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Abstract

This paper presents an investigation into the relative dielectric permittivity of railway ballast using ground-
penetrating radar (GPR). To this effect, experimental tests are carried out using a container (methacrylate
material) of the 1.5 x 1.5 x 0.5 m dimensions. GPR systems equipped with different ground-coupled and air-
coupled antennas and central frequencies of 600 MH, 1000 MHz, 1600 MHz and 2000 MHz (standard and
low-powered antenna systems) are used for testing purpose. Several processing methods are applied to assess
and compare the dielectric permittivity of the ballast system under investigation. Comparison of results

identifies critical factors as well as antennas and central frequencies most suitable for the purpose.

Keywords: Ground-penetrating radar (GPR); Railway ballast; Non-destructive testing; Antenna frequency;

Antenna systems; Relative dielectric permittivity.
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1. INTRODUCTION

The use of ballast aggregates for the construction of railroads is massive in railway engineering and the
effective assessment and health monitoring of their geometric, physical and mechanical properties is an issue
of major concern in terms of safety of the operations and costs of of the rail asset management. The railway
ballast usually consists of coarse aggregates with a relatively uniform grain size that are produced from crushed
rocks, such as gravel, limestone, basalt or granite. Among the most important structural and functional tasks
covered by the ballast aggregates, it can be cited i) the resistance to the vertical, lateral and longitudinal loads
exerted on the sleepers; ii) the reduction of the maximum stress from the sleepers area to a minor stress level
at the foundation and iii) the improvement of the water drainage across the whole track bed structure [1].

A track bed structure is made by a substructure (ballast, sub-ballast and subgrade), which lies underneath a
superstructure (steel rails, fastening systems and sleepers). The cyclic loading exerted by the moving trains
affects both of these main structural components, although the ballast and the sub-ballast layers are the
structural components that are subject to the major deformations. This occurrence may cause potential
segregation of the aggregates and the loss of the designed strength conditions.

The design thickness of a ballast and sub-ballast system ranges between 0.45 m and 0.75 m. These two layers
can be found together in new and rehabilitated rail lines, whereas old rail infrastructures are mostly composed
of only one layer of ballast above the subgrade [2]. Furthermore, new railroads are provided with a concrete
slab or a geotextile at the sub-ballast — subgrade interface. On the contrary, these protective systems are absent
from the oldest railways. This may be a serious concern in terms of the upward passage of the smallest clayey
and silty particles from the subgrade by capillary actions. The progressive filling of the inter-particle voids
within the ballast/sub-ballast layer by fine-grained materials may undermine the strength mechanisms between
the aggregate particles. This occurrence is known as “fouling” and it can be due to several causes, as discussed
by Selig et al. [3]. Mostly, the fouling occurrence may imply safety issues, such as the instability of the track,
hence, it may lead to potential derailment of trains.

Visual inspections, punctual drillings and diggings are the traditional methods used for the monitoring and the
assessment of ballast, all of which are performed at discrete intervals along the track. To this effect, it is worth
mentioning the impossibility to interpret the causes of damage when using these techniques, if the causes are

related to subsurface factors. In addition, it is impossible to provide continuous monitoring of the track
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conditions. These methods are also time-consuming and labor-intensive, although they can provide very
accurate information [4].

In view of the above, it is crucial to ensure the effective monitoring of the ballast aggregates as well as the
early-stage detection of the main causes of damage in the construction, quality control and maintenance phases.
This allows to optimise the maintenance expenses as well as to maintain the track stability and the desirable
safety conditions.

The recent trend in railway engineering is to focus on the use of non-destructive testing (NDT) methods in
order to perform rapid and non-intrusive inspections of the track bed. Within these methods, the optical-based
two-dimensional (2-D) [5] and three-dimensional (3-D) [6] laser scanners and, mostly, the ground-penetrating
radar (GPR) are worthy of mention. The GPR geophysical inspection tool is used in a wide range of application
fields such as in planetary sciences [7], civil and environmental engineering [8], geology [9] and archaeology
[10], forensics and public safety [11]. In the area of transport engineering, GPR has been used used mostly in:
highway engineering [12], for the inspection of flexible (both bound [13 — 16] and unbound [17 — 19] layers)
and concrete [20] pavements as well as in the monitoring of the subgrade soils [21, 22]. Applications of GPR
can be also found in airfield engineering [23] and for the monitoring of critical infrastructures, such as bridges
[24], [25] and tunnels [26].

