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Executive Summary 

Earth Science Systems, LLC (ESS) built a second-generation, portable ground-penetrating radar 
(GPR) system called the RAdar Ballast Inspection Tool (RABIT) so track inspectors could non-
destructively assess ballast fouling and moisture conditions. In August and September 2017, 
researchers successfully demonstrated the prototype system using a test track constructed by 
BNSF Railway at their research facility in Topeka, KS. The fouling and moisture content of the 
test track ballast ranged between 0-30 percent and 0-4.5 percent by weight, respectively. The 
team trained a neural network to map GPR waveforms to ballast fouling and moisture estimates. 
The correlation coefficient between the RABIT estimates and measured values determined from 
physical ballast samples was greater than 0.9. Although initial tests succeeded, further testing is 
necessary to ensure that the neural network estimator has not been trained on site-specific 
features, and that it can be used throughout the in-service rail network. During the next project 
phase, the research team will conduct further testing on in-service track and implement improved 
algorithms. The goal of the upcoming phase is to assess system performance in a variety of 
common track conditions. This report covers the second year of a three-year project.  
The previous RABIT prototype weighed 63 lb (29 kg), which was heavier and larger than 
desired. This system contained a transmitting antenna and two receiving antennas operating at 
450 MHz and a second set of antennas with the same arrangement operating at 2 GHz. With this 
system,  antennas placed directly on the ballast surface made “spot” measurements. Previous 
tests showed 1) significant variability on the GPR response from “spot” to “spot,” 2) most of the 
information contained in the 2 GHz data could be obtained from the 450 MHz data, and 3) the 
450 MHz data provided valuable depth and thickness information that could not be obtained 
from the 2 GHz data. Therefore, ESS built the second-generation RABIT with only 500 MHz 
antennas, where the transmitting antenna and first receiving antenna are located on the gage side 
of the rail, and the second receiving antenna is on the field side of the rail. This unit incorporates 
a cart that is rolled down the track, obtaining an average measurement over a number of cribs 
(e.g., 10 cribs), thereby reducing problems associated with local variability in ballast properties 
and tie geometry. To allow free movement along the track, the bottoms of the antennas were 
placed 2 inches above the surface. Tests with the second-generation RABIT showed data from 
the receiving antenna located on the field side of the rail had a much poorer signal quality than 
data from the inside receiver antenna. Therefore, ESS removed the field side antenna. Currently, 
the RABIT has only one transmitting antenna and one receiving antenna, reducing the unit 
weight (26 lb/11.8 kg) and increasing portability. 
The results from the second year are encouraging and show that moisture and fouling can be 
successfully measured with non-invasive methods. Although the RABIT instrument and analysis 
routines performed well in tests to date, the system needs continued verification, testing, and 
adjustments to demonstrate that it can be applied in most field conditions. For more background 
on this project, see Phase I of this project (FRA, 2014). 
 
 

https://www.fra.dot.gov/eLib/details/L19659#p2_z5_gD_lRT_y2018


 

2 

1. Introduction 

1.1 Background 
Ballast fouling is one of the primary causes of subsurface support structure degradation in 
railways. It lowers resistance to forces applied by the ties and reduces resilient modulus and 
energy absorption capacity (Selig and Waters, 1994). Previous research (Silvast et al., 2010; Al-
Qadi et al., 2007) has shown that ground-penetrating radar (GPR) is a promising technique for 
investigating the condition of railway ballast and subgrades. The purpose of this project is to 
expand on this previous research and provide a more quantitative assessment of ballast condition. 
This project seeks to develop a non-invasive ballast inspection method that can be used by 
railroad track inspectors. Earth Science Systems, LLC (ESS) developed an instrument that can 
make the required measurements without disturbing or removing any ballast. In accordance with 
FRA recommendations, the developed instrument is lightweight (26 lb/11.8 kg) and can be 
carried by one person. The instrument estimates the weight fraction of fouling material and 
moisture present in the ballast. Additionally, researchers examined methods for estimating other 
useful properties of the ballast, such as the Selig fouling index (Selig and Waters, 1994) and 
ballast depth. 

