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Abstract

An important issue that compromises rail track operations and safety is ballast
fouling. Ballast fouling may lead to track deformation, reduction of track load capacity and
train speed, and ultimately train derailment. This problem is quite costly for the railway
industry thus, assessing and controlling ballast fouling and then preventing train
derailment while optimizing maintenance operation is very important for reducing the
overall cost of freight and passenger transportation. This study presents a proposed
holistic methodology that extends assessing fouling while monitoring rail track
deformation. The techniques uses deformation monitoring instruments (e.g., fiber optic
(FO) sensors and LVDTs) coupled with Electromagnetic (EM) surveying: Ground
penetrating radar (GPR) and a time domain reflectometry (TDR). The methodology aims
at gathering data to create an early warning system that would allow railway engineers to
develop a symptomatic approach to ballast maintenance procedures. This proposed
methodology was tested on a full scale track model (FSTM). This model comprises 2.45
m rail supported by five ties embedded in ballast layer that was fouled under controlled
conditions. The testing program considered three common types of fouling: mineral
fouling, clay fouling, and silica sand fouling. A comparison between rail settlement
measurements measured by LVDTs and rail bending strain measurement measured by
FO sensors showed that FO sensors do not provide an indication of track deterioration
due to cyclic loading, moisture content, and fouling depth. In addition, results showed a
high correlation between rate of plastic settlement and amount of fouling detected by EM
survey. Experimental results also showed that EM survey results can be used to

determine depth and type of fouling.
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CHAPTER 1: Introduction

1.1 Motivation and Scope

The need for a reliable, continuous, and remote monitoring routine for maintaining
railway infrastructure has become a crucial factor in controlling the safety and the overall
cost of the railway operations. Controlling the surface deformation of tracks is the main
goal of rail maintenance. Track deformation is caused by a reduction in the bearing
capacity and stiffness of ballast and subgrade layers and increase in rail loads and
volume. Large track deformations reduce the load capacity of the rail line, forces a
reduction in velocity and increases the potential for derailments. Therefore, the proper
performance of the ballast in the rail structure is a crucial component in the transportation

of freight and passengers by train.

Ballast layers serve several functions in the rail structure, including: distributing the
rail loading over a much larger area so that the subgrade soil can support it, providing
rapid water drainage, preventing vegetation growth between tracks, and reducing the
level of vibration created by the passing-by trains (Ahlf 2011). However, ballast layers
experience deterioration of its functions in proportion to the volume and weight of traffic,
external contamination (car spelling, wind-blown material), ballast mineralogy, and
absence of ballast maintenance (Walter and Selig 1994, Indraratna et al. 2011; Ahlf 2011;
Ebrahimi 2011). Additionally, these mechanisms of deterioration may increase the
generation of fine-grained particles leading to the reduction of load capacity, to an
increase in compressibility, and to a larger retention of moisture. All these situations

reduce the shear strength of the ballast during dynamic loading. The combination of these



deterioration mechanisms is known as ‘fouling.” This process compromises the structural
integrity of the railway structure leading to large track deformations and ultimately to train

derailment (Walter and Selig 1994; Indraratna et al. 2011).

It is reported that North American railroads spent more than $8.9 billion per year
on maintenance operations (AAR 2013). Although the cost and effectiveness of track
maintenance are associated with the frequency of track inspection (i.e., selective drilling
and digging at intervals along the track), it is mainly based on the judgment and
experience of rail professionals. There is no quantitative, mechanistic assessment of
deterioration yet. Thus, there is a high risk of functional or mechanical failure between
two inspection events or that the inspection fails to properly evaluate the mechanistic
mechanisms of the fouling process. For these reasons, a reliable, systematic, continuous,
and sustainable inspection methodology needs to be developed, and demand for new

technologies is increasing in the railway industry.

Deformation monitoring instruments (DMI - including fiber optic and displacement
sensors) along with electromagnetic (EM) wave-based surveying techniques are
proposed in this study to monitor and manage the ballast fouling deterioration and
deformation process. Fiber optic arrays have the potential to create continuous sensing
arrays and provide a warning system for inspection and maintenance activities during the
rail track service life. However, DMI can only monitor the symptoms but not the causes
for ballast fouling. To better evaluate the causes, it is proposed the deployment of (EM)
wave-based surveying. Figure 1.1 presents the two proposed EM based techniques: time
domain reflectometer (TDR) and ground penetrating radar (GPR). These two techniques

are aimed at creating the image of the electromagnetic-wave properties of the material



within track cross-sections at critical spots identified by DMI. Coupling of these
technologies provides information for strategic and sustainable maintenance activities
and increases the safety of our national freight rail transportation network. The long term
goal of the methodology is to evaluate the rate of track deterioration so the risk of
derailment along the track length is decreased by developing a comprehensive warning

system.

1.2 Description of the Fouling Process in Rail Track Structures

Railway substructure consists of two basic layers. The ballast layer which consists
of a compacted stratum of 2 to 5 cm diameter, clean, open-voided, and free drainage
particle structure. The subballast layer consists of an engineered compacted stratum of
1 to 3 cm particles in a less open structure. The subballast is, in most cases, the old
ballast layer employed in earlier structures using smaller particles plus downwardly-
migrated fine particles. The ballast and subballast layers distribute the vertical loads from
the ties to the subgrade, providing lateral and longitudinal resistance to the tie movement

by absorbing much of the impact and dynamic energy imparted by the passing of trains.

Ballast fouling is a progressive deterioration of the function of the ballast layer by
increasing presence of fine particles and rising the moisture (Walter and Selig 1994;
Indraratna et al. 2011). Fouling decreases the open voids in the ballast and causes
moisture retention and loss of effective drainage thus increases in dynamic pore water
pressure generation. This situations leads to a reduction in shear strength and stiffness

increasing the need for maintenance operations. The fine particles created by the fouling



process are generated from different sources, i.e., ballast particle degradation, spillage
on the track surface, and subballast and subgrade infiltration to the ballast layer (Selig
and Waters 1994). Ebrahimi (2011) reported that the mechanical response of the fouled

ballast does depend on the origin and properties of the fine material.

1.3 Current Evaluation Practices

Several parameters are used for evaluating the degree of ballast fouling in
assessing the physical condition of the railway structure. Fouling index (FI) and
percentage void contamination (PVC) are the most two common parameters employed
for assessing the fouling condition of ballast (Indraratna, 2011). Fouling index is defined
by Selig and Walters (1994) based on the gradations obtained for representative samples
of ballast) as the sum of percentage of ballast passing sieve No. 4 (P4) and sieve No.

200 (P200):
FI = P4 + P200 (1.1)

The portion of ballast particles passing No. 200 is included twice to emphasize the

importance of the finer fraction on the ballast response to loading.

Percentage void contamination emphasizes the effect of void change in ballast. It
is defined as the ratio of bulk volume of fouling material to the initial volume of clean

ballast voids (Feldman and Nissen 2002):

PVC =100-2 (1.2)
V2



where V1 is the void volume between re-compacted ballast particles and V2 is the total

volume of re-compacted fouling material (particles passing 9.5 mm sieve).

Indraratna (2011) suggested that fouling index parameter Fl provides a quick
assessment of ballast condition while the determination of percentage void contamination
is too time consuming and does not properly reflect the influence of gradation of fouling
particles. Indraratna (2012) summarized categories of fouling based on the fouling index,

and percentage void contamination in Table 1.1.

Table 1.1 Categories of Fouling based on FI, and PVC (modified after Indraratna 2012)

Category FI (%) PVC (%)

Clean <1 0to 20
Moderately clean lto<10 N.A

Moderately fouled 10to < 20 20 to 29
Fouled 20 to <40 >30
Highly fouled =40 N.A

1.4 Research Objective

This study is aimed at assessing the viability of using DMI coupled with EM
surveying as a continuous monitoring system for railway track inspection. The proposed
technique is aimed at improving track safety by developing a systematic early warning
system for track inspection and maintenance. It extends the use of DMI to determine track
deformation with electromagnetic waves techniques, including ground penetrating radar

(GPR) and time domain reflectometry (TDR), to assess ballast fouling. The systematic



use of this combination of techniques can be then deployed as an early warning
monitoring system. The hypothesis are (1) ballast fouling EM properties (i.e., real relative
permittivity and electrical conductivity) can be characterized in the laboratory to predict
type, amount, and depth of fouling in the field, (2) TDR can be used for calibrating the
GPR data, particularly in fouled ballast with high moisture content environments, and (3)

EM properties can be used to characterize ballast physical properties.

1.5 Thesis Organization

This thesis is divided into six chapters. Chapter 1 presents an introduction and the
motivation of the study. Chapter 2 describes the use of time domain reflectometer (TDR)
and ground penetrating radar in the determination of physical parameters in the railway
subsurface. In this chapter, a combined methodology that uses TDR and ground
penetrating radar (GPR) data is proposed to assess fouled ballast in high moisture
content environments. Chapter 3 presents the development of the technique to conduct
and analyze GPR survey as applied to railway monitoring. Results of 200 MHz GPR data
on a case study are presented. These data have been successfully able to identify critical
spots in troublesome railway sections. Chapters 4 describes the state of the art on ballast
fouling and fouling type and their effect on the performance of railway systems using a
full scale track model (FSTM). Fiber optic (FO) sensors and LVDTs along with
electromagnetic (EM) wave-based surveying techniques are deployed to monitor and
manage the ballast fouling process on the FSTM. Chapter 5 describes an elaborate
literature review of FO sensors and its application for the monitoring of railway

infrastructure. Also, it provides a technical note on in-situ instrumentation of railway track



that is based on what we learned of this study and provides alternatives techniques to

monitor the track. Chapter 6 gives a brief summary and conclusions of this study.

1.6 Research Products

Journals

Alsabhan, A., Fratta, D., Tinjum, J., Edil, T., and Warren, B., 2016, Depth of Fouling and
Fouling Type in Railway Track Substructure with Time Domain Reflectometry,
Geotechnical Testing Journal (In preparation for publication).

Alsabhan, A., and Fratta, D., 2016, Testing Tools for Warning System and Inspection for
Maintenance of Freight Railways, Journal of Transportation Engineering (In
preparation for publication).

Alsabhan, A., and Fratta, D., 2016, Technical Note Limitations of Using Fiber Optic
Sensors to Assess the Effect of Ballast Fouling on the Response of Railway Structure,,
Journal of Transportation Engineering (In preparation for publication).

Conferences and Symposiums

Alsabhan, A., 2014, Testing Tools for Warning System and Inspection for Maintenance
of Freight Railways, In Mid-Continent Transportation Research Symposium, Madison,
Wisconsin.

Alsabhan, A., Fratta, D., and Tinjum, J., 2015, Evaluation of Railway Track Substructure
using Ground Penetrating Radar Coupled with Time Domain Reflectometry. In From

Fundamentals to Applications in Geotechnics: Proceedings of the 15th Pan-American



Conference on Soil Mechanics and Geotechnical Engineering, Buenos Aires,

Argentina, I0S Press.
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This chapter is a reformatted version of the manuscript:

Alsabhan et al., 2016, “Determination of Depth of Fouling and Fouling Type in Railway Track
Substructure with Time Domain Reflectometer,” to be submitted to the Geotechnical Testing
Journal

CHAPTER 2: Determination of Depth of Fouling and Fouling Type in
Railway Track Substructure with Time Domain Reflectometer

Abstract

Ballast fouling is one of the most challenging deterioration mechanisms of railway
substructures. Fouling leads to a reduction in bearing capacity of the railway substructure,
a decrease in the drainage capacity, and an increase in track deformations. As a
consequence of these detrimental effects, rail tracks lose load capacity, ride comfort
deteriorates, and trains may derail. This problem is quite costly for the railway industry
thus, preventing the risk of train derailment while optimizing maintenance operations is
very important for reducing the overall cost of freight and passenger transportation. This
study presents the development of a procedure for the identification of depth and type of
fouling using Time Domain Reflectometry (TDR). TDR waveforms were tested in the
laboratory and yielded relative dielectric permittivity and electrical conductivity of ballast.
TDR measurements characterize the effect of ballast gradation, mineralogy, and water
content on the electromagnetic (EM) response. Experimental results also show how TDR
results can be used to determine depth and type of fouling. Strong relationships between
depth of fouling, volumetric water content and relative dielectric permittivity are

developed. These results were then expanded to the interpretation of Ground Penetrating
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Radar (GPR) inspection and to quantify the level of fouling in larger scale maintenance
operations. The proposed technique has the potential of reducing some of the limitations
observed in the sole application of GPR for the inspection of fouled ballast.

Keywords: Ballast, railroad, TDR, fouling, dielectric permittivity, electrical conductivity

2.1 Introduction

Railway substructure consists of three mainly structural components: ballast layer,
subballast layer, and subgrade (Figure 2.1). The ballast layer consists of relatively large,
angular, clean, open-voided particles that yield a free draining structure. The subballast
layer consists of smaller particles that may include native soils, clean ballast and
deteriorated ballast. In older railway substructures, the subballast layer is typically the
ballast employed in earlier times plus downwardly-migrated fine particles. The subgrade
is the natural soil, which may have been lightly compacted. The primary functions of the
ballast are to distribute the vertical loads from the rail track and ties to the subgrade while
providing lateral and longitudinal resistance to the displacement of the ties, facilitating
drainage of rain water, and preventing the invasion of vegetation into the rail tracks (Ahlf
2011). The quality of all these functions deteriorates as the ballast experiences
deterioration of its serviceable function in proportion to the volume of traffic, axle loading,
external contamination (e.g., car spillage, wind-blown material, etc.), small particle
migration, ballast mineralogy, and absence of ballast maintenance (Ahlf 2011). The
increase in the amount of fine particles along with the associated moisture trapping
creates a process known as ‘fouling’. This process may compromise the structural

integrity of the ballast leading to large track deformation, reduction on track capacity, and
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ultimately train derailment (Ebrahimi et al. 2011). Because of these effects yield
potentially serious consequences to the performance of railways, costly preventive and
corrective maintenance activities, such as undercutting, tamping, and shoulder cleaning
must be performed by railway operators especially on tracks serving heavy axle load unit
trains (Selig and Walters 1994). It is reported that North American railroads spent more
than $8.9 billion per year on maintenance operations (AAR 2013). Currently, common
inspection techniques use track geometry measurements and selective drilling and
digging to assess the quality of the ballast and to monitor the effects of fouling on the
tracks. These methods are time consuming, costly, and when conducted, they interfere
with rail operations (Selig and Walters 1994).

Increasing demand for safety and sustainability in freight rail transportation results
in the need for adopting new and cost effective inspection and monitoring technologies.
Applying electromagnetic (EM)-based surveys as a method to assess the condition of
railway infrastructure allows the continuous, rapid and non-destructive evaluation of the
level of ballast fouling without interfering with rail operations. Ground penetrating radar
(GPR) has been used by several investigators to monitor the rail substructures
(Narayanan et al. 1999; Clark et al. 2001; Al-Qadi et al. 2008). For example, Narayanan
et al. (1999) employed multiple GPR antennas to estimate the depth of subsurface layers
and to identify anomalies under the ballast (e.g., water pockets). However, this technique
has limitations, where in occasion, no layer reflections were detected due to gradational
change of ballast properties and high electrical conductivity in wet fouled ballast (Al-Qadi
et al. 2008). Therefore, if a proper assessment of the quality and performance of ballast

is desired, new techniques are needed to better calibrate the GPR results and expand its
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application to most types of substructure conditions. Furthermore, quantitative
information would be required to provide engineers with parameters to estimate service
life of railway structures and model the mechanical behavior of ballast systems.

In this paper, we propose a combined methodology that uses TDR and GPR
(Ledieu 1986; Roth et al. 1990; Herkelrath 1991; Siddiqui and Drnevich 2000; Fratta et
al. 2005) for calibrating the GPR data, particularly in fouled ballast with high moisture
content. The local collection of data using TDR will complement the results from GPR for
the rapid profiling of the rail substructure. The combination of both local measurements
(i.e., TDR) and global measurements (i.e., GPR) is expected to provide not only geometric
but also internal material parameters that will generate quantitative data to better maintain

the infrastructure.

2.2 Electromagnetic Properties of Geomaterials

2.2.1 Relative Dielectric Permittivity (g;)

Dielectric permittivity ¢ is the ability of a material to polarize in response to the
presence of an electrical field. In most geomaterials, the magnitude of the dielectric
permittivity is caused mainly by the polarization of water molecules in the pore space and
the effect of orientation polarization in clays (Baker et al. 2007). In many applications, the
value of permittivity of a material is expressed as a function of the dielectric permittivity of
free space: e=creo Where & is the relative dielectric permittivity and o = 8.85-1012 F/m is
the dielectric permittivity of the free space. Both € and & may be complex magnitudes.
The relative dielectric permittivity varies between 1 for air, 3 to 8 for most geological

minerals, and 80 for water (Knight and Endres 2005). The low relative dielectric
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permittivity of geological materials compared to that of water makes relative dielectric
permittivity of moist soils and rocks highly dependent on the volumetric water content of
soils (Siddiqui and Drnevich 2000).

As most geomaterials are assumed to be non-ferromagnetic, the magnetic
permeability y is equal to the magnetic permeability of free space (Uo=41-10"" H/m), and
the imaginary component of the dielectric permittivity is insignificant. Therefore, the
electromagnetic wave velocity V of a non-ferromagnetic material can be written as:

c

o

1 2 O ?
Sele e+
2 w- &,

where co= (gop10) 2 is the EM wave velocity in free space, ¢ is the real component of the

(2.1)

relative dielectric permittivity, o is the electrical conductivity, and ® is the angular
frequency. Furthermore, if the electrical conductivity of the material is insignificant with

respect to the relative dielectric permittivity, Equation 2.1 simplifies to:

V =

Ve 2.2)

Thus, relative dielectric permittivity € of the material can be determined if the

electromagnetic wave velocity is known.

2.2.2 Electrical Conductivity (o)
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The electrical conductivity is a measure of the mobility of electrical charges in a
medium. In most dry soils, the electrical conductivity is low. However, electrical
conductivity substantially increases in the soil-water mixtures. Santamarina and Klein
(2003) associated the increase of electrical conductivity in soils to ionic conduction,
hydrated ion mobility in the pore fluid, and surface conduction in materials with high
specific surface areas. Furthermore, the hydration of excess cations and anions dissolved
in the pore fluid, leads to the formation of electrolytes. The electrical conductivity of

electrolyte is proportional to the ionic concentration (Annan 2005):

o, =0.15-TDS 2.3

where the electrical conductivity of the electrolyte el is expressed in mS/m if the total
dissolved salts TDS is presented in mg/L.

