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Abstract: The condition of the ballast is a critical factor affecting the riding quality and the perfor-
mance of a track. Fouled ballast can accelerate track irregularities, which results in frequent ballast
maintenance requirements. Severe fouling of the ballast can lead to track instability, an uncomfortable
ride and, in the worst case, a derailment. In this regard, maintenance engineers perform routine
track inspections to assess current and future ballast conditions. GPR has been used to assess the
thickness and fouling levels of ballast. However, there are no potent procedures or specifications
with which to determine the level of fouling. This research aims to develop a GPR analysis method
capable of evaluating ballast fouling levels. Four ballast boxes were constructed with various levels
of fouling. GPR testing was conducted using a GSSI (Geophysical Survey Systems, Inc.) device (400,
900, 1600 MHz), and a KRRI (Korea Railroad Research Institute) GPR device (500 MHz), which was
developed for ballast tracks. The dielectric permittivity, scattering of the depth (thickness) values,
signal strength at the ballast boundary, and area of the frequency spectrum were compared against
the fouling level. The results show that as the fouling level increases, the former two variables
increase while the latter two decrease. On the basis of these observations, a new integrated parameter,
called a ballast condition scoring index (BCSI), is suggested. The BCSI was verified using field data.
The results show that the BCSI has a strong correlation with the fouling level of the ballast and can
be used as a fouling-level-indicating parameter.

Keywords: track inspection; ballast fouling; ballast thickness; dielectric permittivity; signal strength;
time and frequency domains; ballast condition scoring index (BCSI); KRRI; GSSI

1. Introduction

The ballast layer plays an important role in keeping the sleepers in the correct position,
in supporting repeated train loads, and in transferring the train load to the substructures. It
also provides free drainage of water and prevents the growth of vegetation. Sound ballast
materials should be strong, stable, and drainable. Railway ballast is subjected to both
traffic loads and environmental changes and, as the ballast bed deforms and degrades, it
adversely affects the performance of the railway track [1-5].

Ballasts become fouled because of the fragmentation of the ballast materials, the
surface infiltration of weathered particles and coal droplets, and the upward migration of
fines from the subgrade and sleeper wear [2-4,6]. When fouling becomes severe, excess
pore water pressure is generated under cyclic loading that, in turn, degrades the track
resiliency and stability in undrained conditions [2,4].

As a result, routine track inspections to access the ballast condition are an important
aspect of track operations. Cost-effective tracks are needed as the demand for faster and
heavier trains increases. To meet these needs, it is essential to improve the monitoring
methods and the assessment of the track performance [1].

Railway track condition assessments mainly consist of monitoring the geometric
parameters of the track using inspection vehicles. The geometric parameters are related
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to the positioning and wearing of the rail [7]. Track geometry deformation (i.e., track
settlement) is the final phenomenon, arising because of various causes, such as track
stiffness differences and subgrade defects, among others [1,8]. Nondestructive tests are
widely used to assess the condition of the ballast and subgrade. Common nondestructive
methods are visual inspections, the light-falling weight deflection method (LFWD), and
electromagnetic methods (e.g., GPR) [1,2]. A lightweight deflectometer (LWD) involves
dropping a known weight from a specified height onto a circular plate over soil and
measuring the vertical surface deflection and the impact load. The LWD can also be used
to determine the stiffness of the track [7,9,10].

Ground penetrating radar (GPR) is currently used more often to assess track ballast
conditions. GPR uses electromagnetic signals to detect subsurface features, into which it
transmits the electromagnetic pulses into the ground and measures the reflected signals.
The changes in the dielectric properties of different materials and, hence, the layers, alter
the electromagnetic wave propagation. Such a feature, along with its ability to acquire
high-speed data without disturbing train operations, makes GPR a desirable inspection
tool [2,5,6,8,11,12]. Nevertheless, GPR is not yet used in a systematic manner for railway
track characterization or rehabilitation planning [8], one of the reasons being the lack of
a simple and reliable method. With regard to this concern, numerous studies have been
carried out. This study has been conducted with the aim of resolving this issue as well.

Conventional GPR analysis primarily involves the interpretation of the signal in the
time domain, and is generally performed in specific locations or for a particular purpose,
such as subgrade characterization or fouling detection [2,8,13]. Interpreting radar profiles is
still a challenging and time-consuming task that, therefore, requires significant experience
by GPR experts. Furthermore, there are no potent procedures to find the level and type of
fouling quantitatively. Recently, many studies have focused on identifying the thicknesses
and fouling levels of railway ballast by means of a frequency-domain analysis, in addition
to a time-domain analysis [2,8,11,13-17].

Fontul et al. [8] attempted to identify infrastructure changes by adopting short- and
long-sliding windows. For these sliding windows, they calculated the area under the
signal in the time and frequency domains. The peaks of these areas, and the peaks of the
differences of the areas between the short and long sliding windows, were utilized to detect
anomalies in ballast tracks.

Anbazhagan et al. [16], and Alani et al. [18], showed that as the fouling level increases,
the electromagnetic wave velocity decreases and the dielectric constant increases. De
Chiara [19] points out that the presence of moisture can significantly increase the dielectric
constant of a medium. In addition, they showed that the dielectric permittivity can vary, not
only according to the frequency of the GPR, but also according to the antenna configuration
of the device.