1.2 Objectives 
The objectives of this phase of the project are listed below: 

• Design a truly portable second-generation RABIT. 
• Show that a single set of 500 MHz antennas is sufficient for providing robust estimates of 

ballast fouling and moisture. 
• Demonstrate that by taking continuous measurements over several cribs (e.g., 10 cribs), 

local variations (i.e., within a single crib) in ballast properties and tie geometry do not 
significantly skew the readings. 

• Demonstrate a strong correlation between ballast properties determined from physical 
samples and estimates provided by the RABIT.  

• Plan a field testing program that will demonstrate the value of the new tool, and 
encourage adoption by industry. 

• Investigate the relationships of the properties measured by the RABIT to other ballast 
properties, such as elastic modulus and yield strength. 

1.3 Scope 
This project examines the viability of using ground-coupled GPR for ballast inspection. The 
research team intentionally did not consider air-coupled and mobile radar units that are operated 
from hi-rail vehicles, geometry cars, and other rolling stock; but rather focused on creating a 
smaller man-portable unit. The use of air-coupled GPR has been studied extensively (Silvast et 
al., 2010; Al-Qadi et al., 2007). Although a more complete picture of the ballast and sub-ballast 
could be obtained with an array of antennas spanning from one shoulder to the other, and 
possibly spanning multiple cribs, such a system would not be portable. Because the RABIT is 
designed to take localized measurements of fouling and moisture, we will not attempt to identify 
continuous subsurface structures that require measurements over length scales greater than a few 
meters, such as continuous layer boundaries, ballast pockets, and clay lenses.  
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1.4 Overall Approach 
The researchers’ first task was the design and construction of a second-generation RABIT 
instrument with a reduction in weight and increase in portability. To assist in this task, the 
researcher’s added the ability to roll down the track and obtain an average reading over several 
cribs to the design. The system makes use of newly developed antenna technology by ESS that 
enables construction of smaller and more lightweight antennas. 
The second task was to build a test track with a range of different ballast properties and conduct 
field tests with the RABIT. BNSF built such a test track at its research facility in Topeka, KS. 
Researchers took a series of measurements with the RABIT, which were then followed by in-
place geotechnical tests and finally physical sample extraction. The actual ballast properties were 
determined from laboratory measurements. 
The third task was to develop analysis algorithms tailored to the second-generation RABIT. 
These routines were designed to both average the readings over the span of a few cribs and be 
tolerant to variable tie placement. An approach based on neural networks worked well in initial 
testing. 
The team’s final task was to make hardware adjustments to the RABIT to increase its portability 
and prepare it for field testing on revenue service track (which will occur in the third phase of 
this project). 

1.5 Organization of the Report 
This report covers the design and construction of the basic technologies involved in the RABIT 
system. Section 2 discusses the background and hardware design of the portable GPR unit. 
Section 3 presents construction and testing of a test track and summarizes of field testing efforts. 
Section 4 discusses data analysis and system assessment. Section 5 summarizes the findings, 
presents conclusions, and offers suggestions for further research. This report presents each 
section in chronological order to the work being performed.
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2. GPR Background and RABIT Hardware Design 

The following sub-sections present the scientific background for the application of GPR 
technology for railroad ballast inspection as well as a detailed overview and associated technical 
discussion of the development and construction of the working prototype of the portable GPR 
unit used in this study. 

2.1 GPR Response to Ballast Material 
GPRs transmit temporally compact electromagnetic (EM) wavelets that travel through the media 
in a direct or reflected wave path and arrive at the receiver after some delay and with some 
attenuation. When a radar's transmitting and receiving antenna are placed on or near the ground 
with a constant offset between them (i.e., a bi-static antenna configuration), a direct wave travels 
between the antennas through the air, another direct wave travels through the ground, and 
reflected waves occur when incident waves bounce off subsurface (or above the surface) media 
with differing EM properties. With knowledge of the wave path and the measured travel time 
and attenuation, the EM properties of the media along the wave path can be deduced (see Figure 
1). 

 
Figure 1. Ray paths for waves for a GPR survey in layered media. 