In soils with low specific surface, electrolytes contribute the most to the electrical
conductivity. The electrical conductivity in soils is also a function of porosity, degree of
saturation, and the meandrous path (i.e., tortuosity) the hydrated ions need to travel
(Santamarina and Klein 2003). Archie (1942) developed an empirical relationship to

model the electrical conductivity of a wet low specific surface soil.

Oy =80y .8¢.p"m (2.4)

where a, ¢, and m are fitting coefficients (m= 1 to 2.4; c= 4 to 5), S is the degree of
saturation, and n is the porosity.

However, in soils with high specific surface, surface conduction largely influences
the electrical conductivity. This is because water interacts with the excess charges in the
diffuse double layer around the particles greatly improving the electrical conductivity. In

fine grained soils (where particle conductivity op is large), the electrical conductivity can
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be related to porosity n, electrolyte conductivity oel, surface conduction ®, density pg, and

specific surface area Sg (Santamarina and Klein 2003):

O =N-0y +(1—n)-0p =Nn-o, +(1—n)-®-pg -5, 2.5)
2.3 Time Domain Reflectometry and the Measurement of Electromagnetic
Properties

TDR is a nondestructive technique that allows the gathering of information from
the subsurface of railway track to assess ballast condition. TDR is based on sending an
electromagnetic pulse along the length of metal probes while monitoring reflections
caused by changes in the properties of materials between the probes. By analyzing the
travel time and reflection amplitudes information such as relative dielectric permittivity,
electrical conductivity or depth of material layering (Jones et al. 2002; Bosscher and
Benson 1999; Fratta and Schneider 2009) can be obtained. If the length L of the probes

and travel time t of an electromagnetic wave is measured then the relative dielectric

permittivity is:

w5 -(%) .

where Lais the apparent length of the probe measured from the difference in the apparent

distances corresponding to the inflection points in the TDR waveform (Figure 2.2).
Many researchers (Topp et al. 1980; Roth et al. 1990; Wensink et al. 1993; Benson
and Bosscher 1999) were successful in predicting volumetric water content by relating it

to the measured relative dielectric permittivity. Topp et al. (1980) proposed an empirically
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determined relationship between relative dielectric permittivity and volumetric water
content 6y of soils with different textures:
&, = 3.03 +9.360, + 146.002 — 76.763 (2.7)
Jones et al. (2002) reported that this equation fails to describe the ¢,-6, relationship
adequately for volumetric water contents exceeding 0.5 and for soils with high organic
matter or clay content.

The relative dielectric permittivity is also obtained by developing a mixing model
relating the relative dielectric properties and the volume fraction of its constituents based

on assumptions about the geometrical arrangement of the constituents (Roth et al. 1990):
& =[1-n)- sﬁineml +n-S- sf, +n-(1-9)- sg]l/ﬁ (2.8)
where enineraly €w, and g, are the relative dielectric permittivity of the solid mineral, pore
water, and pore air phases; and B is an empirical parameter that represents the geometry
orientation of the particles in the medium in relation to the direction of the wave guide
(e.g., Bp=1 for an electric field parallel to soil layering, B=-1 for an electric field
perpendicular to soil layering, and p=0.5 for an isotropic two-phase mixed medium — Roth
et al. 1990).

TDR data also provide electrical resistivity information. Electrical conductivity o is
determined as a function of the reflection amplitude of the reflected pulses. Giese and
Tiemann (1975) proposed a model to determine electrical conductivity as:

Ty (N K (2
Lz, |V, Z.\ Vv,

c

(2.9)
where V7 is the incident pulse voltage at the beginning of the probe, Vr is the return pulse

voltage, Zp is the characteristic impedance of the probe, Zc is the characteristics of the
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cable tester Z¢, and K (1/m) is an experimentally determined geometric probe constant

(Dalton et al. 1984; O'Connor and Dowding 1999).

2.3.1 Spatial Sensitivity of TDR Probes

Knight (1992) recommended using probes with a diameter to separation ratio
greater than 0.1, due to the high sensitivity of the TDR probe to the area surrounding it.
Petersen et al. (1995) investigated dependency of the spatial sensitivity of TDR probes
design and reported that the spatial sensitivity of TDR techniques is highly dependent on
the separation of probes. With respect to coating, Ferré and Rudolph (1996) reported that
coated TDR probes do not measure the actual average dielectric permittivity of the
material between the coat as the measurements are greatly influenced by the coating’s

properties.

2.4 Materials

Four types of standard ballast gradations AREMA #4, #5, #24, and #25 were
obtained and tested to determine the EM properties of ballast. The gradations are
specified by AREMA (2010). The particle size distributions of the ballast (ASTM D6913)
are shown in Figure 2.3. AREMA #25 was used in all the fouled ballast tests. Three
common fouling materials were considered in this study coal, silica sand, and kaolinite.
Grain size distributions of the studied materials are shown in Figure 2.3, and physical

properties are shown in Table 2.1.
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Table 2. 1 Index Properties of Ballast and Fouling Materials

Sand Fines
Sample (rgig) Cu | Co | Gs (IE/I;) (Iz/lg) ne | Content | Content Sl;rsn%il
(%) (%)
AREMA #25 | 48 1.4 | 0.6 26 | NA [ NA | 04 0 0 -
AREMA #24 | 40 16 | 086 | 26 [ NA| NA | 0.4 0 0 -
AREMA #4A | 30 151086 | 26 | NA | NA | 0.36 0 0 -
AREMA #5 17 1.2 1053 | 26 [ NA | NA | 0.35 0 0 -
SilicaSand | 0.28 | 1.6 | 098 | 266 | NP [ NP - 100 0.33 SP
Coal 1 113 | 45 13 | 31 NP - 100 20 SM
Kaolinite - - - 263 | 49 | 35 - 0 100 CL

Note. NP = not plastic, NA = not applicable, Dso = median particle size, Cu = coefficient of uniformity, Cc =
coefficient of curvature, Gs = specific gravity, LL = liquid limit, PL = plastic limit, ns = porosity of ballast.
Particle size analysis conducted following ASTM D 422, Gs by ASTM D 854, USCS classification by
ASTM D 2487, and Atterberg limits by ASTM D 4318.

2.5 Methodology

2.5.1 Equipment

TDR testing was conducted to assess the EM properties (i.e., real relative
permittivity and electrical conductivity) of clean and fouled ballast under fouling scenarios
with different water content environments. A Campbell Scientific TDR100 system
(Campbell Scientific Inc. 2007) was used in this study. The cable has Z,=50 Q impedance.
The PCTDR-V 2.08 software was used to control and save the collected TDR signals.
The signals includes 2048 points and were captured using 4 events to improve signal to
noise ratio. The testing was performed in a 0.31 m long, 0.27 m wide, and 0.32 m high
wooden box with two transparent walls made of Plexiglass to permit the visualizing the

ballast material and the rearrangement of particles during the fouling process (Figure 2.4).

2.5.2 Specimen Preparation
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Clean Ballast. During field operations, ballast undergoes a process of densification
that is controlled by the magnitude and the frequency of the traffic load. For this reason,
ballast samples were prepared in the wooden box with a dynamic vibration in an attempt
to reproduce field conditions. The clean ballast specimen preparation followed the

following steps:

The wooden box was secured to a shaking table.

1- Ballast was placed in 0.1 m lifts.
2- For each lift a 100 N steel plate was placed on top of the ballast and the box was

vibrated for 5 min. until no more particle settlement was noticeable.

Fouled Ballast due to Spillage. Fouled ballast specimens were prepared in the wooden
box to simulate spillage contamination (e.g., spillage of coal dust and silica sand from
cars) by spreading the fouling material over the surface according to the following steps

(Figure 2.5):

1- 0.1 m lifts of clean ballast were prepared using the Clean Ballast procedure.

N
1

For each lift, fouling material (e.g., coal dust or silica sand) was spread over the

compacted lift of clean ballast under vibration until all the voids were filled.

w
1

If required, water was evenly added from the top to the fouled ballast layer.
4- The remaining lifts of clean ballast were placed on the top of the fouled ballast (i.e.,

Clean Ballast procedure).

Clay Intrusion from the Subgrade Layer. Fouled ballast samples were prepared in a
wooden box and simulate the real field conditions of clay intrusion from the subgrade

layer (Figure 2.6) according to the following steps:
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[ —
1

Kaolinite clay sample was mixed with water to obtain homogeneous water

distribution and placed in the bottom of the testing box.

N
1

Standard proctor hammer, 25 blows on 0.05 m lifts, was used to compact the clay.

w
1

Clean ballast was placed on the top of the fouled ballast in 0.05 m lifts.

IS
|

Standard proctor hammer, 25 blows on 0.05 m lifts was used to compact the ballast

for allow for the intrusion of clay into the ballast.

2.5.3 TDR Probes Design

The spatial sensitivity of the TDR probes was assessed to optimize the design and
obtain accurate measurements. Three different probe separations (i.e., 0.05 m, 0.1 m,
and 0.2 m) for 0.01-m diameter and 0.30-m long coated and uncoated probes were used

to find the optimum TDR probes design for this study.

The calibration of dielectric permittivity resolution was performed by using different
TDR probes configurations with a solution of known real relative dielectric permittivity:
deionized-water &=80. Figure 2.7 shows the response of different TDR probes
configurations in deionized water. For the uncoated TDR probes with different D/S ratios,
the percentage of error between the measured relative dielectric permittivity of deionized
water and the theoretical value of dielectric permittivity of deionized water ranged
between 0.49 % and 0.55 %, when the D/S ratio decreases to 0.05 the percentage of
error increases to 20.79 %. However, for coated TDR probes with D/S ratios equal to 0.2,
0.1 and 0.05, the percentage of error was 18.97 %, 17.14 %, and 21.71 %, respectively.
Table 2.2 summarizes the results. Uncoated probes with D/S ratio of 0.2 were selected

for the rest of the study.
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Table 2.2 Comparison of Relative Dielectric Permittivity of Different TDR Probes Configurations
and Theoretical Value of Relative Dielectric Permittivity of Deionized water

In Deionized Water In Air
Coated? | D/s | Apparent Dielectric | Percentag | Apparent | Dielectric | Percentag
Length Permittivit | e of Error Length Permittivit | e of Error
La (M) Y& (%) La (M) Y& (%)
0.20 2.87 80.49 0.49 0.319 0.9938 0.62
No 0.10 2.86 79.66 0.55 0.322 1.0125 1.25
0.05 2.55 63.45 20.79 0.305 0.9084 9.15
0.20 2.58 64.90 18.97 0.295 0.8499 15
Yes 0.10 2.61 66.37 17.14 0.28 0.7656 23.43
0.05 2.53 62.71 21.71 0.275 0.7385 26.14

2.6 Results and Discussions

2.6.1 Observations during Ballast Specimen Preparation

During the simulation of fouled ballast due to spillage (Figure 2.5), fouling occurred
due to the migration of sand particles from top to bottom (as in the case of rail tracks that
transport fracking sand). The ballast void space becomes filled with sand particles and
the vibration forces the ballast particles to lose their contact and the space between the
contacts is filled with sand as shown in Figure 2.5 (b) and 2.5 (c). In these figures, ballast
particles’ contact with the Plexiglass wall decreases until they disappear. In addition,
during the simulation of the fouling process due to clay intrusion, the contamination of
ballast particle-to-particle contact is not noticed until the clay reaches water contents of
30% as in the process documented in Figure 2.6. When the water content increases in
the clay, an intrusion of clay into the ballast layer was observed. That is the shear strength
of the clay is reduced with the increase in water content and the supporting layer fails

allowing the ballast particles to slide into the clay layers. The process in the field will be
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controlled by the ratio of the undrained shear strength to the induced stresses caused by

the passing train.

2.6.2 Clean Ballast EM Properties Characterization

TDR measurements were taken to characterize the effect of ballast gradation and
to assess the effect of mineralogy on the EM properties of clean ballast. Figure 2.8 shows
the variation of EM properties of four types of standard ballast (i.e., AREMA #4, #5, #24,
and #25). For ballast gradation comparison, the relative dielectric permittivity ranged
between 4.3 and 4.93 for the AREMA #4 and #5 ballasts, whereas the relative dielectric
permittivity showed a constant value of 3.05 for the AREMA #24 and #25 ballasts. The
difference in relative dielectric permittivity is caused by the difference in porosity for the
different specimens (see Table 2.1). For dry, coarse gradation ballast, the increase in
porosity yields higher the EM velocity (given the same mineral composition of the solid
particles). However, ballast mineralogy did not exhibit any significant effect on the
measured EM properties, even though AREMA #4, #5 and #24 were primarily composed
of dolomite while AREMA #25 was composed of granite. That is, the results were mainly

controlled by the changes in porosity.

2.6.3 Fouled Ballast EM Properties Characterization

Determination of Volumetric Water Content. The effect of volumetric water content on
the real relative permittivity for ballast fouled with kaolinite clay, silica sand, and coal is
presented in Figure 2.9. Increasing volumetric water content, increases the relative
dielectric permittivity and electrical conductivity of the fouled ballast. The relationship is
similar to those previously reported in literature (e.g., Topp et al. 1980; Roth et al. 1990;

Wensink et al. 1993; Benson and Bosscher, 1999). The changes in the fouled ballast
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dielectric permittivity can be explained by the large value of relative dielectric permittivity
of water (g,,=80) with respect to the permittivity of the solid mineral (¢, = 3 — 8) and air
(e,=1). The high correlation of the measured dielectric permittivity with Topp’s model
suggests the ability of TDR in measuring the volumetric water content in railroad ballast

substructures.

Determination of Depth of Fouled Ballast. TDR waveform traces for kaolinite fouled
ballast with volumetric water contents ranging between 0.06 and 0.56 are shown in Figure
2.10. Multiple reflections occur in samples with high volumetric content (high impedance
contrast at the fouling layer interface), whereas samples with low volumetric water content
(low impedance contrast) yield lower amplitude reflections. Multiple waveform reflections
in specimens with high volumetric water content are due to substantial differences in the
relative dielectric permittivity between the two layers that the EM wave propagates
through (i.e., clean ballast and fouled ballast layer). The first waveform reflection showed
a constant relative dielectric permittivity € of 3.3, which is consistent with the relative
dielectric permittivity of clean ballast. Fouled ballast relative dielectric permittivity &r
ranged between 26.26 and 36 for specimens with volumetric water contents ranging
between 0.4 and 0.56. These results are consistent with the relationship between
volumetric water content and relative dielectric permittivity. That is, the clean ballast layer
does not retain moisture. Thus, a relationship between relative dielectric permittivity of
clean ballast € and the apparent length of the first reflected waveform Lab is established

to calculate the depth of clean ballast Lo and fouled ballast L+ as:

La
L, = J?bb (2.10)
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( f Jz
rf I

where L is the total length of TDR probe, & is the relative dielectric permittivity of fouled

ballast, and Lar is the apparent length of the second reflected waveform that corresponds
to the fouled ballast. Table 2.3 presents the processed TDR waveform shown in Figure

2.10 for ballast fouled with kaolinite clay.

Table 2.3 Results of processed TDR waveform in Figure 2.10 for apparent length of the first
reflected waveform Lap, relative dielectric permittivity of clean ballast &, apparent length of the
second reflected waveform L, and relative dielectric permittivity of fouled ballast €.

(a) Results for 0.22 m Clean Ballast and 0.1 m Fouled Ballast

Or Multiple Reflections? Lab (M) Erb Laf (M) Erf
0.06 No N/A N/A 0.619 4.27
0.25 No N/A N/A 1.06 125
0.4 Yes 0.4 3.3 0.41 26.26
0.56 Yes 0.4 3.3 0.48 36

(b) Results for 0.12 m Clean Ballast and 0.2 m Fouled Ballast.

Or Multiple Reflections? Lab (M) Erb Lar (M) Erf
0.06 No N/A N/A 0.66 4.84
0.25 No N/A N/A 1.076 12.86
0.4 Yes 0.22 3.36 0.56 21.7
0.56 Yes 0.22 3.36 0.75 39

Equations 2.10 to 2.12 are applicable for specimens with high volumetric water
content. They cannot be applied to specimens with low to moderate volumetric water
content because the low contrast in relative dielectric permittivity between layers do not

yield a clear reflection signal. The variation of relative dielectric permittivity with volumetric
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water content at different depths is shown in Figure 2.11. An increase of the relative
dielectric permittivity is observed with the increase of fouling depth at different volumetric
water contents. The increase in fouling layer thickness decreases the porosity in the

ballast layer and as a result the relative dielectric permittivity increases.

Determination of Fouling Type in the Ballast Layer. Electrical conductivity was used
with the intention of differentiating various types of ballast fouling. For example, Figure
2.12 shows the measured electrical conductivities of fouled ballast and the reported
electrical conductivity in the literature for typical geological materials found in the railroad
ballast substructure (Palacky, 1987; Sharma, 1997; Annan, 2005). The conductivity of
ballast fouled with kaolinite ranges between 0.005 S/m to 0.04 S/m depending on the
volumetric water content. Whereas the electrical conductivity of ballast fouled with silica
sand ranges between 0.00091 S/m to 0.001 S/m for all the tested volumetric water
contents. The electrical conductivity of the ballast fouled with kaolinite is an order of
magnitude greater than the electrical conductivity of ballast fouled with silica sand. This
observation is important, as it shows that use of electrical conductivity can help in
identifying different types of fouling materials. The type of fouling material then controls
the overall performance of fouled layers as described in Ebrahimi (2011) and Hesse et al.

(2014).

2.7 Field Implementation of Proposed Methodology

2.7.1 Methodology

Field data were collected in April 2015 on two bridge approaches on a mainline rail

track section in Dayton, IL. This track services the local fracking sand industry by
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transporting high tonnages of sand to larger rail hubs. Both bridge approaches show
characteristic signs of deterioration and settlement. The two bridge approaches were
surveyed using a pulseEKKO PRO GPR system with 200-MHz antennae. Raw GPR data
were processed using MATGPR processing software (Tzanis and Kafetsis 2004). The
data processing technique included time-zero correction, mean spatial filter, median
spatial filter, and gain control function to improve the quality of the presentation and help

in the interpretation.

Along with GPR data collection, TDR testing was conducted to calibrate the GPR
results and to assess the EM properties of the mainline track section. The Campbell
Scientific TDR100 system with an impedance coaxial cable Zo = 50 Q was used in this
field study. 1.4-m-long TDR probes, with separation of 0.1 m and diameter of 0.012 m,

were driven into the ballast layer to collect the data.

A Dynamic Cone Penetrometer (DCP) survey was also conducted at the same
locations as the TDR measurements to ground truth the geophysical data. The DCP
system penetrated to depths of up to 7 m. The depth of penetration per blow (mm/blow)
provides a measure of the inverse of shear strength of the soil. Thus using DCP profiles,
the depth of the different subsurface layers is estimated (Chen et al. 2001; Herrick and

Jones 2002).

