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A B S T R A C T   

Ground penetrating radar (GPR) is a popular technology for inspecting railway ballast layer, mainly on the 
ballast fouling level. However, different GPR antennas with different frequencies are suitable for different in-
spection emphasis and diverse railway lines (weather and sub-structure). In addition, the full-scale track model 
(with subgrade) for experimental tests was not seen in earlier studies. For further application of GPR in China, 
the GPR inspections (with 400 MHz, 900 MHz and 2 GHz antennas) were performed on a 30 m long full-scale 
track and three railway lines (different weather and sub-structure). Results show that ballast layer inspection 
should be performed mainly with the 2 GHz antenna and supplemented by the 400 MHz and 900 MHz antennas. 
The weather has great influence on the results of GPR inspection. This study is helpful for supplementing the 
guidance of ballast layer inspection with GPR.   

Introduction 

Ballast layer is the crucial component for the ballasted track [1]. 
Ballast layer differential deformation very likely results in track irreg-
ularity [2,3]. Under the train cyclic loadings after long service time, the 
ballast layer differential deformation possibility gradually increases, 
and meanwhile the ballast layer gradually loses its elasticity and 
drainage [4–6]. The track geometry is maintained by frequent mainte-
nance work (tamping, stabilisation), and eventually the ballast cleaning 
and renewal must be performed [7–9]. 

Ballasted track performance is mostly determined by the ballast layer 
condition [10], while fouling (also named as contamination) in ballast 
layer is a key factor to determine the ballast layer condition [11,12]. In 
addition, ballast fouling and degradation is the reason why ballast layer 
needs to be cleaned and replaced by new ballast [13,14]. Even so, due to 
the limited development of track inspection equipment and technology 
[15,16], current ballast layer condition is mostly assessed by indirect 
means through the total passing gross load [7–9]. 

In the earlier studies, two means were used to inspect ballast layer. 
Visual inspection is the most common one, which is quite subjective. 
Usually, when the mud-pumping [17] occurs, then we know ballast 
layer is highly fouled [18]. Field ballast layer drilling is another 

traditional means to evaluate ballast layer condition, mainly to obtain 
the fouling index by sieving the fouled sample [19,20]. This means is 
expensive and intrusive. The ground penetrating radar (GPR) is 
considered to be the rapid and effective technology for ballast layer 
condition evaluation, although at the beginning stage [21]. 

GPR is a non-destructive inspection technique. It was applied in 
many studies to evaluate ballast layer condition [22]. Almost all the 
studies related with GPR application on ballast layer is quantifying the 
ballast fouling, and correlating the GPR fouling index with sieving 
fouling index [23–29]. A few studies were on the GPR signal charac-
teristics and processing means [21,30–34]. Several reports from Trans-
portation Technology Center, Inc. and plenty of studies demonstrated 
the GPR application on the field [35–47]. Specifically, these multiple 
studies can be summarised and classified into the following aspects. 

Dielectric constant of ballast layer is used to evaluate ballast fouling 
level. Clean ballast particles were mixed with soil, which simulates 
fouled ballast layer. Different mass percentages (0 % − 24 %) of soil 
were mixed in ballast layer. The corresponding dielectric constants are 
3.51 to 5.35 (0 % − 24 % soil) [25]. Dielectric constants of fouled ballast 
layer were also measured in [28]. Two kinds of fouling were used, i.e. 
sands and gravel. Different fouling percentages (0 % − 50 %) were 
mixed in ballast layer. Results show that the dielectric constant can 
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reflect ballast fouling level. But one measured dielectric constant has 
many possibilities, e.g., fouling sources and water content [48]. More-
over, the dielectric contact is calculated through the ballast layer 
thickness, which is usually not known in the field railway line. The 
desired results cannot be obtained, e.g. the fouling sources, water con-
tent and ballast layer thickness. To obtain these desired results, in-situ 
ballast layer drilling and sieving are still needed. 

