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Executive Summary 

This report describes and documents the results of an evaluation that the Transportation 
Technology Center, Inc. (TTCI) conducted from 2010 to 2011 of ground penetrating radar 
(GPR) technologies on the High Tonnage Loop (HTL) at the Transportation Technology Center 
(TTC) in Pueblo, CO. This work was carried out as part of Federal Railroad Administration 
(FRA) Task Order 248, “Ground Penetrating Radar Evaluation and Implementation,” with 
additional funding provided by the Association of American Railroads (AAR) Improved Track 
Substructure Strategic Research Initiative. 
Six GPR systems, labeled 1 through 6, were evaluated at TTC’s Facility for Accelerated Service 
Testing (FAST), and represented most of the current North American service providers. The 
focus of the evaluation was ballast condition assessment, specifically ballast fouling, layer depth, 
and moisture content. The following is a brief description of each system: 

• System 1: 2-GHz and 400-MHz antennas and ballast fouling determined by signal 
scattering analysis. 

• System 2: 1-GHz antennas and ballast fouling determined by signal dielectric dispersion 
analysis. 

• System 3: 400-MHz antennas and ballast fouling determined by signal dielectric 
dispersion analysis. 

• System 4: 400-MHz antennas from a second antenna manufacturer and ballast fouling 
determined by signal dielectric dispersion analysis. 

• System 5: stepped frequency continuous wave (SFCW) antenna from antenna 
manufacturer 3 operating between 150 MHz and 2.5 GHz, and ballast fouling determined 
by signal dielectric dispersion analysis. 

• System 6: 400-MHz and 900-MHz antennas from antenna manufacturer 2 and ballast 
fouling determined by signal propagation analysis. 

Numeric fouling data was provided by systems 1–5 for both ballast shoulders, and by systems 1, 
3, 4, 5, and 6 for the track center. Numeric layer data was provided by all systems for the track 
center and shoulders, in which this report will go more into detail. 
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1. Introduction 

This report describes and documents the results of an evaluation of ground penetrating radar 
(GPR) technologies that TTCI performed on the HTL at TTC in Pueblo, CO. The work was 
carried out as part of FRA Task Order 248, “Ground Penetrating Radar Evaluation and 
Implementation,” with additional funding provided by the AAR Improved Track Substructure 
Strategic Research Initiative.  
The objective this study was to enhance the use of GPR as a railroad track substructure 
inspection technique through the following tasks:  

• Evaluation of commercial GPR systems at FAST to establish the state-of-the-art for track 
inspection. 

• Development of guidelines for GPR implementation by railroads. 

• Identification of ongoing research needs. 
The evaluation approach was primarily a comparison of the ballast fouling and layer depth 
outputs of the different systems for HTL Sections 25, 7, 3, and 33. Each system provided ballast 
fouling and layer depth data in digital formats. However, the fouling categorization was not 
consistent between systems. To compare the fouling results, TTCI, with assistance from the U.S. 
Department of Transportation’s Volpe National Transportation Systems Center, brought the 
various fouling data to a common baseline with 4 being clean, 3 being moderately clean, 2 being 
moderately fouled, and 1 being highly fouled. 
A number of GPR systems participated in the evaluation at FAST, representing most of the 
current North American service providers. The focus of the evaluation of this study was ballast 
condition assessment, specifically ballast fouling, layer depth, and moisture content.  

1.1 GPR Background 
GPR is a nondestructive geophysical technique that is widely used to identify and visualize 
subsurface structural and material conditions. The basic technique is well documented in GPR 
literature and involves the transmission of radio frequency electromagnetic energy into the 
ground or other physical medium by a transmitting antenna. A portion of the transmitted energy 
is reflected by contrasts in material dielectric permittivity and electrical conductivity that occur 
at material interfaces such as changes in soil layers, ground water surfaces, or manmade objects.  
The amplitude and return time of signal reflections are captured by a receiver antenna as the 
transmitted wave penetrates the medium, while the antennas move along the surface. The 
recorded data is processed to produce an image (radargram) of the subsurface profile, as shown 
in Figure 1, where the wave reflections are shown as functions of the wave travel time. The wave 
travel time is converted to penetration depth based on the wave velocity. 
Wave velocity (V) in a nonconductive material is determined by the dielectric permittivity of the 
material it is passing through and is calculated as [1]: 