2.7.2 Results and Discussion

A typical TDR waveform for the Railway section is shown in Figure 2.13. The
multiple reflections correspond to substantial differences in the relative dielectric

permittivity between the underlying layers that the EM wave propagates through and
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clean ballast and fouled ballast layers. The first waveform reflection showed a relative
dielectric permittivity (em) of 3, which is consistent with relative dielectric permittivity of
laboratory ballast layers, whereas the relative dielectric permittivity (er) of the fouled
ballast was 8. Thus, by incorporating this information to calibrate the GPR data the

velocity of the combined clean/fouled ballast layer was calculated to be 0.15 m/ns.

Processed GPR data of the two bridge approaches in Figure 2.14 indicates four
layer interfaces corresponding to a ballast layer, subballast layer, weak subgrade layer,
and stronger subgrade layer. GPR data shows a local dipping in the subgrade layer close

to the bridge abutments, likely resulting in poor track performance.

Figure 2.15 shows the DCP test profile. The DCP profile exhibits a strong (i.e., low
penetration index) ballast layer followed by a weak layer at approximately 1 m depth.
Below 1-m depth, the soil profile exhibits a decrease in the resistance to DCP penetration
indicating a weak subgrade layer. Then at a depth of 1.9 m an increase in resistance to
penetration with depth is noticed in the soil profile which may indicate a stronger subgrade
layer. The DCP results correlate well with the GPR layer thickness and sampling
conducted at this location. However, it is important to note that the successful
interpretation of the GPR data was only possible with the calibration obtained from the

TDR results.

2.8 Summary and Conclusions
Time Domain Reflectometry (TDR) testing was conducted to assess the
electromagnetic (EM) properties (i.e., real relative permittivity and electrical conductivity)

of clean and fouled ballast under different water content conditions, to evaluate the
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validity of using TDR for calibrating the GPR data, particularly in fouled ballast with high
moisture content environments. The spatial sensitivity of TDR probes was assessed to
optimize the design of TDR probes in order to obtain accurate dielectric permittivity
measurements and estimation of the depth of contrasting layers along the length of the
TDR probes. TDR measurements were taken to characterize the effect of ballast

gradation and mineralogy on the EM properties of clean ballast.

TDR results shows that the relative dielectric permittivity ranges from 3 to 5,
whereas the electrical conductivity is very low and mainly constant for different clean
ballast types. TDR was successful in determining the depth of fouled ballast for
specimens that have high volumetric water content. In particular, multiple reflections
occur in specimens with high impedance contrast layers. Thus, a relationship between
relative dielectric permittivity of clean ballast (ew) and the apparent length of the first
reflected waveform (Lab) is established to calculate the depth of clean ballast and
therefore estimate the depth to the fouled layer. An increase of the relative dielectric
permittivity is observed with the increase of fouling depth at different volumetric water
contents. The increase in fouling layer thickness decreases the porosity in the ballast
layer and as a result the relative dielectric permittivity increases. Electrical conductivity

was used successfully differentiate between various types of ballast fouling.

A field implementation of the technique was conducted on two bridge approaches
on a mainline track section that transport sand and fouling with it. TDR and GPR testing
was conducted to assess the electromagnetic (EM) properties (i.e., real relative
permittivity and electrical conductivity) of railway substructure. TDR results were then

used to calibrate the GPR data, particularly in fouled ballast with high moisture content.
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TDR successfully distinguished multiple layers in the railway substructure and gave an
estimation of the wave velocity of the substructure. Dynamic cone penetrometer (DCP)
testing validated the use of TDR to calibrate GPR data and to allow the imaging of the
extent of ballast fouling that has contributed to ongoing deformation along two sections

of the rail track.
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Figure 2.4 Wooden box model: filled with silica sand with three different water levels (O,
0.1, and 0.2 m) measured from the bottom of the model.
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Figure 2.5 Preparation of fouled ballast due to spillage: (a) Placing clean ballast in 0.1 m
lift, (b) pouring silica sand on the compacted ballast, (c) placing clean ballast on the
compacted silica sand, (d) specimen consists of 0.1 m fouled ballast and 0.22 m clean
ballast, (e) specimen consists of 0.2 m fouled ballast and 0.12 m clean ballast, (f)
specimen consists of 0.32 m fouled ballast.
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Figure 2. 6 Preparation of fouled ballast due to clay intrusion: (a) Placing clay in 0.1 m lift, (b)
placing ballast on top of the compacted clay in lifts to form a specimen consists of 0.1 m fouled
ballast and 0.22 m clean ballast, (c) placing ballast on top of the 0.2 m compacted clay in lifts to
form a specimen consists of 0.2 m fouled ballast and 0.12 m clean ballast, (d) 0.32 m
compacted clay specimen, (e) aerial view of clay intrusion into the clean ballast layer with 30%
clay water content, (f) aerial view of clay intrusion into the clean ballast layer with 40% clay
water content.
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Figure 2. 8 Change in relative dielectric permittivity and electrical conductivity of various

types of ballast
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volumetric water content for: (a) 0.22 m clean ballast and 0.1 m fouled ballast, and (b)

0.12 m clean ballast and 0.2 fouled ballast.




45

6
¢ 554 0
- W O
8 = 5L
o 3
8 £45 é
2 g a OSilica Sand (6 = 0.08)
80 - _
2 n-3.5 i A Silica Sand (6 = 0.04)
3 O Silica Sand (6 = 0)
0.08 0.13 0.18 0.23 0.28 0.33
Depth of Fouled Materials from the Bottom of the Probe (m)
6.5
o 6 4 (b)
43 w" 5.5 N
2 = 5 4
QU =
82 4.5 H
€ .4
= g 3.5 - A
E a3 A O Coal (6 =0.036)
2.5 - A Coal (6=0.0)
2 T T T

0 0.1 0.2 0.3 0.4
Depth of Fouled Materials from the Bottom of the Probe (m)

19
(& 17 - (C) N
s ‘9:15 — :
< 2 13
o g o a O Kaolinite (8 = 0.25)
8§11 - -
g g 9 A Kaolinite (6 = 0.085)
% Q 7 - O Kaolinite (6 = 0.006) \
e« 5 ‘r’/ﬂ//t)
4 g
3 a T klj T T
0.08 0.13 0.18 0.23 0.28

Depth of Fouled Materials from the Bottom of the Probe (m)

Figure 2. 11 Measured relative dielectric permittivity as a function of volumetric water
content and embedded length of probe in fouled layer for: (a) silica sand fouled ballast,
(b) coal fouled ballast, and (c) kaolinite fouled ballast.



46

Coal Fouled Ballast
Coal

Silica Sand

Gravel and Sand
Fouled Ballast
Kaolinite F
Dolomite and Limestone

ndstone

Igneous and Metamorphic Rockg

10 1 0.1 0.01 0.001 0.0001 0.00001
Conductivity (S/m)

Figure 2.12 Electrical conductivity measurements and reported electrical conductivity
values in the literature.



1 Ballast Layer
- l/ Fouled Layers
[7,]
2 Ny i
€08 [ T -
= i
‘qé; :
:§ 0'6 B i
& o
w I 1
S L
c04 I :
2 Vo :
E b Lab i Inflection Points
% 02 ] / i
o 1 1
LV L, :
Lo e Distance (m)
0 : : 1 1 : 1 1 1 1 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 2. 13 TDR waveform with multiple reflections at the horizontal position 63 m.

15

47



Uncertainty

DCPTest "

84533

66.6

Depth (m)

- 80

y - v 93.3
0 e i
P/ 'mew«m(!umnu ¥ YA I - : 106.6
’vcwxmmmmmﬁ,m ma; m, A ;,M' \ A LY AR :
ffw.':‘m. e PP Aty »‘ ‘ N ' ' T e A A
\&-f % J’
o A
DY {tfﬁw.lhm’p.’i ) \ / N ! A 133.3
Yo X g g N Y P Y VAR AN e ek A A roalaw Al

0 20 40 60 80 100 120 140 160 180

120
\J

Horizontal Position (m)

Figure 2.14 GPR profile with DCP overlay.

48

Time (ns)



49

DCP Test
0 = =T 0
1 133
D) 26.6
; g N
/i f*"&t’x‘ A
4 f" Y M 1‘\. I ‘L..n‘.(w‘; -+ 53.3
‘E )
= 1 66.6
a
[
8 80
7 bt TR, oY 93.3
MO D e ;‘;m/-atpiﬁr(*
W, memm&nw.n#w 106.6
8 Jr;,» 14 A Y '

ﬁm’i’w«'ﬁm /
i '4 /f‘l Y\ \d '/ fm
dt VORI

108 t&!’:’.{" '"’“’_xztm*u

Horizontal Position (m)

Figure 2.15 Interpretation of the GPR profile with DCP profile.

Time (ns)



50

This chapter is a reformatted version of the manuscript:

Alsabhan et al., 2015, “Evaluation of Railway Track Substructure Using Ground Penetrating Radar
Coupled with Time Domain Reflectometry,” In From Fundamentals to Applications in Geotechnics:
Proceedings of the 15th Pan-American Conference on Soil Mechanics and Geotechnical Engineering,
15-18 November 2015, Buenos Aires, Argentina (p. 298). 10S Press.

CHAPTER 3: Assessment of Ballast Fouling with Ground-Penetrating
Radar (GPR)

Abstract

Ballast fouling in railway substructure leads to a reduction in bearing capacity, a
decrease in the drainage capacity, and an increase in track deformation. As a
consequence of these detrimental effects, riding comfort, speed, and capacity are
reduced and, if the problem is not addressed, track misalignment may lead to derailment.
This problem is costly; thus, optimizing the maintenance operation is required to reduce
the overall cost of freight and passenger transportation. This study presents a
methodology to identify depth of fouling and fouling type in railway track substructure
using Ground Penetrating Radar (GPR) coupled with Time Domain Reflectometry (TDR).
This investigation was conducted on a mainline track section that has been
underperforming with continuing maintenance operations. TDR measurements were
conducted to determine the relative dielectric permittivity to thus calibrate and interpret
the results obtained by 200-MHz-GPR profiles. Ballast specimens were obtained and
tested in addition to Dynamic Cone Penetration (DCP) testing in the field to validate the
geophysical results. Results show that TDR applications can be beneficial to the
interpretation of GPR profiles and to quantify the level of fouling in larger scale

maintenance operations.
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3.1 Introduction

Ground penetrating radar (GPR) is intended to provide images of the railway
substructure, to evaluate its condition, and detect ballast fouling at critical sections of the
track. Several publications have studied different aspects of GPR in railway maintenance
applications. Clark et al. (2001) investigated the dielectric properties of railway ballast
using GPR surveys. The study was conducted on two types of ballast materials: clean
and fouled. They used 500 and 900 MHz GPR antennas. Better results were obtained
using 500 MHz antennas, the data collected with the 900 MHz antenna yielded small
depth of penetration of the subsurface due to large scattering on the ballast particles. For
the 500 MHz surveys, the clean ballast relative dielectric permittivity (e,.) was 3 while for
the dry fouled ballast relative dielectric permittivity (&,) was equal to 4.3 as the overall
porosity of the fouled material decreases. The relative dielectric permittivity (&,) of the

material also increased when the water content in the fouled ballast increased.

Leng and Al-Qadi (2009) assessed the dielectric properties of two types of ballasts
(e.g., granite and limestone) under various conditions of fouling and moisture using 2 GHz
air-coupled GPR antennae. The study concluded that the granite ballast has smaller
relative dielectric permittivity compared to the limestone ballast at the same fouling level
and porosity. They also reported that the relative dielectric permittivity (g,.) at a dry clay
fouling level of 0 to 50% varied from 3.25 to 3.77 for the granite ballast and from 3.96 to

4.84 for the limestone ballast.



52

Narayanat et al. (1999) performed GPR survey on track substructure using three
ground-coupled GPR antennae at 100, 400, and 900 MHz. The data collected with the
900 MHz antennae showed a strong surface reflection with very little information about
the subsurface. Thus, due to the difficulty in maintaining the proper distance of the 900
MHz antenna within one-eighth of its wavelength (4 cm) above the ground so that the
proper coupling of the antenna to the ground is achieved, it was determined that these
data was unreliable for this application. The results of the 400 MHz antennae were better
when estimating the depth of the subsurface layers while the 100 MHz antennae was
better in identifying anomalies, such as water pockets, at deeper depths, compared to the

400 MHz system.

3.2 Theory and Background of GPR

A GPR system consists of a signal generator, a transmitting antenna, a receiving
antenna, and a recording device. Short EM waves are emitted into the subsurface using
the transmitter. The receiver collects the energy that bounces off the contrasting
boundaries. The travel time and amplitude of the reflected signal is encoded into the
captured reflected signal. GPR reflections are controlled by the electromagnetic
properties of the shallow subsurface that are presented in Section 2.2. The thickness and
condition of the subsurface are based on the propagation velocity and amplitude of the
EM wave which are function of the relative dielectric permittivity (&), the relative magnetic
permeability (ur), and electrical conductivity (o). If the materials in the near surface are

assume to be non-ferromagnetic, the EM wave speed is expressed as:
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S (3.1)

Or as a function of the frequency and wavelength as:

V=AXS (3.2)

where, c is the speed of light, A is the wavelength, v is the velocity, and f is the

frequency.

GPR vyields high-resolutions image of the subsurface. The vertical resolution is
about a quarter of the wavelength (Burger et al. 2006). That is high frequencies yield fine
resolutions. However, they attenuate more rapidly than longer-period waves and thus
may yield smaller penetration depths. In the other hand, low frequency waves yield
coarser resolutions at deeper depths of penetration. One problem with GPR is that EM

waves attenuate faster in high conductivity environments.

3.3 Survey Design

There are different modes of GPR data acquisition mode each mode is dictated by
a specific goal. The most common GPR data acquisition modes for railway investigations
are: (1) common midpoint (CMP) mode, and (2) common offset (CO) mode. The CMP
mode is used to estimate velocity of the substructure layers. The CMP mode principle is
based on placing the antennas side by side and varying the separation between them

relative to a fixed point in a reflector.
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Common offset mode is used to map a subject or an interface in the substructure.
CO mode is based on placing the antennas at a fixed separation and moving them along

the line of the survey.

Annan (2005) defined several parameters that are important when designing a
GPR survey. These parameters are frequency, station spacing, recording time window,
the antenna spacing, and the antenna orientation. The following discussion describes

importance of each parameter.

3.3.1 Central Frequency

The antenna frequency has an important role in determining the depth and
resolution of the radar system. As mentioned in the previous section, low frequencies
penetrate deeper depths, whereas high frequencies have higher resolution, but they tend
to attenuate more rapidly. In addition, during high radar frequencies clutter become an
issue due to responses from smaller scale features that mask the desired signals at
deeper depths. Annan and Cosway (1994) preferred to trade off resolution for penetration
because there will be no sense of choosing a high resolution radar frequency if it cannot
detect a target. Annan (2005) proposed that selected the operating frequency fc of the
GPR system should take into consideration the desired spatial resolution and clutter

limitation in which

fE<fe<ff (3.3)

where, fcR corresponds to the required frequency to achieve the desired resolution, and

f.C corresponds to the clutter frequency constrain. Annan defined fc.R and f.C limits as £,k >
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c

40z,

andff < respectively, where, Az is the spatial separation to be resolved,

10 AL\&, '

&r is the relative dielectric permittivity, and AL is the clutter dimension.

3.3.2 Station Spacing

Station spacing refers to the separation between two GPR discrete measurements
(Figure 3.1). Adequately choosing the GPR station spacing is crucial in preventing spatial
aliasing, where independent reflections become indistinguishable. Furthermore, at high
station intervals dipping reflectors or diffraction events will not be properly captured.
Annan (2005) reported that station interval (Ax) should be less than the Nyquist sampling

interval to avoid spatial aliasing.

Cc

4fcVer

Ax < (3.4)

3.3.3 Time Window
Estimating a proper recording time window in GPR survey is a function of the

desired depth of exploration. Annan defined the required recording time window as:

W = 1.3 mex (3.5)

min
where, Dmax is the maximum depth, and Vmin is the minimum velocity.

3.3.4 Selecting Antenna Orientation

Most common GPR antennas are dipolar with a preferred electrical field
polarization in the direction along the long axis of the antennas (Annan 2005). Baker et
al. (2007) described the effect of changing the antennas orientation on Fresnel’s zone.
Figure 3.2 illustrate the concept of Fresnel's zone in GPR surveys. The Fresnel’s zone

identifies the horizontal resolution limits at a certain depth.
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Figure 3.3 shows the most common GPR antennas orientation. Due to the fact that
GPR footprint appears as an ellipse of radar illumination, it is most effectively to use a
broadside-perpendicular (PR-BD) configuration (see Figure 3.3) to obtain GPR footprint

that is elongated in the line direction and narrowest perpendicular to the line direction.

3.4 Data Processing

In most cases, raw data collected needs to be processed to either improve the
signal to noise ratio or to allow capturing the physical properties of the substructure. The
goal of GPR data processing is to present the subsurface conditions accurately in
radargrams. Raw data might undergo several processing steps that vary from basic
processing steps (e.g., dewowing, and time gaining) to sophisticated steps (e.g.,
migration or background subtraction) to accomplish this goal. However, “overprocessing”
the data may distort the final interpretation or may introduce artificial textures in the
interpreted radargram. As rule of thumb, the best processing steps starts with a good
acquisition quality. No good processing technique can enhance data that are poorly
collected. Other steps included in the GPR data processing are: (1) data editing, (2) time
zero correction, (3) dewow, (4) filtering, (5) and time gaining. Each one of these steps is

described in the following section.

3.4.1 Data Editing

Good quality data depends on maintaining an effective data collection from the
start. However, errors occur in the field such as incorrect header information, data file

merging, and bad traces. Data editing enables the correction of these errors by modifying
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header files and removing bad traces by a simple interpolation between properly collected

neighboring traces.

3.4.2 Time Zero Correction and Dewowing

Time zero is referred to the GPR first signal arrival. This first arrival corresponds
to the either the air or ground wave. Time zero might vary along the survey due to system
timing, cable lengths, and antenna positioning (Olhoeft 2000). Therefore, it needs to be
corrected in the radargram to a common first signal arrival. Dewowing is the removal of

very low frequency and the initial DC signal components from the data (Jol 2008).

