) Ell (mm) % % gram gram % %
21/2" 63 100 100 0 0 0 100
2" 50 100 95 2.26 2.26 3.6 96.4
11/2" 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
Traprock Gradation Curve
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\\ \\
\ \
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\‘ \\
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Figure(3.3) Ballast Traprock gradation curve
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3.3.1 Test preparation

Three different ball ast samples were te
Engineering Structures Laboratory tmantify the total volume of the voids. The
materials used in this study are:

1) Ballast.

2) Water.

3) Sand.

4) Volumetric container.

5) Large-ScaleBallast Box
Priorto completinghe testthe following parametenseeadto be considered:

1) C = The weight of container.

2) A = The net weight otheaggregated sample after filling 100%cawointainer

C.
3) L = The net weight othewater after filling 100% othe container C.
4) S = The net weight dhesand after filling 100% of the container C.

From therethetest procedureweredivided into five stepsas follows:

1) Measuring the weight of dry ballastand wet ballast This step staed with
recording the weight of the ballast sample in dry conditi8imce the dry ballast
wassensitive to moisture absorption, its actual weigay have beemfluenced
by water As a precaution, the ballast was placed in a water basin after recording
its weight in a dry conditionThen, after the ballast dabsorbed the water,ig
essential to record its weight to measure the amount of absorbed lwaites
manner,it was ensure that the addition of water to the ballast in subsequent

stepsdid not permeate the stone and accurately reftdts weight
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2) Mixing ballast sample with water: After retrieving the wet ballast from the
basin andecordingits weight,the next stepvasto place it inside the container.
Then, the containewas filledwith waterusinga VVolumetric Containeruntil it
reachd the top of the container, which coeedrthe entire ballast voids. The
reason for using water to fill the ballast vowlasbecause the fluidic properties
of water enable it to permeate the gaps betwkeparticles which resukedin
a more precisemeasurement of theoidsdvolume This precise measurement
protocol was utilized sincesanentioned previously in stepthe weight of the
dry balastchanges wheit is exposed to watelf this change from dry to wet
ballast weight was not properly recorded, it wouébult in an incorrect
measuredallast weighffor the testing and computations since the ballast and
voids were purposefully filled with water in step Bherefore,to ensure an
accurate ballast weight,was necessary fiirst weigh thedry ballastandthen
to purposefullyexpose it to wateand weigh it againas happened in stepThat
way, it wasensurd that themeasured weight of the ballast remained the same
when the ballast and voids were purposefully filled with watestep 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)

4)

5)

Measuring the total weight: Now, the total weight of the containers represents
the weight of containds, the weight othedried aggregate, the weight of the

absorbed watdy , and the weight of the water that fillgulthe containein step

1
W 6 06 0 0 (3.2)
Where:
@ = The total weight
0 = Thetotal weight of water mixed with ballably theVolumetric
container
Tot al v 0 i d Bhérefone,0daloutateng the actual total voiess

completedby dividing the recorded weight tfie water mixed with ballast ,

by net weight othewater after filling 100% of the containé&t.

OEQ b — (3.3)

Determine the actual weight of the
volume: To account for the actual sand that fills the voids 100%yas
necessary to fill the containew 100% of the container volum&, with only
sandSi nce t he t ot a bobtanediindtegdtheotal sanchweight a s

represerdgd at49.63%o0f the containervolume wasfound by multiplying the

an

tot al voidsd volume by the total sand
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0O wE pb z3 (3.4)
Where:

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

In summation, this methodology provilan effective approach for accurately
assessing the total voi dsd vol umedabet ween
effective measuraent ofthe total weight ofthe sand infiltrating into the ballast voids.

Therefore, quantifying the total weight of sand that represents any fqdnegntage

couldbe controlledduring 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 distiragirock
ballast samples being tested within a container of specified dimensiivie G.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 contawaswoids.

Table(33) Average voidsod6 volume based on thre

Total Voids' Volume

Sample 1| Sample 2| Sample 3| Average
Ballast net weight (Ib.) 71.25 72.8 72.5 72.18
Water net weight (Ib.) 47.05 47.1 47.09 47.08
Sand net weight (Ib.) 63.6 63.4 63.9 63.63
Ballast weight filled with water (Ib.) 96.35 97.75 97.0 97.03
Adding watemweight (Ib.) 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% (Ib.) 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 (Ib.) 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 know.he designed ballast bdxsection 3.4has a total volume of
31104 irf. Since the containgrTable 3.4) has a volume of 1302.84%ra total ballast
weight of 72.18 Ib., and total sand weight of 31.22 Ib, the volume of the ballast box
volume requires 23.87 times the container volume to fill the ballastvibx1723.30

Ib. of ballast and 745 Ib. of saidable 3.5)

Table(3.5 Box dimensions including theallast volume and sand volume

Box Dimensions

Width in 36
Long in 48
Height in 18
Box volume in"3| 31104
Nurgber of containers required to fill the ballast box with ballast 4 2387
san

Ballast & sand weight to fill the box b | 2468.68
Ballast ratio % | 50.93%
Void ratio % | 49.07%
Ballast weight to fill 50.93% of the ballast box b |1723.30
Sand weight to fill 49.07% of the ballast box lb | 745.37
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Sincethe goal of this studyasto find the total voids between the ballast particle by
determinng the actual sand weight that represents 100% of fouling, the total weight that
represered the percentage of fouling to be testeds selected by multiplying the
fouling percentage by the total weight of sand. For example, the total wetgkesahd

that represeetd 10% fouling was determined as the followingl0% x 745.37 Ib.

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

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

Fouling Distribution
Fouling % Sand Weight (Ib.)
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 Bo x was built at t he Uni ver si
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 toetlmext maintenancé.he box is 48 inches long, 36
inches wide, and 18 inches hjgiontaining 18 cubic feet of railway balla$tigure

3.4.9).

Figure(3.4.9) Ballast Box with Clean Ballast
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In the top of thévallast a section othe railroad superstructure wesnstructed
by using partial timber tieti€) 7 in x 9 in x 3 foot in length, a section of réil32 RE

rail) approximately 12 inches in length, and plate with two cut si{fkgsire 3.4.b)

|
i

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 frequescependent on
thevalve size servo system. The specific unit usaditwo 15gpm servo valveghich
allowedit to completehigher frequency testing. The test-aptis shown irFigure3.5.
Instrumentation consisted of the load and deflection measurement system of the
dynamic loading actuator itself, together with an additional 6 LVDTs positioned as

shownin Figures3.6a 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(3.6.9 Top view shows LVDT distribution on thmallast 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 Ib./in./in., 5000 Ib./inneh., a
10000 Ib./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 (BaBleand(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 Ib/yd 131.7 131.7 131.7
Area in"2 12.91 12.91 12.91
MOI (1) in"4 87.90 87.90 87.90
Rail Detail 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 Detall 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
CarDetal [ 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 Regime |Load ratio RynamidPstatic - 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.lb 696099.28 465509.65 391445.39
Max. Results |Max. Force Ibf 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%
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Deflection- for 3 Different Stiffness Values in
(Ib./in./in.)
-0.050
0.000 —— —
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Figure(3.7) Deflection at three different stiffness values in (Ib./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 Ibf., 12499.5 Ibf., and
14864.5 Ibf., respectively. Subsequently, the decision was made to increasalttee lo
20000 Ib and then calculate the corresponding deflection, speeds, dynamic load, and
transformed load on the tie (Talde8.a, 3.8.b, and 3.99nd Figure3.8).

The d/namic impact formula introduced by AREM#&asused to calculatthe
desigrd sertical 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 Ibs. (20 Kips) at a test frequency of 0.2 Hz (720 cycles per Tioigr).

relationship between the vehicle load and test load is discussed in secon 3.4

0 9 p —z0 (35)
Where:
0 The dynamic lod (Ib.)
0 The axel load (Ib.)