    V = c/ε0.5    (1) 
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1.2.2 Ballast Fouling 
Ballast is a uniformly graded course aggregate having multifaceted angular shapes and air voids 
between the aggregate particles. Fouling occurs as the voids gradually fill up with fine-grain size 
material generated by fracturing and abrasion of the particles under traffic, as well as material 
intrusion from outside the track and, in some cases, from the subgrade.  
The distribution of fouling is not uniform within the ballast layer, but tends to increase with 
depth below the tie bottoms. Ballast above the tie bottoms, in the cribs and shoulders, is usually 
much less fouled than the ballast beneath the ties, and ballast at the bottom of the layer is usually 
the most fouled.  
Given the amount of resources that railroads devote to ballast maintenance and renewals, the 
detrimental effect that fouled ballast can have on overall track performance, and the inability to 
quickly and efficiently measure fouling by other methods, assessment of the fouling condition is 
arguably the most important application of GPR for track inspection, but is also the most 
difficult.  
The nonhomogeneous nature of the ballast layer and the top-to-bottom fouling variation makes 
the layer interface reflection of the GPR signal an impractical method for fouling determination 
[5]. Methods that have been developed to quantify ballast fouling include signal scattering 
analysis and dielectric dispersion analysis. Both methods were used in the evaluation at FAST 
and are briefly described here. 

1.2.2.1 Scattering 
Scattering of the GPR signal occurs when objects (causes of scattering) having perimeter sizes 
the same or larger than the incident wavelength are encountered. The higher the GPR wave 
frequency (i.e., shorter wavelength), the smaller the scatter dimensions that are needed to 
produce the scattering response. The air voids between particles in clean ballast act as scatterers 
for high frequency signals and the typical ballast void dimensions of 1/2 in (inch) to slightly 
more than 1 in (11 millimeters (mm) to 29 mm) [6] result in scattering of the 2-GHz frequency 
[5]. The degree of scattering is reduced as the void spaces are filled with smaller particle size 
material [7]. 
Scattering response provides a method for GPR to distinguish clean from fouled ballast, provided 
the transmitted wave frequency and ballast void spaces are dimensionally compatible.  
One other point to make about scattering analysis is that, according to Zhang, et al., it is not 
reliant on ballast dielectric properties; it is therefore, not sensitive to ballast moisture content and 
is largely independent of variations in the subgrade material [8]. 

1.2.2.2 Dielectric Dispersion 
Dielectric dispersion involves conversion of the time domain GPR reflection amplitude data to a 
frequency domain spectrum using Fourier analysis, as Figure 3 shows [9]. According to Silvast, 
et al., increasing amounts of fines and absorbed water in the ballast layer cause an increase in the 
dielectric dispersion (increasing permittivity) that is evident as a reduction in the frequency 
content of the signal compared with clean ballast [10]. In Figure 4, the frequency spectrums of 
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2. Evaluation Description 

Evaluation of the GPR systems was performed on the HTL at FAST between mid-November and 
early December 2010. The objective, as previously stated, was to evaluate commercial GPR 
systems to establish the state-of-the-art for track inspection. Invitations to participate were sent to 
known service providers in North America and Europe, and the response was positive. Six 
systems participated with five systems providing final data packages. Descriptions of the 
evaluation process and participating systems are included in the following subsections. 

2.1 Description of the High Tonnage Loop  
The HTL is a 2.7-mile loop used for heavy axle load testing since 1988. As Figure 5 shows, the 
HTL is divided into test sections that include a variety of track configurations. Sections 25, 8, 7, 
3, 33, and 29 were included in the evaluation and are described as follows: 

• Section 25 is a 6-degree curve with a nominal 5 in of superelevation with primarily wood 
ties and some concrete and plastic composite ties.  

• Sections 7 and 8 are a 5-degree curve and transition curve, respectively, with wood ties. 

• Section 3 is a 5-degree curve that is approximately one-half concrete ties and one-half 
wood ties. 

• Sections 33 and 29 are both tangent zones with a combination of wood and concrete ties. 
Ballast is not cleaned or replaced as a regular maintenance activity around the HTL, but is added 
periodically as more of a spot maintenance approach. Therefore, the existing ballast has been in 
place for a number of years at most locations, with the exception of Section 3, where much of the 
ballast was removed and cleaned or renewed entirely in 2009.  
The HTL subgrade is highly uniform and has been classified as predominately a silty sand soil 
conforming to the Unified Soil Classification System designation of SM. The exception to the 
subgrade condition is Section 29 where the subgrade was modified by the excavation of a 12-
foot-wide by 5-foot-deep trench that was backfilled with a high-plasticity clay (buckshot clay) 
installed wet of optimum (moisture content above that for optimum soil density) in 1991. The 
clay is capped by a 6-inch layer of subballast and an 8-inch layer of hot mix asphalt (HMA).  
HTL track conditions were essentially identical for the various system surveys. There was no 
precipitation recorded by the TTC weather station or train traffic on the HTL during the 
inspection period of November 12 through December 6, 2010.  
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specified by determining a start frequency (fmin), a stop frequency (fmax), a frequency 
step (Δf), and a dwell time (Td). The start frequency was 150 MHz, and the stop 
frequency was 2.5 GHz. Data from three of the SFCW dipole antennas was analyzed [9]. 