3.4.3 Filtering

Filters are used to improve the signal-to-noise ratio by removing clutters and noise
from the data. Annan (2005) classifies filters into temporal and spatial filters. Temporal
filters manipulate the data across the time axis to remove frequency components that are
not on interests in the survey. Spatial filters manipulate the data across the position axis.
This type of filters is used to emphasis or suppresses specific features (e.g., geological
bedding, and dipping reflectors) in the GPR radargram (Jol 2008). Most often these two
types of filters are combined. There are several types of filter operations such as: (1)
mean filter, (2) median filter, (3) high pass filter, (4) low pass filter, and (5) band pass

filter.
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3.4.4 Time Gain

Time gain is used to compensate for signal attenuation to improve the
interpretation of deeper structures in a radargram. In most cases, gains use a non-linear
versus depth multiplication factors; i.e., amplitudes increase with deeper depths so
reflections from shallower depths appear to have similar magnitudes than reflected
signals from deeper formations. Knowing that time gaining is nonlinear requires the user
to understand that filtering operations are not equivalent before and after the application

of gains (Annan and Cosway 1992).

3.5 Methodology - Case Study: Evaluation of Railway Track Substructure
Using Ground Penetrating Radar Coupled with Time Domain Reflectometry
Field data were collected in the Fall of 2014 on a mainline track section in Dayton,
lllinois (Figure 3.4). This track services the local fracking sand industry by transporting
high tonnages of sand to larger rail hubs. Over the 2.4-km rail stretch, two problem areas
were investigated. These rail sections have systematic settlement and deformation

problems, which limits train speed to 16 km/hr.

GPR data were collected using a pulseEKKO PRO system with 200-MHz antennae
for the two sections of the track. Raw GPR data was processed using MATGPR
processing software. The data processing technique included time-zero correction, mean
spatial filter, median spatial filter, and gain control function to improve the quality of the

presentation and help in the interpretation.
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Along with GPR data collection, TDR testing was conducted to calibrate the GPR data
and to assess the EM properties of the mainline track section. A Campbell TDR100
system (Campbell Scientific Inc. 2007) was used in this study with an impedance coaxial
cable (Zo) = 50 Q. PCTDR-V 2.08 software was used to control the TDR100 signal. The
record length was 2048 points along with 4-signal stacking. Stacking was used to improve
the signal-to-noise ratio on the reflection waveforms. 0.9-m-long TDR probes, with

separation of 0.05 m and diameter of 0.012 m, were driven into the ballast layer.

Dynamic Cone Penetrometer (DCP) was conducted at the same locations as the TDR
measurements to ground truth the geophysical data. The DCP system penetrated to
depths of up to 10 m during this field program. DCP tests provide an indirect measure of
the shear strength in the underlying soil strata without the need for excavation. A weight
of known mass is dropped a distance, the force that is created drives a cylindrical cone
into the underlying soil strata. The depth of penetration per blow (mm/blow) provides a
measure of the inverse of shear strength of the soil. Thus, using these information DCP
profiles can be used estimate the depth of the different subsurface layers (Herrick and

Jones, 2002).

3.6 Results and Discussion

3.6.1 Ballast Section

The first investigated section—known as the Ballast Section—had the simplest
geometry (i.e., an embankment composed by subgrade, subballast, ballast, ties and

railways) with no additional structures present (Figure 3.5 & 3.6). The investigated site
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was a 76-m-long section with standard rail gauge of 1.435 m, and 1.8-m shoulders. The
water table was at the base of the ballast layer. The ballast was of poor quality and
multiple ballast types and fines were present. A typical TDR waveform for the ballast
section is shown in Figure 3.7. The multiple reflections correspond to substantial
differences in the relative dielectric permittivity between the underlying layers that the EM
wave propagates through, clean ballast and fouled ballast layers. The first waveform
reflection showed a relative dielectric permittivity (erv) of 4, which is consistent with relative
dielectric permittivity of clean ballast, whereas the relative dielectric permittivity (er) of the
fouled ballast was 11.1. Thus, by incorporating these values into Equation 3.1, the velocity
of the subsurface layer was calculated as 0.089 m/ns. Hence, GPR data calibrated with

this layer velocity.

Processed GPR data of the Ballast Section in Figure 3.8 indicates three layer
interfaces corresponding to a ballast layer, subballast layer, subgrade layer, and bedrock.
GPR data shows a local dip in the track substructure coincides approximately with the
settlement zone that spans from the horizontal position of 50 m to 85 m. The dip shown
in the GPR data indicates the potential for accumulating moisture in the soft soil that might
be responsible for the local settlement of the rail track in this section. Figure 3.9 shows
the DCP test profile. The DCP profile exhibits a strong (i.e., low penetration index) ballast
layer followed by a weak layer of approximately 1 m. Below 2-m depth, the soil profile
exhibits increased resistance to penetration with depth. The DCP results correlate well

with the GPR layer thickness and sampling conducted at this location.
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3.6.2 Culvert Section

The second rail section—the Culvert Section—was constructed on a large
embankment. The embankment has experienced vertical and horizontal displacements
for many years. Multiple retaining structures have been constructed to prevent translation
of material, but they have been unsuccessful in stopping deformation (Figure 3.10).
Flowing water is present on the west side of the track, and a culvert is present beneath
the track to aid drainage. TDR measurement was conducted on the same location as the
DCP. Following the same procedure in the Ballast Section, the TDR waveform was used
to estimate a velocity of the subsurface layer in the Culvert Section of 0.062 m/ns (Figure

3.11).

The processed GPR data of the Culvert Section are shown in Figure 3.12. GPR data
indicates the presence of two layer interfaces that correspond to ballast, subballast, and
subgrade layers. A deep ballast pocket is observed in the GPR data that starts at
horizontal station of 45 m, ending at station 63 m; this is where the ballast washout occurs
on the surface. A possible cause for ballast washout in this zone might be attributed to
repeated ballast filling to compensate for track settlement. Furthermore, water trapped in
this deep ballast pocket shown in the radargram appears to have weakened the subgrade
by increasing the pore water pressure, thus causing more deformation in the subgrade

layer.

DCP test results at this location (Figure 3.13) show the top 0.5 m of ballast is relatively
loose or disturbed. A stronger layer is present from 0.5 m to 3 m. Below 3 m, the soil

strength significantly decreases, shown by a high penetration index. GPR results
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complement the DCP profile. Bedrock and refusal depth are verified between the

methods.

3.7 Summary and Conclusions

Time Domain Reflectometry (TDR) and Ground Penetrating Radar (GPR) testing was
conducted to assess the electromagnetic (EM) properties (i.e., real relative permittivity
and electrical conductivity) of railway substructure. TDR results were then used to
calibrate the GPR data, particularly in fouled ballast with high moisture content. In
particular, multiple reflections take place in the TDR waveform, which correspond to
substantial differences in the relative dielectric permittivity between the underlying layers.
TDR successfully distinguished multiple layers in the railway substructure and gave an
estimation of the wave velocity of the substructure. Dynamic cone penetrometer (DCP)
testing validated the use of TDR to calibrate GPR data and to allow the imaging of the
extent of ballast fouling that has contributed to ongoing deformation along two sections

of rail track in Dayton, IL.
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Figure 3.5 Ballast Site Overview
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Figure 3.7 TDR waveform with multiple reflections at the horizontal position 58 m in the

Ballast Section
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Figure 3.10 Culvert Site. Note Ballast Washout and Culvert.
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Figure 3.11 TDR waveform with multiple reflections at the horizontal position 59 m in the

culvert section
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This chapter is a reformatted version of the manuscript:

Alsabhan et al., 2016, “Assessment of Fouled Ballast Response using a Full Scale Track Model,” to be
submitted to the Journal of Transportation Engineering

CHAPTER 4: Full Scale Track Model (FSTM)

Abstract

Ballast fouling compromises rail track safety, raiders comfort, and railway load
capacity. Fouling may lead to excessive track deformation and ultimately train derailment.
This problem is quite costly for the railway industry thus, preventing train derailment while
optimizing maintenance is very important for reducing the overall cost of freight and
passenger transportation. This study presented in this chapter describes a methodology
that extends the use of deformation monitoring instruments (e.g., fiber optic sensors (FO)
and LVDTs) coupled with Electromagnetic (EM) surveying: Ground penetrating radar
(GPR) and a time domain reflectometry (TDR) to monitor both the progression of ballast
fouling and its effect on the deformation on the rail track. The methodology aims at
creating an early warning system that would allow railway engineers to symptomatically
assess the need for maintenance operations. This proposed methodology was tested on
a full scale track model (FSTM) which comprises of 2.45 m rail supported by five ties
embedded in a ballast layer. This test considered three common types of fouling: mineral
fouling, clay fouling, and silica sand fouling. A comparison between rail settlement
measurements and rail bending strain measured by FO sensors showed that FO sensors

were incapable to provide an indication of track deterioration. In addition, results showed
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a good correlation between EM and ballast physical properties (e.g., porosity, volumetric
water content, fouling depth, fouling index (Fl), clay fouling index (CFl), and non-clay
fouling index (NFI). Experimental results also confirmed that EM survey results can be
used to determine type of fouling material. Finally, implementing these technologies
provide information for strategic and sustainable maintenance activities and it may
eventually lead to the development of a reliable, systematic, continuous, and sustainable

inspection methodology.

Keywords: Railway, ballast fouling, plastic deformation, GPR, TDR, fouling, dielectric

permittivity, electrical conductivity, porosity.

4.1 Introduction and General Description

The need for a reliable, continuous, and remote monitoring routine for maintaining
railway infrastructure has become a crucial factor in controlling the safety and the overall
cost of the railway operations. Controlling the surface deformation of tracks is the main
goal of rail maintenance (Lichtberger 2005; Liu et al. 2012). Track deformation is caused
by a reduction in the load bearing capacity of ballast and subgrade layers. Track
deformations reduce the load capacity of the rail line, force a reduction in velocity, reduce
the comfort of riders, and increase the potential for derailments (Ahlf 2011). Therefore,
the proper performance of the ballast in the rail structure is a crucial component in the
transportation of freight and passengers by train.

Ballast layers serve several functions: distribute the train loads over a much larger
area so that the subgrade soil can support it, provide rapid water drainage, prevent

vegetation grows between tracks, and reduce the level of vibration created by the passing
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trains (Ahlf 2011). However, ballast layers experience deterioration of its functions in
proportion to the volume and weight of traffic, external contamination (car spelling, wind-
blown material), ballast mineralogy, and absence of ballast maintenance (Ahlf 2011).
Additionally, these mechanisms of deterioration may increase the generation of fine-
grained particles leading to the reduction of load capacity, increase in compressibility,
and a larger retention of moisture further reducing the shear strength of the ballast during
dynamic loading. The combination of these deterioration mechanics is known as ‘fouling.’
This process compromises the structural integrity of the railway structure leading to large
track deformations and ultimately to train derailment (Walter and Selig 1994; Indraratna
et al. 2011).

It is reported that North American railroads spent more than $8.9 billion per year
on maintenance operations (AAR 2013). Although the cost and effectiveness of track
maintenance are associated to the frequency of track inspection (i.e., selective drilling
and digging at intervals along the track), it is mainly based on the judgment and
experience of rail professionals. There is no quantitative, mechanistic assessment of
deterioration yet. Thus, there are risks of functional or mechanical failure between two
inspection events or that the inspection may fail to properly evaluate the mechanistic
mechanisms of the fouling process. For these reasons, a reliable, systematic, continuous,
and sustainable inspection methodology needs to be developed, and demand for new
technologies is increasing in the railway industry.

Deformation monitoring instruments (DMI) (e.g., fiber optic (FO) sensors and
LVDTs) along with electromagnetic (EM) wave-based surveying techniques are proposed

to monitor and manage the ballast fouling process. DMI can create a continuous sensing
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array and provide a warning system for inspection and maintenance activities during the
rail track service life. However, DMI can only monitor the symptoms but not the causes
for ballast fouling. To better interpret the symptoms, it is required to properly evaluate the
causes. For these reasons, it is proposed the deployment of (EM) wave-based surveying.
Furthermore, combined EM methodology that uses time domain reflectometry (TDR -
Ledieu 1986; Roth et al. 1990; Herkelrath 1991; Siddiqui and Drnevich 2000; Fratta et al.
2005) for calibrating the ground penetration radar (GPR) data, particularly in fouled ballast
with high moisture content. The local collection of data using TDR will complement the
results from GPR for the rapid profiling of the rail substructure. The combination of both
local measurements (i.e., TDR) and global measurements (i.e., GPR) is expected to
provide not only geometric but also internal material parameters that will generate
guantitative data to better maintain the infrastructure. These two techniques are aimed to
create the image of the electromagnetic-wave properties of the material within track
cross-sections at critical spots identified by DMI. Coupling of these technologies provides
information for strategic and sustainable maintenance activities and increases the safety
of our national freight rail transportation network. The long term goal of the proposed
methodology is to evaluate the rate of track deterioration so the risk of derailment along

the track length is decreased by developing a comprehensive warning system.

The Full Scale Track Model (FSTM) is a prototype of railroad section aimed at
characterizing both of the measured deformation, and the measured EM properties of the
substructure due to the increase in amount of fouling in the ballast layer under laboratory
controlled conditions. Figure 4.1 shows the FSTM that was constructed in the Structures

and Materials Testing Laboratory at the University of Wisconsin-Madison. It is designed
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to contain ballast, ties, and a rail section. It was built as wooden box that has the inside
dimensions of 2.5 m in length, 1.7 m in width, and 0.9 m in height. The track consists of
2.45 m rail and 5 ties spaced 0.495 m apart. FSTM was build and tested to assess the
hypothesis proposed in this study which is EM properties can be used to characterize

ballast physical properties.

4.2 Assessment of Boundary Conditions on the FSTM Results

In order to study the influence of boundary conditions on the FSTM setup, four
models with different geometry were created in ABAQUS. Finite element analyses were
conducted by including 3 ties, 5 ties, 6 ties, and 7 ties (Figure 4.2). Table 4.1 is showing
the material properties that were used in the analysis. Validation of this model is shown

in Alsabhan (2013).

Table 4. 1 Materials Properties

Rail Properties Ties Properties

Spacing (m) 1.51 Spacing (m) 0.495

Cross sectional area (m?) | 6.4-103 Length (m) 2.6
Mass per unit length (kg/m) 50.4 Width (m) 0.229
Young’s modulus (MPa) 207,000 Height (m) 0.178
Moment of inertia (m*) 2.04-10° | Young’s modulus (MPa) | 10,300

Ballast Properties Subgrade Properties

Resilient modulus (MPa) 290 Resilient modulus(MPa) 50
Poisson’s Ratio 0.3 Poisson’s Ratio 0.4
Density (kg/m?) 1610 Density (kg/m?) 2200

The analyses were conducted using the finite element package ABAQUS using a

linear elastic model of materials with hexahedral 8-noded elements (C3D8). By taking the



82

advantage of symmetry, only half the track was modeled. A wheel load of 135 kN was
used in the analysis. The displacements in the bottom of the subgrade were constrained
in all direction, while for other ‘infinite and finite boundaries’ only the displacements
normal to the plane were constrained to eliminate rigid body motion. Rails and ties were
connected using tie constrains. Interaction between ties and ballast was modeled with
contact elements having “hard” normal contact and tangential with friction coefficient of
0.35 while the interaction between any two geomaterials in contact was modeled with
contact elements having “hard” normal contact (no penetration) and tangential with friction
coefficient of 0.5.

The study of the effect of the number of ties on the deformational behavior of
ballast. Figure 4.3 presents the calculated strains in the ballast layer beneath the point of
load application along tie length for 3 ties, 5 ties, 6 ties, and 7 ties track. The 3-tie track
model yields a maximum strain of 0.0011 while this strain decreases to 0.0007 as we
increase the number of ties from 3 to 5, and it remains constant as we increase the
number of ties increases to 6 and 7. These results show that using just 3 ties in the model
influences the tie-ballast contact pressure. On the other hand, using 5 or more ties to
simulate the field conditions is adequate.

Figure 4.4 summarizes the results of the effect of the number of ties on
deformational behavior of the rail section along the longitudinal axis. The rail exhibits its
highest deformation of about 0.00068 m with the 3-tie model, while similar to tie-ballast
contact pressure it decreases to 0.00051 m as we increase the number of ties to 5, and

the maximum deformation remains constant for the 6 and 7-tie model.
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Based on the numerical evaluation conducted in the previous section supported
by the literature review presented in Alsabhan (2013), the minimum number of ties to best
simulate the real field conditions without getting influenced by the boundary conditions is
5 ties. Thus, this numerical analysis shows that boundary effects on the vertical

deformation are insignificant at the center of the rail.

4.3 Materials

Three types of fouling in addition to a clean ballast layer will be investigated in this
study. These fouling materials are: silica sand, kaolinite clay, and mineral fouling. AREMA
# 25 ballast was used in all tests. Grain size distributions (ASTM D6913) of the studied

materials are shown in Figure 4.5, and physical properties are shown in Table 4.2.

Table 4. 2 Index properties of ballast and fouling materials

Sand Fines
Dso LL PL USCS
Sample Cu | C | Gs o o ns [ Conten | Content
(mm) (%) | (%) t (%) (%) Symbol
AREMA #25 | 48 14 | 06 | 2.6 NA | NA | 04 0 0 -
SilicaSand | 0.28 [ 1.6 | 0.9 | 2.66 | NP NP - 100 0.33 SP
Kaolinite - - - 2.63 | 49 35 - 0 100 CL
Mineral
Fouling 15 15 | 04 | 2.67 - - - 98 0 SP

Note. NP = not plastic, NA = not applicable, Dso = median particle size, Cu = coefficient of uniformity, Cc =
coefficient of curvature, Gs = specific gravity, LL = liquid limit, PL = plastic limit, ns = porosity of ballast.
Particle size analysis conducted following ASTM D 422, Gs by ASTM D 854, USCS classification by
ASTM D 2487, and Atterberg limits by ASTM D 4318.

4.4 Specimen Preparation
Clean Ballast and Mineral Fouling. During field operations, ballast undergoes a

process of densification that is controlled by the magnitude and the frequency of the traffic
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load. For this reason, ballast layers were prepared in the FSTM with a targeted density of

15.5 kN/m?3 in an attempt to reproduce field conditions (Indraratna et al. 2005). The clean

ballast and mineral fouling layer preparation includes:

1

2-

Ballast is placed in 0.3 m lift.

Small vibrator tamper is used to compact ballast. All compaction is uniformly
distributed so ballast layer is compacted to achieve 95 percent dry density (15.5 +
0.3 kN/m3).

Five ties are placed on top of the compacted ballast layer. The ties are spaced
0.495 m center to center.

Ballast is placed to fill up the voids between the ties until it reaches 0.5 m height
from the bottom of the wooden box.

Small vibrator tampers is used to compact ballast until it reaches the desired
density.

Double shoulder 11 inch tie plates are placed on top of each tie at 0.7 m from he
left edge of the tie to the center of the plate.

100 RE Rail with alength of 2.45 m rail is placed on top of the rail pads and secured

with standard railway spikes.

Silica Sand. Fouled ballast specimens were prepared in the wooden box to

simulate spillage contamination (e.g., spillage of coal dust and silica sand) by spreading

the fouling material from the surface according to the following steps:

1-

0.2 m lift of clean ballast were prepared using the Clean Ballast procedure.
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Silica sand was spread over the compacted clean ballast until all the voids were
filled.