Roberts et al. [20] adopt a void-scattering amplitude envelope approach to assess the
condition of the ballast. After comparing the energy between the clean and fouled sections,
they showed that the loss of energy is higher in fouled ballast, as it has fewer void spaces.

Most GPR applications achieve the detection and localization of buried features and
discontinuities and/or the estimation of the electromagnetic properties of materials by
performing signal processing tasks in the time domain. However, time-domain methods do
not account for the frequency-dispersive properties of media, and do not consider the signal
phase [8]. In the frequency domain, it is also easy to filter out electromagnetic interference.

Various attempts have been made to detect the fouling level of ballast using a fre-
quency spectrum analysis, in which the time-domain GPR data are converted to the
frequency domain using the Fourier transform [8,13,21]. Silvast et al. [21] showed that
the area of a signal in the frequency domain is higher in clean ballast compared to fouled
ballast. Shao et al. [13] used a 800 MHz antennae to evaluate the track at the network level.
They proposed an automatic ballast condition assessment method using the maximum
peak in the frequency domain.
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Birhane et al. [11] developed a 500 MHz GPR device (referred to as a KRRI GPR device).
The device has eight channels and can eliminate sleeper noise at the GPR surveying stage.
In addition, an algorithm that automatically detects the thickness of the ballast layer was
developed. It was found that the caliber of the thickness detection algorithm differed in
the clean and fouled ballast sections of the track.

In summary, although various studies have found correlations between GPR param-
eters, such as the dielectric permittivity and the area of the frequency spectrum and the
fouling level, there are no potent procedures by which to ascertain the level of fouling.
The determination of the level and type of fouling of the ballast layer from GPR analysis
remains challenging.

This paper aims to assess the fouling level of the ballast using both time- and frequency-
domain parameters. The correlation of the fouling level of the ballast with the time- and
frequency-domain parameters, such as the dielectric permittivity, signal strength at the
bottom ballast boundary where materials change into reinforced trackbed or sublayer
soil, scattering of the ballast thickness values, and the area of the frequency spectrum, is
investigated thoroughly.

2. Methods and Tools for GPR Survey
2.1. Experimental Setup

Birhane et al. [11] pointed out that fouled ballast shows more signal scattering, espe-
cially at the boundary of the ballast and reinforced subgrade. In this study, to assess the
fouling level of the ballast meticulously, further GPR surveys were conducted on lab-built
and actual ballast tracks.

In the lab, the ballast tracks were simulated using four ballast boxes with distnict
fouling levels. The four ballast boxes represent the stages of fouling on a ballast track:
(1) clean (Box 1); (2) partially fouled (Box 2); (3) fully fouled (Box 3); and (4) Box 4, which
has increasing fouling material content according to the depth, as illustrated in Table 1. The
fouling material is added to the ballast aggregate in all cases at predetermined ratios and
mixed before the boxes are filled.

Table 1. Test Track Ballast Boxes with Various Fouling Levels.

Box 1 Box 2 Box 3 Box 4
Ratio of fouling material to 0 05 1.0 0-1.0
clean ballast
Fouling index 0.4 34.23 51.15 30.08
Partially fouled (layer fouled) *
- . 5th (0.00), 4th (0.25),
Description Clean Partially fouled Fully fouled 3rd (0.50), 2nd (0.75),

1st layer (1.00) *

* Bottom to upper layer (1st layer = bottom, 5th layer = surface layer), () = ratio of fouling material to clean ballast.

The ballast tracks consisted of 2m x 2 m x 0.6 m wooden frames. The front side wall
was composed of a transparent material to facilitate visual inspections. Figure 1 illustrates
the construction procedure of the ballast boxes. Using an excavator, the gravel and fouling
materials were mixed. This mixed material was then poured into the boxes, as shown in
Figure 1.
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(c) Construct ballast layer
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Figure 1. Construction of ballast boxes.

Figure 2 shows the gradation of the ballast aggregates and the fouled materials. Only
0.2% of the ballast aggregates can pass through 4.75 mm and 0.075 mm sieves. In contrast,
in the fouling silt material, 100% and 1.9% of the material can pass through the 4.75 mm
and 0.075 mm sieves, respectively. The fouling index can be calculated by Equation (1),
suggested by Selig and Waters [22]:

FI = P} + P2 1)

where P is the percentage by mass of the sampled ballast material finer than the 4.75 mm
(No. 4) sieve, and P§% is the percentage by mass finer than the 0.075 mm (No. 200) sieve.

The corresponding fouling indices of each of the ballast boxes were 0.4, 34.23, 51.15,
and 30.08 for Boxes 1 to 4, respectively, as shown in Table 1.
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Figure 2. Grain size distribution of the ballast gravel and fouling silt.
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2.2. Surveying Equipment

A KRRI (Korea Railroad Research Institute, Uiwang-si, South Korea) GPR device with
an operating frequency of 500 MHz, developed for ballast track surveys, and commercial
GSSI (Geophysical Survey Systems, Inc., Nashua, NH, USA) devices, with operating
frequencies of 400, 900, and 1600 MHz, were used for laboratory tests. The KRRI GPR
device was developed for field surveys, especially of ballast tracks. Accordingly, the KRRI
GPR device was used for verification tests on the Gyeongbu high-speed railway [11].