• Two engineering teams supplying hi-rail vehicles, antenna mounting hardware and 
ancillary equipment such as wheel distance measuring encoders, video recorders, and 
GPS capability. 

• Three geophysics groups who interpreted, analyzed, and reported the data. 

Table 1. GPR Systems Description 

System  Antenna Description  Fouling Analysis  

1 
Time-domain pulsed radar, ground coupled 
400 MHz used for layer depth mapping and 
air coupled 2 GHz used for ballast fouling 

Scattering  

2 Time-domain pulsed radar, 1 GHz, air 
coupled 

Dielectric dispersion/ 
frequency spectrum  

3 Time-domain pulsed radar, 400-MHz 
antenna manufacturer 1, ground coupled 

Dielectric dispersion/ 
frequency spectrum  

4 Time-domain pulsed radar, 400-MHz 
antenna manufacturer 2, ground coupled 

Dielectric dispersion/ 
frequency spectrum  

5 SFCW radar manufacturer 3, 150-MHz to 
2.5-GHz frequency range, air coupled 

Dielectric dispersion/ 
frequency spectrum  

6 
Time-domain pulsed radar, 400-MHz and 
900-MHz antenna manufacturer 2, ground 
coupled 

GPR propagation analysis of 400-
MHz signal  
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Figure 6. System 5—SFCW Waveform [9]  

2.3 Inspection Procedure 
All systems began and ended their surveys at the road crossing in Section 27, marked as 0 feet 
(ft) in Figure 5. All systems inspected the track center and both ballast shoulders just outside the 
tie ends, as Figure 7 shows. In some cases, only two antennas were available, and it was 
necessary to move the antenna from one shoulder to the other and make additional passes. 
Operating speeds were typical hi-rail speeds from 20 miles per hour (mph) to 25 mph.  
All final reporting systems located the antennas 1 and 2 ft above the ballast surface. The sixth 
system mounted the antenna on a type of sled that was dragged along the ballast surface. 
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Figure 7. Pulsed Antenna Positioning for Track Center and Shoulder Survey 
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2.4 System Outputs 
Each of the six systems produced a set of results in its standard output format along with a report 
describing the system and giving details concerning the data analysis and output. Table 2 
summarizes the outputs provided in addition to the processed radargrams for System 1, Table 3 
summarizes the outputs for systems 2–5, and Table 4 summarizes the output for System 6. A set 
of digital data for ballast fouling and layer depth was also provided for all systems. Examples of 
the different system outputs are included in Figures 8, 9, and 10. 

Table 2. Summary of System 1 Output Data [7] 

Ballast Layer Depth Ballast Fouling Moisture Other 

Depth based on a dielectric of 4.5 

Primary and secondary layers 
identified relative to top of tie 
Track-bed indices: 

• Layer amplitude exceedence 
(LAE) – gives indication of 
water and/or wet clay/silt at 
bottom of primary layer 

• Ballast thickness index – 
gives indication of primary 
layer <19.7 in 

• Layer roughness index – 
identifies irregular primary 
ballast depths 

Average fouling over 16 
to18 in depth classified as 
clean, moderately clean, 
moderately fouled, fouled, 
severely fouled and plotted 
as bars for center and 
shoulders 
Full ballast fouling matrix 
from the 2-GHz data 
plotted against depth to 
depth of 17 in for center 
and shoulders 
Statistical summary of 
fouling data 
Fouling output based on 
calibration performed 
using a specific railroad’s 
ballast condition 

Moisture is not a 
specific output but 
can be identified 
from the LAE 
output 

Surface/subsurface 
features 
Ballast section 
profiling and 
volume calculation 
Video asset and 
mapping 
Track geometry not 
included 
Detailed section-by-
section summary of 
track-bed structure 
features and 
conditions 

 
Table 3. Summary of Systems 2, 3, 4, and 5 Output Data [9] 

Ballast Layer Depth Ballast Fouling Moisture Other 

Distance plot of layer depth 
(inches) based on a dielectric value 
of 6 for interpreted ballast layer 
and 9 for subballast 

GPR ballast fouling index 
(GBFI) classified as clean 
to highly fouled as four 
steps and plotted as bars 
for track center and 
shoulders (see Figure 10) 
GBFI classification plotted 
as a function of depth and 
plotted as plan view  
Statistical summary of 
fouling data 
GIS map of HTL with 
GBFI classification  
Fouling analysis was 
relative and not calibrated  