GPR signal processing means were developed to evaluate ballast 
fouling. Time-domain GPR signal is normally obtained from the GPR 
equipment. Using the Fourier transform, the time-domain GPR signal is 
converted into frequency-domain signal, which can more clearly show 
ballast fouling level [45]. New GPR signal processing means was pro-
posed in [21] using time-domain signal. Four indicators were created, 
including featuring area, axis crossing and inflexion point. It was pro-
posed in [34] using wavelet transform to process the GPR signal (time- 
domain). Both time-domain and frequency-domain signal processing 
means were applied in [46]. 

A linear correlation was created between the indicator (GPR signal 
analysis result) and the fouling level based on the low frequency GPR 
signal around 500 MHz, while the relationship based on the medium and 
high frequency antenna at 1–2 GHz tends to be more complex and shows 
a high regression phenomenon. This phenomenon may also result from 
the limited number of samples. GPR signals were collected mostly in dry 
field or indoor environment, and the GPR signals of the water- 
containing ballast layer in the natural environment are not yet corre-
lated with the fouling level. In order to ensure the applicability of the 
GPR, the relationship between the GPR signal and the radar signal in-
dicator needs to be established in conjunction with the ballast grading 
(particle size distribution; PSD) and railway line type, considering 
different calculation methods of ballast degradation and fouling index in 
different countries, such as ballast material and PSD [7–9,49]. 

The large number of studies have proved that the ability of GPR on 
ballast layer detection/inspection. The general conclusion is that high- 
frequency antennas (2 GHz) are more suitable for ballast layer condi-
tion detection. Low-frequency and medium-frequency antennas (400 
MHz) can be used for distinguishing ballast-subgrade interface. The 
earlier studies show the direction of suitable antennas for our work. 

In this paper, a 30 m full-scale ballasted track was built with different 
percentages of fouling mixed in its ballast layer in the China Academy of 
Railway Sciences (CARS). The GPR signals of different frequencies and 
different coupling forms of antennas were collected. Suitable ballast 
layer detection antenna and application parameters (introduced in 2.3) 
were obtained based on the signal resolution and ability of dis-
tinguishing ballast-subgrade interface. In addition, to further verify the 
GPR applicability for ballast layer inspection in China (big area with 
complex environmental conditions), the data collected by the low- 
frequency GPR system mounted on the tunnel inspection vehicle was 
analysed. The corresponding relationship between ballast-subgrade 
interface and ballast layer maintenance was analysed. 

Methodology 

Full-scale ballasted track model 

The ballasted track was built on a 30 m length and 3 m deep tank 
specifically for testing, where no train passes before and during the test. 
Therefore, the ballast and fouling materials will keep at the original 
position after construction. The subgrade is 2.3 m deep. The ballast layer 
width is 5 m. Mono-block concrete (Chinese Type III) is used. The rail is 
Type 60 (60 kg/m). The Class I ballast (highest level ballast) is used 
according to Chinese standard for ballast[50]. The ballast material is 
basalt, and ballast size ranges from 25 mm to 63 mm, referring to for 
detailed information on PSD and physical properties. No sub-ballast is 
added according to 1 type of the defined track bed structure in China 
standard. 

The profile of the full-scale ballasted track model is shown in Fig. 1. 

The full-scale ballasted track is divided into four sections, and each 
section is 7.5 m. Section I and Section II are highly fouled sections, 
which means all the voids in the ballast layer is filled by fouling. Section 
III is medium fouled, which means the fouled ballast layer thickness is 
17 cm from the ballast layer bottom (ballast-subgrade interface). Section 
IV is clean section, which means no fouling in ballast layer of this sec-
tion. Each section has one steel plate (size: 3.8 m long, 20 cm wide, 10 
mm thick) at the ballast-subgrade interface. Their locations are recor-
ded. The width of the steel plate is throughout the lateral direction of the 
track. The longitudinal section of the ballasted track and the steel plate 
locations are shown in Fig. 2. 