The attenuation of EM waves occurs when a medium absorbs energy (as in a microwave oven), 
and when the waves scatter out of the travel path being considered. This scattering can be 
specular or diffuse. Specular scattering occurs when waves bounce off surfaces that are much 
larger than a wavelength (e.g., the bottom of a horizontal subsurface layer), and diffuse volume 
scattering occurs when the surfaces are smaller, or similar to, a wavelength in size (e.g., voids 
between the aggregate). All waves experience wavefront spreading where the amplitude decays 
as r-2 from the transmitting antenna (r is distance from the antenna). 
The travel time of an EM wave depends on the wave velocity of the medium, which in turn 
depends on the dielectric constant (which can be frequency-dependent). The dielectric constant 
of ballast material depends on the type of aggregate material, the amount of fines filling the 
voids, and the moisture content. In a layered medium, the travel time of a reflected wave 
recorded using a pair of antennas (one for transmitting and the other for receiving) at a fixed 
offset does not provide enough information to determine both layer thickness and wave velocity. 
However, if the dielectric constant can be estimated by other means (i.e., wave shape, attenuation 
versus frequency, etc.), then it is possible to estimate layer thicknesses. 
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The shape of the early waveforms that arrive before the reflected waves is a combination of the 
direct air waves and ground waves. These waveforms are complex and difficult to model from a 
physics-based approach (Oden, 2006); however, they do contain useful information and can be 
interpreted in a heuristic manner. 
GPR surveys can be conducted over a wide range of frequencies (and wavelengths), but 
generally are performed in the 50 MHz to 2 GHz range. The EM wavelength in ballast materials 
is mostly a function of moisture content but is also sensitive to fouling. For dry earth, the 
wavelengths at 50 MHz and 2 GHz are typically 118.1 inches and 3.0 inches (300 cm and 7.5 
cm), respectively, and 47.2 inches and 1.2 inches (120 cm and 3 cm) for wet earth. At low 
frequencies, the penetration is good when conductivity is low but the resolution is poor. At high 
frequencies, the resolution is good, but diffuse volume scattering can cause significant 
attenuation. Volume scattering occurs when the particle (aggregate or voids) is similar in size to 
a wavelength. In general, there is a frequency window within which GPR works well. At low 
frequencies, the attenuation (per wavelength) increases with increasing conductivity and 
decreasing frequency. At high frequencies, attenuation increases with increasing aggregate or 
void size and with increasing electrical contrast between the aggregate and voids. Additionally, 
as frequency increases above 1 GHz, the attenuation due to the dielectric relaxation of water 
increases. As a result, GPR surveys are commonly operated in the 50 MHz to 2 GHz range.  
GPR surveys can be conducted using ground-coupled or air-coupled antennas. When the antenna 
is within a quarter wavelength from the ground (59 inches/150 cm at 50 MHz and 1.48 
inches/3.75 cm at 2 GHz) the antennas are considered ground-coupled. When the antennas are 
greater than a wavelength from the ground (236.2 inches/6 m at 50 MHz and 5.9 inches/15 cm at 
2 GHz) they are considered air-coupled. When using ground-coupled antennas, the shallow 
ground under the antennas becomes part of the antenna, and therefore the antenna response 
changes as the shallow ground properties change. Surface roughness and variable shallow 
ground properties affect the quality and repeatability of ground-coupled GPR measurements. 
Ground-coupled antennas can transmit more energy into the subsurface than air-launched 
antennas, and subsequently they provide a greater penetration depth. Air-launched antennas have 
the benefit of constant response and are better-suited for use from a mobile platform such as a hi-
rail vehicle. 
In ballast materials, it is known that both moisture and fouling affect the propagation velocity 
and attenuation of EM waves. Consider Figure 2, where the 450 MHz EM wave velocity 
(normalized to the velocity in free space) and the 2 GHz scattered amplitude (relative to a solid 
non-porous medium) are plotted versus the volume fraction of fouling material and moisture. 
From the field capacity studies described in FRA (2014), it is known that one part moisture 
requires approximately two parts fouling material to hold it in place, therefore the lower-right 
corners of the plots are blank because this scenario cannot occur (i.e., cannot have more moisture 
than the ballast can hold). The plotted ranges of fouling material and moisture span the values 
that commonly occur in ballast. The velocity plot was calculated using EM mixing laws (FRA, 
2014). For the high-frequency scattered amplitude there are two phenomena that affect the GPR 
scans: volume scattering due to contrasting EM properties between the aggregate and the voids 
and dielectric absorption by water. These phenomena are difficult to accurately model, so the 
plot shows a heuristic representation of these effects based on contrast and moisture content. 
Note that both EM velocity and scattered amplitude have some sensitivity to fouling material, 
but are most sensitive to changing moisture content. A simple velocity or scattered amplitude 
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measurement alone does not provide enough information to assess both fouling and moisture 
content. Furthermore, since the contours on both plots are similar, the combination of both 
measurements does not provide enough information to provide reliable estimates of both fouling 
and moisture. In essence, a purely physics-based approach using reflected wave velocity and 
attenuation mainly provides a good indication of moisture content and fouling to a lesser extent. 
From this analysis, researchers concluded that the algorithm providing robust estimates of both 
fouling and moisture would be based on a heuristic approach that includes the entire waveform 
(e.g., direct air waves, direct ground waves, and reflected waves).  