Relative moisture 
as function of 
depth  

Images from digital 
video saved every 
150 ft 
Track 
geometry/roughness 
data 
Track asset database 
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Table 4. Summary of Systems 6 Output Data [11] 

Ballast Layer Depth Ballast Fouling Moisture Other 

Distance plot of layer depth 
(meters)  

Undulation of ballast layer shown 
in color coded bar chart 
Numeric layer depth data  
 

Ballast fouling classified as 
clean to highly fouled over 
100-foot segment and 
plotted as color-coded bar 
chart  
Ballast fouling color band 
for each 100-foot segment 
given for the central 
antenna 
Fouling analysis was 
relative and not calibrated  

Relative moisture 
within ballast layer 
and at bottom of 
ballast layer shown 
in color-coded bar 
chart averaged 
more than 100 feet  

Video footage of the 
survey  

 

Figure 8. System 1 Layer and Fouling Data Output for Section 25 
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Figure 9. System 3 Output for Section 25—Similar Formats for Systems 2, 4, and 5 
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Figure 10. System 6 Output for Section 25 
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3. Evaluation Results 

The evaluation approach was primarily a comparison of the ballast fouling and layer depth 
outputs of the different systems for the relevant HTL Sections 25, 8, 7, 3, 33, and 29.  
A number of ballast samples were also taken from trenches at various locations in the sections 
and sieve analysis performed to define the particle size distribution of the sample. At the start of 
the project, it was assumed that comparison of the GPR data to these ground-truth locations 
would be the principal basis of the evaluation. However, less emphasis was eventually placed on 
this approach as the limitations of comparing discrete ballast samples to the GPR data in terms of 
where the sample was taken and relating a limited amount of ground-truth data to the overall 
survey became apparent.  
There was also the tendency to place too much emphasis on the percentage of fines in the 
sample, which is a very exact number, and the fouling index (FI) values produced by the GPR 
systems, particularly systems 2–5, for which the fouling indexes were relative and not based on 
calibration. TTCI decided that ground-truth comparisons would be most applicable when the 
ballast was very clean or very fouled. 

3.1 Ballast Fouling Evaluation 
The first task in the fouling evaluation was to normalize the numeric fouling data provided by the 
various systems to a common baseline both in terms of the fouling category, or number, and 
distance. For example, the digital fouling data provided for systems 2–5 represented fouling on a 
scale of 0 to 60, with 60 being the highest level of fouling, and the distance in 8.2-foot (2.5-
meter) increments (Figure 11). 
Fouling data from System 1 was identified based on a fouling classification of 1 to 5, with 1 
being classified as severely fouled, 2 being fouled, 3 being moderately fouled, 4 being 
moderately clean, and 5 being clean. System 1 also correlated the fouling classification to FI 
values based on Selig’s FI that was derived from a calibration performed using a specific 
railroad’s ballast condition, and the distance was broken into 0.003-mile (15.84-feet) increments 
(Figure 12).  
System 6 provided fouling data for the track center antenna in the format shown in Figure 13, 
where the fouling classification for a distance of more than 100 feet is presented as a color bar 
with red being fouled, orange being moderately fouled, yellow being moderately clean, and 
green being clean. 
The different fouling values were brought to a TTCI generic categorization with 4 being clean, 3 
being moderately clean, 2 being moderately fouled, and 1 being highly fouled using the 
following rationale: 

• System 1 BF categories 1 and 2 were reclassified as TTCI generic category 1 and BF 
categories 3, 4, and 5 reclassified as TTCI generic categories 2, 3, and 4, respectively. 

• Systems 2, 3, 4, and 5 GBFI values were reclassified to TTCI generic categories as GBFI 
0–20 = generic category 4, GBFI 21–30 = generic category 3, GBFI 31–40 = generic 
category 2, and GBFI above 40 = generic category 1. 
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• System 6 data was reclassified to TTCI generic fouling categories with the green bar as 
category 4, yellow bar as category 3, orange bar as category 2, and red bar as category 1. 
Note that System 6 provided numeric fouling data from the track center only. 
 

