NDT&E International ¥ (amsn) nss-nmm

Contents lists available at ScienceDirect

'NDT:E

international

NDT&E International

journal homepage: www.elsevier.com/locate/ndteint ’%/

Optimization of antenna configuration in multiple-frequency ground
penetrating radar system for railroad substructure assessment

Imad Al-Qadi **, Wei Xie ?, Roger Roberts®

2 Department of Civil and Environmental Engineering, University of Illinois at Urbana-Champaign, 205 North Mathews Avenue, MC 250, Urbana, IL 61866, United States
P Geophysical Survey Systems, Inc., 12 Industrial Way, Salem, NH 03079-4843

ARTICLE INFO

ABSTRACT

Article history:

Received 23 January 2008
Received in revised form
30 July 2009

Accepted 19 August 2009

Keywords:

Ground penetrating radar
Multiple-frequency

Track substructure
Railroad ballast

This paper discusses the use of ground penetrating radar (GPR) to rapidly, effectively, and continuously
assess railroad track substructure conditions, especially ballast. To overcome the limited electro-
magnetic waves penetration for high-frequency antennae and the low resolution of low-frequency
antennae, this study uses a multiple-frequency GPR system to assess railroad substructure conditions.
High-frequency antennae were used to detect the scattering pattern, which is related to air void volume
in railroad ballast, and low-frequency antennae are used to assess deeper substructure conditions.
Considering the scattering energy attenuation is highly frequency and material dependent, a time-
frequency method based on tracking the frequency spectrum and energy change over depth can be used
to extract ballast fouling conditions. From GPR field collected data, ground-truth observation, and
ballast gradation analysis, the multiple-frequency GPR system demonstrates a promising capability to

Fouling condition

assess railroad track substructure condition.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

To ensure the safety and timely delivery of freight and
passengers, the railroad network system is continuously main-
tained. This maintenance is a challenging task. It is difficult and
expensive to accurately assess the condition of the track system.
In the United States, there are over 373,000 km of railroad track
that must be periodically evaluated and possibly repaired. To
optimize the limited funds available to maintain the track system,
an accurate assessment of track conditions is necessary.

The main components of the track structure are grouped into
two main categories: superstructure and substructure. The
superstructure consists of rail, the fastening system, and ties
(sleepers). The substructure consists of ballast, subballast, and
subgrade. The railroad track effectiveness and its structural
capacity depend on the characteristics and the general condition
of all layers under the ties, especially the ballast.

The main functions of ballast are the following: resist vertical,
lateral, and longitudinal forces applied to ties to retain track in its
required position; reduce pressure from the tie-bearing area to
acceptable stress levels for the underlying material, provide
resiliency and energy absorption for the track; absorb airborne
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noise; facilitate maintenance surfacing and lining operations;
provide water drainage; and prevent frost formation.

However, ballast fouling may jeopardize the aforementioned
expectations of the ballast layer. Selig [1] divided sources of
ballast fouling into five categories: (1) ballast breakdown, (2)
infiltration from ballast surface, (3) tie wear, (4) infiltration from
underlying granular layers, and (5) subgrade infiltration. The most
common source of fouling is ballast breakdown; it contributes up
to 76% of the fouling, which means most fouling particles are first
generated in the area under ties.

The present methods used to assess ballast condition are visual
survey, selective drilling and digging at intervals along the track,
and ground penetrating radar (GPR) survey. The visual survey is
inaccurate and may not reveal subsurface conditions. The drilling
method is time consuming and cannot supply continuous
information about the track subsurface. Considering that sig-
nificant variation may occur along tracks within short distances, a
continuous, rapid measurement technique is needed. Ground
penetrating radar, a nondestructive evaluation technique, is
designed to gather information from the subsurface.

According to Olhoeft [2], selecting antenna frequency is very
important for GPR survey of track substructure condition. The
antennae used need to provide enough penetration depth to reach
the bottom of the ballast layer. At the same time, high resolution
is needed to detect air void volume change, which indicates
ballast fouling condition. According to Gallagher et al. [3],
antennae with frequency greater than 900 MHz are required for
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high resolution and those with frequency less than 900 MHz can
provide deep penetration. In order to identify the appropriate
antennae for railroad substructure assessment, several studies
have been conducted on this topic in recent years.