The use of GPR in railway engineering has increased over the past 25 years. According to Roberts et al. [27],
the first attempt of using GPR for the investigation of railways can be dated back to 1985 [28]. This study
involved the use of ground-coupled antenna systems of 500 MHz central frequency mounted between the rails.
The authors reported difficulties with the interpretation of the results due to the low resolution of the collected
GPR scans. The use of higher investigation frequencies and air-coupled radar systems (mostly of 1000 MHz
[29, 30]) has increased in the years following. Air-coupled antennas with a central frequency of 2000 MHz are
being used more recently, and innovative frequency-based approaches have been developed accordingly [2,
31].

With regard to the assessment of the dielectric properties of the ballast aggregates, several studies can be
mentioned. Clark et al. [1] performed a set of experiments in the laboratory environment to evaluate the
dielectric properties of the ballast for a combination of dry/wet and clean/spent conditions. The authors argued

that the best results may be achieved using low-frequency antennas. Sussman et al. [32] showed the importance
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of the mineralogy of the ballast aggregates in interpreting their electromagnetic (EM) behaviour. Nevertheless,
the authors emphasized also the relevance of the aggregates roughness and arrangement (within the track bed)
as factors affecting the dielectric permittivity of the ballast/sub-ballast layer. A comprehensive review on the
assessment of the EM properties of railway ballast can be found in [33].

In view of the non-uniqueness of the results above, this work focuses on analyzing the criticality of a number
of parameters within the assessment of the dielectric permittivity of clean ballast aggregates. To this effect, a
unique laboratory setup was built and a wide range of GPR antennas and frequency systems were used. The
influence on the dielectric permittivity value of i) the type of radar system; ii) the antenna frequencyj; iii) the
proposed data processing scheme; iv) the GPR method of data analysis and v) the arrangement of the ballast

aggregates, is analysed in this study.

2. AIM AND OBJECTIVES

The main aim of this investigation is to identify critical factors as well as antennas and central frequencies

most suited for the investigation of railway ballast.

To achieve this aim, the following objective are identified:

e to assess the dielectric permittivity of the ballast system under investigation (limestone ballast aggregates
in clean conditions) using air-coupled GPR systems with different central frequencies as well as several
processing methods

o to compare and analyse the results in order to single out the most suitable frequency of investigation, data
processing scheme and methods for data analysis with respect to different scenarios of ballast aggregates

arrangement.

3. METHODOLOGY

The geometric, physical and mechanical properties of the railway ballast aggregates are first assessed following
the main international standards in the field.

The experiments are carried out in the laboratory environment on a methacrylate container, that is filled up
and emptied three times with (same) ballast aggregates. To this effect, different scenarios are reproduced in

terms of aggregates arrangement within the volume of the container used in this investigation.
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GPR systems equipped with different ground-coupled and air-coupled antennas and central frequencies of 600
MH, 1000 MHz, 1600 MHz and 2000 MHz (standard and low-powered antenna systems) are used for testing
purpose. A signal processing scheme is developed to filter out the useless information from the raw data. The
relative dielectric permittivity of the bi-phase system (i.e., air-ballast aggregates) is computed using the time-
domain signal picking (TDSP) technique, i.e., by the estimation of the wave propagation velocity within the
investigated medium (e.g., [34]), across the full range of frequencies used. With regard to the air-coupled
antenna systems, the surface reflection method (SRM) [35] and the volumetric mixing formula (VMF) methods

are also applied for the same purpose.

4. THEORETICAL FRAMEWORK

4.1 GPR working principles

A GPR system is usually configured by one transmitting and one receiving antenna(s), a control unit, a data
storage and a display unit. Overall, an EM impulse is emitted by the transmitting antenna towards the
investigated surface. The signal is then reflected and scattered by the dielectric anomalies in the subsurface
and collected by a receiving antenna. The properties of the materials can be estimated by several characteristics
that are extracted from the signal such as the time delays, the amplitudes of the reflection peaks and the
frequency modulations. A conventional analog-to-digital (A/D) converter is used to convert the extracted
information in such a way that a real-time displaying of the data as well as additional processing can be
performed. Ground-coupled or air-coupled antenna configurations are used as a function of the purposes and
the types of the investigation. In more detail, the choice of the antennas is usually driven by the required
penetration depth, the type of the soil to investigate and the (expected) size of the anomalies to detect. Fig. 1
shows a typical cross-section of a railway substructure and the relevant reflection pattern from a single GPR
measurement, or A-scan. The A-scan provides a punctual “one dimensional” (1-D) information about the
subsurface configuration. In Fig. 1, reflections are located at the electric discontinuities represented by the
interfaces of the substructure layers. It is worth noting that the two-way travel time taken by the signal to cover
the distance from the transmitter to the receiver is recorded in the vertical axis of an A-scan. This can be
converted into distance units (usually given in centimetres) by knowledge/assumption of the wave propagation