 
Figure 11. Example of System 2, 3, 4, and 5 Numeric Fouling Data  



18 

 
Figure 12. Example of System 1 Numeric Fouling Data  

 
Figure 13. Example of System 6 Fouling Data  
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3.1.1 Fouling Distribution 
The fouling comparison presented in Figure 14 is a statistical distribution of the TTC generic 
track center fouling categories for each system over HTL Sections 25, 8, 7, 3, 33, and 29 for a 
total distance of 9,511 feet. Similar distributions are presented for the ballast shoulder data in 
Figures 15 and 16. Results of the fouling analysis are summarized as follows: 

• Track center fouling: 
- System 2 track center fouling data was not submitted because of noise issues.  
- Systems 1, 3, 4, and 5 all showed 6 percent or less of the track center being highly 

fouled. Differences between these systems were found in the interpretation of clean, 
moderately clean, and moderately fouled conditions. Systems 3 and 4 both interpreted 
more than 90 percent of the track as being clean, less than 2 percent as being 
moderately fouled or fouled, and the remaining 7–11 percent as being moderately 
clean. System 1 showed approximately 67 percent of the track as clean, 20 percent as 
moderately clean, and 13 percent as moderately or highly fouled. System 5 indicated 
roughly the same moderately fouled and highly fouled percentages as system 1, but 
showed a much higher percentage of moderately fouled ballast (49 percent) and lower 
percentage of clean ballast (34 percent) than systems 1, 3, and 4. In Figure 17, the 
track center clean ballast categories 3 (moderately clean) and 4 (clean) are combined 
to create a single clean ballast category; the fouled ballast categories 1 (highly fouled) 
and 2 (moderately fouled) are combined to create a fouled ballast category. Viewing 
the results as simply clean or fouled, the comparison in Figure 17 indicates that 
systems 3 and 4 results were identical, and systems 1 and 5 were similar for track 
center fouling. 

- Figures 14 and 17 clearly show that the results from system 6 were substantially 
different from other systems. System 6 interpreted the HTL ballast condition as being 
primarily fouled as opposed to the primarily clean interpretation of the other systems. 

• Ballast shoulder fouling: 
- System 6 shoulder fouling data was not submitted in a numeric format and is not 

included. 
- System 5 indicated the highest percentage of fouled ballast and lowest percentage of 

clean ballast for both shoulders. System 5 also showed the most variability between 
fouling categories, as shown in Figure 18 where the fouling categories for both 
shoulders are plotted against distance for each system.  

- The combined clean and fouled ballast categories in Figures 19 and 20 shoulders saw 
the shoulder ballast as having a lower percentage of clean ballast compared with 
systems 1, 3, and 4.  
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Figure 14. Distribution of Track Center Ballast Fouling Categories for 

HTL Sections 25, 8, 7, 3, 33, and 29 
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Figure 15. Distribution of Outside Shoulder Ballast Fouling Categories for 

HTL Sections 25, 8, 7, 3, 33, and 29 
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Figure 16. Distribution of Inside Shoulder Ballast Fouling Categories for 

HTL Sections 25, 8, 7, 3, 33, and 29 
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Figure 17. Comparison of Track Center Clean/Moderately Clean and 
Fouled/Moderately Fouled Interpretation 
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Figure 18. Fouling Categories for Both Shoulders Plotted Against Distance  
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Figure 19. Comparison of Outside Ballast Shoulder Clean/Moderately Clean and 
Fouled/Moderately Fouled Interpretation  
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Figure 20. Comparison of Inside Ballast Shoulder Clean/Moderately Clean and 
Fouled/Moderately Fouled Interpretation 



24 

3.1.2 Ground-Truth Comparisons 
Trenches were dug and ballast samples taken at eleven HTL locations immediately after the 
surveys were performed in late 2010. Additional ballast samples were taken without trenching at 
four locations in Section 25 during the summer of 2011. Sieve analysis was performed on all the 
samples to determine the particle size distribution or gradation of the sample. 
Unfortunately, the earlier samples do not accurately represent the ballast layer as seen by GPR as 
most of the ballast was taken from beneath the ties to the subgrade surface rather than from the 
top of the ballast layer to a depth of approximately 20 in.  
The subsequent Section 25 data is the most useful for this evaluation because the samples were 
taken in the top 20 in of the ballast at the outside shoulder and track center. Ballast samples were 
taken at tie numbers 200, 500, 700, and 1200 in Section 25. Figure 21 shows the gradation 
curves for the samples. 
In Figure 21, the track center ballast sample particle size distribution, or gradation (red curve), 
and the outside shoulder sample gradation (green curve) are plotted along with the American 
Railway and Maintenance-of-Way Association (AREMA) Recommended Ballast Gradations 24 
and 4 for mainline track [12]. All the data in Figure 18 lies within the AREMA 4 and 24 
boundaries, indicating a low level of fouling at these locations.  
Data in Figure 21 is summarized as follows: 

• The track center ballast gradations at ties 200 and 1200 and the all the outside shoulder 
gradations are within the AREMA standards for clean ballast. 

• The track center gradations at ties 500 and 700 are close to the outer AREMA 24 ballast 
limit and could be interpreted as being clean or moderately clean. 