 
Figure 2. EM wave velocity and backscatter amplitude vs. fouling and moisture as 

predicted by equivalent media-mixing law relationships. 

2.2 RABIT Design and Prototype 
After considering the phenomena above, researchers concluded that the second-generation 
RABIT should certainly employ 500 MHz antennas, and that since the 2 GHz antennas do not 
provide much additional information, they can be eliminated to save weight. The 500 MHz 
antennas provide a signal that penetrates sufficiently to obtain reflections from the bottom of the 
ballast layer, and at times from the bottom of the sub-ballast as well. The newly developed ESS 
500 MHz antenna technology provides a broadband response that extends to frequencies as high 
as 900 MHz, where attenuation by volume scattering of ballast voids can be observed. Figure 3 
shows the second generation RABIT configuration. One bi-static antenna pair (one transmitting 
and one receiving antenna) was set up to measure the ballast under the tie, and the other bi-static 
pair was set up to measure under the rail, because the ballast conditions can be different in these 
two regions. The yellow frame was constructed from lightweight fiberglass tubing to reduce 
weight. 
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Figure 3. Left panel shows the RABIT folded and ready for transport, and the center and 

right panels show the RABIT setup for surveying. The antennas are located inside the 
white boxes. 

The second-generation design included many features to make it easy to use in the field. Wheels 
on the measurement frame allow the user to easily push or pull it along the track while an 
adjustable outrigger allows it to accommodate different track gages. It was designed for a rail 
height of 7.625 inches (19.4 cm) with a 0.875-inch (2.2 cm) thick tie plate, a tie spacing of 19 
inches (48.3 cm). It contains an internal battery that provides power for 3 to 4 hours of 
continuous operation.  
Experiments conducted with the initial RABIT prototype during the first year of this project 
indicated that the rails do not cause significant interference to the signals from the antennas as 
long as the antennas were on the same side of the rail and at least 4 inches away from the rail. 
Since the current focus is on tracks with timber ties, the antenna configuration and analysis 
routines were tailored accordingly. For tracks with concrete ties that contain rebar or use non-
standard tie spacing, there may be unwanted signal interference that could require further 
experiments and development of specific analysis algorithms.  
Tests to evaluate the RABIT response were conducted on a test track (see Section 3). 
Measurements made with the receiver antenna located on the field side and the transmitting 
antenna on the gage side of the rail had small amplitudes and significant noise, probably due to 
signal attenuation by the rail. Because of the reduced quality of this data and the desire for a 
light-weight instrument, researchers decided that the field-side antenna could be removed. The 
result is the configuration shown in Figure 4. The current weight of the unit is 26 lb (11.8 kg), 
and the folded dimensions are 27 by 30 by 11 inches (68.6 by 76.2 by 27.9 cm).  

    
Figure 4. Final RABIT configuration folded for transport (left), and with extended 

outrigger (right). The antennas are positioned 6 inches (15 cm) from the side of the rails. 
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3. Test Track 

This section presents an overview of the field testing conducted as part of this study. The first 
sub-section gives a detailed description of the construction of the test track at the BNSF research 
facility in Topeka, KS, which was instrumental in the preliminary testing of the RABIT 
prototype. The later sub-sections provide a summary of the results associated with the field 
testing, including measurements of track stiffness and modulus versus fouling and moisture as 
well as the data collected by the GPR system. 