In order to avoid the boundary effects of the ballast boxes, the centerlines of the boxes
were surveyed. The test setup and operation using GSSI and KRRI devices are illustrated
in Figures 3 and 4, respectively. The KRRI device has eight channels, four on the left four
on the right. Thus, in order to scan the centerline only one side antenna (channel-0) was
used during the lab test (pleases see Figure 4b).

Figure 4. (a) KRRI GPR device; (b) KRRI ballast survey in the lab; and (c) KRRI ballast survey on the Gyeongbu HSR line.

3. Development of the Ballast Condition Scoring Index
3.1. Preprocessing of Collected GPR Signals

The GPR dataset should undergo preprocessing procedures before further analysis
is carried out because it is always possible for the GPR signals to have noise from the
surrounding environment [11,12,23-25]. For the KRRI device, an in-house program was
used [11], while Prism2 was used for the data processing with the GSSI devices. The
general preprocessing procedures applied in this paper are explained below [11,23]:

(1)  Frequency filtering (high-pass and low-pass filter) to remove higher and lower fre-
quency noises.

- High-pass filtering: the cutoff frequency is one-quarter (1/4) of the operat-
ing frequency
- Low-pass filtering: the cutoff frequency in seven-fourths (7/4) of the operat-
ing frequency
(2) Time zero correction to remove the air ground interface (i.e., the gap between the GPR
antenna and the surface of the medium)
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(3) Gain: a linear gain function was applied to compensate for the natural attenuation of
the signal

- Alinear gain function, with a slope ranging from 0.5 to 5%, can be used depend-
ing on the attenuation of the signal.

Figure 5 shows preprocessed B-scan images obtained from the GSSI and KRRI devices.
As shown in the figure, it is difficult to discern the fouling level of the ballast from the
B-scan image alone. Both the GSSI and the KRRI devices can detect the boundary between
the ballast layer and the sublayer. The boundary in Figure 5 would be assumed to exist at

the location where the GPR signal jumps. B-scan images can hardly deliver information
other than the boundary.

Box-3 Box-4 Box-1 Box-2 Box-3 Box-4
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Figure 5. (a) B-scan 900 MHz GSSI device, and (b) B-scan 500 MHz KRRI device using Channel 0.

In order to evaluate the ballast condition with GPR signals, the relevant parameters
should be investigated. On the basis of the literature and experience with GPR, four
parameters were selected: the dielectric permittivity; signal strength at the boundary; stan-
dard deviation (i.e., signal scattering); and area of the frequency spectrum. The standard
deviation comes from the calculation of the scattering of thickness values generated by
the ballast thickness detection algorithms suggested by Birhane et al. [11]. The area of
the frequency spectrum can be calculated by converting the GPR signals into frequency
domain images. On the basis of the investigation of each parameter, a new integrated

parameter, called the ballast condition scoring index (BCSI), is suggested. The details are
illustrated below.

3.2. Dielectric Permittivity Variation

The dielectric permittivity is a measure of the speed at which an electromagnetic
signal passes through media. The dielectric permittivity can indicate the fouling level
of the ballast by comparing the measured value with that of clean ballast. The dielectric
permittivity constant (£) can be calculated at a known depth (or thickness) of the medium

using Equation (2): )
C x At
= (55 @

where C is the speed of light 3 x 10® m/s; At is the time it takes for the GPR signal to reach
the boundary of the ballast (s); and D is the depth (thickness) of the ballast (m).

Several studies have found that the dielectric permittivity increases as the fouling
level increases [16,18,19,26]. Figure 6 shows that the dielectric permittivity calculated at
the ballast boxes varies according to the fouling index. The dielectric permittivity of Box 4
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is indicated with solid markers and is different from the others (hollow markers). As
illustrated in Table 1, the fouling level of Box 4 increases as the depth increases, whereas
the others remain constant within each layer. For this reason, Box 4 appears not to follow
the trend according to the fouling index. Therefore, the results of Box 4 are included in the
graphs but are not included in any further analysis in order to develop the ballast condition
scoring index.

—0— 400 MHz
—0— 900 MHz
—4~— 1600 MHz

—v— 500 MHZ CHO
B4 400 MHz

B4 900 MHz

B4 1600 MHz

B4 500 MHZ CHO

3 T T T T T T 1
0 10 20 30 40 50 60

Fouling index

Dielectric permitivity
[m)

4 > o=

Figure 6. Dielectric permittivity vs. the fouling level at various frequencies.

As anticipated, the more fouled ballast boxes have higher dielectric permittivity levels.
The dielectric permittivity values ranged from 4.4 for Box 1 (clean), to 5.8 for Box 3 (fully
fouled). The range of the dielectric permittivity of the ballast layers matches those from the
literature [16,18,19,26,27]. Note that the dielectric permittivity of Box 4 with layered fouling
is the highest, in all GPR frequencies. This observation indicates that multiple layers of
materials could reduce the speed of the electromagnetic waves and raise the dielectric
permittivity of the media.

In order to use the dielectric permittivity as a ballast-fouling-level-indicating parame-
ter, the thickness of the ballast must be known beforehand. This limits the applications of
the dielectric permittivity to assess the fouling level.