— Thedynamic 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 lodéflection results showed that the maximum
deflection applied was 0.08 at a loa®6fkips. Using the obtained data and substituting
them into the BOEF equation hefgmeasure how stiff thigackwas Additionally, both
the dynamic load and the spe=mlildbe measured. Assuming a-&6 axel load with

a 36inch wheel diameter passing over a 132 RE rail type at 20 kips load results in 0.08
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in deflection as shownn table3.8.a The resuk ( Table 38.b) show that the track
stiffness is 12821 Ib/in/in, and the dynamic load is 61779 Ib, in a ratio of 1.73 to the

static load. This should simulate a track with an7i®h speed. The load transfer from

the wheel to the tie represeBR.7%(Table 39).

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

Giving data Value Unit
Rail type 132 RE -
Static load (Ratig 35750] Ib.
Tie spacinga 19.5] in.
Wheel diameter 36| in.
E 30000000 lb.in?
I 87.9| in*
Measured W in lab 0.08] in.
Applied load 20000 Ib.

Table(3.8.b) BOEF analysis results
Results Value Unit

k 12821 Ib/in/in
Beta 0.0332| 1/in
Dynamic load (Bynamig 61779| Ib.
Load ratio 1.73 -
Speedv 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 tab8ea(3.

X (in) X (feet) W(in) Force (psi) | Applied load (Ib.) % 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%
Deflection
-0.01
0
= 0.01
= 0.02
3 0.03
c
2 0.04
g 0.05
@ 0.06
0 o007
0.08
0.09
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Figure(3.8) Maximum deflection based on the-861 axleload.
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3.5 Test steps in the lab

As previously mentioneth section(3.2), thereare two series dests thatvere
examined in this project. Although the methoataliculation ofthe total voids between
the ballast particles is same in both series, each series has a different preparation

technique

3.5.1 Series 1i unconsolidated tests

In Series 1theteststepshegarby filling 23.87 of the ballast containers (1302.84
in®) with ballast with each containezontaining72 Ib. of ballast. This stgprepares an
accurateamount of santb represent the corresponding test fouling percerftaigeach
test Since the ballastasfilled into the ballast boin 6 layerswith each layer thickness
being3 inchesdeep each layewasfilled with 4 ballast containers (290.4 IbBrior to
distributing the ballast o the ballast boxthefour containersvereplaced in a cement
mixer andmixed with the appropriate percentage of sandepresent the ballast box
voids at each determined percentage of fouliigble 3.6).The next stepwvasto
distributethe mix over the ballast box after running thehtoughthe cement mixer
several timesThen the first layemwastamped manuallyvith 100 hits over thentire
surfacelayerto ensure the layer was leveled and distribeteshly It is important to
mention that the force exertechsmanually generated, applying the foineamanner
which avoided excessive pressure on the ballast. This cautious approaeu tom
prevent any external influences on the ballast. The saraagementvasapplied in
each layer until the ballast bevasfilled. Subsequently, ivasnecessary to position a
steel plate onto the ballast box. The actuatorefaasthen applied at an extremely low
frequency of 0.2 Hz, with a magnitude of 1000 Ib., 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 sfi&dbeen previously
mountedwerepositionedn the middle of the ballast areawlasoriented perpendicular

to the actuator rod, which simulates the train whielxt, 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 actuatorwvadmountedo the middle of the

rail head. Finally, a vertical load of 20,000 Ibs. (20 Kips) at a test frequency of 0.2 Hz
(720 cycles per houwyasused until 3500 load cyclesere completedAfter the test
wascompleted, the LVDTs and the actuator mwereuninstalledand3 samplesvere
collectedfor the sieving analysigs explained in sectio.G3.2. Finally, the ballast box
wasemptied andeparatedrom the sand to prepare for the next (@86, 10%, 25%,
50%, 75%, and 100%)t should benotedthat the cement mixeand sandstepswere

not used when testing a clean ballast duringthe 0% foulingtest.

3.5.2 Series 2i progressivefouling tests

In Series 2the stepsare similar tathose inSeries 1with the same magnitude
for each step. Howevethere aréwo differencesin the series 2 stepthe way thathe
sandwasmixed withthe ballastandthatthe steel plat&vasused only one time at Test
1, whichwasthe clean tesiThe reason for using the steel plate only one time is that the
ballastwas not removed between tBeries 2 tests. Instealie tess were continuously
conducteduntil 21000 load cyclebBad been completedith a pause every 3500 load
cycles to add a neportion of sando the top of the ballagihat corresponded with the
nexttest fouling percentageTherefore,in this method, the sanglasspreadrom the
top surface of the ballastest 1 in Series 2 (clean ballast or 0% foulingfithe same
steps as Test 1 in Series 1. Howeveiledt 2 in Series 210% fouling, the actuator

rod, LVDTSs, and the tievereremoved at the end of Test thout removing the ballast,
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and then the sand that occupied 10% of the ballast wadspreadequallyfrom the
top surface of the balladtlext,the tie, LVDTSs, and the actuator raere placen the
tie, and the testvasresumed from cycle 3500 to 7000. The same sieye repeated

until reaching 21000 cycles, whigiasthe end of the 100% fouling test.
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Chapter 4
RESULTS AND DISCUSSION

4.1 Track stiffness

Track stiffness can bealculated as mentioned in sect{@:b.2. For eaclseries
of tests, a loadleflection graph, was generated over the full range of loading dycles
Figure4.1) [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 Ib/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 6@.cycles) and
removal of the load37]. The resultindoad-deflection deflectiontime, and stiffness

time cycle graphs are illustrated in Figureg, 4.2 and4.3, respectively.

Load vs Deflection - Clean Ballast 0% Fouling
x10* (Actuator - Series1)

25

N
tn
T

Load (lbf)

=y
T

05

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Deflection (in)

Figure(4.1) LoadDefection curve for clean ballast over 3500 cycles
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Time vs Deflection - Clean Ballast 0% Fouling

0.7

Deflection (in)
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Figure(4.2) Defectiontime curve for cleaiallast over 3500 cycles

Stiffness (Ib./in/in)
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Figure(4.3) StiffnessLoad Cyclescurve for clean ballast over 3500 cycles
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The initial stiffness can be clearly observed as can the final permanent
deformation37]. Average stiffness was initially calculated over the full set of loading
cycles[37]. However, given the large initial deflections that occurred during the testing
( Figures4.1and4.2), 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 averaged&gbettion behavior for cycles

1000 througIB000 ( Figure 44) [37].

Clean Ballast S2T1 10% S2T2 25%
S2T3 50% S2T4 75% S2T5 100%
Stiffness vs Load Cycles 1000:3000 (Actuator - Series2)
15000 T T T T T T T T T T T
I e e B ‘H:Jj*luﬁjf
L ;_'_JLL_VrrL‘_n, A U A AN A T ~Om - L_J\._‘,J—\I—er.v_ﬂf—'_L e el b
= 10000 - .
<
o
[)]
(7]
()
[
= 5000 .
)
0 C | 1 | | 1 | | | | | | i
1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200
Load Cycles

Figure(4.4) Average stiffness ranging from 1000 cycles@003cyclesi Series 2
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Thus, the stiffnesdor both serieswas calculated in three different stages where:

1 Stage 1, stiffneswas calculated fromycle 1to cycle3500Q

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

1 Stage 3stiffness was calculated from cycle 1000 to cy€leds
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 ta 3000

For example, igures 4.5.9), (4.5.0), and (45.¢) show the stiffness for Series 1
resulting from the actuator in three different stages.

NOTE: AppendixB includes all stiffness figures for both series.

Clean Ballast S1T2 10% S1T2 25%
S1T3 50% S1T4 75% S1T5 100%
16000 Stiffness vs Load Cycles (Actuator - Series1)
14000 B
12000 - B
<
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o
~— 8000 B
n
7]
2 6000 B
=
n
4000 - n
2000 B
0 C 1 1 1 1 1 1 1 1 N
-500 0 500 1000 1500 2000 2500 3000 3500 4000
Load Cycles

Figure(4.5.a) Stage-1StiffnessLoad Cycles ranging from 0 to 3500 cycieSeries 1
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Figure(4.5.b) Stage 1 StiffnessLoad Cycles ranging from 0 to 500 cycleSeries 1
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Figure(4.5.c)Stage 1 StiffnessLoad Cycles ranging from 1000 to 3500 cydl&3eries
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(Figure4.5).

