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Abstract. Railroad ballast is the uniformly-graded aggregate between and 
underneath railroad ties. The purpose of ballast is to provide support for the heavy 
loading applied by trains. New ballast contains significant void space between the 
aggregate. As ballast ages it is progressively fouled by fine-grained material that 
fills the void space. The structural integrity of seriously fouled ballast can be 
compromised leading to track instability and ultimately, train derailments. For this 
reason it is very important to be able to detect fouled ballast. Ground penetrating 
radar (GPR) has been used over the past 25 years for ballast evaluation and has 
yielded mixed results. Traditionally, GPR data have been interpreted with strategies 
focusing on reflections from layer interfaces. This can be a severe handicap when 
obtaining data on a ballast structure which contains gradational fouling. GSSI 
developed a 2 GHz horn antenna in 2003 which was initially tested on ballast at the 
Transportation Technology Center, Inc. in Pueblo, CO in 2005 and subsequently on 
Amtrak Rails near Boston, MA in 2006. It was noted that the antenna is much more 
focused compared to the commonly used 1 GHz horn antenna and provides data that 
contain significant scattering energy from the void space in clean ballast. The data 
from fouled ballast contained minimal scattering from the remaining void space. 
Comparison of the data obtained using the 2 GHz antenna with available ground 
truth supports this interpretation. This GPR methodology shows potential for routine 
inspection of working railroads and is especially suited to assess the ballast fouling 
condition near the bottom of railroad ties. 

Introduction  

Railroad ballast is the uniformly-graded coarse aggregate placed between and immediately 
underneath railroad ties. Subballast is sand or gravel used to provide drainage and, along 
with ballast, distributes the applied dynamic train loading into the subgrade. The ballast and 
subballast system are commonly referred to as the granular layer supporting track with a 
design thickness of typically 45-75 cm. In some instances, the ballast may be placed 
directly on stable subgrade. Figure 1 illustrates a typical active railroad cross-section. There 
is often a transition area at the ballast-subballast interface containing fines.  
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Figure 1.  Typical active railroad ballast cross-section. 

 
Over time, ballast is progressively contaminated by fine-grained aggregate and metal dust 
that fills the void space between ballast stones. This contamination is commonly referred to 
as fouling. The fouling index is used to describe the level of fouling in track and is 
calculated as the summation of the percentage of material passing the #4 sieve plus the 
percentage of material passing the #200 sieve [1]. When the fouling reaches a specific a 
threshold, the structural integrity of the contaminated ballast system can be compromised 
and the drainage ability of the ballast system is jeopardized.  This leads to track instability 
and ultimately, train derailments. Hence, early detection of ballast fouling is of utmost 
importance to maintain safe operation and cost-effective maintenance. Due to its critical 
location, evaluation of ballast condition near the bottom of the ties is highly desirable.  

Ground penetrating radar has been utilized as a non-destructive evaluation tool to 
evaluate railroad ballast, subballast, and subgrade for the past 25 years. Initial work was 
limited to ground-coupled antennas operating with center-frequencies below 500 MHz [2]. 
In the past decade 1 GHz center-frequency air-launched antennas have provided high 
resolution images of the ballast structure.  It was evident from recent work with the 1 GHz 
horn antenna that in addition to reflections from major layer interfaces the antenna was also 
sensitive to scattering from the void space in clean ballast [3].  A subtle difference was 
observed when comparing data associated with the inner portion of clean ballast layers 
versus fouled ballast or subgrade. 

Three years ago GSSI introduced a 2 GHz center-frequency horn antenna. This 
antenna was initially tested side-by-side with a 1 GHz center-frequency antenna at the 
Transportation Technology Center, Inc. (TTCI) in May, 2005. The surprising difference in 
the data quality, especially the mottled areas due to scattering from the void space in clean 
ballast, led to further work to establish the viability of assessing the extent of ballast fouling 
from the 2 GHz data. This work is described in the following sections. 

1 and 2 GHz Horn Antenna Data Comparison 

Initial 1 and 2 GHz horn antenna data were obtained along the same section of track at the 
high-tonnage loop (HTL) test track at TTCI.    

A section of data from the 2 GHz horn antenna  mounted 15 cm from the edge of 
the ties is compared to 1 GHz horn antenna data collected at the same location in Figure 2. 
As can be seen, much less horizontal banding is observed in the 2 GHz data. The clutter-
free near-surface region between 0-25 cm (10 inches using the scale in the figure) in the 2 
GHz data is especially significant. The same depth range in the 1 GHz data contains a large 
consistent reflection associated with the reflection from the top of the rail. The reflection  
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Figure 2.  Comparison between 2 GHz (top) and 1 GHz (bottom) data obtained along same section of HTL loop 
track. Solid and dashed lines show interpreted ballast bottom. The only processing applied to this data was a time-

zero correction. 

 
from the interpreted ballast bottom, indicated by the red lines, is easily tracked along 
approximately half of the section in data from both antennas in Figure 2. This leaves 
approximately half of the section that can’t be interpreted using layer-tracking 
methodology. Closer inspection of Figure 2 reveals significant textural differences in the 2 
GHz data. These textural differences can be manually tracked as shown by the yellow lines 
and arrows in Figure 3.  
 