3.3. Boundary Estimation and Variation

The automatic thickness detection algorithm, by Birhane et al. [11], showed contrasting
results between the good condition and the fouled condition of ballast track. The good
condition, i.e., ballast that was either clean or had little fouling, shows fairly continuous
thicknesses, as shown in Figure 7a. However, the poor ballast condition, i.e., fouled ballast,
resulted in scattered thickness detection according to the algorithm, as shown in Figure 7b.

This feature implies that the scattering of the thickness values might indicate the foul-
ing level. Scattering, in this case, can be expressed quantitatively as the standard deviation
of the ballast thickness. In this regard, the standard deviation of the depth (thickness) value
generated by the depth detection algorithm (DVS) is selected as a GPR parameter.

As mentioned in Section 3.2, this stems from the fact that clean ballast is uniformly
graded ballast, with more air voids and different physical and electromagnetic behaviors
between the ballast and the subgrade, meaning that there are large differences in the
dielectric constant. This makes the boundary more apparent for the thickness detection
algorithm, whereas fouled ballast has finer particles filling the air voids and smaller
aggregates segregating to the bottom section. This causes the electromagnetic characteristics
of the ballast layer to resemble those of the subgrade. It is also important to reiterate that the
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presence of finer particles results in greater energy attenuation, that makes the boundary
more obscure [20].

Station
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Figure 7. Ballast thickness detection (a) at a good site, and (b) at a poor site.

The standard deviation (signal scattering) of the thickness values generated by the
depth (thickness) detection algorithm (DVS) was compared with the fouling level at various
frequencies. As shown in Figure 8, except for 400 MHz, when the fouling level changes
from a clean to a fouled condition, the inverse of the standard deviation of the depth
(thickness) values from the algorithm (1/DVS) decreases. However, when the fouling index
rises from 34.23 to 51.15 (Box 2 to Box 3), 1/DVS increases instead of decreasing.

20-
154
wn
2 1.0
= —0— 400 MHz
—O— 900 MHz
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= B4 400 MHz
® B4900 MHz
4 B4 1600 MHz
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Fouling index

Figure 8. Inverse of the standard deviation of the thickness values generated by the according
algorithm vs. the fouling level at various frequencies.
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Although the inverse of DVS seems to contradict the anticipated trend, when the
fouling level rises above a certain level, it is significant for distinguishing a good condition
ballast from a fouled and/or semi-fouled ballast. This was verified by the analysis of the
results of the GPR scan on the Gyeongbu HSR line; details are presented in Section 3.6.

3.4. Signal Strength

The signal strength at the boundary of the ballast is another GPR parameter that can
indicate the fouling level of the ballast layer. Fouled ballast materials (i.e., fine particles)
tend to absorb electromagnetic waves and, thus, the reflected signals become weak. This
phenomenon results in lower energy at the boundary [20]. Clean ballast is uniformly
graded and contains more air voids and, therefore, shows a clearer difference between
the clean ballast layer and the subgrade (here, the bottom of the box). The contrasting
difference at the boundary gives rise to a large reflection. The large reflection results in a
strong echo back to the GPR antenna [28].

The amplitudes of the signals at the ballast boundary are compared against the fouling
level (see Figure 9). Because the amplitudes in both the time domain and frequency domain
vary significantly due to different frequencies and devices, an adjustment should be applied
for a reasonable comparison. The adjustment factors (refer to Table 2) are determined by
the amplitude of the strongest signals of each frequency and are utilized to normalize the
signal strength. The strength used in this section is the amplitude of the reflected signal at
the boundary, where the KRRI algorithm calculates the boundary [11].

Table 2. Adjustment Factors to Normalize the Signal Strength.

Frequency Adjustment Factor Remark
400 MHz 15 x 10% GSSI
900 MHz 3 x 10° GSSI
1600 MHz 6 x 10° GSSI
500 MHz 9 x 108 KRRI
—+— 400 MHz
—O— 900 MHz
77 A 1600 MHz
—v— 500 MHZ CHO
= B4 400 MHz

® B4 900 MHz
A B4 1600 MHz
v B4500 MHZ CHO

Vv

Signal strength at the boundary
N

Fouling index

Figure 9. Signal strength at the boundary vs. fouling level with various frequencies.

As shown in Figure 9, the more the ballast is fouled, the greater the energy loss and
signal attenuation and, hence, the signal strength at the boundary is lower. As stated earlier,
this is mainly caused by the loss of energy, which is higher in fouled ballast, as there are
fewer void spaces [20].

3.5. Area of the Frequency Spectrum of the Signal

Silvast et al. [21] compared the area of a signal in the frequency domain along fouled
and clean ballast sections and showed that the area is significantly larger in clean ballast.
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Therefore, the area bounded by the frequency spectrum is used as the frequency-domain
analytic parameter to assess the fouling level.

In this study, the average of the area bounded by the frequency spectrum of the signal
is calculated for each box and compared with regard to the fouling level. Similar to the
signal strength, the adjustments have been made for the calculated areas, as shown in
Table 3.

Table 3. Adjustment factors to normalize the area of the frequency domain.

Frequency Adjustment Factor Remarks
400 MHz 4 x 1010 GSSI
900 MHz 2 x 10° GSSI
1600 MHz 2 x 1010 GSSI
500 MHz 4 x 10° KRRI

As shown in Figure 10, the more the ballast is fouled, the smaller the area bounded by
the frequency spectrum of a signal becomes. This is also in agreement with earlier reports
in the literature [8,21].