In Figures 22–26, the HTL generic track center fouling data from Section 25 is plotted as a 
function of distance for systems 1, 3, 4, 5, and 6 respectively. The ballast sampling locations at 
tie numbers 200, 500, 700, and 1200 are also shown. In summary, systems 1, 3, and 4 were 
consistent with the sampling results, showing the ballast as clean or moderately clean. System 5 
was also in agreement, with the exception of tie 200 where it reported the ballast as being 
moderately fouled. There was no agreement between the sampling results and the System 6 
fouling data in Figure 21, with all four locations being classified as moderately fouled. 
The gradation data in Figure 21 is compared with the normalized fouling data for the outside 
shoulder of Section 25 in Figure 27. Systems 1–4 indicate clean ballast at the four sample 
locations, which is in agreement with the samples. System 5, however, shows a more fouled 
condition, which does not agree as closely as the other systems. 
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Figure 21. Section 25 Ballast Sample Gradations 
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Figure 22. System 1 Track Center Fouling Data for Section 25 with 
Sampling Locations Indicated  
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Figure 23. System 3 Track Center Fouling Data for Section 25 with 
Sampling Locations Indicated 
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Figure 24. System 4 Track Center Fouling Data for Section 25 with 
Sampling Locations Indicated 
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Figure 25. System 5 Track Center Fouling Data for Section 25 with 
Sampling Locations Indicated 
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Figure 26. System 6 Track Center Fouling Data for Section 25 with 
Sampling Locations Indicated 
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An example of the secondary layer interpretation is provided in Figure 34, where the Section 25 
track center data for all systems is plotted against distance. The basic longitudinal profile is the 
same for all systems, although System 6 does show the thickness as approximately 6 in less than 
the others for the first 1,800 ft of the section. The largest discrepancy is the intermittent multiple 
layer indications from System 1, highlighted in Figure 34 by showing only the System 1 data 
points. The multiple layer indications were found in other HTL sections and were discussed in 
the System 1 summary report as possibly being caused by moisture and/or material variations or 
by track-bed repairs. 
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Figure 30. Section 25 Primary Ballast Layer Thickness Comparison 
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Figure 31. Section 7 Primary Ballast Layer Thickness Comparison 
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Figure 32. Section 3 Primary Ballast Layer Thickness Comparison 
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Figure 33. Section 33 Primary Ballast Layer Thickness Comparison 
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Figure 34. Secondary Ballast Layer Interpretation for Section 25 Track Center 

3.3 Ballast Moisture Test 
All systems were involved in a moisture condition test performed in Section 33. A survey was 
taken before and after water was artificially added to the track over a distance of approximately 
50 ft using a fire truck. All the systems were able to distinguish the increase in moisture and to 
determine by a change in the moisture profile with depth that the water was draining.  
The results confirm the well-established ability of GPR to sense relative changes in moisture. 
However, the outputs of systems 2–5 also showed a strong correlation between relative moisture 
level and relative ballast fouling, which is not surprising given the strong effect of water on the 
GPR signal response. Therefore, the ability of GPR to determine absolute moisture content in the 
ballast layer was not confirmed by this evaluation. Evaluations did, however, show that high 
moisture content occurring where water is trapped at the bottom of ballast pockets is readily 
visible to GPR as a strong interface reflection.  

3.4 Preliminary Conclusions 
• Six systems were included in the evaluation: 

- System 1 using 400-MHz pulsed antennas for layer interpretation and 2-GHz pulsed 
antennas for fouling inspection and scattering fouling analysis. 

- System 2 using 1-GHz pulsed antennas and dielectric dispersion analysis for fouling. 
- System 3 using 400-MHz pulsed antennas from antenna manufacturer 1 and dielectric 

dispersion for fouling analysis. 
- System 4 using 400-MHz pulsed antennas from antenna manufacturer 2 and dielectric 

dispersion for fouling analysis. 
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- System 5 using SFCW wave antenna from antenna manufacturer 3 and dielectric 
dispersion for fouling analysis. 

- System 6 using pulsed 400-MHz antennas from antenna manufacturer 2 (same 
antennas as used by system 4), 900-MHz antennas from manufacturer, and signal 
propagation analysis for fouling and layer thickness interpretation. 

• All systems except System 6 showed a low percentage (<6 percent) of the track as highly 
fouled. System 6 results indicated that 30 percent of the track center was highly fouled, 
and 44 percent was moderately fouled.  

• Gradation analysis of ballast samples taken at four locations within HTL Section 25 was 
in general agreement with the fouling data from all systems except System 6. The 
samples taken at four locations within the section all produced gradation curves 
conforming to AREMA 4 and 24 standards for new ballast, indicating the ballast at the 
locations was clean. Fouling data produced by systems 1, 2, 3, 4, and 5 all showed the 
ballast as clean or moderately clean, which is considered as being in agreement with the 
degradation results. System 6, however, showed the ballast as being moderately fouled at 
all the sampling locations. 