Sussman et al. [4] used a GPR system with 100 MHz, 400 MHz,
and 1GHz antennae for track substructure survey. The 100 and
400 MHz antenna data were successfully used to identify layer
interfaces using automatic layer tracking algorithms. An increase
in moisture and localized soil change can be detected from the
400 MHz collected data. In the study of Olhoeft et al. [5] and
Hyslip et al. [6], the GPR equipment with multiple sets of 1 GHz
air-coupled antennae was used. The GPR data provides a good
indication of subsurface layer configuration. To improve the
estimation of the ballast layer depth, detectable geosynthetics
were used by Carpenter et al. [7]. Keogh et al. [8] used the RAIL
RADAR™ system to measure the signal travel time and material
dielectric constant of each detected subsurface layer, as well as
the tie condition. A multi-offset 1.2 GHz ground-coupled antenna
was used. The results show that the GPR pulse propagation
velocity significantly decreased (10-30%) from clean to fouled
ballast. Accordingly, RAIL RADAR™"'s was used to define a ballast
fouling threshold.

In a study by Clark et al. [9], data collected by antennae at
various frequencies, including 500 MHz, 900 MHz and 1.5 GHz,
was used to analyze the frequency spectrum change from clean
and fouled ballast. Fast Fourier transform (FFT) was used to
analyze the data and showed good potential to assess ballast
condition. Silvast et al. [10] used the frequency sum method on
the data collected from two 400 MHz antennae. Research results
demonstrated that frequency analysis can provide information on
ballast fouling condition and subgrade soil type. Roberts et al. [11]
used scattering information of void space in ballast to predict
fouling condition. The study concluded that clean ballast could
potentially be distinguished from fouled ballast by the intensity of
the void scattering using a 2 GHz-antenna data.

Narayanan et al. correlated GRR measurements using 400 MHz
to ballast modulus [12]. Their preliminary results indicated that a
relationship between reflected energy and the track modulus
existed. According to Narayanan et al.,, 400 MHz is the optimal
frequency for assessing the condition of subballast and subgrade.
However, it has to be noted here that electromagnetic waves
reflection is related to the dielectric and volumetric characteristics
of the material and may not be related to material modulus,
unless a unique material is considered. Furthermore, reflected
energy may depend on several factors including moisture content.
In addition, the low-frequency antenna may not provide detailed
information about the ballast condition; especially at critical
areas, such as under sleepers. The use of multi-frequency GPR
system may, however, provide more reliable subsurface informa-
tion as shown by Loizos et al. [13]. In summary, there is a trade-off
between GPR depth of penetration and data resolution. The
higher-frequency 2 GHz antennae provide greater resolution to
extract ballast condition but less penetration depth. Lower-
frequency antennae, on the other hand, provide deeper penetra-
tion but reduced resolution. In this paper, a combination of high-
frequency 2 GHz antennae and low-frequency 500 MHz antennae
are used to obtain detailed information on ballast condition and
layer interfaces.

2. Theoretical background on ground penetrating radar

Ground penetrating radar is based on sending electromagnetic
(EM) waves into the ground using a transmitting antenna. A
receiver antenna is used to collect the reflected signal from the
interfaces between the materials and scattering from inhomo-

geneities having different dielectric properties within the materi-
als. If each layer can be assumed homogeneous and lossless,
information about layer thicknesses and material properties, such
as hot-mix asphalt (HMA) density and base moisture content, can
be obtained from amplitude changes and pulse travel time
through the ground. However, the homogeneous assumption
may not work for railroad ballast, especially for high-frequency
GPR data.

For rail track ballast condition surveys, GPR having air-coupled
horn antennae is recommended. The air-coupled antenna provides
efficient data collection and prevents antenna damage due to
rough ballast surface. Fig. 1 shows the various paths of the
received signal from ballast using a bistatic air-coupled antenna.
The direct part (S;) represents the energy radiated directly from
the transmitter to the receiver. That can be considered as coupling
noise and should be removed in the data processing. The second
part (S,) is the signal first reflected from the surface of the ballast,
which is affected by the ballast dielectric properties and surface
roughness and slope. S, may not provide valuable information on
subsurface ballast fouling condition. The third part (Ss3) is the
portion of the energy received from local scatterers in the ballast.
If there is a clearly defined interface between clean and fouled
ballast or subballast, the fourth part of the signal (S4) will be
received. Using a high-frequency antenna, strong scattering
signals S; and S; can be used to extract ballast fouling
information. Using a low-frequency antenna, signal S; can be
used to provide layer configuration information.