4.1.1 Stiffness results from Series 1

Averagestiffness was calculated for Series 1 (across the 18000 range of
load cycleshs a function of percent sand fouling. With this type of distribution, fouling
configuration, the stiffness is fairly constant, with some minor variatidihe order of
+/- 3% ( Figure 46) [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 ar
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 danfound in AppendiB.1.
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Figure(4.6) Average stiffness vs percent foulinGeries 1
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Table(4.1a) Stiffness resultén/lb./Ib.) for 3 different stages including the actuatast an
LVDT resultsi Series 1

Series 1

Actuator | Rail Back| Rail FrontPlate Righ Plate Left| Tie Right| Tie Left
0-500 11023 | 11023 | 18295 | 15939 | 13152 | 20744 | 20005
0% 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
10% 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
25% 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
50% 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
75% 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
100% 0-3000 | 12234 | 12234 | 14440 | 16825 | 12749 | 24131 | 22414
1000 - 3000 12465 | 12465 | 15043 | 17314 | 12823 | 24773 | 22428

Fouling %9  Cycles

4.1.2 Stiffness results from Series 2

Average stiffness was calculated for Serie@@ross the full range of load
cycles) as a function of percent sand foul[8§F]. As a note, this type of fouling
implementation is more consistent with what happens in the field for track in-desert
type area$37]. Furthermore, following the installation of the new LVDT fixation, all
LVDT measurements demonstrate concordance with the hydraulic actuator fesults

Table 4.1b),
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Table(4.1.b) Stiffness results (in/lb./Ib.) for 3 different stageeluding the actuator
and LVDT resultsi Series?

Series 2

Actuator | Rail Back| Rail FrontPlate Righ Plate Left| Tie Right| Tie Left
0 -500 11026 | 13061 | 16420 | 15943 | 13155 | 20744 | 20011
0% 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
10% 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
25% 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
50% 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
75% 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
100% 0-3000 | 13163 | 15548 | 16806 | 20415 | 18000 | 32754 | 28449
1000 - 3000 13314 | 16135 | 16730 | 21030 | 18647 | 34308 | 29300

Fouling %9 Cycles

Additionally, stiffness resultsonsistently indicate a rise in the stiffness modulus
(stiffness per unit length) as the levelsaindfouling increase$37]. When fitting a
linear trend to the dataset, which includes data from the hydraulic actuator and six
LVDTs ( Figure4.7), the analysis revealed the correlation between stiffness and fouling
to be as follows:

1- Hydraulic actuator’Yi OHQQQQa FOFQE puv @w p L QE.L)

2- Rail Back: Vi OFEOQQUQQE BOFQE ¢ o @ p UL X Q@2
3- Rail Front "I OHERQQQEBOFOE T LMW  pC Y w@.3)
3- Plate Right: Vi QHXQQQH FHOFQE cP@w p Yu X (@.4)
4- Plate Left: Vi QHXQQQHFOFQE ox @w  p L Y #D)
5 Tie Right: "Yi OHRQQQEBOFIQE pT X WO C X WP (B.6)
6- Tie Left: Vi QHRQQQHHOFQE ppyYywY cu )Xo @)
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with an R value of 74.3%, 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:

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

y = 1562.8x + 12562
10500 R = 0.7447

Track Siffness (Ib/in/in)
N
(&)
o
o
L 4

0% 10% 20% 30% 40% 50% 60% 70% 80%
Percent (%) Sand Fouling

Figure(4.7.a)Average track stiffness vs percent foulingctuatori Series 2
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Track Stiffness vs Percent Sand Fouling
(RaitBack- Series 2)

y = 2668.5x + 15769
11000 R2=0.7457
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Figure(4.7b) Average track stiffness vs percent foulingail Backi Series 2

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

13000 oo . | = 4578.1x + 12608
R2 = 0.7431
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Figure(4.7 c) Average track stiffness \gercent fouling Rail fronti Series 2
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Track Stiffness vs Percent Sand Fouling
(PlateRight- Series 2)

12000 y = 3864.6x + 18574
R2=0.7187

Track Siffness (Ib/in/in)
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0% 10% 20% 30% 40% 50% 60% 70% 80%

Percent (%) Sand Fouling

Figure(4.7d) Average track stiffness vs percent foulin@late Righti Series 2

Track Stiffness vs Percent Sand Fouling
(PlateLeft- Series 2)
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Figure(4.7 e) Average track stiffness vs percent foulinglate Lefti Series 2
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Track Stiffness vs Percent Sand Fouling
(TieRight- Series 2)

20000 y = 14753x + 27915
R2=0.7218

Track Siffness (Ib/in/in)
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Figure(4.7f) Average track stiffness vs percent foulindie Righti Series 2

Track Stiffness vs Percent Sand Fouling
(TielLeft- Series 2)
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Figure(4.7 h) Average track stiffness vs percent foulingie Lefti Series 2
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4.1.3 Stiffnessresults discussion

As mentioned in sectiofB.4), thetrack substructure was represented in this test by an
18inch-deep ballast layewith 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 test s, with fouling introc
installaton of the ballast in the ballast box, the stiffness remained relatively constant
with sand foulind37]. This was, in fact, similar to thabserved on another laboratory
test discussed irsection (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 sandilfog [37]. This stiffening behavior under increasing
percentages of sand fouling in the ballast is consistent with the findinggsciion
(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 Biguws can
be clearly seen in Figure7, 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, stiallast, and subgrade layers, measured in inches. This
condition arises within the substructure layers due to applied loads leading to differential
settlements that resaltin 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 ¢
Civil Engineering Structures Laboratory are presented in terms of load deflections as a
function of fouling. Itisimportant 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, testich each test ran for 3500 cycles
The data obtained from the ballast box tests was plotted in terms edéfiadtion(
Figure4.1) and deflectiodoad cycleq Figure4.8). Please note that in certain figures,

‘deflections’ are referred to as 'displacement.’
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Clean Ballast S1T2 10% S1T2 25%
S1T3 50% S1T4 75% S1T5 100%

5 Peaks and Valleys vs Load Cycles 0:3000 (Actuator - Series1)
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Figure(4.8) DefectionLoad Cyclesurve for clean ballast Series 1

In reference to the settlement outcomes of Serig$dble 4.2) thedatawas
gathered through the utilization of a hydraulic actuator, which was responsible for
exerting pressure on the ralflable @.2) displays the results of all 6 tests conducted in
Series 1t 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 theesults for the RaiBack and TieRight in the 10% foulingdst, as well as

the results for the Tikeft in the 25% and 100% fouling tests.
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Table(4.2) Settlementresultsin (incheg including the actuator anLVDT resultst

Series 1
. Series 1

Fouling % Cycles Actuator | Rail Back| Rail FrontPlate Righ Plate 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% 3000 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

Settlement resultsonsistently indicate a rise in tettlemen{in) as the level

of sand fouling increases. When fittingexponentiatrend to theobtained datawhich

includes data from the hydraulic actuator and six LVDT, the analysis revealed the

correlation betweesettlementand fouling to be as follows:

1- HydraulicActuator:

2- Rail Back:

3- Rail Front

4- Plate Right:

5- Plate Left:

6- Tie Right:

7- Tie Left:

"YQO 0 a

"YQO 0 a

YQO 0

Qa

"YQO 0 a

YQO 0

YQOo 0

Qa

Qa
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with an R value of 91.9%, 82.4%, 89.5%, 91.4%, 92.63%, 83.3%, and 94.%%
respectively, corresponding to a gaodexcellentcorrelation of this relationship with
the test data.

The following figure(4.9) showsthe fitted curve to all the data resog from the
Actuator It should benotedthat in certainfigures 'deflections’ are referred to as

'displacementLVDT settlementesultsfor Series Zare presented in Appends2.