 
Figure 3.  Interpreted 2 GHz horn antenna data from Figure 2 using textural differences in the data. 

 
The clear distinction in unprocessed 2 GHz data between areas that possess no 

reflections and areas that have a mottled appearance from numerous incoherent scattering 
from void space in ballast aggregate was a very promising development that merited further 
research.  
 
2 GHz Data Collection 
  
Data were obtained with the 2 GHz horn antennas data at two different tracks. Figure 4 
shows the data collection set-up at both locations.  
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Figure 4.  Data collection setup for the 2 GHz horn antennas. 

 
Twenty-five km of data were obtained on tracks in Pueblo, Colorado in August 2005. 
Ground truth collected at this location consisted of 15 cross-trenches.  A number of ground 
truth methods including DCP data, visual inspection, and ballast sampling were 
implemented at 14 of these cross-trenches. Forty-six km of GPR data were collected on 
Amtrak’s tracks between Providence, RI and Sharon, MA in March 2006. Ground truth 
data available at the time this paper was written consisted of 5 locations along the track 
where mud splashes were apparent on the ballast, ties, and rails.  
 

Data Processing 

In contrast to traditional GPR data, in which it is desirable to map continuous reflection 
events, the 2 GHz horn data from ballast contain waveforms from void space scattering that 
overlap and interfere with increasing time. The scattering waveforms will vary significantly 
from scan to scan. The objective of processing these data is to generate a representative 
scattering amplitude envelope that represents the average scattering amplitude versus depth. 
There are many ways to accomplish this task. A series of steps utilizing standard ground 
penetrating radar processing functions is currently used to generate the scattering amplitude 
envelope. These steps include: (1) time-zero correction; (2) background removal; (3) 
Hilbert Transform; (4) 200 MHz low-pass filter; and (5) horizontal moving average. Details 
on these processing steps are described in a previous paper [4].  There are two differences 
between the processing described in the previous paper and the processing applied here. 
Whereas a boxcar background removal filter was applied previously, which negatively 
impacted strong continuous layer reflections, a type of IIR background removal filter was 
applied to these data. The second difference is the horizontal moving average length which 
was previously 2.4 m. A 0.45 m horizontal moving average was applied to data presented in 
this paper to better resolve ballast problems occurring on horizontal scales on the order of 
several tie widths. 

The ultimate goal of the data processing is to automatically extract ballast condition 
information from the data. Simply collecting data at a density of 13 scans per meter over 5 
km of track using the configuration shown in Figure 4 will generate 200 megabytes of data. 
This is a huge volume of data that is difficult to efficiently interpret manually. Consider 
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printing these data at a density of 120 scans/cm on plotter paper. The data would require 5.5 
m of paper. One day of data collection travelling at a rate of 40 km/hr for 8 hours equates to 
350 m of plotter paper. The approach taken thus far in this investigation is to extract from 
the processed data the scattering amplitude envelope value at depths corresponding to 5.1, 
15.2, 25.4, 35.6 and 45.7 cm. A constant relative permittivity of 4 was used in the depth 
calculation. The amplitude value at 5.1 cm and subsequent amplitude values normalized 
relative to the amplitude value at 5.1 cm are then plotted versus distance along the track. It 
will be observed in subsequent sections that the behaviour of these amplitude plots will 
provide quantitative information regarding ballast fouling and large amplitude reflection 
horizons that could be associated with trapped water.   

A section of raw and processed data are compared in Figure 5. It is observed that 
the construction of the scattering amplitude envelope yields highly compressible 
 

 
 
Figure 5. Processing methodology: (a) raw GPR Data; (b) scattering amplitude envelopes; and (c) scattering 

amplitude envelope values at 10 cm depth increments. 
 
 information due to the fact that the high-frequency horizontal and vertical features are 
filtered from the data. The process of extracting the resulting amplitude values at specific 
depths is essentially a resampling of the data over the desired depth range. This approach 
reduces the amount of data from one day of data collection from 13 gigabytes to 100 
megabytes, which is a compression ratio of 130:1. 