—0— 400 MHz
1.4+ —0— 900 MHz
A 1600 MHz
—— 500 MHZ CHO
= B4 400 MHz
® B4900 MHz
A B4 1600 MHz
v B4 500 MHZ CHO

-
N
1

N
o
1

Area of frequency spectrum

0.8

0 10 20 30 40 50 60

Fouling index

Figure 10. Area of the signal under the frequency domain vs. the fouling level at various frequencies.

3.6. Ballast Condition Scoring Index (BCSI) vs. the Fouling Level

After thoroughly analyzing the correlations among the four parameters above with
the fouling level, a new integrated parameter called the ballast condition scoring index
(BCSI) was suggested to indicate the fouling level. The BCSI is a function of the signal
strength at the ballast boundary (SSb), the depth (thickness) value scattering (DVS), and
the area of the frequency spectrum of the signal (Ag;). It is defined as Equation (3).

1 At

To come up with Equation (2), various combinations of the three parameters, starting
from direct superimposition and simple multiplication, were investigated and their perfor-
mances were compared. Accordingly, the function in the form of Equation (2) gives the best
result. The dielectric permittivity is excluded because the thickness of the ballast should be
known beforehand in order to use the dielectric permittivity. The BCSI is a coherent param-
eter to indicate the fouling level of the ballast and is, theoretically, more accurate and stable
for the fouling analysis, as it includes both the time-domain and the frequency-domain
analyses. The GPR parameters, especially the ones related to the time-domain analysis, can
be affected by a number of factors in addition to the fouling level, such as the thickness
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of the ballast layer, the moisture content, and the type of fouling material. For example,
the signal strength can be affected by the thickness of the ballast, i.e., even if the condition
of the ballast is identical, as the thickness of the ballast increases, the energy level at the
bottom boundary will be lower because of the higher level of attenuation [29].

Furthermore, it is reported in the literature that the moisture level influence in a
frequency-domain analysis is minor compared to that in a time-domain analysis [8]. There-
fore, combining the time domain and the frequency domain into a single integrated pa-
rameter enables the stabilization of the parameter and uses their combined advantages to
assess the condition of the ballast, which is tampered with by multiple variables.

The correlation between the fouling level and the ballast condition scoring index
(BCSI) is presented in Figure 11. A higher scoring index means a better ballast condition.
Once more, all of the frequencies show a trend similar to those of the dielectric permittivity,
the signal strength at the boundary, and the area of the frequency-domain graph.

o 400 MHz
13- —0— 900 MHz
—2— 1600 MHz
124 —/— 500 MHZ CHO
= B4400 MHz
11+ e B4900 MHz
104 A B4 1600 MHz
v B4 500 MHZ CHO
9 .
7# 84
@]
m 7
6 _
5 v
4 4 — 77””:"\*5i3&/, — A
3 — 0
2 T T T T T T 1
0 10 20 30 40 50 60

Fouling index

Figure 11. Ballast condition scoring index (BCSI) vs. the fouling level at various frequencies.

The results show that the parameters can clearly distinguish between clean and fouled
ballast. Clean ballast has low dielectric permittivity, high signal strength at the bottom
boundary, low scattering of the thickness value, and a higher area of the frequency spectrum
and, thus, results in a high scoring index.

The KRRI 500 MHz GPR device appears to discern fouling levels with the BCSI. For
the GSSI device, 900 and 1600 MHz antennas seem to have the capability to figure out
the fouling index; however, a 400 MHz frequency would not be appropriate to evaluate
the fouling level of the ballast layer in operating lines. Birhane et al. [11] proved that, in
actual tracks, the GPR data collected using commercial GPR devices shows significant
noise around and under sleepers. The KRRI GPR device, on the other hand, which, unlike
the commercial devices, has a transmitter and receiver antennae at separate boxes, can
successfully eliminate the noise, especially at the lower section of the ballast layer. The
arrangement of the antennae, and the magnetic sensors that detect fasteners on the sleepers,
enable the KRRI device to scan the ballast in between the sleeper, thereby significantly
minimizing the interference of the sleepers. In this sense, the KRRI GPR device is used for
verification in operating lines.

4. Verification of the Ballast Condition Scoring Index on a High-Speed Railway

In order to apply the suggested index, BCSI, to the maintenance of operating lines,
the BCSI needed to be verified through field testing. For this purpose, the Gyeongbu



Sensors 2021, 21, 6875

12 of 17

high-speed railway was selected, and more than 10 km of track was scanned using a KRRI
GPR device at various sites.

The test pits were excavated at randomly selected sections of bridges, tunnels, and
embankments along the track. Because of the lack of an appropriate sampling technique,
a quantitative fouling index could not be obtained on the Gyeongbu HSR line. Instead,
the ballast condition was carefully assessed visually at selected excavation pits. After
visually inspecting the excavated pits, the condition of the ballast was qualitatively graded
according to the fouling level category suggested by Selig and Waters [22] (refer to Table 4
and Figure 12). On the basis of the description of the ballast condition, and the graphical
description shown in Figure 12, the fouling index (FI) was estimated in a quantitative
manner. Table 5 illustrates the major sites for the GPR survey, which were, in this case, the
Banwall, Baebang, Pyeongtaek, and Gemeo sites. The details of the ballast thickness, a
description of the fouling levels, and other factors pertaining to the test pits are summarized
in Table 5.