• Although all systems except System 6 indicated the ballast was primarily clean or 
moderately clean, as opposed to being moderately or highly fouled, there were notable 
inconsistencies between systems 1–5, including: 
- Systems 1 and 5 showed considerably more fouling and more fouling variation in the 

track center than systems 3 and 4. Systems 1 and 5 both showed the center as being 
11 percent moderately fouled compared with less than 1 percent for systems 3 and 4. 
Systems 1 and 5 also showed a higher percentage of moderately clean ballast (20 and 
49 percent, respectively) than systems 3 and 4.  

- System 1 showed similar percentages of clean and moderately clean shoulder ballast, 
as well as the tendency for the inside shoulder to have less clean ballast than the 
outside. Systems 2 and 5 showed higher percentages of moderately clean and 
moderately fouled ballast compared with the other systems. System 2 also showed 
less fouling on the outside shoulder. 

• Systems 1–5 comparative fouling results are summarized as follows: 
- Track center: Systems 3 and 4 indicated, respectively, that 92 and 88 percent of the 

track center ballast was clean, whereas system 1 showed 67 percent and system 5 
showed 34 percent as clean. System 1 reported 13 percent and system 5 reported 17 
percent of the track center as moderately or highly fouled, compared with only 1 
percent from systems 3 and 4. Systems 1 and 5 also showed a higher percentage of 
moderately clean ballast (20 and 49 percent, respectively) than systems 3 and 4. In 
summary, systems 1 and 5 showed significantly more variation in the track center 
fouling condition than systems 3 and 4. System 2 did not submit track center fouling 
data. 

- Ballast shoulders: System 5 showed the highest amount of moderate to highly fouled 
conditions—24 percent of the outside shoulder and 27 percent of the inside 
shoulder—compared with systems 1–4 that were at 16 percent or less. Other than the 
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system 5 fouling discrepancy, the other notable difference between systems was in 
the interpretation of moderately clean as opposed to clean ballast. System 1 saw both 
shoulders as having a lower percentage of moderately clean and higher percentage of 
clean ballast compared with the others, although systems 1 and 4 results for the inside 
shoulder were very similar.  

• System 6 did not submit shoulder fouling data in a digital format. 

• The 2-GHz/scattering analysis system did show a highly fouled condition at a clean 
ballast location that was not seen by the dielectric dispersion frequency analysis systems. 
Subsequent analysis by the supplier indicated that high percentages of flat and elongated 
ballast particles were the probable cause of the highly fouled interpretation. 

• All the systems produced similar ballast layer longitudinal profiles although variances of 
6–9-in in the reported primary layer thickness values were common. There were two 
significant discrepancies in the layer interpretations. The first discrepancy was at the end 
of Section 3 where systems 1, 5, and 6 indicated an increase or no change in the track 
center and outside shoulder ballast depths while systems 2, 3, and 4 all showed a 
substantial decrease in depth. Spot checks of the ballast depths did not support the 
reported reduced thickness. The second discrepancy occurred in the center of Section 33 
where systems 1, 2, 3, and 4 all indicated a decrease in depth of approximately 6–9 in that 
was not seen by systems 5 and 6. An additional discrepancy was noted near the end of the 
section where system 1 shows an increase in thickness from 12 to 24 in that was not seen 
by systems 2, 3, or 4.  

• All systems were able to distinguish a change in ballast moisture after water was added to 
the track in Section 33. The systems were also sensitive to changes in the moisture profile 
with depth.  
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4. GPR Implementation Guidelines for Track Surveys 

The following general guidelines are presented based on the evaluation results at FAST. 