velocity in the medium, in order to display the depth of the signal reflections. On the contrary, the horizontal
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axis of an A-scan represents the signal amplitude and it is usually given in Volts. A sequence of 1-D radar
sweeps (A-scans) along the scanning line is used to create a 2-D matrix called radargram (B-scan). This is
usually visualised in the real-time for immediate data interpretation. The vertical and horizontal axes of a B-
scan represent the two-way travel time/depth information and the distance covered along the scanning line

(usually given in meters), respectively.

Transmitter Receiver

Antenna Antenna
Ampittuge [V]

' Ballast
’

A . <
—

Sub-ballast

Fig. 1. Typical cross-section of a railway substructure and the relevant A-scan from a single GPR

.

N

(5]

4

measurement.

4.2 Estimation methods of the relative dielectric permittivity

4.2.1 The time-domain signal picking technique

The first step for the assessment of the relative dielectric permittivity &, [-] of the bi-phase system reproduced
in the laboratory environment (i.e., the ballast aggregates and the inter-particle air voids - from now on referred
to as the “ballast system”) is the calculation of the wave propagation velocity v [cm/ns] throughout a known
thickness. This latter parameter represents the height h [cm] of a laboratory container filled up with ballast
aggregates, as it is detailed further in Section 5.2. Hence, it is possible to estimate v = 2h / At after measuring
the time delay At [ns] between the two relevant reflection pulses of the GPR signal collected in the laboratory
(i.e., the reflection pulses related to the surface and the bottom of the “ballast system™). The relative dielectric

permittivity & is therefore computed by working out the above expression of v into the following equation:
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where ¢ is the speed of light in the free space [cm/ns]. This method (from now on referred to as “time-domain
signal picking” (TDSP) method) is used in this study for the estimation of the permittivity using the full set of

GPR systems and antenna frequencies available.

4.2.2 The surface reflection method
The surface reflection method (SRM) [35] allows for the evaluation of the relative dielectric permittivity e [-

] by comparison between specific reflection amplitudes as follows:

_ (1+4o/Appc\?
o ( 1-A0/APEC) @)

where Ao [V] is the maximum absolute value of the signal amplitude reflected at the interface of the air/ballast
surface; Apec [V] is the maximum absolute value of the amplitude reflected by a metal sheet placed at the
bottom of the ballast system and larger than the antenna footprint (e.g. [36, 37]). This is defined as the effective
area illuminated by the antenna on the investigated surface [38]. The main function of the metal plate is to act
as a perfect electric conductor (PEC) preventing from unwanted reflections from the subsurface underneath
the metal sheet and allowing for the complete reflection of the signal.

It should be noted that the above formulation relies on the assumptions of i) homogeneity of the investigated

material, ii) negligibility of the electrical conductivity of the material and iii) plane wave approximation.

4.2.3  The volumetric mixing formulae
The volumetric mixing formula (VMF) theoretical model [39] is used to compute the dielectrics of the “ballast
system” by assuming a multi-phase configuration of the investigated medium. The implementation of this
method requires the knowledge of the relative dielectric permittivity value & [-] of each i phase component
of a mix with n phases as well as the relevant volumetric fraction ¢i (the sum of which is equal to 1). The linear
combination of these parameters provides the following relationship:

el =Y, pef (3)
where a is a geometrical fitting parameter varying between +1 and -1 [40, 41] and dependent on the inner

structure of the investigated medium [42]. In this study, a value of 0.5 is assigned to the « factor (e.g., 43, 44).
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Given this assumption, the VMF expressed by Eq. (3) is known as the complex refractive index model (CRIM)
[39].

The relative dielectric permittivity values of the single multi-phase components are derived from the literature
[45] and no frequency dependence is considered in this study. The permittivity of the ballast aggregates (i.e.,
limestone aggregates), the methacrylate base of the tank and the air are here assumed equal to 6.50, 4.00 and

1.00, respectively.