In GPR surveys, the relation between an object size with a
radius a and a dominant wavelength A dictates the reflected signal
response [14,15]. When the local elements in the transmission
medium are much smaller or greater than the incident wave-
length, the outcome is a Rayleigh or optical response. When the
particles are on the scale of the EM wavelength ka=2na/1¢(0.5,5),
there is resonance response behavior. Here, k is the wave number
and ¢ the dielectric constant. Considering that optical response
has limited penetration depth, an antenna with center frequency
in the target resonance frequency range or an antenna with center
wavelength much greater than local scatterers is usually selected.
In the resonance range, scattering theory can be used to analyze
the response. For the Rayleigh response, the reflected signal may
have similar pulse shape as the incident signal; hence classical
radar detection techniques, such as matched filter or threshold
method, can be used.

T/IR Horn Antenna

Clean Ballast

Mostly Clean Ballast

Fouled Ballast or Subballast

Fig. 1. Paths of EM waves.
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To determine the dominant response, the normalized dimen-
sion, 2ma//, value can be used. As the frequency increases, the
normalized dimension increases. To simplify the problem, a
typical dielectric constant of clean ballast is used to calculate
the wavelength. In clean ballast, the aggregate volume is about
70% and the remaining volume, 30%, is air void. The aggregate can
be considered as the transmission medium and the air voids as the
local elements. The size of the air voids vary from 11 to 29 mm for
clean ballast. The related normalized dimension of air voids in
clean ballast using 2 GHz antennae is in the range 0.5-1.2. When a
2 GHz horn antenna is used, scattering is the dominant response;
EM waves will be scattered by void interfaces in clean ballast. As
the ballast becomes fouled, the air void size will decrease.
Considering that the induced surface current appears at the
aggregate-air void interface, the scattering image may provide
valuable information on air void volume that can be used to
predict ballast fouling condition. This air void scattering is barely
observable in 1 GHz data [11].

As a result of the aforementioned studies and observations,
this paper focuses on the data analysis collected from 2 GHz and
500MHz antennae. The data were obtained from the High
Tonnage Loop (HTL) at the Transportation Technology Center,
Inc. (TTCI) in Pueblo, Colorado. Ten cross-trenches were dug, and
dynamic cone penetrometer (DCP) data were collected for
ground-truth validation.

2.1. Data collection

Ground penetrating radar surveys were conducted in June
2007 on railroad test tracks at the TTCI in Pueblo, Colorado. The
equipment setup is shown in Fig. 2. The data were collected at
20 km/h. Air-coupled antennae were mounted on a hi-rail vehicle
suspended above the rail track to allow for rapid survey. The
strong echoes produced by rail may hide weak signals from
the railroad bed. To reduce the influence of rails, the antennae
were mounted at least 600 mm from the rails (150 mm from the
edge of the tie). Multi-channel GPR equipment including 2 GHz
and 500 MHz horn antennae was used to identify railroad sub-
structure characteristics. The 2 GHz antennae were oriented so
that more energy was radiated in the direction parallel to the rails
and less energy to the sides. This effectively decreased the effect of
rail reflections. Given that the antenna pattern of the 500 MHz
horn antenna is much wider than that of 2GHz antenna, the
500 MHz antennae were mounted at 45° relative to the rails and

. |

Fig. 2. GPR equipment on railroad track using two 2GHz antennae and one
500 MHz antenna.

Rail or Concrete Sleepers

N\

— EM Wave Ray

500 MHz Horn Antenna

----- » EM Wave Ray

Rail or Concrete Sleepers

Fig. 3. 500 MHz horn antenna mounted at 45° relative to the rails to reduce the rail
and sleeper effects.

ties to minimize the reflections from these structural elements.
Fig. 3 simply demonstrates the principle that the strong
reflections from rails or concrete ties can be effectively guided
away from the antenna. Two GSSI SIR-20s (developed by
Geophysical Survey Systems, Inc.) were used for data collection.
One of the SIR-20s was used to control the 2 GHz horn antennae.
The other SIR-20 was used for the 500 MHz horn antenna.