3.1 Building the Test Track 
A test track was built at the BNSF research facility in Topeka, KS with a range of ballast 
conditions. The test section was 60 feet long, divided into 15-foot sections, each with different 
fouling levels. Figure 5 contains a photograph and a diagram of the test track. During 
construction of the test track, four granitic ballast mixtures were made, each with a different 
fouling level (nominally 0 percent, 10 percent, 20 percent, and 30 percent by weight) using 
granitic dust as fouling material. Construction started by laying down and compacting ballast to a 
thickness of 17 – 25 inches (43.2 – 64.5 cm). Then the ties and rail were placed. Finally, the 
ballast in the cribs was added and compacted with a hand-held tamper rather than by machine. 
The result was that the ballast below the ties was likely better compacted that the ballast between 
the ties. Ties were placed at a center-to-center spacing of approximately 18 to 20 inches (45.7 – 
50.8 cm) with local variations of +/- 3 inches (7.6 cm) which is not atypical for in-service track. 

  
Figure 5. View of the test track to the northeast (left) and layout diagram (right). 

The test track was also subjected to different moisture levels — “low moisture,” “mid moisture,” 
and “high moisture” — as described below. With each fouling-moisture combination, in-situ 
measurements were made using the RABIT, a lightweight deflectometer (LDW), and a dynamic 
cone penetrometer (DCP). Finally, physical samples were taken and subjected to standard 
laboratory tests to determine density, moisture content, and grain-size distribution. Consult 
Rubin et al. (2018) for more details. 
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3.2 Wetting the Test Track 
Measurements on the test track were made at the three aforementioned moisture conditions (see 
Table 1 for actual values). Controlling the moisture of the outdoor track was more difficult than 
with the indoor track used for the first phase of this project. The indoor, full-scale track model 
was constructed with varying ballast fouling levels and was then carefully irrigated to arrive at 
certain moisture levels. With an outdoor test track, natural precipitation events and slow drainage 
rates made it more difficult to control the moisture level. ESS conducted field measurements 
over a 4-week period in early summer after numerous recent and heavy rainfall events. The first 
test at the mid-moisture level was conducted 2 days after a heavy rain. For the low-moisture 
level, tests were performed after the test track was allowed to drain for 1 week without 
precipitation. Drying of the ballast occurred at a slow rate because the test track was built on 
very clay-rich, water-saturated soil near the Kansas River in Topeka that was not conducive to 
drainage, and because the ambient humidity was high. For the final high-moisture level, the test 
track was irrigated to field capacity and covered, allowing the moisture distribution to reach 
equilibrium overnight.  

Table 1. Fouling and Moisture Values for the Test Track 

 

3.3 LWD and DCP Data Collection 
A LWD from Olson Instruments was used to measure stiffness and modulus for each fouling-
moisture condition. The LWD employed a 22 lb (10 kg) weight falling from a 23.6 inch (60 cm) 
drop height, an embedded load cell and geophone, and a 7.87 inch (20 cm) diameter plate (see  
Figure 6). A tablet computer was used to acquire and process LWD data. The geophone 
measured the plate deflection, the load cell measured impact force, and the instrument’s software 
calculated stiffness and elastic modulus. Researchers took LWD measurements in-between each 
tie location along the test track, except when tie spacing was too close to fit the 7.87 inch (20 
cm) diameter plate (tie spacing and alignment varied – see Figure 10 for an example). At each 
location, the LWD applied three seating drops to the plate before applying three measurement 
drops. ESS calculated stiffness and elastic modulus based on an average of the responses from 
the three measurement drops.  
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Figure 6. Lightweight deflectometer (left) and dynamic cone penetrometer (right). 

Researchers used a DCP from Kessler Soils Engineering Products, Inc. to measure the California 
bearing ratio (CBR), which is a penetration test used to evaluate the subgrade strength (Ayers et 
al., 1989). The DCP incorporated an 8 kg (17.6 lb) hammer, an anvil, a penetration cone with a 
60 degree angle and 0.79 inch (2.0 cm) base diameter, and 0.63 inch (1.59 cm) diameter steel 
rods (Figure 6). The drop height for the hammer was 22.6 inches (57.5 cm). The number of 
blows required to penetrate consecutive 4-inch (100.0 mm) lengths was recorded for penetration 
depths of 0 – 40 inches (1 m) below the top of ballast. For each 4-inch (100 mm) segment, the 
DCP penetration index (DPI) was calculated in units of mm/blow, and the CBR was then 
calculated as follows (Webster et al., 1992):  