0.1 m lift of clean ballast were placed on the top of the fouled ballast and prepared
using the Clean Ballast procedure.

Steps 3 to 7 in the clean ballast procedure were performed to prepare the sample.
If required, water was evenly added from the top of the track.

For a full silica sand fouling depth, at the surface of the track silica sand was spread

over the compacted ballast layer until all the voids were filled.

Clay Fouling. Fouled ballast samples were prepared in the wooden box to simulate

the real field conditions of clay intrusion from the subgrade layer according to the following

steps:

A. For 0.2 m clay fouling depth:

1-

Kaolinite clay sample was mixed with water to obtain homogeneous water
distribution.

Clean ballast was mixed with kaolinite clay and placed in the testing box until it
reached 0.2 m depth. This mixing process simulates maintenance activities on
railway track where tamping tides rearrange ballast particles mixed with fouling
material (Ebrahimi et al. 2012).

Small vibrator tampers was used to compact the mixture using the Clean Ballast
procedure.

0.1 m lift of clean ballast were placed on the top of the fouled ballast and prepared

using Clean Ballast procedure.
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4- Steps 3 to 7 in the clean ballast procedure were performed to prepare the sample.
5- If required, water was evenly added from the top of the track.
B. For full clay fouling depth:

1

Rail, tie plates, ties, and 0.3 m depth of clean ballast samples were taking out of

the testing box after the 0.2 m clay fouling depth experiment was done.

2- New kaolinite clay sample was mixed with water to obtain homogeneous water
distribution.

3- 0.1 m lift of clean ballast was mixed with kaolinite clay and placed in the testing
box.

4- Small vibrator tampers was used to compact the mixture using the Clean Ballast
procedure.

5- Five ties are placed on top of the compacted mixture layer. The ties are spaced
0.495 m center to center.

6- A mixture of ballast and kaolinite clay is placed to fill up the voids between the ties
until it reaches 0.5 m height from the bottom of the wooden box.

7- Steps 5to 7 in the clean ballast procedure were performed to prepare the sample.

8- If required, water was evenly added from the top of the track.

4.5 FSTM Instrumentation

MicronOptics 0s3155 Fiber optic sensors were selected to provide bending strain
measurements along the length of the rail. The 0s3155 is a rugged strain gage with
integrated temperature compensation. Both strain and temperature compensation

measurements are based on fiber Bragg grating (FBG) technology. The sensors were
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installed in the mid span of the 2.45 meters rail using spot welding. Figure 4.6 and Figure
4.7 are showing FBG sensors locations and identification names. One FO was mounted
on the bottom flange of the rail, and the other was mounted on the top portion of the rail’s
web to capture the maximum vertical bending strain in the rail. Data acquisition was
conducted using MicronOptic sm130 optical sensing interrogator.

Linear Variable Differential Transformer (LVDT) is used to measure the vertical
settlement of the rail. Three LVDTs were placed at three different locations on the rail
surface. LVDT1 was placed at the same location as the further tie to the middle tie, LVDT2
was placed at the same location as the adjacent tie to the middle tie, LVDT3 was placed
at the same location as the middle tie (Figure 4.8). The LVDTs were used to obtain the
global settlement of the track and validate FO sensors measurements. Data acquisition
was conducted using LabView data acquisition software.

GPR data were collected using a pulseEKKO PRO system with 450-MHz
antennae. Raw GPR data was processed using MATGPR processing software. The data
processing technique included time-zero correction, mean spatial filter, median spatial
filter, and gain control function to improve the quality of the presentation and help in the
interpretation.

Along with GPR data collection, TDR testing was conducted to calibrate the GPR
data and to assess the EM properties of the FSTM. A Campbell TDR100 system
(Campbell Scientific Inc. 2007) was used in this study with an impedance coaxial cable
(Zo) =50 Q. PCTDR-V 2.08 software was used to control the TDR100 signal. The record

length was 2048 points along with 4-signal stacking. Sacking was used to improve the
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signal-to-noise ratio on the reflection waveforms. 0.4-m-long TDR probes, with separation

of 0.05 m and diameter of 0.012 m, were driven into the ballast layer.

4.6 Load Transfer Mechanisms

In a rail track system, the wheel load from a train car is distributed through the rail,
fastening system, ties, ballast, and sub-ballast to the foundation soil underneath. Thus,
the high force applied on the rail is gradually reduced by the different track components
before it reaches the foundation soil below the rail track system. Typical wheel loads used
in today railway transportation systems vary from 53 kN for light rail passenger service to
174 kN for heavy haul trains in North America, and frequency from 5 up to 20 Hz (Selig
et al. 1994). In this study a 5-Hz haversine 132 kN amplitude, bell-shaped loading pulse
is used to simulate the traffic loading on ballast. 2-10° loading cycle was selected to
simulate the traffic loading for a long-term. Loading was exerted on the track by using an

MTS hydraulic actuator with a maximum capacity of 245 kN (55 kips).

4.7 Testing Program

The testing program was conducted to simulate the field conditions of a railway
track geometric configurations and material conditions. Three types of fouling are being
investigated: silica sand, clay, and mineral fouling. In addition, a clean ballast sample was
conducted to be used as a reference for comparison. Tests were performed to obtain the
effect of fouled materials type and depth on the track deformation and EM properties (e.g.
electrical permittivity, and electrical conductivity) under traffic load. EM were measured
for each test by means of GPR and TDR. Table 4.3 shows the change in testing

parameters that were used in this study.



Table 4.3 FSTM completed testing matrix

EM .
. . Deformation
Material ~ |Total Depth (m) Fogll?tg n[iepthrl;rom “éo'r?,[tur:te Survey FI (%)= P4+P200
ottom up (m) ontentlrpr|GPR| FO | LVDT
Mineral 0.5 0.2 Dry Cl|c|¢ C | Equivalent to 26% FI
Fouling ' ' 10% C c | c C (fouled)
0.5 0.20 Dry clc|c C | Equivalent to 26% FI
Silica Sand ' ' 10% C C C C (fouled)
Fouling .
05 05 Dry C C C C Equivalent to 26% FI
10% clclc C (fouled)
0.5 0.20 10% C C | C C Equivalent to 27 % FI
Kaolinite ' ' 30% C CcC | C C (fouled)
Fouling 0.5 05 10% C C | C C Equivalent to 27 % FI
' ' 30% c| C|C C (fouled)
Clean Ballast 0.5 0 N/A C C C C Clean

C: Completed

68
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For each fouling material, four FSTM experiment were performed. Each
experiment had 2-10° loading repetitions. The targeted total depth of each FSTM
substructure is 0.5 m for all tests. Moisture was added to all fouled ballast experiment to
investigate the effect of moisture on the track deformation and EM properties. Fouling
depth and moisture varies. experiment were given Identification names listed in Table 4.4
to 4.7 based on the variance of moisture content, fouling depth, and loading repetitions

that has been experienced by the sample.

Table 4.4 Silica sand fouling testing parameters

Identification Depth of History of Top Layer Bottom Laver
name Fouled Loading Moisture : y
) Moisture Content

Test Sub- Materials Cycles Content (%)

test (m) (N) (%)
S-1 Start 0.2 0 0 0

End 0.2 200,000 0 0
S-2 Start 0.2 200,000 0 10

End 0.2 400,000 0 10
s-3 Start 0.5 400,000 0 10

End 0.5 600,000 0 10
S Start 0.5 600,000 10 10

End 0.5 800,000 10 10
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Table 4.5 Kaolinite clay fouling testing parameters

Identification Depth of History of Top Layer Bottom Layer
name Fouled Loading Moisture :
) Moisture Content
Test Sub- Materials Cycles Content (%)
test (m) (N) (%)
K-1 Start 0.2 0 0 10
End 0.2 200,000 0 10
K-2 Start 0.2 200,000 0 30
End 0.2 400,000 0 30
K1 Start 0.5 400,000 10 30
End 0.5 600,000 10 30
K'-2 Start 0.5 600,000 30 30
End 0.5 800,000 30 30

Table 4.6 Mineral fouling testing parameters

Identification Depth of Hlstory of Top.Layer Bottom Layer
name Fouled Loading Moisture :

) Moisture Content

Test Materials Cycles Content (%)
(m) (N) (%)

M-1 Start 0.2 0 0 0
End 0.2 200,000 0 0
M-2 Start 0.2 200,000 0 0
End 0.2 400,000 0 0
M-3 Start 0.2 400,000 0 10
End 0.2 600,000 0 10
M- Start 0.2 600,000 0 10
End 0.2 800,000 0 10
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Table 4.7 Clean ballast testing parameters

Identification Depth of Fouled History of Loading Moisture
name Materials Cycles Content
Test (m) (N) (%)
B-1 Start 0 0 0
End 0 200,000 0
B-2 Start 0 200,000 0
End 0 400,000 0
B-3 Start 0 400,000 0
End 0 600,000 0
B-4 Start 0 600,000 0
End 0 800,000 0

4.8 Results and Discussion
4.8.1 Measured Track Deformation

LVDT Analysis. Figure 4.9 shows the raw LVDTs deformation measurements.
Plastic deformation, rate of plastic deformation, and the abrupt changes in the amount of
plastic deformation during transition were selected to analyze the results. Clean ballast
experiment showed the lowest values of deformation whereas, kaolinite clay fouled
ballast exhibited the highest amount (& >14 mm). According to Lichtberger (2005)
standard settlement values for maintenance and operation thresholds are 12 mm and 14
mm respectively. As a result, this would give an immediate indication of the effect of
fouling and repeated loads on the overall performance of the track.

A rapid increase of plastic deformation is taking place in the first thousands cycles
of each experiment (e.g., S-1, K-1, M-1, and B-1). Ebrahimi (2011) defined this phase as
the initial compaction phase (ICP) which is due to ballast particles rearrangements and
densification. The rate of plastic deformation was calculated from the tangent slope of the
tail of each experiment (e.g., at 1.9-10°<N< 2-10°) to eliminate the ICP influence as many

of the experiments are continuation of a previous experiment.
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Rate of plastic deformation of fouled ballast was normalized to the clean ballast
conditions in Figure 4.10 (a). At the first 2-10° cycles (e.g., S-1, K-1, and M-1) of each
experiment, rate of plastic deformation showed a significant increase relative to the clean
ballast condition. However, with the increase of loading cycles the rate of plastic
deformation decreases. This observation might be contributed to the effect of shakedown
and densification, in which the increase of load cycles and associated deformation
decreases the void ratio, and increases the density causing eventually the stiffness to
increase (Indraratna et al. 2011). A comparison between different types of fouling
materials effect on rate of plastic deformation versus number of loading repetitions is
shown in Figure 4.10 (b). Generally, ballast fouled with kaolinite clay showed higher
values than other fouled materials, which highlights the drastic effect of fines passing
sieve #200 on the overall performance of the track.

The abrupt change (jumps) in amount of plastic deformation during transition is
associated with the increase of moisture content in experiments S-2, S-4, K-2, K-4, and
M-3 or depth of fouling materials in Experiment S-3. Figure 4.11 illustrates the combined
analysis of the abrupt change in amount of plastic deformation for fouled ballast
normalized to the clean ballast condition. To illustrate the effect of changing moisture
content on the overall performance of the track, a comparison was plotted in Figure 4.12
(a). This comparison shows that the increase in moisture content causes a rise in the
amount of plastic deformation that ranges from 1.2 to 2.1 relative to the clean ballast
condition. Ebrahimi (2011) determined the soil water characteristic curves (SWCC) of
fouling materials (Figure 4.13). These curves help in assessing the effect moisture on the

deformational behavior of fouled ballast. Ebrahimi (2011) also reported that the



94

deformational behavior of fouled ballast is function of suction in unsaturated fouling
materials. Suction changes the forces acting at the contact points. Suction values as high
as 2000 kPa are associated with moisture content of about 3% for mineral and silica sand
fouling and with moisture content of about 14 % for clayey fouling materials. These values
were found to be the threshold moisture content between for increasing in the rate of
plastic deformation (i.e., initial compaction phase - ICP) and for an exponential increase
in the rate of plastic deformation (i.e., fouling impact phase - FIP). Furthermore, increasing
moisture content of the fouling phase may increase the potential of excess pore water
generation during cyclic loading resulting in a sudden reduction of shear strength and an
increase in ballast deformation.

Similarly, a comparison that shows the effect of increasing fouling depth is plotted
in Figure 4.12 (b). It is noticed that increasing fouling depth reduced the shear strength of
the system which resulted in increasing the amount of plastic deformation. However,
increasing fouling depth in experiment S-3 stiffened the track and reduced the amount of
plastic deformation around 5% relative to experiment S-2. This is because filling up all the
voids with silica sand in experiment S-3 increased the confining pressure and density of
the specimen that caused stiffness incase and thus a noticeable decrease of plastic
deformation is observed. Generally, Figures 4.12 (a) and (b) showed highest jumps of
plastic deformation is at the kaolinite clay fouling, then mineral fouling, and the lowest
amount of plastic deformation was at the silica sand fouling. In essence, the jumps of
plastic deformation is controlled by the shear strength of the ballast layer which is

controlled by the shear strength of fouling materials at the ballast particles contact points.
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FO Sensors Analysis. FO sensors measurements were expected to provide a
continuous real time monitoring. However, FO strain measurements did not provide
indication of track deterioration due to cyclic loading, moisture content, and fouling depth.
In essence, all FO measurements exhibited a constant pattern throughout the testing
program. Figure 4.14 show a sample of FO sensors measurements. This is because
FSTM rail is believed to be settling as a rigid body. In Figure 4.15 Note there is no change
in rail curvature; hence no change in bending strains. This can be proven by calculating

the rail’s curvature as follow:

6 = LVDT3 - LVDT1 (4.2)
— ) -1(L

6 =180—2-tan™' () (4.2)
_1 _ 1—cos(0)

K=o=—— (4.3)

where, 0 is net deflection due to rail bending, 8 is angle of curvature, p is radius of

curvature, and K is the curvature. Chapter 6 is focused on discussing this matter in details.

4.8.2 Measured EM Properties

Two EM properties were investigated in this section, relative dielectric permittivity
(¢r) and electromagnetic conductivity (o). A typical Processed GPR radargram images,
TDR and GPR traces are shown in Figure 4.16. & were calculated out of TDR and GPR
traces taken at the middle of the FSTM at the horizontal position 1.2 m to ensure
measurements consistency. &r ranged from 3 to 4 for all FSTM top layer with no previous
loading history indicating an open voided clean ballast layer (Alsabhan et al. 2013).
Measured values of & versus number of loading repetitions are showing in Figure 4.17.

TDR and GPR measurements are showing a similar pattern as the theoretical values
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(Topp et al. 1980; Roth et al. 1990; Wensink et al. 1993; Benson and Bosscher 1999).
Increase of loading repetitions caused an increase in €. Abrupt change in & during
transition is due to the increase of volumetric water content and depth of fouling (Alsabhan
et al. 2013). GPR trace calculations showed two distinct reflections corresponding to a
top and a bottom layer in the FSTM (Figure 4.16). The bottom layer of the FSTM showed
a higher values than the top layer as an indication of a higher fouling content in the bottom
layer. Whereas, TDR measured the combined effect of the two layers due to the
insignificant differences in the relative dielectric permittivity between the two layers
(Alsabhan et al. 2013).

At N= 4-10° Kaolinite clay fouled ballast had a lower relative dielectric permittivity
corresponding to the synthetic maintenance simulation, ballast layer in K’-1 was disturbed
and re-compacted again. The lower value and increased value of relative dielectric
permittivity corresponds to the improved ballast stiffness and the loss of stiffness after
that, respectively.

Effect of loading repetitions on ¢ is shown in Figure 4.18. The conductivity of ballast
fouled with kaolinite ranges between 0.0075 S/m to 0.0105 S/m depending on the
volumetric water content. Whereas the o of ballast fouled with silica sand and mineral
fouling ranges between 0.0032 S/m to 0.0075 S/m for all the tested volumetric water
contents. The electrical conductivity of the ballast fouled with kaolinite is an order of
magnitude greater than the electrical conductivity of ballast fouled with silica sand.
Furthermore, the increase of moisture content caused an abrupt increase in electrical
conductivity due to the hydration of excess cations and anions dissolved in the pore fluid.

However, interestingly, electrical conductivity increased proportionally with loading
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repetitions indicating a similar effect of porosity, as a result of plastic deformation, on
electrical conductivity. Santamarina and Klein (2001) described that electrical conductivity

is a function of electrolyte, porosity, and degree of saturation, in a low surface medium.

4.8.3 Relationship between EM Measurements and Ballast Physical Parameters

Relative Dielectric Permittivity vs. Porosity. The relationship between relative
dielectric permittivity and porosity is illustrated in Figure 4.19. The results show an overall
reduction in relative dielectric permittivity with the increase of porosity. Similar responses
are observed within each of the materials but with different trend. This difference in
response within different material may represent different mineralogy and grain size
distributions.

Relative Dielectric Permittivity vs. Volumetric Water Content. A linear relationship
between relative dielectric permittivity and volumetric water content was found in Figure
4.20. In essence, the increase of volumetric water content increases the relative dielectric
permittivity. This is because relative dielectric permittivity varies between 1 for air, 3to 8
for most geological materials, and 80 for water. The low relative dielectric permittivity of
geological materials compared to water makes relative dielectric permittivity of moist soils
and rocks highly dependence on the volumetric water content of soil (Siddiqui and
Drnevich 2000). As a result, relative dielectric permittivity can be successfully used to
predict volumetric water content in railway substructures.

Relative Dielectric Permittivity vs. Fouling Depth. The variation of relative dielectric
permittivity with different fouling depths is shown in Figure 4.21. An increase of the relative
dielectric permittivity is associated with the increase of fouling depth at different volumetric

contents and loading repetitions. This is because the increase in fouling layer thickness
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decreases the porosity in the ballast layer and as a result the relative dielectric permittivity
increases.

Relative Dielectric Permittivity vs. FI, NCF, and CFIl. Several parameters are used
for evaluating the degree of ballast fouling in assessing the physical condition of the
railway structure. Fouling index “FI” described by Selig and Walters (1994), the sum of
percentage of ballast passing sieve No. 4 and sieve No. 200, is the most common
parameters employed for assessing the fouling condition of ballast. Ebrahimi (2011)
introduced a non-clay fouling index (NFI) and a clay fouling index (CFl) to account for the
factors affecting the plastic deformation to modify Fl, e.g., moisture, Atterberg limits (PL
and LL), and % of P200. The correlation obtained between FI, NFIl, and CFI versus
relative dielectric permittivity is shown in Figure 4.22. Generally, the relationships
indicates that the increase of fines and moisture content, increases the value of the
relative dielectric permittivity. The strongest correlation is with NFI with a correlation
coefficient 0.86, then it was with CFI with a correlation coefficient of 0.7, and finally it was
with FI with a correlation coefficient of 0.58.

