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Abstract. For the past decades, ballastless track has been developed and used 
successfully throughout the world. Due to the multi-layer concrete structure of a 
ballastless track, timely detection of problems becomes a significant challenge. 
Ground Penetrating Radar (GPR), as an effective nondestructive method, has been 
applied to ballastless track in the last ten years. This paper reviews the state-of-the-
art of GPR for the ballastless track. The challenges and problems are highlighted 
and discussed. A Vector Network Analyser (VNA) based stepped-frequency GPR 
system is considered for the problems and detection requirements. The experimental 
results show that the proposed system can detect narrow cracks in the depth up to 
50cm. 
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1. Introduction 

Railways currently in service can be divided into two categories: ballast and ballastless 

[1]. The latter is also known as slab track [2]. With the rapid development of the high-

speed railway, ballastless track has been widely used. The high-speed railway 
construction mileage of China is expected to reach 39,000 kilometers by the end of 2020 

[3]. The advantages of ballastless track include the improvement in smoothness, stability, 

and safety; reduction of structure height and maintenance, etc. [4-5]. The disadvantages 

are the requirement for very high stability for the subgrade and higher construction costs. 

Different problems, such as inner cracks and interlayer gaps, may occur due to the 

construction quality, subgrade sinking, drastic weather changes, etc. However, as 
a  ballastless track is composed of a multi-layer concrete structure, timely detection 

of  problems and planning of maintenance is a significant challenge for ballastless 

railways [6].  

The common inspection methods for ballast track such as digging trenches and 

taking core samples are not applicable for ballastless track, since they are expensive, 
destructive, time-consuming [7] and have low spatial sampling density. Ground 

Penetrating Radar (GPR), a commonly used non-destructive testing (NDT) equipment, 

has a great potential in ballastless track inspection since it is efficient and effective for 
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both qualitative and quantitative evaluations of different defects [8]. In this paper, we 

focus on the applications of GPR for defects of ballastless track. A newly developed 

stepped-frequency GPR system is presented with some promising experimental results. 

2. Review of Ground Penetrating Radar 

For ballastless track, there is less research on inspection methods than for ballast track. 

However, we can refer to the successful use of GPR on traditional ballast track and other 
concrete structures. 

2.1. Basic principles of GPR 

Radar systems can be divided into two types: pulse and continuous wave (CW). Pulse 

GPR systems either transmit very short impulses (on the order of nanoseconds) or longer 

pulses (such as linear FM chirps) where pulse compression is employed when the 
received data is processed. Impulse GPR is the most used as it is relatively easy to 

implement and requires minimal processing to obtain useful data. However, the 

penetration depth is limited by the required resolution. 

Continuous-Wave (CW) systems are less common and require more complex 

transceiver circuitry. To obtain ranging information the wave is FM modulated, either 

continuously (FMCW: Frequency-modulated continuous wave) or discretely (SFCW: 
Stepped-frequency continuous wave). The radial resolution of FMCW and SFCW 

systems is dependent on their frequency discrimination capabilities, whereas for pulse 

systems it is dependent on the full width at half maximum (FWHM) of the transmitted 

waveform or the result of a matched filter applied to the transmitted waveform. 

Regardless of the modulation technique used, RF energy is injected into the 

subsurface by the transmitting antenna and collected by the receiving antenna, which is 
usually collocated. For pulsed systems, the received signal is amplified by a variable gain 

amplifier and then digitized by an ADC. For CW systems the output of the variable gain 

amplifier is input to a mixer where it is multiplied by the signal from the transmitter, and 

the lower frequency output is digitized by the ADC. Each pulse or modulation period 

produces a one-dimensional graph, known as an A-scan. As the radar moves over the 

surface, numerous collected A-scans are then used to form a two-dimensional image or 

B-scan, as illustrated in Figure 1. 

 
Figure 1. An example of pulse GPR detection B-scan on a concrete slab [9] 
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The hyperbolas seen in Figure 1 are due to the diffractions of the rebars. It can be 

observed that point sources appear as hyperbolas, because of the range between the 

antennas and the target changes while the radar is in motion. Reflections are due to 

differences in dielectric permittivity in the subsurface. A portion of the energy in the 

incident wave reflects from the object, and the remainder refracts through discontinuities, 

the respective amounts being determined by the ratio of refractive indices as indicated 
by the Fresnel equations. When the incident angle is zero (normal incidence on the 

ground surface), 

� = ������
�����

�
�
,� = 1 − �,                        (1) 

where � and � are the fractions of the incident power that are reflected and transmitted, 

respectively. For air-coupled systems, signals enter the receiver from three sources: 1) a 

direct wave from the transmitter through free space, 2) a wave reflecting from the ground 

surface and above ground clutter sources, 3) waves reflecting from discontinuities in the 

subsurface. 

The vertical axis of the B-scan is the two-way travel time ���, typically given in 

nanoseconds, which is converted to depth (time-depth conversion) using 

� =
����

�	
′�
，                              (2) 

where ��� is in seconds, c is the velocity of light in vacuum and �′� is the real part of 

the relative permittivity (dielectric constant) of the subsurface medium. 