4.3 The data processing scheme

A data processing scheme is applied to the raw GPR signals as a sequence of four steps, namely, a) time-zero
correction; b) signal stacking; c) zero-offset removal and d) band-pass filtering [46, 47]. The acquisition of the
GPR traces is carried out in static conditions such that the data processing was applied to A-scan data outputs
(e.g. Fig. 1). Fig. 2 reports the used processing scheme and the signal outputs at each of the aforementioned

four steps in the case of the 1000 MHz central frequency of investigation.
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Fig. 2. Data processing scheme and 1000 MHz GPR outputs obtained after filtering with the time-zero

correction (a); the signal stacking (signal stretch “0 ns -1 ns” magnified at the upper right corner) (b); the zero-

offset removal (c) and the band-pass filtering (d).

The time-zero correction filter (Fig. 2a) is first applied to filter out all the useless reflections coming from the
inner of the GPR apparatus as well as to set the zero-time at the zero-amplitude point between the negative
and the positive peaks (i.e., the direct wave: the interface between the air and the railway ballast surface). This
choice is motivated by the high stability of this point across a wide range of diverse surfaces and the relative
ease of identification [48]. Inner reflections are identified for each GPR system by comparison between the
signals collected at the various scenarios of ballast aggregates. Hence, the initial common parts of the signals
(i.e., from the source point to the zero-amplitude point) are related to the reflections from the apparatus and
filtered out. In the second step, the signal is averaged (stacked) over 100 traces according to the ASTM D6087-
08 standard test method [36]. Stacking a number of traces collected at the same position increases the
contribution coming from the target medium, whereas it reduces the random noise. Fig. 2b shows the average
signal and the traces collected within the signal stretch “0 ns — 1 ns” of the time window (magnified at the
upper right corner of the figure). The white dotted line in the magnified area of Fig. 2b represents the stacked
signal and shows a relatively low variability of the traces collected. A zero-offset removal is subsequently

applied such that an A-scans signal with a mean equal to zero is achieved (Fig. 2c). Following this step, a
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band-pass filtering is applied to the signal considering a pass bandwidth of 1.5 times the central frequency of
investigation with lower (high-pass filter) and upper (low-pass filter) boundaries evenly distributed around the
central frequency [49, 50]. In view of this, Table 1 lists the high-pass and low-pass filters applied for each

central frequency of investigation used in this study.

Table 1 High-pass and low-pass filters applied across the whole set of central frequencies of investigation

used in this study.

Central frequency [MHZz]

600 1000 1600 2000
High-pass filter
150 250 400 500
[MHZz]
Low-pass filter
1050 1750 2800 3500

[MHZz]

The frequency spectra in Fig. 2(d) represent the band-pass filtering in the case of the 1000 MHz central
frequency of investigation, These are obtained after the application of the Fast-Fourier Transform (FFT) to the
relative time-domain signals.

From now on, the GPR signals subject to the aforementioned data processing scheme will be referred to as

“processed” GPR signals as opposed to the “raw” GPR signals.

5 EXPERIMENTAL FRAMEWORK

5.1 Experimental design

The experimental design is focused on the analysis of the EM behaviour of clean limestone ballast aggregates
in dry conditions. A laboratory setup is arranged for testing the combination of differing factors, namely, i) the
type of radar system; ii) the antenna frequency; iii) the proposed data processing scheme; iv) the GPR method
of data analysis; v) the arrangement of the ballast aggregates. Tests are carried out in static conditions and all
the analyses were focused on the A-scan data outputs (e.g. Fig. 1). A number of preliminary analyses are

performed to investigate into the footprints of all the available radar systems [36, 37]. To this effect, the testing
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conditions are reproduced using the GPR systems and the available PEC only. The effective areas illuminated
by the antennas on the PEC are determined following the manufacturer’s recommendation on the systems’
beam of radiation and after double-checking the signal disturbance by practical tests. These provide a gradual
approach of a metallic reflector from the edge to the centre of the PEC while measuring with the GPR systems.
The footprint boundaries are therefore determined when a disturbance to the signal is noticed (i.e., the signal
is subject to edge effects). In view of the above framework, the largest dimension of the footprint at the PEC
surface turns out to be ~150 cm and it is taken as the benchmark for the side of the container. This investigation
is useful for the design of the dimensions of the container in order to assume the surveyed medium as

horizontally infinite with negligible border effects.