Electrical Conductivity vs. FI, NCF, and CFl. The calculated electrical
conductivities presented in Figure 4.18 are plotted against FI, NFI, and CFl in Figure 4.23.
Data do not show strong correlation against o and Fl in Figure 4.23 (a). However, using
Ebrahimi’s proposed fouling indices, NFI and CFl, a strong correlation was found as
shown in Figures 4.23 (b) and (c). Generally, NFI and CFI correlate better with o because
they account for the factors affecting the o such as the presence of hydrated excess ions
dissolved in the pore fluid, and surface conduction (through Atterberg limits and fine

content - i.e., P200).
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Combining relative dielectric permittivity measurements to predict NFI and
electrical conductivity to predict CFI will allow to capture the information needed to assess
ballast fouling in a railway track. This new approach may open new options on the

development of maintenance techniques.

4.8.4 Ground Truthing

Visual and geotechnical investigation was performed on each FSTM experiment
after 8-10° loading repetitions. Figure 4.24 shows a vertical profile of the FSTM. Two
unique layers were found consistent with GPR results. Ground truthing the FSTM has
successfully verified GPR and TDR results. The particle size distributions of clean and
fouled ballast are shown in Figure 4.25. Clean ballast had a maximum size distribution of
63mm, whereas fouled ballast was 50.8 mm. Fouling index was found to be equal to 32.4
% with an increase of 6.4 % than the induced percentage due to particle breakage. Table

4.8 contains the thickness, fouling index, and moisture content of each layer.

Table 4.8 Index properties of fouled ballast after N= 8-10°

Top Top .
P# Moisture
Dso Layer Layer P# 4 Fl
Sample (mm) Cu | Ce Gs Depth Depth (%) 200 (%) Content
(%) (%)
(m) (m)
Clean 48 | 13|09 |267| 05 NA NA | NA | NA NA
Ballast
Silica
Sand 28 |213| 47 | 26 0.3 0.19 | 3056 | 1.86 | 32.4 11.2
Fouling
Kaolinite
Clay 32 | NA| NA |263| 03 0.2 148 | 13 |27.8 28.6
Fouling
Mineral 32 |175|322|267| 0.3 0.17 27 | 0.96 | 28 10.75
Fouling

Note. Dso = median particle size, Cu = coefficient of uniformity, Cc = coefficient of curvature, Gs = specific
gravity, P# 4 = passing sieve #4, P# 200 = passing sieve #200, FI= fouling index. Particle size analysis
conducted following ASTM D 422, and Gs by ASTM D 854.
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4.9 Summary and Conclusions

Full Scale Track Model (FSTM) was developed to assess the methodology of
creating an early warning system that would allow railway engineers to develop a
symptomatic approach to ballast maintenance procedures. The methodology extends the
use of deformation monitoring instruments (e.g., fiber optic (FO) sensors and LVDTSs)
coupled with Electromagnetic (EM) surveying: Ground penetrating radar (GPR) and a
time domain reflectometry (TDR). FSTM aimed at characterizing measured deformation,
and EM properties of railway substructure with variance parameters such as: fouling type,
fouling depth, moisture content, and number of loading repetitions.

FSTM deformation results indicate that railway track is settling as a rigid body and
a special consideration should be taken into account when instrumenting the rail.
Furthermore, FO only measured constant strains values and did not provide any
indication of plastic strain accumulation in the ballast layer with the increase of loading
repetitions. Whereas, LVDTs settlement measurements reflected the amount and rate of
plastic deformation accumulated with the increase of loading repetitions. FSTM fouled
with kaolinite clay showed the highest deformation among all experiments, whereas
FSTM with a clean ballast showed the lowest. Indicating that shear strength of the ballast
layer is controlled by the shear strength of fouling materials at the ballast particles contact
points. Abrupt increase in track deformation is noticed with the increase of moisture
content. It is believed that increasing moisture content in fouling materials between ballast
particles may increase the potential of excess pore water generation under cyclic loading
may resulting in a sudden reduction of shear strength and an increase in ballast

deformation.
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EM results shows that an increase in loading repetitions causes an increase in
relative dielectric permittivity. The greater the plastic settlement in the ballast layer is, the
lower the porosity becomes and as a result the relative dielectric permittivity increases.
Abrupt increases in relative dielectric permittivity is due to the increase of volumetric water
content and depth of fouling. GPR trace analysis showed two distinct reflections
corresponding to a top and a bottom layer in the FSTM. The bottom layer of the FSTM
showed a higher values than the top layer as an indication of a higher fouling content in
the bottom layer. EM results shows that TDR can be successfully used to calibrate GPR
data. In addition, the relative dielectric permittivity ranges from 3 to 4, whereas the
electrical conductivity is very low and mainly constant for a clean ballast layer. Electrical
conductivity was used successfully differentiate between various types of ballast fouling.
Good correlations were found between EM properties and (a) porosity, (b) volumetric
water content, (c) fouling depth, (d) fouling index, (e) non-clay fouling index (f) and clay
fouling index. Visual and geotechnical investigation was performed on each FSTM
experiment after 8-105 loading repetitions. Ground truthing the FSTM has successfully
verified GPR and TDR results. The combination of rail track deformation and ballast
fouling properties measurements provide an opportunity to assess not only the effect but

also the cause of the complex rail track structure deterioration process.
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Figure 4. 1 Full Scale Track Model (FSTM), (a) Plane view; (b) Side view
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Figure 4.3 Effect of Number of Ties on Deformational Behavior of Ballast
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Figure 4. 6 FO sensors identification labels

Figure 4.7 FO sensors locations on the ralil
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Figure 4. 8 Vertical Rail Deformations Measured with LVDTs
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Figure 4.15 Bended rail in FSTM; black line represents the deformed shape immediately
after applying load, and red line represents deformed shape after N=2 - 10°.
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Figure 4.23 Relationship between electrical conductivity and (a) fouling index (FI), (b)

non-clay fouling index (NFI), and (c) clay fouling index (CFI).
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Figure 4.24 Vertical profile of FSTM test: (a) Silica sand fouling, (b) Kaolinite clay fouling,
(c) Mineral Fouling, (d) Clean ballast.
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Figure 4.25 Particle size distributions of ballast (AREMA # 25), silica sand fouled ballast,
kaolinite clay fouled ballast, and mineral fouled ballast.



128

This chapter is a reformatted version of the technical note:

Alsabhan et al., 2016, “Limitations of Using Fiber Optic Sensors to Assess the Effect of Ballast
Fouling on the Response of Railway Structure,” to be submitted to the Journal of Transportation
Engineering

CHAPTER 5: Limitations of Using Fiber Optic Sensors to Assess the
Effect Ballast Fouling on the Response of Railway Structures

Abstract
Assessing and quantifying the quality of the railway infrastructure components

remains a challenging issue in controlling the safety and the overall cost of the railway
operations. Many efforts have been made to develop an instrumentation technique to
monitor the track quality. One of the most promising technique is the development of fiber
optic technology to assess the response of rail tracks along large distances. Fiber optic
sensor have the ability of measuring strain either at discrete points or along distributed
distances. However, limited studies comprehensively describe using fiber optic sensors
to assess the quality of the railway substructure. One of the challenges of fiber optic
sensors is that the technique tends to measure localized (e.g., sensing the effect of
localized train load) but it is difficult to implement for the evaluation of large scale
settlements (e.g., in the evaluation of ballast fouling that tends to create settlements over
large distances). This chapter provides an insight about using fiber optic sensors and their
measurement capability as a mean to estimate the quality of railway substructure. In
addition, the deformation response of railway tracks under various conditions (e.g.,
multiple axle loads, and effect of joints) is presented in light of potential ballast
degradation problems. The results indicate FO sensors were not able to capture the
generation of plastic bending strains on the track when the deterioration is not localized.

Rather, the FO measurement techniques exhibited a constant pattern of bending strains
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under cyclic loading difficulty its implementation to monitor problems such as ballast

fouling

Keywords: Fiber optics, Railway Deformation, Track Modulus

5.1 Introduction

The need for a reliable, continuous, and remote monitoring routine for maintaining
railway infrastructure has become a crucial in the need for controlling the safety and the
cost of the railway operations. Recently, there has been a growing interest in using Fiber
Optic (FO) sensors as a reliable railway inspection technique. Glisic and Inaudi (2007)
presented the use of a distributed fiber optic sensing as a structural health monitor tool
and concluded that distributed sensing in bridges and tunnels can be used as a promising
measurement tool to determined deformations in civil structural applications. Several
studies have showed that FO sensors can detect and distinguish both lateral and normal
strains in infrastructure applications (Ou, 2006; Lépez-Higuera, 2010; Li et al. 2004).
However, few studies have examined the use of fiber optic sensors to monitor the
response rail track of ballast fouling as part of the overall performance of railway systems
(Lee et al. 1999; Filograno et al. 2010; Yoon et al. 2011; Wang et al. 2006).

For many years track modulus was considered as a representative parameter to
quantify the structural integrity of railway track (Selig and Li 1994; Kerr 2003; Lichtberger
2005). Selig and Li (1994) described it as the measure of the vertical stiffness of the rail
foundation. Furthermore, Selig and Li (1994) used a mathematical model based on the

theory of continuous beam on elastic foundations to define track modulus as the

supporting force per unit length of the rail, g, per unit vertical deflection of the rail, y.
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u=-2 (5.1)

By equating the maximum measured rail deflection at one point with the corresponding
analytical expression on the differential equation for the bending theory of an elastic

beam. Equation (5.1) can be rewritten as:

[RIIEN

k

u= (5.2)

1
(64EI)3

where, E is the rail modulus of elasticity, | is the rail moment of inertia, and k is the track

stiffness, and it can be calculated as:

k=— (5.3)

where P is the wheel load, and y_ is the maximum rail settlement. Researchers have

adopted these parameters in evaluating railway track conditions (Cai et al. 1994; Read et
al. 1994; Norman et al. 2004; Priest and Powire 2009). In order to get a better
understanding of the expected railway track response in the field, a railway track section
was numerically evaluated using the Winkler's model for a single railway cart, two

adjoining railway carts, and effect of poor railway joints.

5.2 Fiber Optic Sensors - Working Concepts
There are several advantages to the use of FO sensors in railway inspection,
including lasting durability, high deformation range, high temperature endurance,

immunity to electromagnetic noise, electrical isolation, distributed sensing capability,
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multiple sensing capabilities, and the potential for relatively low cost when applied to
large, distributed structures (Li et al. 2004). Table 5.1 summarizes these advantages.
Typical FO cables are made of three components: core, cladding, and jacket (Figure 5.1).
The core and the cladding consist of glass with different refraction indexes nef. These
differences in refraction indices maintain light signal within the core (i.e., total reflection
effect). The jacket provides strength and protection to the fiber, and may be composed of
plastic, ceramic, or metal (Signore et al. 1997). The most important property of FO is
photosensitivity. It allows for assessing changes in temperature and strain (Li et al. 2004).
Changes in the properties of the transmitted light such as amplitude, wavelength,
frequency, and phase are due to the changes that takes place within the length of fiber

due to strain and temperature along the fiber or within single FO sensors (Udd, 2002).



Table 5. 1 Advantages of Fiber Optics Sensors
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conventional sensors and prices continue to
decrease along with the rapid development
of fiber optic communication industry

Category Comments Researchers
Long durability They are made from a very durable material . )
. . . : . Li et al. 2004,
: : (i.e. silica) that is corrosion resistant and Lopez-Hiauera
High deformation withstands high tensile loading (up to P 2018
range 50,000u¢€ of elongation).
High temperature They can measure temperatures from - 200 | Li et al. 2004;
9 P to 800 °C with a silica core and 1500 °C with | Lopez-Higuera
endurance .
a sapphire core. 2010
Immunity to They can operate in electrically noisy Li et al. 2004:
. environments and can transfer sensing data . :
electromagnetic : . Lépez-Higuera
L over a long distance without EM
noise interferences . 2010
interference.
o A single FO sensor cable can be deployed
Distributed . . : .
. - at multiple locations and can be easily Li et al. 2004
sensing capability . ;
multiplexed by time or wavelength methods
Temperature: FO sensor can be used to
measure local and distributed temperature
with resolution can be better than 0.1 °C.
. . Strain: can be used to measure
Multiple sensing . ) .
L displacement, acceleration, pressure, Li et al. 2004
capabilities, and T S
relative fissure, temperature, and inclination,
etc. with resolution as low as 1 .
Range: up to 100 km with measurement
resolution as small as 1 pe.
In spite of that fiber optics sensing industry
is relative new development, FO sensors are
Relative low cost already cost-competitive as compared to Li et al. 2004
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5.3 Classification of FO Sensors

FO sensors can be classified as local, quasi-distributed, and distributed sensor
arrays depending on the sensing methodology and the length of the sensor (Li et al.
2004). Table 5.2 lists the FO sensors available to civil engineering applications and their

categories.

Table 5. 2 FO Sensors Categories (Li et al. 2004; Glisic and Inaudi, 2007; Chang 2010)

Linear Modulation
Sensors Measures Resolution | Range
response method
0.01%gage
Fabry-Perot Strain Y 10,000pe Phase
lengthe
Local
Long gage 0.2% gage
Displacement Y 50 m Phase
sensor lengthd
Quasi- Fiber Bragg
Strain®/Temperature Y 1pe 100 km | Wavelength
distributed Grating
Raman/Rayleigh Strain N 0.5m/1C° | 2000 me Intensity
Brillouin Strain/Temperature N 0.5m/1C° | 2000 m Intensity
Distributed
Rayleigh Intensity
Vibration N 0.5m 100 km
Scattering phase

aCan be configured to measure displacement, pressure, temperature.
b Can be configured to measure displacement, acceleration, pressure, relative fissure, temperature, and inclination,

etc.

¢ Resolution as low as 0.1 pe.

4 Resolution as low as 0.2 pe.

¢ Up to 8 km with spatial resolution as low as 5 m.

5.3.1 Local FO Sensor Measurements

Local fiber optic sensors measure changes at specified local points along a fiber

optic cable. They are mostly amplitude-based sensors. The local FO sensor measures
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the average strain between two points with optional temperature compensation. The
length of the long-gage sensors ranges from 0.2 to 50 m (Li et al. 2004). The most
commonly used local sensors are based on Michelson interferometry and Fabry—Perot
interferometry.

Michelson Interferometer Sensors. This sensing technique detects the optical
phase change generated in the light as it propagates along the optical fiber (Li et al. 2004).
The sensor consists of a pair of single-mode fibers in which one of the fibers (sensing
fiber) is installed on the host structure while the other fiber (reference fiber) is placed
loose, unattached to the host structure (Figure 5.2). The deformation is measured by
emitting light from the source through the sensor and measuring the optical phase
difference the two fibers, resulting in a “fringe pattern”. The shift of the fringe is an indirect
indication of the strain. A direct measurement is made by measuring the length difference
of a second FO sensor applied at the input/output port of the first fiber-optic (Li et al.
2004). In essence, all deformations of the structure are then result of the change of the
length difference between these two fibers.

Fabry—Perot Interferometric (FFPI) Sensors. They consist of a capillary silica tube
that contains two cleaved optical fibers facing each other with an air gap of a few
micrometers between them (Figure 5.3). Due to different interfaces through the length of
the fiber, glass-to-air and air-to-glass, the propagated light will be reflected (Glisic and
Inaudi, 2007). The change in the gap width that corresponds to the average strain
variation along the fiber results in changes in the physical properties in the reflected light.
Furthermore, changes in the properties of the incident light is used to reconstruct the

changes in the fiber spacing and, therefore, obtaining the average strain.



135

5.3.2 Quasi-Distributed Sensors - Fiber Bragg Grating

Fiber Bragg Grating (FBG) is a fiber with local alteration of refractive index in its
core that has been produced by exposing the core to intense UV patterns (Figures 5.4
and 5.5). The produced grating has a typical grating spacing length of 10 nm (Glisic and
Inaudi, 2007). FBG is considered a quasi-distributed sensor because it can be easily
multiplexed to measure strains at several locations along a single fiber. This sensing
technique detects the change in the reflected wavelength corresponding to the grating
pitch while the other wavelengths will pass through the grating undisturbed (Figure 5.6 -
Glisic and Inaudi, 2007). The change in the reflected wavelengths is related to the
period/spacing between gratings by:
A=2 et \ (5.4)
where nert is the effective index of refraction, A is the grating spacing, and A is the reflected
wavelength. The refractive index ne is related to the index properties of the fiber. Thus,
the refractive index changes with changes in temperature and strain at the sensor. As a
result, the reflected wavelength A will shift accordingly (Ou 2009). Equation 4.2 relates

the amount of wavelength shift to both strain and temperature:

. [(M/AO)S‘(M/AO)T] ()

T (CTEg — CTEq) (5.5)
Fg St

where AAs is the reflected wavelength shift caused by the strain, As is the Bragg
wavelength corresponding to the strain, AAt is the reflected wavelength caused by
temperature changes, and At is the Bragg wavelength corresponding to the temperature
sensor. FG is the gage factor at 22 C°, St is temperature sensitivity at 22 C°, CTEs is the

thermal expansion coefficient for the test specimen, and CTET is the thermal expansion
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coefficient for the temperature probe. FBG has very high resolution and accuracy of strain
measurements. It can sense strains as low as 1 pe and has a range up to 100 km (Li et
al. 2004). This type of FO sensors can be installed over the entire railway infrastructure

to monitor strains and temperature at various troublesome locations.

5.3.3 Distributed FO Sensors

Distributed FO sensors uses a single FO cable to replace up to thousands of
discrete sensors (Glisic and Inaudi 2007). The sensing algorithm is built on the
interpretation of scatterers that alter the light amplitude in the fiber due to temperature or
strains. Strain and temperature changes along the length of the fiber cause light intensity
variations (Li et. al. 2004). Therefore, deformations within various sections of the structure
can be detected. Distributed FO sensors have found extensive usage in civil structural
applications in monitoring of pile foundations, bridges, dams and geothermal applications

(Glisic and Inaudi 2007; Curtis and Kyle 2011; Fisher et al. 2015).