In addition to the GPR system, antennae, associated cables and
mounting hardware, the following accessories were used during
data collection:

(1) Trimble AG-132 GPS with OmniStar differential service;

(2) JVC hard drive digital camera;

(3) Custom built strobe which was attached to a user marker
cable of one of the SIR-20s. This strobe flashes and is recorded
on the video each time the user presses the marker button.
Hence, video data can be synchronized with GPR data during
post-processing.

2.2. GPR data processing technique

Even though the antennae were mounted at least 600 mm
away from rails, the clutter from rails was obvious. Railroad track
GPR data should be processed to remove clutter bands using high-
pass horizontal filtering. Appropriate data processing can effec-
tively reduce rail echo influence. Because clean ballast results in a
strong scattering pattern and the signal is weakly reflected from
air voids in fouled ballast, the change of scattering pattern and
strong interface reflections can be used to track the fouled layer
under ties. Fig. 4 presents a ground-truth picture and
corresponding GPR data. This clearly suggests that GPR has the
capability to detect fouled layer under the ties and to locate the
boundary between clean and fouled ballast.

Using 2 GHz antennae, the scattering response is a dominant
response. As the reflected 2 GHz data are random signals and the
energy attenuation is highly frequency and material dependent,
classical techniques, such as Fourier transform, may not effec-
tively track the frequency spectrum change over depth. Therefore,
a time-frequency technique, based on the short-time Fourier
transform (STFT), is used to overcome the limitation of the Fourier
analysis and effectively track the frequency spectrum change with
time [16]. The information of frequency spectrum change with
depth can be obtained using Eq. (1).

STFT«(t, Q) = / X(T)W(T — t)e 797 dt 1)

where x is the reflected signal, t the time variable, Q the radial
frequency variable, and w the window sequence. Prior to
STFT implementation, the following was conducted: Horizontal
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Fig. 4. Broken down ballast under railroad ties: (a) ground-truth trench (b) corresponding GPR data.

a Frequency (GHz) b Frequency (GHz) C Frequency (GHz)
0.0 53 10.6 15.9 0.0 53 10.6 159 0.0 5.3 10.6 15.9
4.6 4.6 4.6 B2
9.2 9.2 { 9.2
13.8 13.8 13.8
(ns) (ns) (ns)

GPR data key for reflected signal:

- High amplitude
- Middle amplitude

band-pass filters are used to remove the low-frequency clutter
from rail as well as some noise; a time-zero adjustment is used to
shift the data to locate the surface pulse at time zero; and a
surface pulse removal is used to prevent the influence of its high
energy that can overwhelm the frequency spectrum analysis of
the following weak signal scattered from ballast. In the STFT, the
Hamming window sequence is used to extract the local frequency
spectrum. The window length is important. When the window is
short, the frequency resolution decreases, and the ability to
resolve changes with time increases. When the window is long,
frequency resolution increases and time resolution decreases.
Therefore, the window length should be selected as a trade-off
between frequency resolution and time resolution.

The short-time Fourier transform technique using a Hamming
window was applied to the GPR data. Horizontal low-pass filter is
used to smooth the variation in the longitudinal direction. Results
of ballast under various conditions, clean ballast, moderately
fouled ballast, and fouled ballast, are shown in Fig. 5. The
horizontal axis represents the frequency spectrum, while the
vertical axis represents the two-way traveling time in
nanoseconds. Fig. 5a shows the result from clean ballast; the
energy attenuation rate with time (depth) is relatively slow. When
ballast is fouled, the presence of fine particles and/or increased

|:] Weak amplitude
- Non reflection

Fig. 5. Results of ballast with various fouling conditions using short-time Fourier transform.

moisture results in weaker or non-existing signal reflected from
the aggregate-air interfaces. This is indicated by the
transformation of the hot color into the blue color in Fig. 5b and
5c as compared to Fig. 5a.