CBR = 292/DPI1.12 
The dynamic elastic modulus in MPa, E, was calculated as follows (Powell et al., 1984): 

E=17.58∙CBR0.64 
Figure 7 shows plots of the DCP and LWD results for each of the 12 ballast-fouling conditions 
encountered at the test track (see Table 1). For each condition, a group of circles is plotted at the 
same point, and both the diameter and color of each circle indicate the value of the measurement. 
A reduction in stiffness is evident at high moisture values, and the results for mid- or low-
moisture values are variable. These preliminary results indicated that the loss of stiffness or 
modulus did not occur until moisture levels were high; it should be noted that final conclusions 
cannot be made from such a small amount of data. 
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Figure 7. Stiffness and modulus (represented using colors and symbol size) vs. fouling and 
moisture as measured by the LWD and DCP. Symbol diameter and color both represent 
modulus, and this combination conveys the variation in measured results for each ballast 

condition. 
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3.4 RABIT Data Collection 
RABIT collected data for each moisture condition by running the GPR system at walking speed 
down each side of the entire 60-foot test track using a waveform sampling rate of 50 waveforms 
per second. Figure 8 below depicts a typical GPR scan image (where each column of pixels 
represents a single time-series radar waveform). This image was recorded on track with ballast at 
the mid-moisture condition (see Table 1). The vertical axis is time in nanoseconds and the 
horizontal axis is an arbitrary time scale. The bright peaks occur when the RABIT antennas 
evenly straddle a tie and are positioned directly over a crib on each side of the tie. The left side 
of the image corresponds to a highly fouled condition, and the right side to a clean ballast 
condition. The variability in the data is evident, but the clean ballast response generally exhibits 
higher amplitudes and earlier arrival times. There are nine ties in each 15-foot section, but the 
data from the tie at the boundary between each section was not used because there may be 
mixing between the different fouled sections. A waveform (i.e., a time series of the received 
radar wave samples with the antennas at a single location) was manually extracted for each tie 
location and these waveforms are shown in Figure 9. These are the waveforms that will be used 
to estimate ballast properties. Researchers assumed that selecting these waveforms would be a 
simple task that could be done easily by computer, but the variability in the data made manual 
selection a necessity. To automate this process, a wheel odometer has been added to the RABIT 
for use in future surveys. The odometer measurements will constrain the selection algorithm so 
that it does not select waveforms from locations that are atypically close together and lie within 
the same crib or too far apart and possibly skip a crib. 

 
Figure 8. A GPR scan image showing the high amplitude response every time the antennas 
straddle a tie. The bright peaks occur when the RABIT antennas evenly straddle a tie and 

are positioned directly over a crib on each side of the tie. The left side of the image 
corresponds to a highly fouled condition and the right side to a clean ballast condition. 
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Figure 9. The waveforms extracted for the mid-moisture level test track. The clean ballast 

response generally exhibits higher amplitudes. 

3.5 Measuring the Geotechnical Properties of Ballast 
To obtain the ground-truth properties of the ballast material, researchers extracted physical 
samples for laboratory analysis for each of the 12 fouling-moisture conditions after the DCP, 
LWD, and RABIT data were collected. For each sample, researchers removed at least 165 lbs 
(75 kg) of ballast material from one crib. Then to prepare for the next set of tests, the material 
was replaced using the previously prepared ballast mixtures so that DCP, LWD, and RABIT 
measurements could be taken at a later time on the same track under different moisture 
conditions. To preserve as much of the original track structure as possible, no more than one 
sample was taken from a given crib. Table 1 lists the properties determined by laboratory testing. 
The column headers indicate the planned fouling level, and the table entries show the actual 
fouling and moisture levels as determined from standard laboratory tests on the extracted 
samples. The sampling process followed the method outlined in Yoo et al. (1978). After 
removing the sample, the sample void was lined with a plastic sheet and filled with water. The 
volume of water needed to fill the void represented the volume of the sample. The samples were 
weighed before and after drying to determine moisture content in accordance with ASTM 
D2216-05 (ASTM, 2007). The dry samples were then sieved to determine the grain-size 
distribution in accordance with ASTM D6913-04 (ASTM, 2008).  
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4. RABIT Data Analysis 

The following sub-sections describe in detail the analyses, and results of these analyses, 
performed on the GPR’s waveform data collected from the aforementioned test track at the 
BNSF research facility in Topeka, KS. This method of analysis includes the data preparation, as 
well as the training and verification of the associated neural network. 