5.2 Tools and equipment

Ground-coupled and air-coupled GPR antenna systems [50], manufactured by IDS Georadar (Fig. 3), are used
for testing purposes. The RIS 99-MF Multi Frequency Array Radar-System is equipped with 600 MHz and
1600 MHz central frequency antennas. The system collects data by means of four channels, i.e., two mono-
static and two bi-static. In this study, only the 600 MHz and 1600 MHz mono-static channels are used for data
collection. A time window of 40 ns is used for the acquisition of the signal. In addition, three air-coupled GPR
systems equipped with central frequency antennas of 1000 MHz (RIS Hi-Pave HR1 1000) and 2000 MHz (RIS
Hi-Pave HR1 2000 and RIS Hi-Pave HR1 2000NA) are used. Time windows of 25 ns and 15 ns were set for,
respectively, the 1000 MHz and the 2000 MHz GPR systems. It is worth emphasizing that the aforementioned
time windows are set according to the manufacturer’s recommendation [e.g., 21, 51, 52]. Proper combination
of time window and sampling interval is mandatory to avoid over-/under-sampling of the signal collected,
hence to modify/lose information [53]. With regard to the 2000 MHz antenna systems, both a standard version
of the horn antenna for the European market and a low-powered version for the North-American (NA) market
are used. In this regard, it is known that manufacturers must comply with different regulations about the power
emission limit as per the country’s specific needs [54]. The challenge is mostly in countries like the United
States where the threshold for the maximum power emission is very low. Due to this lower radiative power,

this type of GPR systems exhibit worst performances in terms of signal-to-noise (SNR) ratio [55]. It is therefore



267  important to test and compare the results to check the viability of low-powered GPR systems in assessing the
268  dielectrics of railway ballast.
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270
271  Fig. 3. GPR equipment used for testing purposes: RIS 99-MF ground-coupled multi-channel GPR system (a),
272 and RIS Hi-Pave air-coupled antenna systems (1000 MHz, 2000 MHz and 2000 MHz (NA)) (b).
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274 A square-based methacrylate tank is used for testing purposes (Fig. 4). The container has outer base side and
275  height of, respectively, 1.55 m and 0.55 m, and inner dimensions of 1.47 m (side of the base) and 0.48 m
276  (height). A2 m x 2 m copper sheet PEC is laid underneath the container, thereby allowing for the full reflection
277  of the EM waves propagating through the “ballast system™. It is also worth noting that the dimensions of the
278  investigated volume are designed to comply with the typical sizes of ballast layers in rail track beds.
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Fig. 4. Experimental setup for the measurements carried out in the laboratory with an air-coupled antenna

system.

5.3 Materials and laboratory testing

Limestone ballast aggregates, typically used for the construction of ballasted railroads, are utilised for testing
purposes. Prior to the GPR tests, a thorough assessment of the main geometric, mechanical and physical
properties of the ballast aggregates is carried out according to the EN 13450:2002/AC:2004 standard [56]. In

addition to this standard, further standard test methods for the assessment of the percentage of voids [57] and

the water content [58] are followed. All of the above properties are listed in Table 2.

Table 2 Main properties of the limestone ballast aggregates assessed by using standard test methods.

Ballast property Standard Refjr:(iatnce Value Class
% passing vs.
) sieve size 100 - 100 -79.9
Grain size EN 9‘?251]'2012 (mm):80-63 —30.6-1.2— A
-50 -40 -31.5 0.3
—22.4
0 .
Geometric Fine particles EN 933-1:2012 & passing vs.
content 59] sieve size 0.5 A
EN (mm): 0.063
. 13450:2013 = EN 933-4:2008 0
Particle length [45] [60] % 55 B
Shape index EN 933-4:2008 0
-3l - [60] % 20.0 Slyo
Resistance to .
fragmentation EN 1097-2:2010 % 20.0 LAgs 20
[61]
- LARB -
Mechanical Particle density EN 1097-6:2013 3
& - ps- | [62] g/lcm 2.8 /
physical Percent:ilg: _of voids EN 10?577-]3:1998 % 410 /
Water content CEN ISO/TS 17892-1:2005
W [58] % 0.2 /

One test is carried out using the ground-coupled multi-frequency radar system, where 100 traces are collected

for each of the aforementioned frequencies of investigation.

Calibration measurements complying with [36] and [49] are performed for the three air-coupled systems. To

this effect, a reference distance of 0.40 m is set between the PEC and the base of the GPR apparatus. The same

distance is maintained between the base of each air-coupled GPR and the surface of the ballast system. In view
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of the roughness of the ballast aggregates, these have been contained beneath the height of the container, which
is taken as the benchmark for the height of the “ballast system”. Three main scenarios of arrangement of the
ballast aggregates are reproduced in the laboratory by filling up and emptying the container. For each scenario,

the full set of air-coupled GPR systems are used and 9 tests are performed.