The fouling material is crushed by stone crusher and sieved by square 
hole sieve to control the size of fouling particles. The fouling material in 
Section I was fine-grained coal with a particle size of less than 5 mm. The 
fouling material in Section II and Section III was small stones of basalt 
with a particle size of less than 7.1 mm. The full-scale ballasted track 
construction process is shown in Fig. 3. The ballast layer is constructed 
by placing the ballast and fouling with calculated mass in 2 layers. The 
ballast layer is constructed by placing the ballast and fouling of calcu-
lated mass in 2 layers. For each layer, ballast was firstly place and then is 
the fouling material. The weight of fouling material is controlled by the 
volume percent of 30 % for all fouling layers, the percent of mass content 
is calculated with their natural bulk densities (coal:1.2 g/mm3, basalt: 
2.8 g/mm3) accordingly. Ballast fouling are distributed uniformly in 
lateral direction in track bed. Tamping was conducted after the place-
ment of ballast and fouling for each layer. The fouling particles intrudes 
into the voids of ballast due to the vibration of tamper. 

Before and after the construction of the full-scale ballasted track, the 
level meter was used to measure the heights of the ballast layer bottom 
and the top of rail at 10 locations, which is shown in Fig. 2. Then, the 
thickness of the ballast layer was calculated as shown in Table 1. 

GPR system 

The SIR30 4-channel data acquisition unit manufactured by GSSI was 
used. Three receiver antennas were used. Two of them are ground- 
coupled antennas with frequency at 400 MHz and 900 MHz, respec-
tively. The last one is 2 GHz air-coupled antennas. The whole GPR sys-
tem consists of antennas, master control units, recording and display 
terminals, distance encoders, etc. The system framework is shown in 
Fig. 4. 

The GPR system was mounted on a metal-wheel trolley (named as 
inspection trolley), which moves by manpower. The GPR system 
together with the trolley (inspection trolley) are shown in Fig. 5a. In the 
Fig. 5a, the position of the three antennas can be seen. The 2 GHz an-
tenna was put perpendicular to the track direction. The other two 

Fig. 1. Full-scale ballasted track model (unit: mm).  

G. Liu et al.                                                                                                                                                                                                                                      



Transportation Geotechnics 36 (2022) 100823

3

antennas were put along the track direction. Three antennas are 
installed to inspection the center of crip area and the outside of rails 
respectively. The bilateral antennas are 190 mm away from the rails in 
horizontal direction. The antenna positions are shown in Fig. 6. The 
speed of pushing the inspection trolley was about 3 km/h. 

GPR application parameters 

We also considered the influence of different GPR application pa-
rameters on the identification of the different layers (clean ballast, 
fouled ballast and subgrade). The GPR application parameters include 
the time window, the sampling points and the channel spacing. Because 
different frequency antennas have the performance. We considered that 

the 400 MHz antenna should use 40 ns time window. 900 MHz antenna 
should use 30 ns time window. 2 GHz antenna should use 15 – 25 ns time 
window. The number of sampling points for each GPR signal is uni-
formly 512. Considering that the inspection train can run maximum 
speed of 160 km/h, the minimum channel spacing should be 5 cm. The 
acquisition process is not set gain adjustment. 

Ballast layer dielectric constant 

This section content is modified after our submitted review paper [7] 
to explain more about the dielectric constant of ballast layer. 

The propagation of electromagnetic waves in a medium follows 
Maxwell’s equations. In most cases ballast is non-magnetic. Then, the 
propagation of electromagnetic waves can be described by the following 
two equations with time as the variable. 

∇E = − μ ∂H
∂t

(1)  

∇H = ε ∂E
∂t

+ σE 

where E is the electric field strength, H is the magnetic field strength, 

Fig. 2. Longitudinal section of full-scale ballasted track (unit: mm).  