Table 4. Fouling Index and Corresponding Ballast Condition Categories.

Fouling Index ! Description of Ballast Condition
<1 Clean
1to <10 Moderately clean
10 to <20 Moderately fouled (Partially fouled)
20 to <40 Fouled
>40 Highly fouled (Fully fouled)

! Fouling index category [22].

Figure 12. Fouling levels of ballast: (a) clean ballast; (b) partially fouled ballast; and (c) fully fouled ballast.

The relationships among the fouling levels of the ballast along the Gyeongbu HSR
line and the dielectric permittivity, signal strength at the boundary, area of the frequency
domain, and the standard deviation of the ballast thickness value are summarized in
Figure 13. For all parameters, a 20m average length was taken so as to obtain the represen-
tative values of a certain location. As the fouling level of the ballast increases, the dielectric
permittivity and the standard deviation of the thickness values from the algorithm increase,
whereas the signal strength at the ballast boundary, and that of the area of the frequency
spectrum, decrease.
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Table 5. Condition of the Ballast Layer at Selected Trial Pits of the Gyeongbu HSR Line.

Site Track Location Thickness (cm) Description of the Fouling Level Category According to Selig and Waters Iig:il?lg,i )
36k260.0 53 Very good condition with slight fouling Moderately clean 1to <10 5
Banwall T1 36k294.0 48 Heavy fouling boundary at the bottom Fouled 20 to <40 30
36k397.0 53 Good to moderate fouling Moderately clean 1to <10 10
Bacban ™ 97k210.0 >36 Highly fouled—cannot be hand excavated beyond 36 cm. Highly fouled >40 40
8 97k530.0 >53 Moisture detected on lower section. Highly fouled >40 40
241k295.0 56 Highly fouled—cannot be excavated beyond 36 cm. Moderately fouled 10 to <20 20
241k350.0 >54 Lower section has moisture. Highly fouled >40 40
T1 241k370.0 56 Moderate fouling. Fouled 20 to <40 30
241k460.0 69 Serious fouling. Moderately fouled 10 to <20 20
Geomo 241k530.0 >62 Cannot be hand excavated beyond 54 cm. Highly fouled >40 40
241k347.0 60 Fouling moderate-serious. Moisture presence at the bottom section. Moderately fouled 10 to <20 20
™ 241k370.0 53 Moderate fouling Fouled 20 to <40 30
241k405.0 >35 Serious fouling/not to bottom Moderately fouled 10 to <20 20
241k446.0 70 Moderate fouling Moderately fouled 10 to <20 20
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The GPR parameters are closely correlated with the fouling level along the HSR line;
however, the correlation is not as strong as those from ballast box tests. This occurs because
the ballast boxes exist in a well-controlled environment, whereas on the actual track, the
thickness of the ballast layer, the moisture content, the type of fouling materials, and the
fouling level vary along operating lines.

The ballast condition scoring index (BCSI) has a strong correlation with the fouling
level, where a good ballast condition has a higher scoring index. A comparison of Figure 13
with Figure 14 shows the integrated parameters. The BCSI performs much better in
indicating the fouling level of the ballast layer than the individual parameters. As shown
in the figures, an exponential regression was performed on all the variables in Equation (2),
including the BCSI. The coefficient of determination (Rz) was 0.15,0.11, 0.84, and 0.86 for
the signal strength at the boundary, area of the frequency spectrum, the inverse of the
standard deviation of the depth (thickness) values from the algorithm (1/DVS), and the
ballast condition scoring index (BCSI), respectively.
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Figure 13. Relationships between the qualitative fouling level of the ballast and (a) the dielectric permittivity; (b) signal

strength at the boundary; (c) area of the frequency spectrum; and (d) inverse of the standard deviation of the depth

(thickness) values.

The results, both in the lab-built boxes and the actual track, show that the correlation
of the fouling level with the BCSI is not only stronger, but also more stable, than with the
individual parameters. This demonstrates that the BCSI can be used as a tool to indicate the
possible fouled section of the track, where detailed investigation is needed. It can also be
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expanded and/or improved by including more fouling level informative time-domain and
frequency-domain parameters, which might be investigated in future works, i.e., the BCSI
can be continuously updated to include additional parameters that can possibly indicate
the fouling level of ballast. With further verification, and the possible inclusion of more
fouling-level-indicating parameters, the BCSI can be refined into a more robust and reliable
ballast-fouling assessment index. Given the ability of GPR devices to be easily mounted
on track-inspection or commercial trains, the BCSI can also serve as a swift real-time
ballast-condition-assessment and monitoring tool.

Equation y = y0 + A*exp(R0*x)
6 - v 164157 + 0.19806
* A 9.13756 + 2.6593
5 \ RO -0.16834 + 0.05133
\ R-Square (COD) 0.85541
4 \\
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? 8 s 3
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Fouling index
Figure 14. Relationship between the fouling level of the Gyeongbu HSR and the BCSI.

5. Conclusions

Track irregularities are the major parameters when determining the need for track
maintenance. Fouling of the ballast is considered one of the most important factors causing
track irregularities or the settlement of the ballast track. Many researchers have attempted
to develop technologies to assess ballast conditions, and GPR has served as a suitable
nondestructive tool.