Track Settlement vs Percent Sand Fouling
(Actuator- Series 1)
1.200
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< 1.000 o
S O
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n ' y = 0.5274@6792x
3 0.400 R2 = 0.9193
= 0.200
0.000
0% 20% 40% 60% 80% 100% 120%
Percent (%) Sand Fouling

Figure(4.9) Settlement vs Percent Fouling for the Actuét&eries 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 earligr (section3.5.2. Therefore, the loadeflection result (
Figure 4.10) and deflectiodoad cycles( Figure 4.11) enablethe ascertainof the

settlemeneamounts This measurement captures the final deflection observed after the
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completion of the load series, after 3500 cyckgase note that in certain figures,

‘deflection'is referred to as 'displacemént

Load vs Deflection - Clean Ballast 0% Fouling

s x10% (Actuator - Series2)
2 ,ri N
—~ 15r J
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w
S
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Deflection (in)

Figure(4.10) LoadDefection curve for clean ballaistSeries 2
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Clean Ballast S2T1 10% S2T2 25%
S2T3 50% S2T4 75% S2T5 100%

15 Peaks and Valleys vs Load Cycles 0:3000 (Actuator - Series2)
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Figure(4.11) Deflection-Load Cyclesurve for clean ballagt Series 1

Table @.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) Settlementresultsin (incheg including the actuator anLVDT resultst

Serie2
. Series 2
Fouling % Cycles Actuator | Rail Back| Rail FrontPlate Righ Plate 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% 3000 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 2521
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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. HydraulicActuator: YQO 0 & '0QsQ i T yQS (4.15)
2. Rail Back: YQO 0 & '0QsQ d@ x (P (4.16)
3- Rail Front YQO 0 & CAEQ d@ v (4.17)
3. Plate Right: "YQO 6 & Q@AEQ fd 8 (4.18)
4. Plate Left: YQO 0 & 'JQsQ F@d w pQf (4.19)
5. Tie Right: "YQO 6 & Q@AEQ @ ¢ ol (4.20)
6. Tie Left: YQO 0 & 00 & v T (4.21)

The R2 values are 4%6%, 92.4%, 93.4%, 2.2%, 92.6.3%,91.9%, and 96.5%,
respectively. These values correspond to excetlemelation of this relationship with
the test dataFigure @.12) displays the fitted curve for all the data obtained from the
Actuator. Moreover,LVDT settlementesultsfor Series 2are presented in Appendix

B.2.
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Track Settlement vs Percent Sand Fouling
(Actuator- Series 2)
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Figure(4.12) Settlement vs Percent Fouling for the Actuat&eries 2

4.2.3 Series 1 sttlementdiscussion

As noted in sectior3(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 defledbad cycles, as a
function of sand fouling, exhibits a consistent pattezgardless 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 {ests
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Figure(4.13)). The initial settlement rate experiences a dramatic sai@ee cyclavith

variability across different tes{digure4.14).

Initial Settlement vs Load Cycles (Actuator - Series 1)
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Figure(4.13) Initial settlement vs Load cycles for the Actuat&eries 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, ithe 100% foulingtest 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.suiestly, another
settlement event occurs from cycle 11 to cycle 12 to complete the initial settlement. It
is worth noting that the brief initial settlement 10% fouling test ppears 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 foulinglé¥els,
fouling testdoes not align with this hypothesissteadthe 10% fouling test displays
higher settlement levels compared to the 0%, 25%, and 50% foulinghesish it was
hypothesized to libetween the settlement levels of the 0% fouling test and the 25%

fouling test.( Figure4.14)

Settlement vs Load Cycles (Actuator - Series 1)

12

Settlement (in)
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——0% —8—10% 25% 50% —@—75% —8—100%

Figure(4.14) Theeffect of theshortinitial settlement in theotal settlement

Furthermore, when tracking the load from the hydraulic actuator, it becomes
evident that at cycle 10, the full load of 20,000 Ib. was not applied. Instead, this cycle

experienced only a 4,000 Ib. load, as indicated in Fiffuis).
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Max. Load and Min. Load vs Load Cycles
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Figure(4.15) The initial load for 10% foulindor the Actuatori Series 1

This issue was identified as a technical problem, asda result, the short
settlement was excluded from subsequent load cy€liggire4.16). 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 @yaik2 number 4yvould
be advantageous for analysis purpokésimportant to note that discarding some initial

cycles does not impact the overall settlement re§Higure4.16).
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Initial Settlement vs Load Cycles (Actuator - Series 1)
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Figure(4.16) Initial settlementfor all tests &er excluding the nitial settlementfrom

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 hypotli&sigire4.17)
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Settlement vs Load Cycles (Actuator - Series 1)
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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 incredsaugh at 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 t{section3.6.1.3.).

4.2.4 Series 2 sttlementdiscussion
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 foulirfdrigure4.18).
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Cumulative Permanent Settlement vs Load Cycles (Actuator - Series2)
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Figure(4.18) Cumulative settlement vs Load cycleSeries 2

It is important to note that in Figu(d.18), each test was conducted over a span
of 3500 cycles. Consequentlyach segment in Figufd.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 baties.
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However, in Series 2, starting from the second test (with 10% fouling) and
continuing to théourthtest (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)wvorth noting that

even with this smaller initial settlement, the behavior persists throughout each test in
Series 2.

For tests representing 75% and 100% foylitige 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,possiblereason for this behavior is that the
settlement in these tests is not solely due to the baltast italso includes settlement
in the sand. The sambminategshe amount of theettlement because it remains on the
surface of the ballast and does notlirdie down into the ballast.

Although Series 2 comprises progressive tests, Figui®)(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%uddestshat 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 Seriadigidually

Figure @.20), representing 75% fouling, reveals that the sand does not infiltrate
down to the ballast after the test. However, it does show signs tlaibtstiehassunk
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 studieg[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 lalSeries 2

Figure @.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 testsvioreover, it shows the same behawdsitheEstaire and Santana CEDEX

Track Box studies [28]
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Figure(4.21) 100% sand fouling test in the lalSeries 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
guantity 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

studieq20], [28], [31], [32]

96



4.3 Ballast strain

In this section, the concept of ballastain 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 yeer'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 wtergoing tamping.

The methodology employed to determine ballast strain when subjecting the
ballast box to a 20,000 Ib. 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( Figure4.22).

. Ballast Box Strain vs Load Cycles in MGT - (Actuator - Series 1)

6.00% [ S S
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y =0.0482x01323 y= 90493)( v = 0.05020%2
2.00% R?=0.9329 R=0.9628 R?=0.9297
1.00% y =0.057x0 151 y =0.0943, 5% y = 0.12340.2%5
R? = 0.9596 R*=0.9855 R® =0.9862
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Figure(4.22) Strain vs MGTresultingfrom the Actuator data Series 1
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Notably,in Figure (4.2), 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 loadycles by the axle load, which was 36 US tons. For
example, 27,73 cycles by 36 tons equal 1 MGT

As outlined in Chrismer's dissertati{83], ballast strain was modeled using a
variety of equations, including linear, exponential, and power functions. The analysis
concluded that the power equation provided the-titisiy 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 setidment
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 agpréuticted

strain equation, as proposed by ChrisiB&i.