6 RESULTS AND DISCUSSION

6.1 Ground-coupled antenna systems

The proposed processing scheme is applied to the raw data. Therefore, the dielectric permittivity values of the
“ballast system” are computed for both the raw and the processed data using the TDSP technique. Both the

600 MHz and the 1600 MHz mono-static channels are considered (Fig. 5).

LV

Fregquency | MIHz|

Fig. 5. Raw and processed values of the relative dielectric permittivity for the acquisitions carried out with the

600 MHz and 1600 MHz central-frequency antennas.

It is clear how the main difference between the raw and the processed data is in the case of the higher frequency.
To this effect, if the following expression is considered for the incidence of the residuals & [%] (i.e, the
percentage ratio of the difference between the raw (eraw) and the processed (eproc) dielectrics, and the raw value

of the dielectric permittivity, taken as the reference):

£ 19%] = (Fe=eree) 100 (4)

Eraw

the values of & [%] are equal to 37.18% and 1.39% for, respectively, the 1600 MHz and the 600 MHz central

frequencies. The application of the proposed data processing scheme leads to identical values of dielectric
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permittivity. Nevertheless, it is worth noting how the processed values of relative dielectric permittivity are
1.0+1.5 units higher than the dielectrics of similar materials, as indicated in several literature research [1, 31,
32]. Therefore, it can be argued that this antenna type is not well suited for the purpose of this study (i.e, the
assessment of the dielectric permittivity of limestone railway ballast in clean conditions) and, in general, the
complex material configuration can affect proper data collection with ground-coupled antenna systems. A
reasonable motivation for this occurrence may be related to the effects of ringing. As it was observed by
Narayanan et al. [63], it was indeed difficult to maintain the GPR apparatus during the tests within one eighth
of the wavelengths of the two antennas above the rough surface of the ballast aggregates at the top of the
container [64]. In this case, the low directivity of the ground-coupled antennas makes these systems more
sensitive to the coarse grain size of the aggregates as well as to the edge effects, which may both affect the

permittivity value [65].

6.2 Air-coupled antenna systems

Fig. 6 shows the values of the permittivity computed as a combination of each of the three air-coupled systems
and the three scenarios of “ballast system”. These dielectrics are derived from both the raw and the processed
signals using the TDSP technique. For the sake of comparison, the bar graph of the relative dielectric
permittivity calculated using the VMF model is also added. This equals 3.64 and it is obtained by substituting

the values of the multi-phase components given in Section 4.2.3 into Eq. (3).
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Fig. 6. Values of the relative dielectric permittivity computed using the TDSP and the VMF methods for the

acquisitions made with the 1000 MHz, 2000 MHz and 2000 MHz (NA) central-frequency antennas.

Overall, the permittivity values agree with the dielectrics of the same material as indicated in the literature [1,
31, 32]. Exceptions are the permittivity values (both raw and processed) computed using the TDSP technique
within the first scenario of aggregates arrangement with the 2000 MHz (NA) antenna. Hence, these outliers
are excluded from the statistics.

With regard to the dielectrics assessed with the TDSP technique, low peaks of variability are obtained for the
whole set of the frequencies within each single scenario (i.e., o, =0.01+0.13, if the minimum and the
maximum values of the standard deviation is considered). On the contrary, higher peaks are found if each
frequency f; across the three i" scenarios s (i.e., o, = 0.11+0.19) is taken into account. Thereby, it can be
argued that the variation in the arrangement of the ballast aggregates (i.e., moving horizontally across the rows
in Fig. 6), may affect the computed values of permittivity of the “ballast system” more than using differing
frequencies of investigation across the same scenario (i.e., moving vertically across the columns in Fig. 6). Let
us compare the three scenarios to three different sections of railway ballast layers that can be usually
investigated along the rail track in the real-life conditions. Also, let us interpret the dielectrics found for the

three antenna frequencies as the result of GPR data collected at the same i" section (scenario) using a multi-
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frequency antenna. The found standard deviations of the dielectrics mean that the arrangement of the
aggregates has a higher impact on the value of the permittivity than the used central frequency (within the
range of frequencies here available). This may be reasonably due to the twofold effect of the roughness at the
interface between the air and the ballast as well as to the arrangement of the aggregates throughout the thickness
of the “ballast system”.