Fig. 3. Full-scale ballasted track construction process.  

Table 1 
Ballast layer thickness at 10 locations of full-scale ballasted track.  

Measured location 
number 

1 2 3 4 5 6 7 8 9 10 

Ballast layer 
thickness (unit: 
cm) 

38 40 37 36 36 33 38 39 43 40  
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ε is the dielectric constant, μ is the magnetic permeability and σ is the 
electrical conductivity. ε, μ and σ are the three parameters that deter-
mine the propagation of electromagnetic waves in the ballast layer. 

The dielectric constant ε characterizes the ability of a medium to be 
polarized by an electromagnetic field. The dielectric constant de-
termines the speed of electromagnetic wave propagation (v) in the me-
dium, as shown in Eq. (2): 

v =
c
̅̅̅
ε

√ (2) 

Where, c is the propagation speed of electromagnetic waves in a 
vacuum (i.e. the speed of light). Electromagnetic wave propagation 
velocity in air is approximately the speed of light, which means the 
dielectric constant is close to 1. The dielectric constants of common 
materials in ballast layer is shown in Table 2. The dielectric constant of 
water is much larger than the other materials, and its dielectric constant 
is related to the frequency of electromagnetic wave. Because the 
magnetization ability of water in low-frequency electromagnetic field is 
strong, then the dielectric constant is high. While the phenomenon of 
Relax happens for water molecules in electromagnetic field, then the 

water magnetization ability is weak. Then, the water dielectric constant 
is low. Nevertheless, research shows that the Relax is not apparent at 
natural ambient temperature with the electromagnetic wave frequency 
at 2 GHz. The 2 GHz is the most popular frequency in the recent pub-
lished papers [23,27,51]. 

Ballast layer is a mixture of ballast particles and the fouling con-
tained within ballast voids. The dielectric constant of a mixed medium 
(consisting of two or more anisotropic materials) is usually calculated 
using the Complex Refractive Index Method (CRIM) [52], as shown in 
Eq. (3). 

εb =
(∑

ρiεα
i

)1/α
(3) 

where εb is the dielectric constant of the mixture, ρi is the volume 
percentage of each material of the mixture, εi is the dielectric constant of 
each component, and α is a parameter that depends on the spatial 
structure and the angle between the mixture and the electric field, 
generally α is taken to be 0.5. 

For example, there is a ballast layer with the porosity at 35 %. The 
dielectric constant of the fouled ballast layer can be calculated according 

Fig. 4. Framework of the GPR system.  

Fig. 5. GPR system and inspection trolley.  
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to the CRIM (Equation (3)). The fouled ballast layer can be seen as one 
medium made by ballast, air, water and fine particles, etc. Considering 
water and fine particles filling ballast voids from 0 to 100 % respec-
tively, the mixture dielectric constants are calculated as shown in Fig. 7. 
The gray level and the dielectric constant is presented in legend. When 
all the ballast voids were filled by water, the mixture dielectric constants 
increase from 4 to 22. When all the ballast voids are filled by fine 

particles, the mixture dielectric constants increase from 4 to 7. This 
means that water is the determining factor for the dielectric constant of 
the ballast layer. 

In addition, Fig. 7 present the results in ideal condition, which as-
sumes that the fine particles and water can exist independently in ballast 
void. But the water exists mainly relying on the fouling. The studies 
[53–56] show that the normal fouling material (mostly soil) in ballast 
layer can store less than 30 % water to the total fouling volume. The 
small ballast particles can contain water less than 20 %, and the loose 
fine particles of coal can hold water less than 10 %. The blue dash lines 
indicated the above-mentioned volume moisture content (10 %, 20 %, 
30 %) of common fouling materials, and the dielectric constant is ob-
tained accordingly. Therefore, the dielectric constants of fouled ballast 
layer usually distribute at the purple area in Fig. 7. Generally, the clean 
ballast layer dielectric constant is about 4, while the dielectric constants 
of top-fouled ballast layer (all voids are filled by fouling) are from 7 to 
11, which depends on the water holding capacity of the fouling. 