- - 0 0OY (4.22
Where:
- Ballast strain aftethe trackexperiencdoad in MGT

- Ballast strairat specific foulingafter the first cycle

~

w Exponent
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As previously mentioned and depicted in Figi4&2), when the power trend is
applied to the stratMGT relationship, it reveals a discernible correlation between

strain and fouling, which is summarized in the following talé)(

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 equatioscan be utilized to calculate the ballast strain at specific

MGT values based on the fouling percentage:

1. Ballast strain at 0% fouling - T8t T bHCoY? (4.23)
2. Ballast strain at 10% fouling - T8 T WaOY? (4.24)
3. Ballast strain at 25% fouling - 8t v THCO"Y (4.25)
4. Ballast strain at 50% fouling - T8t v §f "O"Y (4.26)
5. Ballast strain at 75% fouling - T8t w 100" ¥ (4.27)
6. Ballast strain at 100% fouling - ™ ¢ 00TO"Y (4.28)

The R2 values are 93.3%, 96.3%, 93%, 96%, 98.6%, and 98.6%, respectively. These
valuescorrespond to excellent correlation of this relationship with the test data. Figure

(4.22) displays the fitted curve for all the data obtained frometieator.
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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 relationghgure4.23)

Conestant & Exponent vs Fouling

0.3

y=0.1187x2-0.0112x+0.136

0.25
R*=0.9906

0.2

0.15 y =0.0978x2-0.0211x+0.0488
R? =0.9837

0.1

Initial Strain & Exponent values

0.05 @~ B &

0% 20% 40% 60% 80% 100% 120%
Sand Fouling (%)

—@— Constant Exponent  ceeeeees Poly. (Constant) Poly. (Exponent)

Figure(4.23) First cycle strain andorespondingxponent 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

- ™ p Y T8Ip pPQ TH 0O (2.29)

2. Exponent

O W wXW meic P it Yy (2.30)
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Where:
"O The fouling percentage

The R2 values are 99% for the initial settlementfand 98.4% for the exponent. These

values correspond to excellent correlation of this relationship with the test data.

4.3.1 Ballast strain disaussion

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 batlast afte
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 Rquared values resulting from the polynomial curve fitting

demonstrateraoutstanding 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 strainsabstructure layers. Dingging Li and Sqkj,
[36] studied the effect of repeated loads on the subgrade layer using four different soll
types, as explained in Section 2.6.2.3. Another study by $lig38], which was
further developed by ChrismgB3], investigated the effect of repeated loads on the
ballast layer, as explained in Section 2.6.2.1. Thereafter, ChriSin§83] 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 Standarn@tiDev
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 soll, it is possible to use the methodology of Li and Selig studied the effect
of repeated loads on the stol introduce the soil (subgrade) effect in this stutlyis
soil strain methodology can be combined with the ballast box strain metboget
ballast strainand then applied to Chrismen'®delto predict the differential settlement

of the track in terms of SRoughness.
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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 twaxle load (four wheels) represents one load cycle when measuring
at the fallast layer, and a fotaxle 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 thatexleriead (two
wheel3 represents one load cycle when measuring at the ballast layer, whil@azléwo
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 deformatias.désential to note that load cycles
can be converted into MGT (Million Gross Tons), a standardized unit of measurement
globally recognized for representing the total accumulatiortraffic. Typically
expressed in tons, 1 MGT signifies the load equivalent to one millionatrain
loadingon a ralroad track. To calculate the total cycles required to complete 1 MGT
when each axle carries a-8f load, simply divide 1 MGT (usually 1,000,000 tons) by
the weight of a single axle load (36 tons)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
deformationn the ballastin relation to MGT while in the subgrade, the power equation

relates cumulative plastic deformatimnthe subgrade 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 study36] focusel on predicting cumulative plastic deformation
in subgradesubjected 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 hasedeloped three material parameters for each soil typeh isintended
for integration into the power mdlel,as explained in Section 2.6.2.3

Based on Li and Selig's stied[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 featurieyying 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 tiihent within each sublayer within the same soil
condition. Ultimately, the total settlement is calculated as the summation of settlements

from the three different soil conditiog able 5.1).
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Table(5.1) Predictionof cumulativeplastic deformationfor testtrack subgradé

Subdivided &
Soil layer Ty percent p
condition number* (kPa) B (%) (mm)
(1) (2) (3) (4) (5) (6)
g, = 193 kPa (w = 28.4%) 1 66 0.34 1.03
o, = 193 kPa (w = 28.4%) 2 59 0.30 0.76
o, = 193 kPa (w = 128.4%) 3 51 0.26 0.54
g, = 193 kPa (w = 28.4%) 4 44 0.23 0.40
g, = 193 kPa (w = 28.4%) 5 40 0.21 0.34 94
o, = 90 kPa (w = 32.4%) 1 59 0.65 49
o, = 90 kPa (w = 32.4%) 2 55 0.62 4.4
g, = 90 kPa (w = 32.4%) 3 48 0.53 3.0
o, = 90 kPa (w = 32.4%) 4 44 0.49 25
o, = 90 kPa (w = 32.4%) 5 40 0.45 20 51
o, = 48 kPa (w = 35.4%) 1 47 0.97 12.8
o, = 48 kPa (w = 35.4%) 2 44 0.91 11.0
g, = 48 kPa (w = 35.4%) 3 40 0.83 89
a, = 48 kPa (w = 35.4%) 4 37 0.77 7.4
a, = 48 kPa (w = 35.4%) s 34 0.71 6.1 142
"Each subdivided layer is 0.3 m thick.

Furthermore, its 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 Seli{B6] calculated cumulative plastic deformation for a
subgrade layer with a total thickness of 177 inches (4.5 meters). The stresshgas
determined usingquation 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, 0.28, 0.2

and 0.2, respectively.

1 Source: Li, Selig, Journal of Geotechnical Engineering, 923®,1996.
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The application ofthis research involves calculating cumulative plastic
deformationfor subgraddor four soil types using the material parameters proposed by
Li and Selig. The assumadbgradehickness is 36 inches (0.9 meters). In terms of the
stress ratio applied in this applicationjdtassumed that the 36¢ch 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 andddil types (Table 2.2).

5.2 Application to predict maintenanceintervals.

Table 53 and 54 illustrate a complete applicatiarf 400 MGT of traffic ona
track with an allowable SD Roughness of 0.23 inches, a static load of 36.,060-at
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 Iqd@dble 5.2) Green indicates that the
track is in good condition, and trains can passbstructegwith anSD Roughnestess
than 0.21. Yellow suggests that the track is stilitablefor 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 allowaie éind tamping needs to
be scheduled. In this zone, SD Roughness falls between Qu&2 tmdel0.23 The red

zone indicates that SD Roughness reach a limit where the track is exceasaigaly
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Table(5.2) Color-codedallowable SD Roughness and fiback conditions

Algg\ggﬁissf The ranges of SD Roughness (in)
0.23in 0.21t0<0.22 | 0.22t0<0.23
0.24 in 0.22t0<0.23 | 0.23t0 <0.24
0.25in 0.23t0<0.24 | 0.24t0<0.25

Table(5.3) Information needed to be collected in advanced for the application

Track condition  |Static load (Ib) 36000
Present fouling of the ballast (%) 0%
Ballast condition  |Ballast thickness (for a newly constructed track) (in) 18
Effective ballast thickness (for an established track) 6
Soail type CH
Deviatoric stress (psi) 12
Soil condition Soil static stress (psi) 3
Stress ratio 0.25
Subgrade thickness (in) 36
Standered Deviation .
Roughness SD Roughness (in) 0.23




Table(5.4) A complete application to predict maintenance time

. Subgrade| Ballast Ballast Subgrade SD
Ballast in . Subgrade Total
MGT Number Strain Strain (%) Settlement Settlement Settlement (in) Roughnesy
of cycles (%) 0 (in) (in) (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 1i Collecting data
To apply theresults of this study to reéife applications some considerations
and guidelines must be taken into accotnstly, the application is designed under the
assumption that the track is in good condition and-mwelintained. 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 lifemp, which is defined as 2000 MGT. Thirdly, several
preliminary steps need to be taken to ensure accurate rdwdte 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



5.2.2 Step 2i 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 MGTidimportant 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 thatred in the sulbrgde

The conversion of MGT to load cycles is achieved by dividing MGT by the static
wheelload. 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.

¢

0 & DR O QH (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 equasexplained in section 4.3

- - boY (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 amckponent 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
0.1329 0.1404 0.1423 0.1541 0.1988 0.2425

In the application presented in Tabfe3 and5.4, the calculation of ballast strain
assumes that the ballast is clean. The equation used for this purpose is
- T8t T i OY?8 (5.3)
For instance, when calculating the strain at 10 MGT, it can be computed as

- T8 T Yup TC LY L L (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 Tabl@abd 54, where the solil type is
CH. In this context, specific soil parameters must be taken into account, as suggested in

Table (56), where aiis 1.2, bis 0.18, and m is 2.4.