The impact made on the value of the permittivity by the use of different frequencies across the three reproduced
scenarios is represented by the trend of the average permittivity &, in the fourth grey column of Fig. 6. In
general, we can argue that the higher the central frequency of investigation, the larger the value of the
permittivity. To this effect and with regard to the processed data only, &, ranges from 3.69 (i.e., 1000 MHz) up
to 3.78 (i.e., 2000 MHz) and 3.87 (i.e., 2000 MHz (NA)).

Concerning the applied data processing scheme and its effect on the assessment of &, it is observed that the
average permittivity values &, of the processed data are slightly higher than the raw data. This occurs in both
the average dielectrics computed across the i scenario s; investigated (same frequency: m =0.2+0.6;
i.e., fourth grey column in Fig. 6) and the j" frequencies f; (same scenario: m =0.3+0.8; i.e., two grey
rows in Fig. 6) used. To this effect, Fig. 7 shows the incidences of the residuals (Eg. (4)) computed between
the processed and the raw data for any combination of s; and f;. These results confirm that the proposed

processing scheme returns mostly higher values, with residual percentages not exceeding + 3%.
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Fig. 7. Incidence of the residuals between the processed and the raw permittivity data computed using the

TDSP technique.

With regard to the GPR methods of data analysis, Fig. 8 reports the incidences of the residuals between the
processed values of dielectrics, computed using the TDSP technique, and the relative dielectric permittivity
value of 3.64 calculated by the VMF theoretical method. Overall, it can be seen how the permittivity assessed
by the VMF is lower than the dielectrics derived from the application of the time-domain-based technique. An
exception is the & value calculated using the 1000 MHz antenna for the first scenario. Furthermore, lower
mismatches are observed in the case of the 1000 MHz antenna, whereas the use of the 2000 MHz antennas
returns broadly higher differences (with the exception of the 2000 MHz antenna in the second scenario of
aggregates arrangement). This is summarized by the average values of the incidences Z_jcomputed across the
various scenarios s; investigated (i.e., each frequency in the fourth grey column in Fig. 8). Furthermore, it can
be seen that the low-powered antenna system returns the highest differences in terms of permittivity estimate
between the TDSP and the VMF techniques. Fig. 9 reports the comparison between the processed values of
dielectrics, computed using the TDSP technique, and the corresponding relative dielectric permittivity values
obtained with the SRM approach. For the sake of comparison, the bar graphs with the VMF permittivity
estimations are also included. It is evident that the SRM provides values of & lower than the TDSP technique.
Thereby, it shows to be unsuitable for the assessment of the dielectric permittivity of railway ballast layers
within the analysed domain of investigation (i.e., the 3-D volume defined by the investigated “ballast system™).
This result may be reasonably due to a higher sensitivity of the SRM towards the roughness of the ballast
aggregates at the interface between the air and the ‘“ballast system” in combination with the high
inhomogeneity of the material throughout the investigated domain. Indeed, the former occurrence has an
impact on the amplitude Ao in Eq. (2), whereas the latter condition affects the major assumption of material
homogeneity. This is confirmed by the highest dielectrics obtained with the SRM in the case of the 1000 MHz
central frequency (i.e., &, gz, = 2.56 against &, ;gx, = 1.74 and &, 5y v4 = 1.66). As the wavelength 1,4y, is
higher than the wavelength A,.y, of the 2000 MHz GPR systems (according to the quarter of wavelength

criterion [66]: Aigp,= 7.5 x 102 m; A,;u,= 3.75 x 102 m), hence, the effects of the inhomogeneity of the
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system on the estimated value of dielectric permittivity are lower. In view of this, dielectrics closer to those
obtained with the peak-to-peak (TDSP) estimation are reached.

It is important to note that the inhomogeneity of the ballast is a critical issue across all the applied GPR methods
of data analysis. However, the effects of this condition in the application of the TDSP and the VMF approaches
turn out to be more contained. Firstly, in the TDSP method the estimation of the wave propagation velocity v
across the thickness of the whole “ballast system” seems to limit the effects of the material inhomogeneity.
Secondly, the assumption of a = 0.5 in the VMF theoretical model of Eq. (3) turns out to be a good trade-off

for representing the inner structure of the investigated medium.
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Fig. 8. Incidence of the residuals between the processed permittivity data computed using the TDSP technique

and the dielectric permittivity calculated by the VMF model.
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Fig. 9. Processed values of the relative dielectric permittivity computed using the TDSP and the SRM methods
for the acquisitions made with the 1000 MHz, 2000 MHz and 2000 MHz (NA) central-frequency antennas

(dielectrics by the VMF method are also added).