(a) Raw GPR 
Data 

(b) Processed GPR  
Data: Scattering  
amplitude envelopes 

(c) Scattering 
amplitude envelope 
values at 10 cm depth 
increments 
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TTCI GPR Data and Ground Truth Comparison  

The GPR data and ground truth obtained along approximately 60 meters of track are shown 
in Figure 6. Only a time-zero correction and background removal were applied to the data 
shown in Figure 6(a).  The vertical red lines in Figure 6(a) indicate the locations  

 

 
Figure 6.  Comparison between (a) minimally processed GPR data, (b) normalized scattering amplitude values at 

10 cm depth increments, and (c) ground truth obtained at 4 cross-trenches at TTCI. 

 
of the cross-trenches. The output following data processing is provided in Figure 6(b). The 
important features to note in Figure 6(b) are the locations of signification amplitude 
attenuation between successive amplitude values associated with 10 cm depth increments. 
These areas of significant amplitude attenuation correlate well with the onset of substantial 
fouling or the transition between the ballast and subbase layers apparent from inspection of 
the cross-trench data presented in Figure 6(c). Consider the distance interval between 170 
and 200 m in Figure 6(b). Over this distance interval there is a clear average amplitude 
attenuation of approximately 8 dB that corresponds to the depth interval from 25-36 cm. 
The locations of the ballast/subballast interface obtained from cross-trench data at 176 and 
192 m are 40 cm and 30 cm, respectively (see Figure 6(c)).  

The two cross-trenches located at 201 and 228 m indicate non-fouled ballast 
extending to depths of 55 and 5 cm, respectively. The processed output in Figure 6(b) 
reveals no significant amplitude attenuation at 201 m at depths less than 46 cm. In contrast, 
at 228 m there is 7-8 dB amplitude attenuation between 5 and 12 cm depth.  

There is very good agreement between the scattering amplitude envelope values and 
the ballast condition at three out of four of the ground truth locations shown in Figure 6(c).  
The GPR amplitude/ballast fouling relationship observed in Figure 6 is representative of 
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the other 9 cross trench locations. The reader is referred to [4] for a complete analysis of all 
of the data and ground truth obtained at TTCI.   

In general, it is observed that at TTCI the average amplitude attenuation over 10 cm 
depth increments in clean ballast is less than 5 dB. The onset of significant fouling or the 
presence of the subbase are indicated by an amplitude loss of greater than 5 dB over a 10 
cm depth increment.  The presence of granular subgrade (fouling index > 100) corresponds 
to an amplitude attenuation of greater than 15 dB relative to the amplitude at 5 cm depth. 

Amtrak GPR Data and Ground Truth Comparison  

Data obtained on Amtrak rails were processed in exactly the same manner as the TTCI data 
to permit direct comparison between the observed scattering amplitude characteristics. Data 
obtained from the left outside antenna at identified surface splashing stain locations are 
presented in Figure 7.  
 

(a) GPR

(b) GPR 
Processed 
Output

(c) Ground
Truth

Location 1 Location 2 Location 3 Location 4

Figure 7.  Comparison between (a) minimally processed GPR data, (b) normalized scattering amplitude 
values at 10 cm depth increments, and (c) pictures of surface splashing corresponding to sections of data 

along Amtrak rails. 
 

The minimally processed GPR data shown in Figure 7(a) clearly show locally 
anomalous zones that correspond well with the surface staining at locations 1, 2, and 4 in 
the figure. The scattering amplitude envelope values presented in Figure 7(b) occupy 
approximately the same amplitude range as the TTCI data. Total amplitude attenuation of 
greater than 15 dB at locations 1 and 4 in Figure 7(b) corresponds to severely fouled ballast 
or subbase/subgrade layers that can be inferred from inspection of the GPR data in Figure 
7(a). 
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The presence of surface splashing stains implies the presence of very shallow water. 
One would therefore expect to observe either a strong reflection from saturated ballast at a 
discrete layer boundary, or significantly greater amplitude attenuation at depths associated 
with greater percent moisture. No significant continuous reflection was observed at shallow 
depths in the data presented in Figure 7(a). Rather, greater amplitude attenuation is 
observed at depths greater than 20 cm at locations 1,2, and 4. The larger scattering 
amplitude attenuation is shown in the scattering amplitude values presented in Figure 7(b). 
There is a 5-8 dB attenuation in amplitude between 15 and 25 cm depths observed at 
locations 1 and 4.  If one considers only amplitude attenuation, this would indicate the 
onset of significant fouling between 15 and 25 cm depth. There is approximately a 6 dB 
decrease in scattering amplitude between 5 and 15 cm observed in at location 2. 

The data collected on Amtrak track also revealed many areas with relatively strong 
reflecting boundaries that can often associated with saturated ballast. It is very desirable to 
locate these areas, especially where the saturation is close to bottom of the ties. The 
presence of excess moisture may be inferred by the significant reflection occurring over a 
depth range of 50-70 cm on the right side of the GPR data at location 1 in Figure 7(a). The 
presence of the reflection is clearly evident at location 1 in Figure 7(b) by the high 
scattering amplitudes at depths 36 cm and greater on the right side of the graph. 

Conclusions  

GPR data obtained on railroad ballast using 2 GHz horn antennas has been processed using 
traditional GPR data processing techniques implemented in a manner that produces the void 
scattering amplitude envelope versus depth. The ballast condition inferred from this highly 
compressed information correlates relatively well with available ground truth at two 
separate tracks. This technique shows promise for automatically extracting ballast condition 
information from 2 GHz horn antenna GPR data. Much more data and ground truth need to 
be obtained to evaluate the limits of this methodology. 
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