Table(5.6) Values of soil parameters a, b, and m for various soil &/pes

Soil type a b m
CH (fat clay) 1.2 0.18 24
(0.82-1.5) (0.12-0.27) (1.3-3.9)
CL (lean clay) 1.1 0.16 2.0
(0.3-3.5) (0.08-0.34) (1.0-2.6)
MH (elastic silt) 0.84 0.13 2.0
(0.08-0.19) (1.34.2)
ML (silt) 0.64 0.10 1.7
(0.06-0.17) (1.4-2.0)

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.
- W 0 (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)j 1008, 1996.
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D BMGaQ ——— poipumé dDHa QI (5.6)

and then computing the strain using the method proposed by Li and Selig

8
- PE ® — wpoYPyYdw Moo (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 obtaitotaésettlement. 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 lkigknéss

Consequently, the settlement of the ballast can be determined as follows

) TLE Uy T wREMI (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,, whitis

caseis 36 inches
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| ————— ™ o MEWMI (5.9)

Finally, calculate the total settlement by summing up the settlements that

occurred in both the ballast and the subgrade

) T woTP 0 p T ¢ NEMI  (5.10)

5.2.6 Step 6i Finding the SD Roughness

As discussed earlier in Section 2.6, SD Roughness can be determined using an
eguation 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 zerdhe following equation can be used to calculate the SD Roughness

at 10 MGT:

O MY T v T ¢ T XQE  (5.11)

5.2.7 Step 71 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

Fromtheapplication (Table 54), it wasdetermined 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, &ndlly, at 360 MGT, the red zone
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appears, indicating that the track has reached the allowable SD Rouglmea®sl Zone

signals the need for tamping at this pgsummary Table 5.7)

Table(5.7) Color-Coded Allowable SD Roughness for Track Conditions (SD
Roughness: 0.23)

Allowable SD Roughn
for Fat Caly soil (CH
0.231in 0.21t0<0.22 0.22t0<0.2

MGT 120 to <200| 210 to < 350

The ranges of SD Roughness (in)

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 tifme2000 MGTwhen the SD

Roughness reaches the allowable limit, along with the corresponding settlement and

strain
SD Roughness vs MGT at 0% fouling
Fat Clay (CH) - SDAllowable =0.23
0.2500
__0.2000
E 0.1500
£
% 0.1000
@ 0.0500
0.0000
IREREAAERI A AL LR EER LR EE
MGT
Figure(5.1) SD Roughness vs MGT at 0% foulitiéat Clay (CH) ™O ] O
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Ballast and Subgrade Strain vs MGT at 0% fouling
Fat Clay (CH) - SDatiowarie =0.23

0.8000
0.6000
£
€ 0.4000
o
0.2000
0.0000
PEIRNFTIRINBRRIARERIZBERTSS
L I T T B O T I I I I I B
MGT
e Ballast s Subgrade
Figure(5.2) Strainvs MGT at 0% fouling Fat Clay (CH) ™O ] O
Ballast and Subgrade Settlement vs MGT at 0%
fouling - Fat Clay (CH) - SDauowabte =0.23
1.0000
= 0.8000
£ 0.6000
g
& 0.4000
2 02000
0.0000
PAAPIFIRAINTRIIRERBIZIZIBERESS
L I B T I O T I T IO T IO I
MGT
e Ballast ==—Sybgrade —=—=Total Settlement
Figure(5.3) Settlements MGT at 0% fouling Fat Clay (CH) ™O ] O
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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 an{BS¢lidnile
considering various fouling levels. This concept was also applied with different
allowable SD Roughness levels, starting at 0.23, 0.24, and 0.25 inchestéworthy
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
thefour different soil types in predicting maintenance time. The difference among these
figures lies in the SD Roughness values they depin& 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 excludeahirthe analysis. The reasontmgihat
these extreme settlement cases, occurring at 75% and 100% fouling, are primarily

associated with sand on the top surface of the badiasixplained in section (4.2yhen



appliedthe 75% and 100% results the predictive application, these results do not

provide meaningful insights as the track would require tamping within less than 1 MGT

Tamping Time in MGT for Different Soil Types at Various Fouling Levels
SD Roughness = 0.23 inches

1000 y =937.51e3357 y =484.41e7*
900 R? =0.9564 R?=0.947
800 s o8

= 268.4e2278x
700 ¥ = 366.02¢2 45 v =268.4¢
R?=0.9324 Ri=0.942

600

MGT

500

100

0% 10% 20% 30% 40% 50% 60%
Fouling %
Lean Clay (CL) —8— Fat Clay (CH) Elastic Silt (MH) Silt (ML)
Expon. (Lean Clay (CL))  =ereeees Expon. (Fat Clay (CH)) Expon. (Elastic Silt (MH)) Expon. (Silt (ML)

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

SD Roughness = 0.23in

0% 10% 25% 50%
CL 260 200 180 80
CH 360 260 240 100
MH 480 320 280 100
ML 920 600 500 160
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Tamping Time in MGT for Different Soil Types at Various Fouling Levels
SD Roughness = 0.24 inches

1800 y = 1646.9e3 53 y = 798.13e 285
Lo R? =0.9578 R = 0.0587
1400 y=585.12¢771 y = 44611625
1200 R® =0.9409 R - 0.9552

— 1000

[G]

2 8w

0
0% 10% 20% 30% 40% 50% 60%
Fouling %
Lean Clay (CL) —@— Fat Clay (CH) Elastic Silt (MH) Silt (ML)
Expon. (Lean Clay (CL)) = «===eeee Expon. (Fat Clay (CH)) Expon. (Elastic Silt (MH)) Expon. (Silt (ML})

Figure(5.5) Maintenance time for four different stipes 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

SD Roughness = 0.24 in

0% 10% 25% 50%
CL 440 320 280 120
CH 580 400 360 140
MH 800 540 460 180
ML 1640 1020 840 260




Tamping Time in MGT for Different Soil Types at Various Fouling Levels
SD Roughness = 0.25 inches
3000 v=%79&5€555 y = 1366.6e-3-15%
R7-0.9563 RZ=0.9554
2500
y =944.71e 261 y=710.22¢2608
2000 R? = 0.9524 R?=0.9508
&
1500
=
1000
500
0
0% 10% 20% 30% 40% 50% 50%
Fouling %
Lean Clay (CL) —@— Fat Clay (CH) Elastic Silt (MH) Silt (ML)
Expon. (Lean Clay (CL)) «eeeeeees Expon. (Fat Clay (CH)) Expon. (Elastic Silt (MH)) Expon. (Silt (ML))

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

SD Roughness =0.25 in
0% 10% 25% 50%
CL 700 500 440 180
CH 940 660 580 240
MH 1340 900 760 260
ML 2800 1700 1400 420
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Table(5.11) Exponential equations to predict the next maintenance time for four

different soils at different SD Roughness

SD Roughness = 0.23 inchl SD Roughness = 0.24 incf SD Roughness = 0.25 inchg

_liQ"y (;)iL 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

The exponential equation to predict maintenance time in MGT as a function of
fouling level for different soil types and different S¥oughness can be expressed as
the following

Yo d n QeQ (5.12)
Where:
Y & 1) "QéM&ntenance time in MGT
0 Constant
‘Q Exponential

& Exponent

"Q Fouling in %
Several trend lines were fitted to the curve, withitéstfitting 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.
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- Prediction maintenance times for CL soil type

1- SD Roughness = 0.23 inches “Y® & 1] "Qéc QapQ & x ¥ (5.13)
2- SD Roughness = 0.24 inches “Y& & 1) Q& "Qgp Q & (5.14)
3- SD Roughness = 0.25inches  “Y® a 1 Q& RdrcQ @ mv (5.15)