There are different techniques for obtaining strain and temperature information
from distributed optical fiber. In essence, when an electromagnetic wave is launched into
an optical fiber, the light will be redistributed by various mechanisms in the form of
Rayleigh, Brillouin or Raman scattering (Bao and Chen 2012). Bao and Chen reported

that the spatial resolution of a distributed fiber optic is:

Az = re 5.6
Zneff ( )

where, 7 is the pulse width, c is the speed of light, and n.; the effective refractive index

of the fiber.
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Rayleigh scattering. Occurs in all directions and is caused by a molecule that is
much smaller than the wavelength of light. It occurs as a result of the fluctuation of the
refractive index when the light wave travels along the optical fiber. The refractive index is
related to the index properties of the fiber and it changes with the change of temperature
and strain. The fluctuation of the refractive index along the optical fiber causes the light
to scatter in all directions, and therefore, the intensity of the scattered light at different
points on the fiber will be altered with changes in temperature and strain along the fiber
(Chang, 2010). The measured back scattered light intensity presents an exponential
decay with time which is related to the linear attenuation of the fiber. By knowing the
speed of light, the time of arrival is converted to distance where temperature and strain
changes are measured (Glisic and Inaudi 2007).

Distributed acoustic sensors (DAS) is a relatively recent development in the use of
distributed fiber optic sensors to measure ground vibrations (Daley et al. 2013; Parker et
al. 2014; Lord et al. 2015). It utilizes Rayleigh scattering to capture changes in the phase
of the backscattered light signal. DAS exploits its high sampling capabilities by generating
a repeated pulse every 100 ps and continuously processing the backscattered signal
every 10 ns leading to a spatial resolution of 1 m and a possibility of monitoring more than
10 km with at higher than 10 kHz sampling rate (Daley et al. 2013).

Raman Scattering. The scattered light has a different frequency than the incident
light, caused by the thermal excitation of molecule in the optical fiber. Thus, frequency
shifts from the incident light wave will be generated by thermal agitation. The scattered
light with a higher frequency is known as anti-Stokes scattering. In the anti-Stokes

scattering, the incident light wave gains energy from the molecules it excites yield and it
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yields scattered light with a slightly higher frequency than the frequency of the original
exciting light. On the other hand, if light wave loses energy when interacts with the
molecules, it leads to scattered light with lower frequency than the frequency of the
original exciting light. This type of scattering is referred to as Stokes scattering. It has
been found that the intensity of the anti-Stokes component is temperature-dependent
while the Stokes component is not (Chang, 2010) (Figure 5.7). The phenomenon of
Raman scattering is unable to measure strain along the fiber, it can only measure
temperature (Glisic and Inaudi 2007). Nevertheless, the magnitude of the spontaneous
backscattered light is quite low, thus limiting the distance range of Raman based systems
to approximately 8 km and requires long measuring times to improve the resolution of the
measured temperature (Glisic and Inaudi 2007).

Brillouin scattering. It results from the interaction between light and thermally
agitated acoustic waves in gigahertz range. This interaction that causes fluctuations in
the refractive index, giving rise to frequency shifted Stokes and anti-Stokes components
(Glisic and Inaudi 2007). It can be seen as diffracted backward light on a moving grating
(Glisic and Inaudi 2007). Since the light is traveling at the speed of light, the location of
the scattered amplitude can be precisely determined and the location of the temperature
and strain measured determined. Information about strain and temperature can be
obtained by a process known as simulated Brillouin scattering (SBS) to amplify the

amplitude of the scattered light (Figure 5.8).
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5.4 FO sensors in Railway Rapid Mentoring

A field study conducted by Lee et al. (1999) in Texas, USA, monitored the dynamic
strains of a railroad bridge by instrumenting a steel railroad bridge and a rail at the bridge
approach with local fiber-optic Fabry-Perot interferometer (FFPI) sensors, along with
resistivity strain gauges to validate FO sensors measurements. The local FO sensors
were installed using two configurations: (1) near the top and the bottom of the rail web,
and (2) on the rail web with an angle of 45° with respect to the rail natural axis. Lee et al.
(1999) show that FO sensors are highly successful in providing a remote measurements
for the railway bridge due to its immunity to electromagnetic noise, real time data can be

collected via normal communication systems.

Filograno et al. (2010) investigated the application of FBG sensor for real time
monitoring of railway traffic on the Spanish High Speed Line (AVE) between Barcelona
and Madrid. Two sections of the track were instrumented with 20 FBG sensors. The
researchers used different configurations to install FBG sensors. In particular, FBGs were
mounted on the rail flange, rail web with an angle of 45° with respect to the rail longitudinal
axis, and on the rail natural axis to measure bending strain, shear strain, and change in
temperature, respectively. The FBG sensors provide real time measurements of railway
elastic strain as the train was passing through. Furthermore, using FBG sensors at
different positions relative to the rail cross section allowed different measurements such
as train identification, axle counting, speed and acceleration detection, wheel
imperfections monitoring, and dynamic load calculation. However, they did not measured

plastic strain.
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In a study by Yoon et al. (2011), a full-scale railway track model was assembled
and tested at a railway track test facility to determine the suitability of using fiber optic
distributed sensors for the monitoring of longitudinal strains of the rail. Yoon and
colleagues used the Brillouin optical correlation domain analysis (BOCDA) method to
enhance the resolution of the detected signal and measure the shift in the local Brillouin
frequency. These researchers used a 2.8 m single mode fiber optic mounted on the rail
flange. Electric strain gages were also deployed to validate the measurements of the
distributed FO sensors. The researchers reported that the distributed FO sensors
acquired a spatial resolution of was 3.8 cm and an accuracy of + 15 pe. Which can be a
promising technique to monitor the structural integrity of the railway in term of the

modification of the stroke at the expansion joint, and proper selection of the track element.

While FO sensors have been used to monitor the structural health of railway tracks
during train traffic very limited studies comprehensively described the effect of the long-
term deformation of the tract as a response of the degradation of the ballast layer.
Furthermore, track deformations are caused by a reduction in the load bearing capacity
and stiffness of ballast layer due to a process known as ‘fouling.” This process
compromises the structural integrity of the railway structure leading to large track
deformations and ultimately to train derailment. Developing a continuous and remote
sensing technology to provide an early warning system for inspection and maintenance
activities during the track service life is crucial to improve track safety. The challenge of
using local sensing techniques is that for processes such as ballast fouling tend to

deteriorate longer section of the railway substructure and strains tend to be distributed
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over several section of trail tracks. That is, the strain is not localized and as such the

signal captured by the sensors may be compromised.

Quasi-distributed FO sensors, Fiber Bragg Grating (FBG) sensors, with
temperature compensation is proposed to be used in this study to evaluate their response
under ballast fouling. The sensor was chosen because of its lasting durability, high
deformation range, high temperature endurance, immunity to electromagnetic noise,
electrical isolation, distributed sensing capability, multiple sensing capabilities, and high
range (100 km) and high resolution (1u€). The FO sensors arrays will be mounted to the
flange of the rail and near the top of the web to measure flexural strains in the vertical
and horizontal directions to identify different failure modes. As a result, correlation
between FO sensors measurements, deformation of railway track, and ballast fouling will

be obtained.

5.5 Railway Deformation Response

The Winkler's model is the generally accepted analytical model for track design
purposes (Kerr, 2003). This model is based on the assumption that each rail acts as a
continuously supported beam which is governed by the differential equation for the

bending theory of an elastic beam:
d*y .
EIl i T WY x)=0 (5.7)

From equation 5.7 the deformation y(x) at any distance, X, can be calculated for a single

point load, P, as:
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y(x) = %e‘ﬁx [cos(Bx) + sin(Bx)] (5.8)
where
g=" % (5.9)

The slope 0 (x) at any distance, x, is calculated by deriving Equation 5.8 with respect to
X:

_ PBZ —Bx[ci
O(x) =———e [sin(Sx)] (5.10)
As a result, the moment M(x) at any distance, x, will be found as the first derivative of

the slope 6 (x) and the shear force V (x) will be the second derivative of the slope 8 (x)

as follow:
M(x) = %e‘ﬁx[cos(ﬁx) — sin(fx)] (5.11)
V(x) = —ge_ﬁx[cos(ﬂx)] (5.12)

Then, the bending stress o (x) and the bending strain € (x) at any distance x is:

o(x) = "¢ (5.13)
e(x) = % (5.14)

where c is the distance from rail’'s neutral axis to the measured point on the rail cross
section.

5.5.1 Effect Single Railway Cart and Adjoining Railway Cart Loading
Considering Winkler's model is a linear model, superposition of multiple axle loads

is commonly used. Four axles loading are modeled in this section to represent the effect
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of a single railway cart and adjoining railway carts. Standard four axles railway cart and

adjoining railway carts dimensions are taken from American Railcar Industries (2006).

Wheel loads of 132 kN was modeled on 100 RE rail (1=2.040-10°% m#*, E=2-10"!
Pa), a=0.495 m, and u=7-10° Pa (represents a poor track conditions (Walters and Selig,
1994)). Figure 5.9 (a) and (b) shows a railway track deflection caused by a single cart
and adjoining railway carts, respectively. The maximum deflection is located at the
halfway between two adjacent wheels. The deflection profile extends for approximately
22 m. The corresponding bending strains are shown in Figure 5.10. The maximum
bending strain in the rail is located underneath loading points. Bending strain diagram
exhibits positive values underneath loading points. Whereas, bending strains are negative
elsewhere. Cumulative bending strain diagram is less than the bending strain diagram of
a single axle load. This indicates that using a single axle loading is misleading and do not

reflect the real field conditions.

5.5.2 Effect of Railway joints

Railway vertical bending stiffness decreases about 30% where the joints are
located (Kerr and Cox, 1999) due to the reduction of section properties (i.e. cross-section
area and moment of inertia). In addition, at a case of a loose railway joint, forces will not
be adequately transferred from one railway end to another causing a static load increase
to the tie supporting the rail at the vicinity of poor joints. Kerr (2003) reported that forces
supported by the tie adjacent to a poorly maintained joint are at least three times more
than ties far away from the joint. Therefore, due to differential stiffness and static force at

the location of railway joints, a local settlement problem will be generated. This disruption
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in the rail continuity requires modifications to the boundary conditions of Winkler's model.

Kerr solved for Winkler's model using the following boundary conditions:

d? d3 P ) d
—32,=0 == =— llm{y,—y}—>0
dx dx3 EI X—00 dx

From Equations 5.7 the deformation y(x) at any distance, x, can be calculated for a single

point load, P, as:

y(x) = %e‘ﬁx cos(fx) (5.15)
The bending moment M(x) at any distance, x, will be as follow:

M(x) = —EI % (x) = —%e‘ﬁx sin(fx) (5.16)

Equations 5.16 and 5.17 were numerically evaluated for the same parameters as
the previous sections. Results are showing in Figure 5.11 and 5.12 for deflection and
bending strain, respectively. It is clear that the maximum deflection takes place in the
location of the joints. However, the maximum bending strains happens between the

location of the first and third tie (0.5 m to 1.5 m) away from the joint.

5.6 Experimental Setup

In chapter 4 the author investigated the feasibility of using FO sensors to monitor
the condition of the railway infrastructure. In essence, the author developed a Full Scale
Track Model (FSTM), a prototype of railroad section aimed at characterizing the

measured deformation, due to the increase of loading cycles under laboratory controlled



145

conditions. It is designed to contain ballast, ties, and rail, and it was built as wooden box
that has the inside dimensions of 2.5 m in length, 1.7 m in width, and 0.9 m in height. The
track consists of 2.45 m rail and 5 ties spaced 0.495 m apart. Two FO sensors 0s3155
were selected to provide bending strain measurements along the length of the rail in the
laboratory. The sensors were installed in the mid span of the 2.45 m rail using spot
welding. One FO sensor was mounted on the bottom flange of the rail and it was given
the identification name FOS 4, and the other was mounted on the top portion of the rail’s
web and it was given the identification name FOS 2. Data acquisition was conducted
using sm130 optical sensing interrogator. Linear Variable Differential Transformer (LVDT)

is used to measure the vertical settlement of the rail at the same location.

5.7 Results and Discussion

LVDTs deformation measurements show an accumulation of plastic deformation
with the increase of cyclic loading in Figure 5.13(a). Track modulus was calculated using
Equation 5.2. The results in Figure 5.13 (b) indicates that track condition ranged between
average conditions to poor conditions (Ahlf 1975). FO sensors measurements were
expected to provide a similar pattern. However, FO sensors strain measurements did not
provide any indication of track deterioration due to cyclic loading as it is shown in Figure
5.14. In essence, all FO sensors measurements exhibited a constant pattern throughout
the testing program. This is because the rail was settling as a rigid body. As much as FO
sensors are highly accurate and suitable for railway applications due to its immunity to
electromagnetic noise, they only measure strains. This fact needs to be taken into

consideration since track modulus (u) is a function of wheel load and track settlement.
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From the deformation response of the railway discussed earlier, bending strains
are seen to extend along the railway track profile for a single railway cart, and adjoining
railway carts. This indicates that a series of FO sensors should be installed on the rail’s
flange to capture the maximum bending strain along the railway profile at a critical
locations for a minimum distance of 18 m with a separation of one tie (i.e. 0.495 m for
wooded ties and 0.6 m for concrete ties) for a total of 36 sensor in order to integrate local
strain to displacement. This number of sensors to instrument only 18 m portion of the

track is considered economically unfeasible and economical alternatives might be used.

5.8 Alternative Railway Tracks Instrumenting Techniques

Several methods have been adopted to determine the vertical settlement of the
track in the field. These methods vary from a static to rolling dynamic measurements of
the vertical deformations of track while vehicles are rolling. Cai et al. (1994) and Read et
al. (1994) used static measurement of vertical deformations to assess track stiffness and
track modulus. While Norman et al. (2004) implemented rolling dynamic measurements
to evaluate the real-time, noncontact measurement of track modulus response. Each of
the measurements provide different, yet valuable information that can be used by railway
engineers to estimate service life of railway structures and model the mechanical behavior
of ballast systems (Walters and Selig, 1994). This section describes techniques that are
economically feasible alternatives to FO sensors to monitor the railway tracks. These

techniques include geophones, MEMS accelerometers, and geodetic survey.

5.8.1 Geophones
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Geophones are low cost remote monitoring system suitable for railway applications
considering the nature of operations, Maintenance (e.g., ballast tamping). Using this type
of instrumentation would allow a non-intrusive and convenient real time monitoring of the
rail deformation without direct use of track vehicles. Geophones are based on the
detection of the seismic wave induced by any type of vibration in the ground. Ground
vibration generates output voltage in the geophone due to motion of coil suspended by
spring in a magnetic field inside the geophone, whereas the output voltage of the
geophone, expressed as a function of frequency, in response to ground motion for which
the velocity is a constant function of frequency (Krohn, 1984). Settlement is found by
integrating the velocity obtained from the geophones. Bowness et al. (2006) investigated
monitoring the dynamic displacement of railway track. In their study, they showed that 1-
Hz geophones measures peak to peak displacements to within 0.07 mm for excitation
frequencies higher than 1 Hz. Geophones will be mounted on the tie to be able to capture

the deformation of the track due to movement of dynamic loads, wheel loads.

5.8.2 Microelectromechanical System (MEMS) accelerometers

Using this type of instrumentation would allow a non-intrusive and convenient real
time monitoring of the rail deformation without direct use of track vehicles. MEMS are
based on the detection of the dynamic forces induced by the acceleration of moving
objects. Typical accelerometers consist of proof mass supported by a spring and a
dashpot. Dynamic forces generates output voltage in the accelerometer due to the motion
of the proof mass as a result of a change in acceleration. Settlement is found by double

integrating the acceleration obtained from the accelerometers. MEMS will be mounted on
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the railway ties to be able to capture the deformation of the track due to movement of

dynamic loads, wheel loads.

5.8.3 Geodetic survey

A detailed standard survey will be conducted to monitor long term changes in
geometry. Berntsen RSAK130 adapter with smart-angle-retro-reflective survey targets
will be installed on the web on the rail with epoxy construction adhesive. Placement will
be every 2-m. Upon finalization of the injection lengths, reflectors should be installed the

day prior to PUR injections and an initial reading should be conducted.

5.9 Conclusions

Railway infrastructure experience deterioration of its serviceable function in
proportion to cyclic loading. This deterioration is exhibited as an accumulation of plastic
deformation with the increase of cyclic loading. FO sensors were suggested as
continuous real time monitoring aimed at capturing the increase of plastic deformation in
form of bending strains on the track due to cyclic loading to be able to quantify the
structural integrity of the track. Results showed that FO sensors were not able to capture
the generation of plastic bending strains on the track and rather exhibited a constant
pattern of bending strains. This response was due to the fact that the track was settling
as a rigid body for the five ties located in the vicinity of point of exerted load. Furthermore,
a review of the railway mechanical response suggested that FO sensors should be
installed on the rail’'s flange to capture the maximum bending strain along the railway
profile at a critical locations for a minimum distance of 18 m with a separation of one tie

(i.e. 0.495 m for wooded ties and 0.6 m for concrete ties) for a total of 36 sensor to avoid
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this issue. This number of sensors to instrument only 18 m portion of the track is

considered economically unfeasible and economical alternatives might be used.
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Figures
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Figure 5.1 FO sensors components (Signore et al. 1997) array.
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Figure 5.2 Schematic of the Michelson interferometric sensors mechanism (Li et al. 2004)
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CHAPTER 6: Summary and Conclusion
6.1 Major Findings

Time Domain Reflectometry (TDR) testing was conducted in chapter 2 to assess
the electromagnetic (EM) properties (i.e., real relative permittivity and electrical
conductivity) of clean and fouled ballast under different water content conditions, to
evaluate the validity of using TDR for calibrating the GPR data, particularly in fouled
ballast with high moisture content environments. The spatial sensitivity of TDR probes
was assessed to optimize the design of TDR probes in order to obtain accurate dielectric
permittivity measurements and estimation of the depth of contrasting layers along the
length of the TDR probes. TDR measurements were taken to characterize the effect of
ballast gradation and mineralogy on the EM properties of clean ballast. TDR results
shows that the relative dielectric permittivity ranges from 3 to 5, whereas the electrical
conductivity is very low and mainly constant for different clean ballast types. TDR was
successfully able to determine the depth of fouled ballast for specimens that have high
volumetric water content. In particular, multiple reflections occur in specimens with high
impedance contrast layers. Thus, a relationship between relative dielectric permittivity of
clean ballast (em) and the apparent length of the first reflected waveform (Lab) is
established to calculate the depth of clean ballast and therefore estimate the depth to the
fouled layer. An increase of the relative dielectric permittivity is observed with the increase
of fouling depth at different volumetric water contents. The increase in fouling layer
thickness decreases the porosity in the ballast layer and as a result the relative dielectric
permittivity increases. Electrical conductivity was used successfully differentiate between

various types of ballast fouling.
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In chapter 3, a field implementation of the technique was conducted on a mainline
track section in Dayton, lllinois. TDR and GPR testing was conducted to assess the
electromagnetic (EM) properties (i.e., real relative permittivity and electrical conductivity)
of railway substructure. TDR successfully distinguished multiple layers in the railway
substructure and gave an estimation of the wave velocity of the substructure. Dynamic
cone penetrometer (DCP) testing validated the use of TDR to calibrate GPR data and to
allow the imaging of the extent of ballast fouling that has contributed to ongoing

deformation along two sections of rail track in Dayton, IL.