As up to 70% fouling material comes from ballast breakdown,
2 GHz antennae can be used to assess ballast condition, especially
the part under the ties. However, the penetration depth of the
2 GHz antennae in the clean ballast is about 600 mm. To overcome
the 2 GHz antenna penetration limitation, 500 MHz horn antenna
is used to predict the deep ballast, subballast and subgrade
conditions. As the scattering response in 500 MHz data is very
weak, the data processing for the 500 MHz antenna data includes
mainly the following steps: time-zeros correction, horizontal
background removal, and horizontal high-pass filtering to remove
the rail clutter. For 500 MHz GPR data, the layer interface can be
detected using automatic layer tracking algorithms.

2.3. Field data analysis

As the 2GHz horn antennae radiate wavelengths that are
sufficiently short enough to detect the presence of air voids in
clean ballast, the scattering response is dominant response. Given

Please cite this article as: Al-Qadi I, et al. Optimization of antenna configuration in multiple-frequency ground penetrating radar
system for railroad substructure assessment. NDT&E Int (2009), doi:10.1016/j.ndteint.2009.08.006



dx.doi.org/10.1016/j.ndteint.2009.08.006

I. Al-Qadi et al. / NDT&E International u (¥ian) m-m 5

a Ground trench location b

Depth (in)

2 4 6 8 10 12
Frequency (GHz)

14 16

Fig. 6. GPR data and corresponding ground-truth trench for case 1: (a) 2 GHz GPR data; (b) STFT image for 2 GHz data; (c) 500 MHz data; and (d) ground-truth trench.

that the scattering energy highly depends on the transmission
medium dielectric properties, the STFT method is used to analyze
the 2 GHz GPR data collected in June 2007 at TTCI. For ballast layer
thickness estimation, the dielectric constant is assumed six
because of the relative high moisture content during data
collection. Because of the surface clutter effect, near surface
ballast information about 125-mm-thick was not analyzed.
Ground-truth trenches were dug and field samples were collected
for ballast gradation analysis and moisture content determination.
The samples were collected at 150 mm intervals. In this paper, the
value of F, the ballast fouling index Fj=P4+Pyq9, Where P4
represents the weight percentage of small particles passing the
4.75mm (No. 4) sieve, and P,qg is the percent of fine particles
passing the 0.075mm (No. 200) sieve, is used to predict ballast
fouling condition: F;< 10 clean ballast; 10 < F; <20 moderately
fouled ballast; F; > 20seriously fouled ballast [1].

To demonstrate GPR capability in railroad substructure condi-
tion assessment, the analysis of a few cases is presented in this
paper. Fig. 6 presents the 2 GHz GPR data and the corresponding
ground-truth observation for case 1. In Fig. 63, there is an obvious
scattering pattern until about 350 mm, which becomes weaker
and almost disappears after 450 mm. The sudden reduction in
energy at 450 mm, Fig. 6b, suggests fouled area and/or trapped
water. From the 500 MHz GPR data, Fig. 6¢, there is a discrete
reflection at about 350mm and a strong reflection at around
500 mm, which may represent trapped water and/or change of
ballast fouling condition. No obvious reflection can be observed
from the bottom of subballast in Fig. 6c.

Table 1
Ballast gradation and moisture content results for case 1.

Depth (mm) 0-150 150-300 300-450 450-600 600-750
F (%) 1.42 6.85 11.88 90.15 Soil
Moisture (%) 0.085 1.05 1.52 6.05 6.29

From the ground-truth observation, Fig. 6d, the subballast is
sand. As sand may have a close dielectric constant to subgrade,
the small dielectric constant contrast may generate undetectable
weak reflections from the bottom of subballast. According to the
ballast gradation analysis result, Table 1, clean ballast can be
found until 300 mm. Fouled ballast present at 300-450 mm;
shown also as gradual energy attenuation, Fig. 6b. Ballast is
seriously fouled at deeper than 450 mm; shown as a sudden
decrease of the reflection energy at 450 mm in Fig. 6b. In general,
GPR data matches the ballast gradation analysis and moisture
content measurements as well as field observation.

Fig. 7 presents the GPR data and corresponding ground-truth
observation for case 2. From the 2 GHz GPR data, the obvious
discrete reflections in Fig. 7a and the peaks in Fig. 7b at about
318 mm observed in the middle of ballast layer could be due to
trapped water or sudden change of the fouling condition. In the
STFT image, the energy attenuation is small until about 500 mm.
After that, the energy gradually attenuates from 500 to 625 mm.
According to the 500MHz GPR data in Fig. 7c, ballast layer
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Fig. 7. GPR data and corresponding ground-truth trench for case 2: (a) 2 GHz GPR data; (b) STFT image for 2 GHz data; (c) 500 MHz data; and (b) ground-truth trench.