7 CONCLUSION AND FUTURE PROSPECTS

This paper reports an extended study of applications of ground-penetrating radar (GPR) on the assessment of
the electromagnetic (EM) properties of railway ballast.

The main geometric, physical and mechanical properties of clean limestone ballast aggregates are first assessed
in the laboratory environment according to relevant standard test methods. A typical ballast layer of a track
bed substructure is reproduced using a square-based methacrylate tank, with outer dimensions of 1.55 m length
x 1,55 m width x 0.55 height. A copper sheet is placed beneath the tank to allow the complete reflection of the
EM waves propagating through the material. The use of this perfect electric conductor (PEC) allows for the
effective assessment of the EM properties of the material, which is the primary scope of this work. The
container is filled up with the ballast aggregates and emptied several times in order to reproduce different
scenarios of aggregates arrangement. Four GPR systems (in both ground-coupled and air-coupled
configurations) investigating with five differing central frequencies are used for testing purposes. A processing

scheme for filtering out useless information from the raw GPR data is developed.
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The effects of the ringing and the low directivity of the ground-coupled antennas return lower dielectrics as
opposed to the reference literature values of permittivity for railway ballast layers as well as to the dielectrics
computed using the air-coupled systems. The main cause for this occurrence is linked to the roughness of the
ballast aggregates at the top of the container that makes the interface between the air and the top aggregates
highly irregular. These results may indicate unsuitability of the used ground-coupled system type for the
railway ballast investigation carried out in this study.

With regard to the used antenna-frequencies (air-coupled systems), results show that the higher the central
frequency of investigation, the larger the value of the permittivity computed by means of the time-domain
signal picking (TDSP) method.

The application of the proposed data processing scheme return slightly higher values of dielectric permittivity
than the raw, i.e., not exceeding = 3%. This occurs across the investigated scenarios of aggregates arrangement
as well as across the used frequencies of investigation.

The use of the surface reflection method (SRM) appears to be not suitable for the assessment of the relative
dielectric permittivity of limestone railway ballast in clean conditions. This is due to a higher sensitivity of the
SRM towards the roughness of the ballast aggregates at the interface between the air and the “ballast system”
(i.e., effect on the reflection amplitude) in combination with the high inhomogeneity of the material throughout
the investigated domain (i.e., loss of the major assumption of material homogeneity from the SRM method).
On the contrary, a general agreement between the dielectrics computed with the TDSP and the VMF is
observed. Overall, it can be seen how the permittivity assessed by the VMF is lower than the dielectrics derived
from the application of the time-domain-based technique. In addition to this, lower mismatches are observed
in the case of the 1000 MHz antenna, whereas the use of the 2000 MHz antennas (in both the standard and
low-powered configurations) return broadly higher differences. The 2000 MHz (NA) frequency data processed
with the TDSP technique return the largest difference with respect to the dielectrics computed using the VMF
method.

With regard to the effects of the arrangement of the ballast aggregates on the dielectric permittivity (i.e., the
variability observed in the values of the permittivity), a different disposition of the aggregates, surveyed by the
same antenna, may affect the computed values of the permittivity of the “ballast system” more than using

different frequencies of investigation across the same section (scenario).
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In view of the above results, the 1000 MHz air-coupled antenna system seems to be the most reliable and stable
GPR device (among the set of system types and frequencies used) for the purposes of this study. Indeed, the
use of this antenna frequency system allows for the lowest differences in terms of permittivity before and after
the application of the data processing scheme. The investigations performed with the 1000 MHz antenna
frequency provides also with the smallest differences between the dielectrics computed using the TDSP
technique and the VMF method. Furthermore, the permittivity data calculated with this frequency return the
lowest changes across the three different scenarios of particles arrangement provided.

Future research could task itself with the applicability of the obtained findings to real-case scenarios. Due to
the higher complexity of the investigation domain in terms of boundary conditions (e.g., presence of
tracks/sleepers, fouling, moisture within the track bed etc.), it is recommended to carry out first a survey at the
network level to divide the railway track into homogeneous stretches. This will allow to single out clean ballast

areas where to utilize the GPR systems and indications arising from this study.
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