Full Scale Track Model (FSTM) was developed in chapter 4 to assess the
methodology of creating an early warning system that would allow railway engineers to
develop a symptomatic approach to ballast maintenance procedures. The methodology
extends the use of deformation monitoring instruments (e.g., fiber optic (FO) sensors and
LVDTs) coupled with Electromagnetic (EM) surveying: Ground penetrating radar (GPR)
and a time domain reflectometry (TDR). FSTM aimed at characterizing measured
deformation, and EM properties of railway substructure with variance parameters such
as: fouling type, fouling depth, moisture content, and number of loading repetitions. FSTM
fouled with kaolinite clay showed the highest deformation among all experiments,
whereas FSTM with a clean ballast showed the lowest. Indicating that shear strength of
the ballast layer is controlled by the shear strength of fouling materials at the ballast
particles contact points. Abrupt increase in track deformation is noticed with the increase
of moisture content and fouling depth. The increase in moisture content of fouling
materials at the contact points of ballast increases the potential of excess pore water

generation at the contact during cyclic loading resulting in a sudden reduction of shear
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strength and an increase in deformation. Good correlations were found between EM
properties and (a) porosity, (b) volumetric water content, (c) fouling depth, (d) fouling
index, (e) non-clay fouling index (f) and clay fouling index. Visual and geotechnical
investigation was performed on each FSTM experiment after 8-105 loading repetitions.
Ground truthing the FSTM has successfully verified GPR and TDR results. The
combination of rail track deformation and ballast fouling properties measurements provide
an opportunity to assess not only the effect but also the cause of the complex rail track
structure deterioration process.

FSTM deformation results indicate that railway track is settling as a rigid body and
a special consideration should be taken into account when instrumenting the rail.
Furthermore, FO sensors only measured constant strains values and did not provide any
indication of plastic strain accumulation in the ballast layer with the increase of loading
repetitions. Whereas, LVDTs settlement measurements reflected the amount and rate of
plastic deformation accumulated with the increase of loading repetitions. A review of the
railway mechanical response in chapter 5 suggested that FO sensors should be installed
on the rail’s flange to capture the maximum bending strain along the railway profile at a
critical locations for a minimum distance of 18 m with a separation of one tie (i.e. 0.495 m
for wooded ties and 0.6 m for concrete ties) for a total of 36 sensor to avoid this issue.
This number of sensors to instrument only 18 m portion of the track is considered

economically unfeasible and economical alternatives might be used.



APPENDIX A: FSTM GPR Radargram Images
FSTM with Silica Sand Fouling
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FSTM with Mineral Fouling

10

-
&)}

Traveltime (ns)
8

N
[¢)]

35

40

Figure A. 9 K-1-Start

0.6

0.9 1.3
Distance (m)

1.5

1.8

2.1

8.1



10

Traveltime (ns)
N -
o (6}

N
(&)}

Figure A. 10 M-2-End

0.3

0.6

0.9 1.2
Distance (m)

1.5

1.8

2.1

6.7



15

Traveltime (ns)
N
o

N
6]

0.2

Figure A. 11 M-3-Start

0.4

0.6

0.8 1
Distance (m)

1.2

1.4

1.6

08T



10

N -
o [6)]

Traveltime (ns)

N
[&)]

30

Figure A. 12 M-4-End

0.2

0.4

0.6

0.8

1 1.2
Distance (m)

1.4

1.6

1.8

18T



FSTM with Kaolinite Clay Fouling
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APPENDIX B: TDR TRACES
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Figure B. 1 TDR waveform for FSTM fouled with Silica sand.
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ensudng high quadly and peformance, Certlfied
sansars have been lasted and qualified for use wilh
Micron Oplics Sensing Insfruments,

[#A

l_:_lualiﬁn::atfnn Statement

L

Cartified by:

FiEs
& ¢ This sensor hes  been  manufactured  using
% = procadures and malerals decumentad undar Micron
(torisbic [ Deseription I e it T Gplics, Inc's 130 9001:2008 qualification process.
Fu Gage Facler @22°C | 1620 -]
Wewalength Shift Patent Certification
Ads {Strain) Interegated | nm .
f Mesninal Wavelangth I
o ! [ghg,l'm:. ‘ Initial Valus | nm Micron Oplics  sensors  and  sensor
é-r : | Temp. Sensitivity P———- i ; inlerrogation  instrumands ang corvered
! @azec : 5 o under a US and [Intemational  Fatend
[ Wawalangth Shift . Lleensing  Agresment befween  Micron
Ak} Tamp) Interrogated | nm . Oplics, Inc and United Tachnologies
Meminal Wavalangth i - © Comporalion. This Goense ransfers bo the
;. Initial vl nim : : par
il (Temp] i, e ¢ users of Micron Oplics sensor products
CTEs CTE ¢f Tast Speciman | User Defined | pmim-=C 4 and ensures that Micron Optics products
CTE, | CTEof Tamperature | 40 0 umimeG 5 ame authorzed for uss in sensing
~ | Prabeg i applications.  Cerlificsles arg available

Sirain (mechanically induced prdm):

[adf il o= Cad! Aadr] aAf,
== IDE“[ & s.{ -u]']']l _k s‘:n]:i" (CTE,— €TE,)

L+

Thermal Qutput and Temperature Compensation

upon request

Installation Information

Fiter Bragg grating (FBG) based shain gages respond 1o both
sirain and lermporature, Temperstuna induced sirain resulls Trom
A comiination of bwo fachors.

1) Thermal axpansicn of the substrate on which the gage
i rmounbed,

Thermally induced index of rafraction changes in lhe
FEG,

Bath faciors affocl the FRGS center wavelength.

Soveral methoda ere  awailable fo decouple  sbrain and
temperatura cormpanents In measuremands using this gapa.
Popular methods involve using FBGs to measure change in
temparalure o employing dummy FBG strain gagos {2s wih
carvenilonal electronic slrain gages).

Faor addilional inforrnation about temperature compansation
tochniques and converling waselanglh valuas to slrain and
temperalure, see;

2}

nitpat e micronoptics. cormrsupport_dewnloads"Sensors!

tedietnn Ui, In, THER Gumsiry Place, ME. Aliply, G 0 Phoail s 525 s
. mie e R B

Tho e53155 Siraln Gage |s designed fo be spet welded to steal
uzing a capacitive-discharge spot welder having 50-130 wall-
seosnds of energy. The spot wealder should be equipped with &
spherical tip electrode with a diamster of approzimately ©.03
inches (0,76 mm), Practice welds using a blank 0s3155 gage
may ba helpful in developing proper technigua.

s firm pressure on the alectrode. After making & pracllce weld,
pull the gage off of the surfaca, A properly formed wald will resull
in @ small plece of the specimen or gage surface to break away.
IF needed, adjust the weld enargy and sheclrode pressige untl a
zatisfaciony weld is obiained.

Detailed instaation instructions and welder recommendations
are available at:

bttt micronoptics, comisupport_downloads/Sensors’

Thiz Sonsor Infarmalion Sheat & varification of confommance.

e 55- TAXHLT
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MICROMN
M UEhQN  Sensor Information Sheet

053155 | Compensatad Optical Strain Gage

Part & 055155- 15521 536 SUT-AUT
canfizr
Maminal Wavelenglh, Loresp (nm) @22°C (Temp FBG) 1532040

Serial #

Mominal Wavelengih, L (nm) 22°C (Sirain FBG) A538,200

.

Micron Optics Quality and Performance

Producis displayving the “Micron Optics Tunad™ togo
include  Micron Optlcs tunable  technologies  thus
enzuwing high qualily and performance.  Cerlified
sensors have been tesied and gualified for use with
Micron Oplics Sensing Instruments.

TUMNED

Qualification Statement

FFiEs,
& This sensor  has  been  manufactured  using
& procadures and malerals documented undsr Micron
Faggn® Optlce, Inc's 150 800 1: 2008 qualification process,

Patent Certification

Cozrlified by
|_irarrabln Description Vaiug [Uniis
Fa Gage Faclor @2 c ot =
Aka gﬂr‘;ﬁ:"glh Shift Interrogatad nrm
hos ::Eg:ml wWanlength Initial Valua nm
Sy Tﬂrrmw.:Sanili'.rﬂr e -
Ay :'.;.r:;?]l?"gm shi Intarmogaded | nm
hor ?.:%FI_T:?I Wavelength Inilial Valua nm
CTEs | GTE of Test Specimen | User Defined | pmim"C_|
CTEy gr'l'oi:l Temparalure 16.6 TG

Strain (mechanically induced wmim}:

) - ) i T
o= 108 [ F: a4 rh]r] - :ﬂfs_:%lal_ (CTE.— CTE;}

Thermal Output and Temperature Compensation

Fiber Bragy grating (FBG) bazed sirain gages resgond b Bolh
afrain and temperature. Temperature induced straln resuits from
a combination of two factors.

1} Thermal expansion of the subsirale on which the gage
B mouniec,

2} Thermally induced index of refraction changes in tha
FEG.

Both factors affact the FBE"s conber wavelength.

Several  methods are  svailabla 1o docouple  strain and
temperalure components i measurements wsing this gage.
Pooular mathods involve using FRGs Lo measire change In
temperature or employing dummy FBG strain gagss (as wilh
convenlianal eloclrenic sirain gages).

For addilional Information about femperalure compensallon
Lochinigues and converting wavelength values to straln and
temperature, saar

hp:thenenw. icrano plics. comisu pport_downloadsiSensars!

Pirom Lipdbes, Ing, G852 Confuny Placs, HE. Allasta, G 30045, P AU 325 005
W b e L s o

Micron  Oplics  sensore and  senser
imterrogation  instuments  are  ooverad
umder a US and Inlamabional Palent
Licensing  Agreement  bebwean  Micron
Oplics, Imc. and United  Technoiogies
Corperation.  This licensa transfers to tha
uzers of Micron Oplics sonsar products
and ensures that bicron Optics products
are  authorzed [y use  In sansing
applicatlons.  Gertilicatas are  available
upon reguest,

Installation Information

The 023155 Strain Gage is designed o bo spot wedded to steel
uzing a capacilive-discharge spat welder having 50-150 wall-
seconds of enargy. The spol welder sheuld be squipped with a
spherical lip elecirode with a diameter of approximadely 0.03
Inches (.76 mm). Praclice welds using a blank 03155 gage
riay b helpful in developing proper technique.

Usze firm pressure on the eleclrode. Alter making a practice weld,
pull the: gage off of the surface. A progery formaed wekd will result
In a small plete of he specimen or gae surfacs 1o braak away.
H needed, adjust the weld energy and elecirode pressure umiil a
salisfactony wald & obtained.

Detaliad Instellabion insiruclions and welder recommendations
ana avaiabk: ol

il s micranaptics.comdsupport_downloads/Sensors!

Thiz Sansar fformsation Sheet 2 verlicedan af comfonmanca,

3 {55 MEKLD
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MICROM

V] Series Sensar Information Sheet

033155 | Compensated Oplical Strain Gage

Part # 0E3 155 15421 5481 UT- 5UT
Gerial ¥ COT21
Maominal Wavalangth, Asans (im} @22°C {Tomp FRE) 1542066

Maminal Wavelength, o, () @22°C (Stran FBG) 1646268

Micron Optics Quality and Performance

M Praducts displaying the “Micron Oplics Tuned" logo

include Micron Optics unable technologies  thus
ensuring high quality ard perdormance.  Certiflad
sensors have been tested and qualified for wse with
bicron Optics Sensing Inslruments,

TURED

Cualification Statement

Gariflad by:
[Variabie | Dnscrlﬂlnn | Walua Units |
Fa Gage Factor @22°C 0.820 -
Ak g?r;?rﬁnmh Shiit Infarrogated | nm
Aus _;‘ﬂﬁ" Wavelength | | ie vaiue | nm
Sr Egzﬁ'*bsfmiw 14350% |-
Ak I'.}':"rf;?““m =hift Imerrogated | nm
Adr Hﬂ:?' Wavelength | el vatue | nm
CTEs CTE of Test Speciman | Usar Dafined | prdm-=C
CTEr EE:’ Temperaiure  [yge | winee

Straln {mechanically induced pmim}:

c= 10% [{wa\,.*i:w@r] _ {M.-;n."'r (CTE, — OTE

‘Thermal Output and Temperature Compensation

Fiber Bragg graling (FBG) based sirain gages respond to bath
strain and temperatura. Temperature induced strain rasults from
# combination of two factors.

1) Thermal expansion of the subsirate on which the gage
1 mgunted.

2 Thasmally ieduced index of refraction changes in e
FB,

Bath factors affect the FEG'S conter wavelength.

Savoral  methods  are  evailabls  to decoupde  eiraln and
temperature compononds in easurements using this gage.
Popular methods Irslve using FBEGS le measure change in
temperaturs or employing dummy FBG strain gages (as wilh
convantional elecronic strain gages).

For addifional mformaion abaut temperature compensation
techniques and comverting wavelength values e sirain and
tempearature, sea:

Fitlp: v, micranoptics.comisuppor_downioads!Sensors!

Policron Ciplice, e, 1858 Conlury Flaco, RE. sionta, Ga FIS, P A0 0 s
A i e e

aFiEy
“" , This sensor  has  been  manufactorad  wsing
: procedures and materials documentsd under Micron

Ao Oplics, Ins's 190 9001:2003 qualification procoss,

Patent Certification

Micron Opfics  sensors  and  sensor
interragation  instruments  are  cowvered
under @ US and Internefional  Palent
Lizensing Agreement bebwesn  Micron
Oplics, Ing. and  United Technologies
Corporation.  This licesse tranafers to the
usars of Micron Optics sensor producls
and ensures that Misron Opties praducts
are authorzed for wse in sensing
applications,  Cerificates are  available
upon raquest.

Installation Information

The 053155 Strain Gage s designed to ba spot walded o slasl
using @ capacilve-discharge spol waldor having S0-150 walt-
saconds of andrgy. The spot waldar should be equipped with a
spherical fip elecirode with o dizmeter of approsimately 0.03
inches (0,76 mm). Practice walds using a blank 0s3155% gage
ray be halpful in developing proper techniqua.

Use firm pressure on the electrode. After making a praciice weld,
pull tha gage off of the surase, A progery forrmed wald will rosull
in a small giece of Ihe spacimen or gage surface 1o break sway.
If needed, adjust the weld energy and elecirode prassure until a
saligfactory weld i3 obtained,

Detalad installation instructions and walder reccmmendations
are avallabls at:

hitpdiwenw.micronegplics.corm'support_downloadsf3ensars!

This Sensor nformation Sheel (s venicalion of confomanoa.

4wl 1 A5 LD
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@] MICROMN

i et
phir Sl Tel Sensor Information She

083155 | Compensated Optical Strain Gage

Fart # osa1 65 1852-1556AUT-AUT
Serial # £I0TA30
Morninal Wavelengih, kirers (nm) @22°C (Temp FBG} 1551890

Morninal Wavelsngih, ks (nm) @122°C {Straln FBG) 1556366

Certilied by:
Variable | Doscription Yalue Units
Fa Gage Factor @22°C 0,825 -
Al ?g?xmr;['a:lngth Shidt Interrogaled | mm
Mo PS??;:I\T Wavelength Initlal Valua | nm |
- Ta;gEbSansitivily 1'?'3'3:':106 _

_EJ'T #:_J:;E}ngth Shirt . Interrogated nm ]
Lar FTQ’E':_:E;'I \".’.awmunglh Initial Walue nm
CTEg CTE of Test Specimen | User Defined | pmim-"G
cre; | TEofTamporalite | 455 mim-"G

Slraln (mechanlcelly Induced prmim):

= 1nE [(Uu‘a’-r,- }sF;Eﬂ-JMq}r] - Eﬁﬁﬁq}r (6TE;— CTE, )

Thermal Output and Temperature Compensation

Wicron Optics Quality and Performance

m Producls displiaving the “Misren Optics Tuned™ logo
TURED incisde Micron Oplics tunable lechnologies thus
ensuring high quaity and performance.  Cerlified
senaors have Besn iesiod and gualified for use with
MEcron Oplics Sensing Inatrumants.

Cualification Statement

L
& #" This  sensor has  beon manufaciured  wsing
2 procedures and meterals documentad wnder Migron

3
Sean  Dplics, Inc's 150 9001:2008 qusliBeation process,

Patent Cerification

Micron  Oplics  sensors  and  SEnsor
inlerrogation  instroments  are covarad
under a US and [nlemational Patent
Licensing  Agreement  betwaen  Micron
Optice, Inc. and Uniled Technologles
Corposalion.  This lcanse fransfars fo the
users of Micron Oplics sensor products
and ensures that Micron Oplics products
are  aulhorized  far usa  in sensing
applicaions.  Cerlificates are avallable
LR reguest.

Installation Infarmafion

Fiber Bragg graling (FEG) based strain gages respond 1o both
sirain and tamperatere, Tempsralure irduced atrain rasulls from
a combinalion of bwo faclars.

1} Thermal expansion of lhe substrale on which the gage
i rnaunled,

2} Thermally Induced index of rofraction changes in the
FBG.

Bolh faclors alfect the FB3's center wavelengih,

Saversl methods are  avalable fo decouple  sfrain and
lemparalure components in measuromenls using this gage.
Popular mathods ineolve using FBGS to measure change in
temperaiura or amploying dummy FEG slraln gages [as wilh
convanlional clectranic sirain gagesa).

Far additianal Infarmation about temperalune compensation
fechniques and converting wavalangth vakses 1o strzin and
tamperalura, see;

hitptfwenmmicroncpdics corvsupport_downloadsiSensors!

Kliron Lydlos, o, 1852 Contury Placa, PIE. Allanta, G, 26034, Pl 2 00
R R SR ]

The ca3155 Strain Gago is designed to be spod walded 1o shaeal
using a capacilive-discharge spot welder having S0-150 wall-
seconds of energy, The spot welder should be aquipped with a
spharical tip elecirode with a disnoler of approdmately 0.03
inchas (.76 mm), Practice welds using a blank os3165 gage
iy b helphul in devaloping proper iechnigue,

Uss firm pressuere on the electrode, After making a practics weld,
ool i gege off of the surface. A properly Tormed weld will reault
In & small piece of the spedimen of gage surface fo break away.
If needed, adjust the weld energy and eleclrode pressure untl a
satisfaciory weld i oblained.

Detalled Installetion instrections and welder recommendalions
are available at:

hitp:ffewemicronoplics.comisuppor_downloada/Sensors!

This Sanzar Infomalion Sheal i verificalicn of confarmance,
e 1A B
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