- Prediction maintenance times for CH solil type

1- SD Roughness = 0.23 inches “Y® & 1 "Qéc"@apcQ & TV (5.16)
2- SD Roughness = 0.24 inches Y& & 1) Q& Qg ¢Q X P S (5.17)
3- SD Roughness =0.25 inches “Y&O @ ) Qéw'Dg 0Q @ P T (5.18)

- Prediction maintenance times for MH soil type

1- SD Roughness = 0.23 inches "Ywda N Q& "Qa Q° (5.19)
2- SD Roughness = 0.24 inches  "Y® & 1) "Qéx "Qgp dQ ¥ v X (5.20)
3- SD Roughness =0.25inches “Y® @ 1 "Qép 0 @@ o Y X (5.21)

- Prediction maintenance times for ML soil type

1- SD Roughness = 0.23 inches "Y® & 1 "QéwBd Q @ ¢ X (5.22)
2- SD Roughness = 0.24 inches "Y® & 1) "Qép"Q @l 7 ° ¢ (5.23)
3- SD Roughness =0.25 inches “Y&O & 1) "Qéc'Q @@ o 9 ¢ (5.24)

Using the exponential equations presented in Table 5.9, it is posspiediot

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

5.9can be applieds:

YO N QECHEPQ 8 P 1 0OY (2.25)
This calculation indicates that the track can function for UOtMGT 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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Tamping Time in MGT for Different Soil Types at Various Fouling Levels
SD Roughness = 0.23 inches

1000
900
800
700

600

MGT

500
400
300
200

100

0% 20% 40% 60% 80% 100% 120%
Fouling %

Lean Clay (CL) ~ —@—Fat Clay (CH) Elastic Silt (MH) Silt (ML)

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 fodifferent 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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Tamping Time in MGT for Different Soil Types at Various Fouling Levels
SD Roughness = 0.24 inches

MGT

Lean Clay (C —e—Fat Clay (CH) Elastic Silt (MH) Sitt (ML)

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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Tamping Time in MGT for Different Soil Types at Various Fouling Levels
SD Roughness = 0.25 inches

3000

2500

2000

G 1500
=

1000

500

0% 20% 40% 60% 80% 100% 120%
Fouling %

Lean Clay (CL) —@—FatClay (CH) Elastic Silt (MH) Silt (ML)

Figure(5.9) Projected maintenance times for four different soil types at different fouling
levels for SDroughness = 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 infiltratinginto the ballast, leading to fouling issues. Otnere, 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. Duringstleixperiment, a
rail/tie/fastener assembly was placed on the ballast and subjected to cyclic loading,

resulting in load deflection curves that ieatbased 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 (B)EF) theory to determine track modulus (stiffness) values and
cumulative deformation, which corresponds to the cumulative plastic strain under
repeated wheel &ling. 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
establisha relationship between these factors and the levels of fouling resulting from

sand infiltration.



6.2 Ballast voids volume conclusion

A preliminary study was conducted before initiating penary 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 1302.8virith a known weight of ballast,
approximately 72 Ib. Subsequently, water with a weight of 23.35 |b. was poured into
the bucket until it was completely filled. Following this, the bucket was filled with water
alone, whch weighed 47 Ib. The outcome was obtained by dividing the weight of the
spilled water in the ballast (23.35 Ib.) by the total water filling the container (47 Ib.),

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 Ib. From this weight, 49% was calculated, equating to 31.6 Ib. This
weight of 31.6 Ib. represents 100% fouling. Consequently, by defining the weight of

104 fouling, any fouling level can be computed.

6.3 Stiffness conclusion

Based on the loadeflection 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

avaage loaddeflection behavior for cycles 1000 through 3000.

12¢



For Series 1, average stiffness was calculated as a function of the percentage of
sand fouling. In this fouling configuration, the stiffnesas relative constatn 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 desetype areas. The same approach used in Series 1 was applied
here, invdving 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 stiffardstrackmodulus (stiffness
per unit length) as the level of sand fouling increased. This trend was consistent with
otherfield 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 R value of approximately 74.5%.

Yi OHNRQQQaFOFOE puv @@L pcu@c (6.1)

6.4 Settlement conclusion

Based on the loadeflection results obtained from the hydraulic actuator after
completing a series of 3500 cycles, traektlement guld 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



between settlement and sand fouling, showing a strong correlation wihvatue of
approximately 92%.
YQo 0 0 JQA&Q @ ¢ Xx® (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 &yer th
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 settlemenarahd s
fouling, demonstrating an excellent correlation with Rivalue of approximately
94.5%.

YQO 0 & JQEQ dw 1 |l (6.3)

6.5 Strain conclusion

Analysis of the hllast strain waperformedexclusivelyon Series 1, and the
rationale behind this decision is that Serigadre closelyrepresents disturbed ballast
that can generate strain deformation behavibis type of ballasis representative of
ballast thahad been in place for an extended period Hr@hsubjected to maintenance
activities. On the other hand, Series 2 represents newly placed ballast on the track that
has not yet experienced any disturbaAcesuch the strain analysis was nohsidered

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 cautaiper 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

R2values ranging from approximately 92% to 98.6%.

1. Ballast strain at 0% fouling - T bCoY? (6.4)
2. Ballast strain at 10% fouling - T8t T WooY? (6.5)
3. Ballast strain at 25% fouling - v THCO"Y (6.6)
4. Ballast strain at 50% fouling - T8t v §f "O"Y (6.7)
5. Ballast strain at 75% fouling - T8t W TO0"Y (6.8)
6. Ballast strain at 100% fouling - ™ ¢ 00TO"Y (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 correlatiorRfithlues
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 bailleas saad

fouling levels increased.
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The results of this analysis are as follows:

Ballast strain at specific fouling after the first cycle:

- ™ p YR T8Ip PQ TH 0w (6.10)
Exponent

O WwXW Mg /P it Yy (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. Anther study explored the effects of repeated loads on the ballast layer,
initially proposed by Selig8] and later refined by ChrismdB3]. Additionally,
Chrismen9], [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 subgradedoil), 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 Chmeer'smethodoologyo predict track differential settlement in terms

of SD Roughness.

It is noted that pedicting maintenance application operates under the

assumption that the track is in good condition and-malintained.The application in
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section 5.2was tested on a track subjected to a static load of 36000 Ib 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.

Predictingthe 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

Roughress 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 speaifiountpassingraffic (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 isapplying Chrismer's SD Roughness predictive equation to
estimate the time required for maintenandéne 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 value$ .3, 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 pplied to this relationship, revealing a strong correlation, \Rithalues
ranging between 93% to 95%he exponential equation to predict maintenance time in
MGT as a function of fouling level for different soil types and different SD Roughness
can be expessed as thiellowing:
Y& & R Q0 (6.12)
Where f is thdouling in %
- Prediction maintenance times for CL soil type
1- SD Roughness = 0.23 inches “Y® & 1) Q& QapQ @ x ¥ (6.13)
2- SD Roughness = 0.24 inches "Y® @ 1) "Qé&t "Qgp oQ @ (6.14)
3- SD Roughness = 0.25inches "Y® & 1 "QéxPATQ @Y (6.15)

- Prediction maintenance times for CH solil type
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SD Roughness = 0.23 inches  “Y® d 1) "Qéc"@gp cQ & TV
SD Roughness = 0.24 inches  “Y® @ 1 "Qéu " Qg cQ & P S
SD Roughness = 0.25 inches  “Y®O @ 1) "Qéw'Qg (Q @ P T

Prediction maintenance times for MH soil type

SD Roughness =0.23 inches "Y® & 1 Qe "Qa Q °

SD Roughness = 0.24 inches  "Y® @& 1] "Qé&x Qgp dQ ¥V X
SD Roughness = 0.25 inches  "Y® & 1 "Qép 0 @i o Y X

Prediction maintenance times for ML soil type

SD Roughness = 0.23 inches  "Y® @& 1 "Qéw'Bg pQ o @ X
SD Roughness = 0.24 inches YO & 1 "Qép QR @i @ ° ¢
SD Roughness = 0.25 inches YO & 1 "Qéc'Q @ o ° ¢
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Chapter 7

RECOMMENDATION SAND 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 ballpatticles can vary depending
on aggregate size. Therefore, utilizing the same method proposed in this research

different ballast types and sizesiay yield different void volumes.