This paper aims to develop an index and /or a method to evaluate the ballast condition
in a practical and efficient manner. To do this, four ballast boxes were built with different
fouling levels, and GPR signals were then collected. A GSSI GPR device with operating
frequencies of 400, 900, and 1600 MHz, and a KRRI GPR device with an operating frequency
of 500 MHz, were utilized to develop an index able to assess the ballast-fouling level.

The fouling levels of the ballast were compared with four parameters (dielectric per-
mittivity, signal strength at the boundary, standard deviation (scattering) of the thickness,
and the area of the frequency domain signal). The comparison shows that clean ballast has
low dielectric permittivity, high signal strength at the bottom boundary, low scattering of
the thickness value, and a larger area of the frequency-domain signal. On the basis of this
observation, a new integrated parameter called the ballast condition scoring index (BCSI)
is suggested.

The ballast condition scoring index (BCSI) can discern different fouling levels because
it has a good correlation with the fouling level of an actual railway track line operating
in Korea (the Gyeongbu high-speed railway). Accordingly, it can be used as a tool to
indicate the possible fouled section of the track, where detailed investigation is needed.
It can also be improved by including more fouling-level indicative, time-domain, and
frequency-domain parameters.

Since GPR devices can easily be mounted on track-inspection or commercial trains, the
BCSI can also serve as a swift real-time ballast condition assessment and monitoring tool.



Sensors 2021, 21, 6875 16 of 17

Author Contributions: Conceptualization, EN.B., Y.T.C. and S.J.L.; methodology, EN.B., Y.T.C. and
S.J.L.; software, EN.B.; validation, EN.B., Y.T.C. and S.J.L.; formal analysis, EN.B.; investigation,
EN.B. and Y.T.C.; resources, EN.B., Y.T.C. and S.J.L.; data curation, EN.B., Y.T.C. and S.].L.; writing—
original draft preparation, FN.B.; writing—review and editing, EN.B. and Y.T.C.; visualization,
EN.B., Y.T.C. and S.J.L.; supervision, Y.T.C. and S.J.L.; project administration, EN.B., Y.T.C. and S.J.L.;
funding acquisition, Y.T.C. and S.J.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Research Foundation of Korea (NRF) grant,
funded by the Korean government (MSIT) (Development of GPR test method for investigating the
condition of ballast and trackbed, 2019R1A2C200744212).

Acknowledgments: The authors express gratitude for the funding from the National Research
Foundation of Korea (NRF).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Esveld, C. Modern Railway Track; Digital Edition; MRT-Productions: Zaltbommel, The Netherlands, 2014.

2. Indraratna, B.; Salim, W.; Rujikiatkamjorn, C. Advanced Rail Geotechnology—Ballasted Track; CRC Press: London, UK, 2011.

3. Bassey, D.; Ngene, B.; Akinwumi, I.; Akpan, V.; Bamigboye, G. Ballast Contamination Mechanisms: A Criterial Review of
Characterisation and Performance Indicators. Infrastructures 2020, 5, 2412-3811. [CrossRef]

4. Sussmann, T. Source of Ballast Fouling and Influence Considerations for Condition Assessment Criteria. Transp. Res. Rec. ].
Transp. Res. Board 2012, 2289, 87-94. [CrossRef]

5. Smith, M.R;; Collis, L. Railway track ballast. In Aggregates: Sand, Gravel and Crushed Rock Aggregates for Construction Purposes;
Geological Society of London: London, UK, 2001; pp. 285-289.

6.  Bold, R.D. Non-Destructive Evaluation of Railway Trackbed Ballast; The University of Edinburgh: Edinburgh, UK, 2011.

7. Park, B.S.; Choi, Y.T.; Hwang, S.H. Ballasted Track Status Evaluation Based on Apparent Track Stiffness Index. Appl. Sci. 2020,
14, 4729. [CrossRef]

8.  Fontul, S.; Paixao, A.; Solla, M.; Pajewski, L. Railway Track Condition Assessment at Network Level by Frequency Domain
Analysis of GPR Data. Remote Sens. 2018, 4, 559. [CrossRef]

9. Kuttah, D. Determining the resilient modulus of sandy subgrade using cyclic light weight deflectometer test. Transp. Geotech.
2021, 27, 100482. [CrossRef]

10. Sulewska, M.].; Bartnik, G. Application of the Light Falling Weight Deflectometer (LFWD) to Test Aggregate Layers on Geosyn-
thetic Base. Procedia Eng. 2017, 189, 221-226. [CrossRef]

11. Birhane, EN.; Choi, Y.T.; Lee, S.J. Development of GPR Device and Analysis Method to Detect Thickness of Ballast Layer. ]. Korean
Soc. Railw. 2020, 23, 269-278. [CrossRef]

12. Daniels, D.J. Ground Penetrating Radar, 2nd ed.; Institution of Engineering and Technology: London, UK, 2004.

13.  Shao, W.; Bouzerdoum, A.; Phung, S.L.; Su, L.; Indraratna, B.; Rujikiatkamjorn, C. Automatic Classification of Ground-Penetrating-
Radar Signals for Railway-Ballast Assessment. IEEE Trans. Geosci. Remote Sens. 2011, 49, 3961-3972. [CrossRef]

14. Al-Qadi, I.; Xie, W.; Roberts, R. Optimization of antenna configuration in multiple-frequency ground penetrating radar system
for railroad substructure assessment. NDT E Int. 2010, 43, 20-28. [CrossRef]

15. Leng, Z.; Al-Qadi, I. Dielectric Constant Measurement of Railroad Ballast and Application of STFT for GPR Data Analysis. In
Non-Destructive Testing in Civil Engineering; Laboratoire central des ponts et chaussées: Nantes, France, 2009.