4.1 Neural Network Approach 
Physical variations in ballast properties and tie geometries, at different locations that are near to 
each other, may cause “spot” measurements to provide unrepresentative results. The physics-
based algorithms created in the first year of this project do not account for ties interfering with 
the propagating waves and other geometric variations; however, the ray tracing routines and 
mixing formulas developed in the first phase are useful for estimating auxiliary properties such 
as ballast thickness and void ratio. Figure 10 shows an example of variability in tie spacing and 
alignment observed on the test track. The analysis algorithm should be tolerant of this variability, 
as well as variations in ballast thickness, sub-ballast properties, fouling materials, and tie types 
(timber versus concrete). Neural networks are known for their ability to recognize complex 
patterns in data (e.g., speech recognition) and are a good choice for creating ballast property 
estimators that are tolerant to these environmental variations. Neural network estimators must be 
trained using training data and then validated using independent test data. In this work, the 
RABIT data collected on the right side of the track was used to train the network and the data 
from the left side was used for validation. 

 
Figure 10. Variable tie spacing and alignment observed on the test track. 

Before passing the waveform data to the neural network for training, it needed to be cleaned and 
pre-processed. The cleaning step ensured that only data with a high signal-to-noise level were 
used in the training process. This was accomplished by selecting the waveform with the highest 
amplitude from all the GPR scans over a single tie (see Figure 9). Next, the spectrogram for each 
waveform is calculated to provide a representative image for each tie (see Figure 11). Each 
spectrogram has 650 pixels. The training data consisted of 96 spectrograms from 12 different 
ballast conditions and 8 cribs per ballast condition. The spectrograms show a general trend of 
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more low-frequency energy partitioning for more fouled conditions (i.e., upper-left plot in Figure 
11) and later arrival times for more moist conditions (i.e., lower-left plot in Figure 11). 

 
Figure 11. Spectrograms generated from selected waveforms were used as inputs to the 

neural network. 

4.2 Training and Verification 
The multi-layer perceptron (MLP, Géron, 2017) network topology (see Figure 12) works well for 
stationary image classifiers that must recognize complex patterns in the data. A three-layer MLP 
was selected for this problem with 650 inputs (one for each pixel in the spectrograms), 128 
hidden-layer perceptrons, and two output stages – one for moisture estimation and the other for 
fouling.  

 
Figure 12. A four-layer MLP. 
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The output of each perceptron used a rectifier function where positive values are unchanged and 
negative values are zero. The training phase used the 96 spectrograms from the right side of the 
track and the network was trained for 1,000 epochs. After training, the weighting coefficients 
were determined for each perceptron and the network could then be used as an estimator. Consult 
Géron (2017) and Hagen et al. (2014) for more details on the architecture and training of neural 
networks. 
After training the MLP network, the data from the left side of the track were used for validation. 
The results are shown in Figure 13. In the upper panel, the predicted moisture and fouling for 
each tie are plotted against the measured values determined from laboratory testing of extracted 
samples. When the RABIT data from a single tie is used to estimate moisture and fouling, the 
results have substantial variability with correlation coefficients of 0.77 and 0.84 respectively. But 
when the estimated values for 8 ties with the same moisture-fouling condition (see Table 1) are 
averaged, the correlation coefficients improve to 0.91 and 0.92 for moisture and fouling, 
respectively. The researchers presumed that the averaging operation reduced sensitivity to local 
variations in ballast properties (i.e., variations within a single crib), tie geometry, etc. Although 
these results were encouraging, the MLP could have been recognizing something in the data that 
reflected an environmental condition other than fouling or moisture. More testing is needed to 
vet these early results. 