The equation calculating the time to the next required maintenance may be
different than calculated herein if the void volumejiieater than oless than used in
this study because of the ballast sinel degree of foulingyhichcould extendr reduce

the time between maintenance intervals.

As noted previouslyhe analysis of the ballast box leddflection data, without
including a subgrade layesdil) impactsthe track stiffness result®econfiguringthe
ballast box testo include a subgrade layewith different soil typesusing 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.

13€



The effects of other types of fouling, suchcaal fouling is likewise expected
to result in stiffer ballasHowever,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 aeltéeved as txt. extension

that has 10 columns of dates can beeen in figureA.1).

Scan Session: “"Scan Session #53"

Start Time: 3/7/2023 5:14:06 PM

0.01 5.500 0.000 -0.005
9.02 5.500 0.000 -0.005
9.03 5.500 0.000 -0.001
0.04 4.950 0.000 0.001

0.05 5.500 0.000 -0.001
0.06 5.500 0.000 -0.004
0.07 5.500 0.000 -0.005
0.08 5.500 0.000 -0.002
9.09 5.500 0.000 0.001

0.10 5.500 0.000 -0.001
0.11 5.500 0.000 -0.004
0.12 5.500 0.000 -0.005
9.13 5.500 0.000 -0.002
0.14 5.500 0.000 0.000

9.15 5.500 0.000 -0.001
0.16 5.500 0.000 -0.004
0.17 5.500 0.000 -0.005
9.18 5.500 0.000 -0.003
0.19 4,950 0.000 0.000

0.20 5.500 0.000 0.000

0.21 4,950 0.000 -0.003
0.22 5.500 0.000 -0.005

coONOWUV A WNE

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 th&&8atk/DT data.
Column 6 epresents the Froiail LVDT data. Column 7 represents Pi&ght
LVDT data. Column 8 represents Tieght LVDT data. Column 9 represents Platdt
LVDT data. Column 10 represents Jlieft LVDT data. The way the code works is by
initializing the data adh placingit in theform of variables. The code can be divided into
two phases. Phase 1 tise data reprocessing phasehereresearchergxcluce the
undefined data, chaeghe signs from negative to positive to consolidate the data,
processsand correchecessargata due to the power outages during the tests and other
reasons. Phase 2 is thcessingphase where the obtained data can be analyibad
respect to theesearch goal. Since the obtained data are sine waves that each performed
for 5 secondsand each second has a 100 reading points, determining the peak of the
wave and its valleyasan essential step to determine the displacement of each applied
load. Theefore, the loop stagtifrom cycle 1 at point 76 (second number 1) anded
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
endat point 1075 from cycle 3 (second number. Tjis pattern should continder
the rest ofthe cycles. Besides the displacement information of each cycle, this loop
endeavors$o 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).

$Dhata preprOCASsing‘phase

data name a = abs(data name);

data name b = data name a; % make a copy of the original matrix
data name b(:, 4:end) = data name a(:, 4:end) - data name a(l, 4:end);
data name tot = size(data name b, 1);

data name p cycle = 500; % data points per cycle
data name n cycles = floor(data name tot / data name p cycle);

data name f k = zeros(l, data name n cycles)';

data name f p zeros (1, data name n cycles)';

data name f v = zeros(l, data name n cycles)';
data name f maxL = zeros(l, data name n cycles)';
data name f minlL = zeros(l, data name n cycles)';

data name g = 75;

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.

|data7nameia = abs(data name) ; |

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 vamportant to eliminate the variation of

measurement when the actuator and LVDTs are placed on the ballast box.

|data7name7b(:, 4:end) = data name a(:, 4:end) - data name a(l, 4:end);

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.

|data name tot = size(data name b, 1); |

Step 4:
This line identifies a constant value for the total reading points in one cycle that

are attained by the actuator or LVDTSs.

Q

data name p cycle = 500; % data points per cycle

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.

|data name n cycles = floor(data name tot / data name p cycle); |

Step 6:
This step is used to creatadw vectors filled with zeros that are used later in
the processing phase. Here is an explanation of what each vadptdsents (Table

A.l):

data name f k zeros (1, data name n cycles)';

data name f p = zeros(l, data name n cycles)';

data name f v zeros (1, data name n cycles)';

data name f maxL = zeros(l, data name n cycles)';

data name f minL = zeros(l, data name n cycles)';

Table(A.1) Victors variables

Variables Represerst
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 phasenvolves various operationso process data for different cycles,
calculating specific parameters related to stiffness and load for each cycle and storing

these values for further analysis.

for

end

ping phase (Processing)

data name j = l:data name n cycles loop through number of cycles

data name_i_start = (data name_j - 1) * data name p cycle + 1 + data name_g; start index of current cycle

data name i end = min(data name j * data name p cycle + data name g, data name tot); end index of current
the below are temporary for stiffness calculation, but you could store in an array and write out

data name f peak def = max(data name b(data name i1 start:data name i end, 4)):

data name f valley def = min(data name b(data name i start:data name i end, 4));

data name f peak load = max(data name b(data name i start:data name i end, 3));
data_name_f_valley load min(data_name_b (data_name_i_start:data_name_i_end, 3));

iitional code hezx

Check if the denominator is non-zero
if data name f peak def - data name f valley def ~= 0
calculated stiffness for each cycle stored in a vector
data_name_t_k(data_name_j) = (data_name_t_peak_load - data_name_r_valiey_load)...
/(data name f peak def - data name f valley def) / 19.5;

else
data name f k(data name j) = 0; Set the cell to zero if the denominator s Zero
end
data name f p(data name j) = data name f peak def;
data name f v(data name j) = data name f valley def;
data_name_f maxl(data_name_j) = data_name_f peak_load;
data name f minL(data name 3j) data name f valley load;

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
_pl), and valley (data_name _v1) values. Min and max are used to extract specific

statstical 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 _pl), and valley (data_name _v1) values.

ing phas (Processing)
for data name j = l:data name n cycles loop through number of cycles
data name i start = (data name j - 1) * data name p cycle + 1 + data name g; start index « urrent cyc
data name_ i end = min(data name_j * data name_p cycle + data name_g, data_name_ tot); nd index of current
the below are temporary for stiffness calculation, but you could store in an array and write out
data name f peak def = max(data name b(data name i start:data name i end, 4));
data name f valley def = min(data_name_b(data name_ i start:data name_i_end, 4));

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.

data name f peak load = max(data name b(data name i start:data name i end, 3));

data name f valley load = min(data name b(data name i start:data name i end, 3));

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.

if data name f peak def - data name f valley def ~= 0

3 calculated stiffness for each cycle stored in a vector

data name f k(data name j) = (data name f peak load - data name f valley load)...
/(data name f peak def - data name f valley def) / 19.5;
else
data name_ f k(data name_ j) = 0; % Set the cell to zero if the denominator is zero
end




Step 10:
Thesevariables are used to store specific valassociated with each cyc¢le
including peak deformation, valley deformation, peak load, and valley, ioatheir

respective vectordor further analysis

data name f p(data name j) = data name f peak def;
data name f v(data name j) = data name f valley def;
data name f maxL(data name j) = data name f peak load;

data name f minL(data name j) = data name f valley load;
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Appendix B

SERIES 1 AND SERIES 2 TESTRESULTS

B.1 Series1

In Series 1, the figures display the findings for each component of the ballast
box, namely the Actuator, Raack, RaitFront, PlateRight, PlateLeft, Tie-Right,
and TieLeft. 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



B.1.1 Actuator i Series 1

Clean Ballast S1T2 10% S172 25%
S1T3 50% S1T4 75% S1T5 100%
16000 Stiffness vs Load Cycles (Actuator - Series1)
14000 [ A
12000 | ok oA RS S .
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Figure(B.1) Stiffness vs load cyclésActuatori Series 1

Figure(B.2) Average stiffness vs % foulirigActuatori Series 1
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