2.2. Types of GPR systems 

Currently, most of the commercial systems are pulse radar systems except for the 

stepped-frequency GPR from 3D-Radar
®

. The widespread of pulse radar systems is 

mainly due to their easiness of use and data interpretation. These systems can also be 

divided into two categories according to the configuration: cart-mounted system and 
vehicle-mounted system. The cart-mounted systems are the traditional systems that are 

pushed by operators. They are widely used in the field of civil engineering, hydrology, 

mining, archeology, geology, etc. [10]. The antennas can be either ground-coupled or 

air-coupled in different circumstances. The vehicle-mounted systems can be much more 

efficient and useful in the inspections of the road [11], tunnel [12], ballast railway [6], 

etc. In this configuration, the antennas are required to be air-coupled.  

3. Ballastless Railways 

Several types of ballastless track have been developed in different countries, which all 

use concrete in place of ballast. As a result, a ballastless track faces the same durability 

problems as concrete, such as the effects of temperature, freezing and thawing, corrosion 

of reinforcing elements, carbonation, cracks, etc. [13-14]. 

In China, the ballastless track types used in high-speed railways are listed as follows 
[15-16]: 

 Using pre-cast slabs, CRTS I-III (CRTS: China railway track system);  

 With cast in situ slabs, twin-block and sleeper buried ballastless track. 
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Most of the ballastless tracks in Chinese high-speed railways use pre-cast slabs. 

Current NDT inspections also focus on these types of ballastless tracks. A typical 

structure is shown in Figure 2, consisting of the support plate, CA mortar layer, track 

slab, fastener, and rail. 

 

Figure 2. Transverse section of ballastless track [16] 

3.1. Common defects of ballastless railways 

With the construction and operation of high-speed railways, Chinese Railways found that 
many defects in ballastless track may affect the operational safety and durability of the 

railways, summarized in Table 1 [6]. What can be observed from this table is that many 

factors can cause different degrees of damage to a ballastless track. Therefore, it is 

necessary to carry out line inspection and maintenance frequently to eliminate potential 

security risks. More time and expertise must be devoted to the non-destructive detection 
of faults in the future, especially in China. Currently, NDT methods for defect detection 

of ballastless track include Ultrasonic methods [17], Impact echo [18], GPR [19], etc. 

GPR is considered the best NDT method for ballastless track since it is effective for both 

qualitative and quantitative evaluations of different defects at the same time. 

Table 1. Main defects and causes of ballastless railways 

Defect types Causes Consequences 

Track slab cracks Insufficient reinforcement, 
construction quality, etc. 

Lateral separation cracks 

CA mortar defects, 
interlayer gaps 

Dry-wet cycles, temperature 
gradient, concrete under or over 
tamping, etc. 

Heavier gaps and vertical cracks, 
precipitation accumulates in the gaps 

Support layer cracks and 
deformation 

Subgrade uneven settlement Increment of tensile stress of track slab, 
shortened service life 

Voids inside the layer Uneven tamping, foreign 
matter doping, etc. 

Breakdown of track slab or support plate 

3.2. GPR inspections and challenges 

The capability of GPR to detect defects in ballastless track or concrete slabs has been 

validated by many studies. Researchers in Germany [18-19] found it to be practical to 
combine several NDT methods, such as impact-echo, ultrasonic echo, and GPR, for the 

inspection of ballastless track. Li [20] applied GPR to the detection of interlayer gaps 

and produced effective results in evaluating the grouting effect. The use of low 

frequencies for ballastless track is limited due to the presence of rebars in track slabs 
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[17], results in limited penetration depth Moreover, although the vehicle-mounted GPR 

has been widely used in the inspection of ballast track [7,21], the GPR systems for 

ballastless track are usually hand-towed with the antennas ground-coupled to the surface 

of the trackbed. 

From the above, some challenges and problems remain for the inspection of 

ballastless track using GPR. Firstly, GPR detection cannot be as accurate as other NDT 
methods in some circumstances, such as for distinguishing weak bonding and no bonding 

points. Secondly, existing research focuses on the use of the pulse GPR system, with 

which the penetration depth is limited by the required resolution. Thirdly, the system is 

usually hand-towed with the ground-coupled antennas. Despite the configuration, 

properly planned detection lines and suitable processing algorithms are necessary [22]. 

4. Newly developed GPR for ballastless track 

To improve the signal resolution and testing efficiency of GPR systems, a radar system 

using SFCW signals was developed in this work. The SFCW system integrates a pair of 

air-coupled antennas, making it possible to be adapted to an integrated vehicle-mounted 

system for damage detection and safety assessment of high-speed railways in the future.  