Magnetic permeability (μ in Eq. (1)) affects the speed of electro-
magnetic wave propagation and energy attenuation in a medium. The 
magnetic permeability of ballast and common fouling materials is 
generally low, for which this is usually not considered in earlier studies. 

Electrical conductivity (σ in Eq. (1)) has a negligible effect on the 
speed of electromagnetic wave propagation in the medium, but it mainly 
triggers energy attenuation in signal transmission. The electrical con-
ductivity is dependent on the electromagnetic wave frequency, but in 
the range of the GPR signal band (MHz - GHz), electrical conductivity 
influence on the results can also be ignored. 

Results and discussions 

Detection depth of 2 GHz air-coupled antenna 

In order to test the effect of different time windows on the GPR 
detection depth, the 30 m ballasted track was tested by the GPR with two 
time windows of 15 ns and 20 ns. The radar images of the three locations 
using different time windows (15 ns and 20 ns) are shown in Fig. 8. The 
three locations are the Location 1, Location 2 and Location 3 in the 
Fig. 2. 

The test results show the two time windows both can effectively 
receive the reflected signal at the bottom of the ballast layer (ballast- 
subgrade interface), as proved in Fig. 8. The blue marks are the 

Fig. 6. Antenna setup, locations (unit: mm).  

Table 2 
Dielectric constants of common materials in ballast layer.  

Ballast layer Materials Dielectric constant 

Air Air ≈ 1 
Ballast Granite 5–7  

Limestone 4–8 
Fouling composition Water 80 + (related to the wave frequency)  

Sands 3–6  
Soil 2–19  
Coal 3–4  

Fig. 7. Distribution of dielectric constants for ballast layers at different 
fouling levels. 

G. Liu et al.                                                                                                                                                                                                                                      



Transportation Geotechnics 36 (2022) 100823

6

reflection from the steel plates, which were put at the ballast-subgrade 
interface (introduced in Section 2.1). The dielectric constant is ob-
tained in dry condition by the pre-placed steel plate under the ballast 
layer. The placement of steel plate also contributed to verify the results 

from other researchers, as well to help for the identification of ballast 
layer in dry condition for the field test in the followed sections of this 
paper. Results also indicate that the effective detection depth of the 2 
GHz GPR system is greater than 45 cm (from the sleeper bottom), and 

Fig. 8. Detection depth results of different GPR time windows.  

Fig. 9. GPR images of 400 MHz and 900 MHz antennas and layer interface.  
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the effective detection depth is greater than 65 cm (from ballast layer 
top surface). This can cover the whole depth of ballast layer, which 
means it can meet the needs of ballast layer detection. For the 15 ns time 
window, the detection depth is closely below the steel plate. This means 
the proportion of effective data (for ballast layer) in a single waveform is 
greater, which is easier to analyse the ballast layer condition. 

Effect of ground-coupled low and medium frequency antenna layers 
revealed 

The GPR images and layer interface results of the ground-coupled 
antennas (400 MHz and 900 MHz) are shown in Fig. 9. It can be seen 
from the figure that there is a strong reflection signal at each pre-buried 
steel plate at the bottom of the roadbed, and there is a continuous 
reflection interface along the bottom of the roadbed in the longitudinal 
direction, and the ground-coupled antenna has excellent layer identifi-
cation capability. 

Signal characteristics of antennas at different frequencies 

The signal characteristics of antennas at different frequencies are 
shown in Fig. 10. The signal axis crossings (i.e. the crossings of signal 
amplitude curve and the coordinate axis in the ballast layer indicated by 
red points in square box) of the 400 MHz frequency antenna is signifi-
cantly less than that of the 2 GHz antenna. The 900 MHz axis crossings 
are also less than 2 GHz axis crossings. This means the signal (time- 
domain and frequency-domain) characteristics (to reflect ballast layer 
information) of the 2 GHz antenna has better performance than the 400 
MHz and 900 MHz antennas. 