Table 2
Ballast gradation analysis and moisture contents for case 2.

Depth (mm) 0-150 150-300 300-450 450-600 600-750 750-900
Fi (%) 1.21 2.32 9.47 11.03 21.06 Soil
Moisture (%) 012 027 11 119 212 5.49

thickness is 600 mm. The multiple reflections observed at the
bottom of ballast layer suggest presence of accumulated water.
From the ballast gradation analysis results, Table 2, ballast is
relatively clean until 600 mm and becomes fouled from 600 to
750 mm. This verifies the gradual energy attenuation observed at
the bottom of Fig. 7b.

Fig. 8 presents GPR data and corresponding ground-truth
observation for case 3. There is a strong scattering pattern and no
discrete or continuous reflections are observed in the ballast layer,
Fig. 8a. Low energy attenuation is observed in the STFT image, Fig.
8b, up to 600 mm, the penetration limit of the 2 GHz antenna. The
500MHz data, Fig. 8c, is used to survey the deep ballast,
subballast and subgrade conditions. The strong reflection at
850mm is due to the high dielectric constant contrast at the
ballast-subballast interface. The weak discrete middle reflections
in the ballast layer suggest no fouling. Ballast gradation analysis,
Table 3, shows clean ballast up to 750 mm, and seriously fouled
ballast at 750-900mm and then subgrade. The small energy

attenuation in Fig. 8b matches the ballast gradation analysis,
Table 3, and field observation.

For case 4, Fig. 9a, strong scattering pattern from surface to
about 300 mm is observed from the 2 GHz GPR data; after which
the scattering pattern gradually weakened. Similarly, the energy
attenuation is small until about 150 mm in the STFT image, Fig. 9b.
High-frequency energy attenuation is observed between 150 and
450 mm; then the energy attenuation is small. Strong reflection is
observed at the ballast-subballast interface, when the 500 MHz
data is used, Fig. 9c; the estimated ballast layer thickness is
825 mm. The discrete reflections observed at the middle depth of
the ballast layer indicate presence of breakdown fouling material.
At 1250mm depth, the weak continuous reflection indicates
subballast-subgrade interface. This is in agreement with field
observation, Fig. 9d, and the slow energy attenuation observed at
the bottom of the STFT image. Ballast gradation analysis, Table 4,
shows a fouled layer at 150-450mm, and ballast deeper than
450 mm becomes relatively clean. The GPR data, STFT image, field
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Fig. 8. GPR data and the related ground-truth trench for case 3: (a) 2 GHz GPR data; (b) STFT image for 2 GHz data; (c¢) 500 MHz data; and (d) ground-truth trench.
Table 3
Ballast gradation analysis and moisture contents for case 3.
Depth (mm) 0-150 150-300 300-450 450-600 600-750 750-900 900-1050
Fi (%) 1.94 4.20 2.71 2.84 9.29 30.89 Soil
Moisture (%) 0.08 0.72 0.56 0.62 1.25 1.98 9.48

observation, and ballast gradation analysis results are in
agreement.

For case 5, Fig. 10a, obvious scattering pattern can be noted
until 550mm deep. This is corresponding to the energy
attenuation in the STFT image, Fig. 10b. From the 500 MHz GPR
data, Fig. 10c, fouled ballast and/or accumulated water is observed
at about 500 mm, the first strong reflection. The second strong
reflection is at around 775 mm, which could be related to the
bottom of ballast layer. A weak layer can be observed at 1250 mm
that could be the bottom of subballast layer. Table 5 shows clean
ballast until 600 mm and seriously fouled ballast after 600 mm.
Again, all data, collected by various approaches, appear to be in
agreement.

In summary, the 2GHz data can provide ballast fouling
condition under ties up to 600 mm; while the 500 MHz data
allows for effectively extracting deep railroad substructure
conditions. Presence of fouling particles decreases ballast drai-

nage capability and retains moisture. This generates continuous or
discrete reflections in the 500 MHz GPR data. The study shows
that clean ballast results in slow energy attenuation. When
ballast becomes moderately fouled or has moisture, energy
gradually attenuates; and it rapidly attenuates if ballast becomes
seriously fouled or traps water. Hence, the energy attenuation
rate may be used to predict ballast fouling condition. Given that
field samples were collected at 150-mm-depth intervals, some
variation may exist between GPR data and ballast gradation
analysis.