16. Anbazhagan, P.; Naresh, P.; Bharatha, T. Identification of type and degree of railway ballast fouling using ground coupled GPR
antennas. J. Appl. Geophys. 2016, 126, 183-190. [CrossRef]

17.  De Bold, R.; O’Connor, G.; Morrissey, J.; Forde, M. Benchmarking large scale GPR experiments on railway ballast. Constr. Build.
Mater. 2015, 92, 31-42. [CrossRef]

18. Alani, A.B.; Fabio, T.; Luca, B.C.; Alessandro, C.; Brancadoro, M.G.; Amir, M. Railway ballast condition assessment using
ground-penetrating radar—An experimental, numerical simulation and modelling development. Constr. Build. Mater. 2017,
140, 508-520.

19. De Chiara, F; Fontul, S.; Fortunato, E. GPR Laboratory Tests For Railways Materials Dielectric Properties Assessment. Remote
Sens. 2014, 6, 9712-9728. [CrossRef]

20. Roberts, R.; Rudy, J.; Al-Qadi, I.; Tutumluer, E.; Boyle, J. Railroad Ballast Fouling Detection Using Ground Penetrating Radar—A
New Approach Based on Scattering from Voids. In Proceedings of the 9th European Conference on NDT (ECNDT 2006), Berlin,
Germany, 25-29 September 2006.

21. Silvast, M.; Levomaki, M.; Nurmikolu, A.; Noukka, J. NDT Techniques in Railway Structure Analysis. In Proceedings of the 7th
World Congress on Railway Research, Montreal, QC, Canada, 4-8 June 2006.

22.  Selig, T.E.; Waters, M.]. Track Geotechnology and Substructure Management; Thomas Telford Publishing: London, UK, 1994.


http://doi.org/10.3390/infrastructures5110094
http://doi.org/10.3141/2289-12
http://doi.org/10.3390/app10144729
http://doi.org/10.3390/rs10040559
http://doi.org/10.1016/j.trgeo.2020.100482
http://doi.org/10.1016/j.proeng.2017.05.035
http://doi.org/10.7782/JKSR.2020.23.3.269
http://doi.org/10.1109/TGRS.2011.2128328
http://doi.org/10.1016/j.ndteint.2009.08.006
http://doi.org/10.1016/j.jappgeo.2016.01.018
http://doi.org/10.1016/j.conbuildmat.2014.09.036
http://doi.org/10.3390/rs6109712

Sensors 2021, 21, 6875 17 of 17

23.
24.
25.
26.

27.
28.

29.

Jol, H. Data Processing And Interpretation. In Ground Penetrating Radar: Theory and Application; Elsevier: Amsterdam, The Netherlands,
2009; pp. 405—413.

Kim, J.-H.; Cho, S.-].; Yi, M.-]. Removal of ringing noise in GPR data by signal processi. Geosci. J. 2007, 11, 75-81. [CrossRef]
Szymczyk, M.; Szymczyk, P. Preprocessing of GPR data. Image Process. Commun. 2013, 18, 83-90. [CrossRef]

Sadeghi, J.; Motieyan, M.; Mollazadeh, M.; Yousefi, B.; Zakeri, J. Improvement of railway ballast maintenance approach,
incorporating ballast geometry and fouling conditions. J. Appl. Geophys. 2018, 151, 263-273. [CrossRef]

Hugenschmidt, J. Railway track inspection using GPR. J. Appl. Geophys. 2000, 43, 147-155. [CrossRef]

Lai, W.L.; Poon, C.S. GPR data analysis in time-frequency domain. In The Railway Track and Its Long Term Behaviour; Tzanakakis,
K., Ed.; Springer: Dordrecht, The Netherlands, 2013; pp. 362-366.

Leucci, G. Ground Penetrating Radar: The Electromagnetic Signal Attenuation and Maximum Penetration Depth. Sch. Res. Exch.
2008, 2008, 1-7. [CrossRef]


http://doi.org/10.1007/BF02910382
http://doi.org/10.2478/v10248-012-0082-3
http://doi.org/10.1016/j.jappgeo.2018.02.020
http://doi.org/10.1016/S0926-9851(99)00054-3
http://doi.org/10.3814/2008/926091

	Introduction 
	Methods and Tools for GPR Survey 
	Experimental Setup 
	Surveying Equipment 

	Development of the Ballast Condition Scoring Index 
	Preprocessing of Collected GPR Signals 
	Dielectric Permittivity Variation 
	Boundary Estimation and Variation 
	Signal Strength 
	Area of the Frequency Spectrum of the Signal 
	Ballast Condition Scoring Index (BCSI) vs. the Fouling Level 

	Verification of the Ballast Condition Scoring Index on a High-Speed Railway 
	Conclusions 
	References