Dielectric constants for different ballast fouling levels 

Using the locations with clear signal reflections (blue marks in 
Fig. 8), the peak reflections from the ballast layer surface and steel plate 
at the same location were picked up in the GPR image. Then, the return 
travel time was calculated. Combining with the ballast thickness results 
(Table 1), the dielectric constants are calculated using Eq. (4). The 
dielectric constant results using GSSI SIR30 are shown in Table 3. 

εr =
(cΔt

2h

)2
(4) 

In Eq. (4), εr is the dielectric constant; c is the speed of electromag-
netic wave propagation in vacuum; Δt is the return travel time of the 
electromagnetic wave in the medium; h is the distance between the 
ballast layer surface and the steel plate. 

The test results show that the dielectric constants of Section II (highly 
fouled ballast) range from 6.4 to 7.0 with an average value of 6.7. The 
dielectric constants of section III (medium fouled ballast) range from 4.3 
to 5.0 with an average value of 4.7. The dielectric constants of section IV 
(clean ballast) are more uniform with an average value of 4.7. The 
average dielectric constant value of Section II (highly fouled ballast) is 
the largest, while average dielectric constant values of the Section III and 
Section IV are the same. But there is some dispersion in the section III 
dielectric constants. This indicates that the clean bed dielectric constant 
is relatively uniform. The dielectric constant increases as the fouling 
level increases. The test results are consistent with the results of the 
CRIM model as shown in Fig. 7. 

400 MHz GPR field inspection results 

The objective is to test the ability of the 400 MHz antenna to identify 
the clean ballast thickness, further testing the 400 MHz GPR application 
feasibility on the field ballast layer inspection. Two railway lines were 

Fig. 10. Signal characteristics of antennas at different frequencies.  

Table 3 
Dielectric constant results for different sections (400 MHz antenna).  

Track location Section Return time 
(ns) 

Distance 
(cm) 

Dielectric 
constant 

Right sleeper 
end 

II  9.2 52  7.0  

III  7.4 51  4.8  
IV  8.1 56  4.7 

Crib ballast II  8.4 50  6.4  
III  7.2 52  4.3  
IV  8.4 58  4.7 

Left sleeper end III  8.2 55  5.0  
IV  8.7 60  4.7  

G. Liu et al.                                                                                                                                                                                                                                      
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inspected by the GPR system. One is named as Line #1 with the 
measured length as of 600 km. The other is named as Line #2 with the 
measured length about 80 km. The two lines were inspected in April 
2019. 

The results show that the clean-fouled ballast interface in the ballast 
layer of the Line #1 is very clear. The clean ballast layer decreases 
gradually with the increase of the cleaning time, as shown in Fig. 11. 
Differently, in Fig. 12, the clean-fouled ballast interface in the ballast 
layer of the Line #2 (in the northern China) is not clear, and some of the 
clean ballast thicknesses are beyond the ballast layer thickness (50 cm). 
The main reason causing the clean ballast layer thickness difference is 
that the Line #1 is in a humid and rainy region, while the Line #2 is a dry 
and cold region. From the results, we concluded that using the 400 M 
antenna to measure the clean ballast layer thickness have clear limita-
tions at the accuracy and reliability. In addition, the antenna vertical 
resolution is about 75 mm, which cannot clearly present the ballast layer 
GPR images. Because the ballast particle size is in the range of 20–60 
mm, mostly around 30–40 mm, and the resolution 75 mm is bigger than 
ballast particle size. 