4.1 Antenna Frequency and Fouling Analysis Methods 
There are two methods that have been developed and are currently in use by commercial systems 
to determine ballast fouling: (1) signal scattering and (2) dielectric dispersion frequency analysis. 
Both methods distinguish clean ballast from fouled, but with different approaches. The scattering 
method requires the signal wavelength to be approximately the same size as the perimeters of air 
voids in clean ballast, and the 2-GHz wavelength is theoretically optimal. The wavelengths of 
lower frequency signals are too long and, therefore, not scattered by the voids.  
The dispersion method converts the recorded time domain data to the frequency domain and 
generates a frequency spectrum. Clean ballast has less dielectric dispersion and a wider spectrum 
with higher frequency components than fouled ballast. However, in addition to fines, dielectric 
dispersion is also influenced by moisture, and the method cannot readily differentiate between 
moisture and fines. In many cases, this limitation is not critical, because there usually is a 
correlation between increased fouling and increased moisture being retained by the fouling. 
However, erroneous fouling results may be generated if the GPR survey is conducted when the 
ballast is abnormally wet (fouling is overstated) or dry (fouling is understated).  
The application of the dispersion method to the 1-GHz data proved to be unsuccessful during the 
evaluation at FAST for the track center survey; therefore, it is unclear how appropriate this 
method is for frequencies higher than 400 MHz. The dispersion method was also used on the 
SFCW antenna data that was statistically different from the various pulsed antenna data. Both the 
scattering (System 1) and dispersion methods (systems 3 and 4) produced similar results in terms 
of the percentage of moderately fouled to fouled ballast on the shoulders. The primary 
differences between these systems were: (1) the percentages of clean and moderately clean 
ballast reported on the shoulders and (2) the percentages of moderately fouled ballast in the track 
center.  
In summary, the ballast fouling method used by the GPR provider will dictate the choice of 
antenna frequency. The scattering method, which is not reliant on dielectric properties, should 
not be used with frequencies less than 2 GHz. Dielectric dispersion, which is sensitive to 
dielectric variations, particularly moisture variations, has been developed for use with 400-MHz 
antennas. Finally, the 2-GHz signal penetration is limited to approximately 30 in depending on 
the material. Deeper penetration, which is usually desired for adequate track substructure layer 
interpretation, requires lower antenna frequencies, of which 400 MHz is common.  

4.2 Calibration 
Both the scattering and dispersion fouling analysis methods require calibration to ballast sample 
sieve analysis data to quantify the GPR data in terms of fouling percentages of an FI. Calibration, 
specifically to the ballast on the HTL, was not done as part of the evaluation at FAST, although 
the output from System 1 was based on a ballast calibration performed using a specific railroad’s 
ballast condition. 
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Calibration issues include what FI should be used, how many samples are necessary, how often 
they should be taken, and what procedure should be used to take the samples.  
The FI that is most commonly referred to is the Selig FI that adds the material passing a No. 4 
sieve to the fines passing a No. 200 sieve. The Selig FI is well documented regarding its 
relationship with ballast permeability and generalized ballast performance [6]. However, it 
double-counts the fines passing the No. 200 sieve as the same material also passing the No. 4 
sieve. Therefore, calibration of the GPR results to the Selig FI would appear to be difficult. 
A simpler approach would be to base the FI on a percentage of material passing a single-sieve 
size. An FI being used by a Class I railroad is the percentage of material passing the 3/4-inch 
sieve. With this approach, 25 to 35 percent passing the 3/4 sieve is set as an undercutting 
maintenance limit, and 50 percent is considered the ballast life limit. A similar approach could be 
used to calibrate the fouled and highly fouled thresholds of the GPR data.  
Ballast sampling frequency can be defined based on local conditions and material variability. 
The sampling procedure, however, is important. The sample should duplicate as much as 
possible the same ballast seen by the radar. Ideally, a sample would be a column of material 
approximately 8-in in diameter taken at the appropriate inspection depth at the tie ends and track 
center. 

4.3 Data Handling 
All the systems evaluated at FAST produced a set of results within 24 hours of the inspection as 
one of the key evaluation criteria. The 24-hour turnaround results were, in most cases, consistent 
with the final interpretation of results that were received several weeks later indicating the 
current capabilities for rapid submission of results. However, as currently deployed via hi-rail 
vehicles, a GPR survey will collect data at speeds of roughly 15 to 20 mph, or faster if deployed 
on track geometry vehicles. It is therefore possible for the inspection to generate tens, if not 
hundreds, of miles of data in 24 hours, which may be more data than can be processed and 
analyzed in a short amount of time. Therefore, the railroad should have an understanding with 
the supplier as to data processing times and, if necessary, prioritize the track segments it wants 
analyzed. The processing and analysis time will certainly decrease in the future as the algorithms 
become more sophisticated and the process becomes more automated.
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Abbreviations and Acronyms 

AAR Association of American Railroads 
AREMA American Railway and Maintenance-of-Way Association 
FRA Federal Railroad Administration 
FI Fouling Index 
FAST Facility for Accelerated Service Testing 
GPR Ground Penetrating Radar 
GBFI GPR Ballast Fouling Index 
HMA Hot Mix Asphalt 
HTL High Tonnage Loop 
IDS Ingegneria dei Sistemi 
LAE Layer Amplitude Exceedence 
RC Reflection Coefficient 
SFCW Stepped Frequency Continuous Wave 
TTC Transportation Technology Center 
TTCI Transportation Technology Center, Inc. 
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