The developed SFCW system is shown in Figure 3. The horn antennas are used as 

the bi-static configuration for transmitting and receiving radar signals. Data are collected 

by sweeping frequency in the range of 1GHz - 4GHz. The idea of using SFCW for a 

GPR system is not new. It has already been applied to the detections of concrete, 

limestone, pavement, etc. [23-25]. Several advantages of the system facilitate the 

detection of high-speed railways, such as: 1) SFCW uses low-cost (low speed, low power) 
equipments compared to that of pulse GPR; 2) obtained information is richer as it 

contains magnitude and phase in frequency domain; 3) better resolution with wider 

operating bandwidth [26]. Moreover, the SFCW system is capable of the Quantitative 

Non-Destructive Evaluation (QNDE) of railway structural layers and other concrete 

structures [23, 27]. 

(a) (b) 

Figure 3. Schematic diagram (a) and photograph (b) of the SFCW system 
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4.1. Working principals of SFCW radar 

The basic principles of SFCW radar systems are similar to FMCW except that the 

frequency changes in discrete steps rather than continuously. The step waveform is 

generated digitally and then converted to an analog signal that is high pass filtered and 

then drives a voltage-controlled oscillator (VCO). This results in the stepped frequency 

waveform f1(t) with an angular velocity of �� � �����, where �� is the initial angular 

velocity, ∆� is the discrete angular frequency increment and � is the step number. 

The signal is then split into the transmitted signal (which is amplified and fed into the 

transmitting antenna) and f2(t) that is input to a mixer in the receiver segment. 

The received signal is amplified and fed into a mixer. The amplified received signal 
f3(t) is mixed with f2(t) and the result is low pass filtered to yield the intermediate angular 

frequency �� 	 ��. This signal is then digitized, which gives the frequency domain 

response. 

4.2. Signal processing 

The Vector Network Analyzer (VNA) based GPR system relies on the S parameters of 
the VNA to obtain the frequency response of the detected system. For the bi-static 

antenna configuration, the return loss S21(f) is collected. After analyzing the response, the 

characteristic information of the detection target is finally obtained. The following 

diagram illustrates the methodology we employ to acquire the time domain wave field 

from the raw data. 

 

 

Figure 4. Block diagram of the signal processing procedure 

 

First, the Inverse Fast Fourier Transform (IFFT) is used to transform the system 
response from the frequency domain S21(x, f) to the time domain s21(x, t). For digitized N 

points signal S21(N) in the frequency domain, the inverse discrete Fourier transform 

(IDFT) formula can be given by 


����� �
�

�
∑ �����

��	�
/����
�
�  � � 0,… ,� � 1                (3) 

where s21(n) is the discrete signal in the time domain, plotting an A-scan at one scanning 

step. The set of A-scans forms a 2D B-scan image, with respect to the distance and the 

propagation time. Second, the distance between the centers of the two antennas is 

measured to be d=16.5cm. The propagation time of the direct wave from the transmitter 

to the receiver is calculated by t0=d/c=0.55ns, where � � 3 � 10�m/s is the wave’s 

velocity in the air. So, the true time zero of the B-scan should be 0.55ns before the arrival 

of the direct wave. Last, the direct wave is filtered using a rectangular window to improve 

the image quality of the IFFT data.  

4.3. Laboratory measurement 

An experimental setup was designed in the lab, as shown in Figure 5(a). Concrete2 
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represents the concrete sample of track slab, fabricated with the C50 concrete (based on 

China’s national standard GB50010-2010), with a dimension of 20×50×50cm3. 

Concrete3 represents the sample of the support plate, fabricated with C15 concrete, with 

a dimension of 30×50×50cm3, containing 3 artificial cracks of 0.5×5cm2 at different 

depths. Regarding crack2 as the scanning center, the antennas move simultaneously from 

the right to the left to obtain the frequency response S21 for each 1cm step, with 
Xmax=40cm. The other experimental parameters are given in Table 2. 

The generated B-scan in the time domain is shown in Figure 5(b). From this figure, 

the reflections from different interfaces are observed: interface1 between the air and the 

concrete, interface2 between the concrete2 and concrete3, steel plate of the bottom. Also, 

the scattering signals from the cracks can be found, as indicated in the figure. However, 
some unwanted noise is also recorded. It is caused by the heterogeneity of the concrete 

and the ringing noise between the antennas and the instrument. 

 

  

Figure 5. Experimental setup for cracks of different depths in concrete (a) and its generated B-scan (b) 

Table 2. Experimental parameters 

Component Parameter Definition 

Antennas Type Brotex 1-4GHz horn 

Tx-Rx distance 16.5cm 

VNA (N9913A) Frequency range 1-4GHz 

Sampling points 201 

Required signal S21(x, f) 

Motion controller Step size 1cm 

Scanning distance Xmax 

5. Conclusions 

This paper presents a brief review of GPR systems and the state-of-the-art of GPR 

applications on ballastless railways. The experimental results show that the proposed 

system can detect all the narrow cracks in the depth up to 50cm in the sample. More 
quantitative non-destructive evaluation of ballastless railways and optimization of the 

instrumental system will be undertaken in the future. 

(a) (b)
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