Another reason that proves the 400 MHz antenna is not suitable for 
field ballast layer inspection is explained as follows. The Line #2 GPR 
inspection results (Fig. 12) show that clean ballast layer thickness in-
creases with the increase of the service time. This is contrary to the 
objective law, which is ballast layer deteriorates with the of service time. 
In addition, the ballast layer thicknesses of Year 2011 and Year 2017 are 
around 40 – 50 cm, which is thicker than normal ballast thickness. This 
means the 400 MHz antenna cannot distinguish the interface of clean- 
fouled ballast. Because the reflection at the interface of clean-fouled 
ballast is not strong, but the reflection at the ballast-subgrade inter-
face (where has large dielectric constant difference) is strong. Therefore, 
it is not suitable to use 400 MHz GPR to inspect ballast layer condition in 
dry cold regions. 

AAA 2 GHz GPR field inspection results 

In order to further verify the inspection capability of 2 GHz antennas 
on operational field railway lines, the Line #3 (railway line name) was 
selected for our field study. The inspected railway line was 450 m long, 
which contains different forms of sub-structure, including subgrade, 
bridges and tunnels. The ballast layers on the subgrade and bridges in 
the inspected section had not been cleaned in the past 15 years. The 
phenomenon of mud-pumping was serious. For the ballast layer in the 
tunnel was manually cleaned 6 months before the inspection. The GPR 
system and parameters used in the field inspection is consistent with 
those used for the 30 m full-scale track. The 2 GHz antenna was used. 
The time window is 15 ns. The channel spacing is 5 cm. The l typical 
location of the ballast layer on the subgrade was drilled for fouled ballast 
samples. The drilled hole was deep to the subgrade surface. The 
inspected section layout and test results are shown in Fig. 13. 

From the test results it can be seen that.  

(1) The ballast/sub-structure interface can be seen clearly at the sub- 
structures of bridge and subgrade in the inspected section. No 
clear interfaces at ballast-tunnel were seen in the tunnel section. 

(2) The drilled hole is 53 cm from ballast layer surface to the sub-
grade top surface. The return time of the signal is about 8.7 ns. 
The ballast thickness under the sleeper is 30 cm. The dielectric 
constant is 6.0. The GPR reflection signals (ballast-tunnel inter-
face) before and after the drilled hole are clear. Compared to the 
clean section of the 30 m full-scale ballasted track, the dielectric 
constant is significantly increased, indicating ballast layer is 
seriously fouled. 

(3) The inspected bridge section has the serious mud-pumping phe-
nomenon. But the interface of the ballast layer and the T-beam 
surface is still clear (the original GPR data was performed a slight 
gain). This means even at the highly fouled ballast layer locations 
(with mud-pumping), the 2 GHz GPR can still cover the enough 
detection depth, which is 30 cm under the sleeper. This proves 
the 2 GHz GPR can be used for rapid inspection of ballast layer 
(regarding the fouling level). 

Conclusions 

This paper combined the experimental tests and the field tests/ 
measurements. For the experimental tests, we built a 30 m long full-scale 
ballasted track for testing the GPR. In addition, the antennas and GPR 
parameters were confirmed for the field tests. For the field tests, three 
railway lines were inspected with the GPR (different antennas, 400 MHz 
and 2 GHz). A hole on the ballast layer was drilled to verify the GPR 
results. By performing this study, the following conclusions can be 
given.  

1. Ballast layer inspection should be performed mainly with the 2 GHz 
antenna and supplemented by the 400 MHz and 900 MHz antennas.  

2. The GPR inspection results (on full-scale track and field railway line) 
both show that the effective detection depth of 2 GHz GPR is not less 
than 65 cm, which can meet the needs of ballast layer inspection.  

3. 2 GHz GPR parameters for ballast layer can be set at 5 cm channel 
spacing, 512 sampling points and 15 ns time window.  

4. The dielectric constants of clean ballast layer are relatively uniform, 
with a result of 4.7 (average) in the dry condition. The dielectric 
constant increases significantly with the increase of the fouling level. 
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