3. Conclusion

A multiple-frequency GPR system, having two 2 GHz and one
500 MHz horn antennae, is used to assess railroad substructure
condition. The 2GHz antennae radiate wavelengths that are
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Fig. 9. GPR data and corresponding ground-truth trench for case 4: (a) 2 GHz GPR data; (b) STFT image for 2 GHz data; (c) 500 MHz data; and (d) ground-truth trench.

Table 4
Ballast gradation and moisture content results for case 4.

Depth (mm) 0-150 150-300 300-450 450-600 600-750 750-900 900-1050 1050-1200
F (%) 0.56 14.66 23.51 11.07 18.24 26.36 84.08 Soil
Moisture (%) 0.2 0.29 1.76 1.24 1.62 2.28 2.55 3.16

sufficiently short enough to detect the presence of air voids in
clean ballast. The scattering pattern changes when ballast fouling
condition changes. Given that scattering energy attenuation is
highly frequency and material dependent, a time-frequency
technique, based on short-time Fourier transform (STFT), can be
used to track frequency spectrum and energy change over depth.
The STFT is found to be a promising technique to provide
information on ballast condition. In order to overcome the
penetration limitation of the 2GHz antennae, which is up to
600mm in clean ballast, a low-frequency antenna, having a
central frequency at 500MHz, was used to assess deeper
substructure condition, including deep ballast, subballast and
subgrade. Multiple reflections can be observed in the 500 MHz
data if ballast becomes seriously fouled. In addition, the
500 MHz antenna can be used to detect ballast-subballast and

subballast-subgrade interfaces. The 2 GHz and 500 MHz GPR data
analysis results were validated with ballast gradation analysis and
ground-truth trench observation. This study demonstrates the
validity and reliability of using simultaneous 2 GHz and 500 MHz
antennae data to predict railroad substructure condition.

Acknowledgements

The authors gratefully acknowledge the assistance of the staff
at the Transportation Technology Center, Inc. during data collec-
tion and cross-trenching. The help provided by Douglas Jones, Erol
Tutumluer, Chris Barkan, and Jeff Boyle is greatly appreciated. This
research was partially funded by the Federal Railroad Adminis-
tration Project DTFR53-05-D-00200 and the University of Illinois

Please cite this article as: Al-Qadi I, et al. Optimization of antenna configuration in multiple-frequency ground penetrating radar
system for railroad substructure assessment. NDT&E Int (2009), doi:10.1016/j.ndteint.2009.08.006



dx.doi.org/10.1016/j.ndteint.2009.08.006

I. Al-Qadi et al. / NDT&E International  (4imn) m-m

a Ground trench location b

E =

10.0 = =

= ESS

15.0 = o

= [0

2 [a}
20.0 =
25.u_E
300 =

C d

Ground trench location

v

e

6 8 10 12 14 16
Frequency (GHz)

Fig. 10. GPR data and corresponding ground-truth trench for case 5: (a) 2 GHz GPR data; (b) STFT image for 2 GHz data; (c) 500 MHz data; and (d) ground-truth trench.

Table 5
Ballast gradation analysis and moisture content results for case 5.

Depth (mm) 0-150 150-300 300-450 450-600
Fr (%) 0.50 7.37 10.06 516
Moisture (%) 0.07 0.62 0.99 0.57

600-750 750-900 900-1050 Depth (mm)
22.95 58.92 68.81 Soil
1.51 2.2 215 10.35

at Urbana-Champaign (UIUC)-Association of American Railroad
(AAR) Technology Scanning Research. The contents of this paper
reflect the view of the authors, who are responsible for the facts
and the accuracy of the data presented herein. The contents do not
necessarily reflect the official views or policies of the FRA or AAR.
Trademark or manufacturers’ names appear in this paper only
because they are considered essential to the object of this paper
and do not constitute an endorsement of product by the FRA or
AAR. This paper does not constitute a standard, specification, or
regulation.
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