 
Figure 13. Predicted moisture and fouling versus measured moisture and fouling of 

physical samples. In the upper plots, each dot is an estimate determined with RABIT 
waveforms from individual cribs. In the lower plots, each dot is an average of estimates 
from 8 cribs and corresponds to one of the moisture-fouling conditions listed in Table 1. 
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5. Conclusion 

ESS designed, built, tested, and evaluated data from a second-generation GPR ballast inspection 
system. The second-generation RABIT system provides a non-invasive method to estimate the 
amount of fouling and moisture present in in-service track. Early results showed fouling and 
moisture estimates correlated well with actual values (correlation values of 0.91 and 0.92 for 
moisture and fouling, respectively) when results were averaged over multiple (8) cribs. Further 
field testing needs to be performed to evaluate the effectiveness of the equipment and analysis 
methods proposed under this study.  
There are several observations from the current RABIT system:  

1. Results indicated that the ability to roll down the track and take continuous readings 
reduces sensitivity to local variations in tie and ballast geometry and improves the 
accuracy of moisture and fouling estimates over those obtained from measurements a 
single fixed location (such as the measurements made in Phase I of this project). 

2. The neural network estimator provided moisture and fouling estimates in real time in the 
field at the time RABIT data were collected.  

3. The neural network results to date using RABIT measurements on the gage side of the 
rail were encouraging, indicating that measurements from a single pair of antennas were 
sufficient. The RABIT measurements with one antenna on the field side of the rail were 
of poor quality. Rather than trying to improve the field-side response, ESS removed the 
field-side antenna to achieve the goal of a lightweight instrument that can be easily 
carried by one person (26 lb/11.8 kg). However, with this weight reduction, the ability to 
measure ballast properties on the shoulder is lost. 

4. The neural network approach requires a significant amount of training data, but it is 
tolerant to noisy and variable data, geometry variations, and heterogeneous ballast 
properties (unlike physics-based approaches). Although the tests thus far indicated 
tolerance to variable field conditions (such as changing tie spacing), the variability 
encountered to date did not represent the much larger range of environmental variations 
expected throughout the country. To achieve robust estimators that work well in a wide 
variety of conditions, more testing and training under a wide variety of conditions is 
recommended. 

5. At the time the test track data were taken, the RABIT did not have a wheel odometer. 
This made it necessary to manually pick waveforms from the data for interpretation by 
the neural network estimator. ESS added an odometer to RABIT to aid in an automatic 
waveform picking algorithm. The odometer measurements will constrain the picking 
algorithm so that it does not pick waveforms that are atypically close together or far 
apart. The utility of such a picking algorithm will be examined as data from future field 
tests become available.  

6. The railroad industry commonly uses the Selig fouling index (SFI) as a measure of 
fouling. The SFI weights fine-grained material twice and is therefore not a linear 
volumetric measure of fouling. The physics-based mixing formulas that relate void space 
and fouling to dielectric and attenuation constants specify in terms of volume fraction. A 
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neural network does not have these constraints, so in future neural network estimators 
will be trained to provide SFI. 

7. It is likely that neural network estimators can be trained for use with concrete ties if the 
steel strands do not significantly degrade the radar signal. 

8. The electromagnetic properties of fouling material derived from granite, limestone, and 
coal are very similar, and it is anticipated that no special calibrations will be needed for 
these types of material. Clay minerals have widely varying electromagnetic properties 
that depend on the clay type and moisture level. Due to the wide variation of clay 
minerals, fouling that consists of these minerals may be difficult to estimate. It should be 
noted that to some scientists, “clay” is a very fine-grained material and has nothing to do 
with mineralogy. If these fine-grained clays are derived from granite, limestone, or coal, 
then the RABIT should not have difficulty in making reasonable moisture and fouling 
estimates. 

Future plans include testing at various locations on BNSF revenue service track. This testing will 
involve RABIT measurements, ballast sample extraction, and laboratory measurements of 
moisture and fouling. During the course of this testing, ESS will examine a waveform picking 
algorithm, continue neural network training, and improve user software. For the foreseeable 
future, the focus will be on timber ties and fouling derived from granite, limestone, and coal. 
Testing with concrete ties has not yet been scheduled.
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Abbreviations and Acronyms 

ACRONYM DEFINITION 
ASTM American Society for Testing and Materials 
BNSF Burlington Northern Santa Fe 
CBR California Bearing Ratio 
DCP Dynamic Cone Penetrometer 
DPI DCP Penetration Index 
EM Electromagnetic 
ESS Earth Science Systems, LLC 
FEM Finite Element Modeling 
FRA Federal Railroad Administration 
GPR Ground Penetrating Radar 
LWD Light-Weight Deflectometer 
MLP Multi-Layer Perceptron 
RABIT Radar Ballast Inspection Tool 
UMass University of Massachusetts  
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