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Abstract 
 

The concrete thickness of the tunnel lining structure and cover depth is insufficient. Such condition seriously affects the 
safety and stability of the lining structure. The lining structure thickness is difficult to identify using radar profile horizon 
tracing method because of the strong interference of steel bars to electromagnetic wave propagation. To explore the 
reflection characteristics of electromagnetic wave signals at the interface between deep concrete and surrounding rock, a 
time–energy density analysis based on wavelet transform (TEDAWT) was proposed in this study. Ground–penetrating 
radar (GPR) forward modelling of the lining structure with different thicknesses of plain and reinforced concrete was 
carried out by using different central frequencies, namely, 1600 and 900 MHz, respectively. On this basis, the GPR 
detection signals for the plain and reinforced concrete lining structures were analyzed by employing the TEDAWT 
method. The feasibility of the TEDAWT method in GPR quantitative identification was verified using physical 
experiment. Results demonstrate that the identification accuracy of different thicknesses of plain and reinforced concrete 
structure is high regardless of the method used in either forward modelling or physical experiment, and the relative error 
is less than 5%. In the identification of concrete cover depth, the resolution of a 1600 MHz antenna is higher than that of 
a 900 MHz antenna, and the relative error is also less than 5%. The results indicate the application potential of the 
proposed method for quantitative identification of tunnel lining thickness by non–destructive testing. The proposed 
method provides not only the thickness distribution of the plain concrete structure but also the distribution of the 
reinforced concrete structure and concrete cover depth compared with traditional radar profile horizon tracing method. 
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1. Introduction 
 
Since the Belt and Road Initiative was first proposed in 
2013, infrastructural connectivity has become a priority for 
implementing the initiative. Tunnels are one of the most 
important passageways, critical nodes, and key control 
projects in traffic infrastructural construction. At the end of 
2018, China’s tunnel construction included railway, 
highway, and urban rail transit tunnels, which had a total 
length of 36,103 km. Currently, 20,000 km of various types 
of tunnels is under construction, and another 20,000 km of 
tunnels will be constructed in the future [1]. In the process of 
tunnel construction, the cavity and void easily develop 
between the surrounding rock and the lining structure due to 
various problems, such as bad effect in rock blasting, non–
standard construction, and insufficient pressure of pumping 
concrete; such phenomenon leads to the insufficient concrete 
lining thickness [2]. A slightly insufficient concrete lining 
thickness causes the settlement of tunnel lining and affects 
the construction boundary. When the concrete lining 
thickness is seriously insufficient, it leads to fracture, 
collapse, and other accidents of the lining structure; such 
condition greatly reduces the bearing capacity of the lining 

structure and affects the normal use of tunnel in operation. 
The concrete cover depth is another important factor 
affecting the durability and corrosion resistance of the tunnel 
lining structure [3–4]. When the actual thickness of the 
concrete cover depth cannot meet the design requirements, 
the steel bar is easily eroded by harmful substances. The 
corrosion and deterioration of the steel bar seriously affect 
and threaten the safety and stability of the entire reinforced 
concrete structure. Therefore, the thickness of the lining 
structure and concrete cover depth must be checked. 

At present, the methods commonly used to measure 
lining structure thickness include embedded steel bar, 
drilling, coring, profiler, and ground–penetrating radar 
(GPR) methods [5]. Among them, GPR has been widely 
used in the detection of lining structure thickness due to its 
high detection accuracy, non–destructive testing, intuitive 
results, and flexible operation [6]. In the field detection 
process of GPR, the original signal is often interfered by a 
complex environment. Accordingly, the original signal 
needs to be processed by advanced signal analysis method 
before being interpreted. In recent years, with the technical 
breakthrough in signal analysis and processing, the wavelet 
time–frequency analysis method has been developed; this 
method has a good interpretation ability in different aspects, 
such as signal denoising, feature extraction, spectrum 
analysis, and image recognition [7]. However, when the 
thickness of the reinforced concrete lining is identified, the 
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electromagnetic wave energy decays quickly due to the 
strong interference of steel bars on the electromagnetic wave 
signal. This process generates weak reflected signal at the 
interface between deep reinforced concrete and surrounding 
rock. Consequently, the thickness of the reinforced concrete 
lining structure is difficult to obtain. Thus, the following 
problems need to be solved in the application of wavelet 
theory to GPR signal processing: how to enhance the 
effective characteristics of weak signals and how to improve 
the accuracy of GPR signal analysis. 

According to the features of GPR emission wavelet, a 
wavelet basis with high fit to GPR emission wavelet was 
constructed in the present study. On this basis, a time–energy 
density analysis based on wavelet transform (TEDAWT) 
was proposed and applied to quantitatively identify plain and 
reinforced concrete lining structures in the GPR forward 
modelling and physical experiment. Such task was carried 
out to provide technical support for the identification of the 
lining structure thickness and concrete cover depth. 
 
 
2. State of the Art 
 
At present, several quality defects, such as insufficient lining 
thickness, cavities, and non–compactness, are present in 
tunnels. The cause of these defects needs to be determined 
before they can be maintained or repaired. Similar to 
“observation, listening, interrogation, and pulse–taking” and 
“prescribing medicine for the defect” in clinics, the detection 
and diagnosis of tunnel lining quality defects involve 
comprehensive judgment. Since the first international 
seminar on GPR was held in Georgia, USA in 1986, a series 
of seminars on GPR has been held worldwide every two 
years for nearly 30 years. This fact shows that GPR has 
become a powerful tool for non–destructive testing of 
reinforced concrete structural defects and has played an 
important role in civil engineering fields, such as buildings, 
roads, bridges, tunnels, and geotechnical engineering [8–10]. 
As the electromagnetic waves are transmitted from air (or 
the second lining) to the second lining (or the first lining), 
the Fresnel reflective coefficient is negative. According to 
the amplitude of one–dimensional waveform in GPR time 
profile images, the thickness of the lining structure can be 
determined by calculating the positive or negative Fresnel 
reflection coefficient; however, GPR cannot recognize the 
reflection signal under the interference of steel bars [11]. A 
method to estimate the lining structure thickness was 
proposed on the basis of the reflection coefficient spectrum 
[12]. However, the GPR signal was treated as a simple 
stationary signal processing due to the limitation of spectral 
analytical theory. GPR forward modelling is the basis of 
radar image interpretation. Interpreters know the map 
characteristics of GPR forward modelling to clearly explain 
the tunnel lining defects [13–14]. Giannopoulos et al. 
conducted GPR two–dimensional forward modelling of 
lining cavities and summarized the characteristics of GPR 
detection response of lining cavities [15]. The forward 
modelling of lining defects is relatively simple, but the 
causes of these defects are complex. The law of 
electromagnetic wave propagation must be further studied 
according to the field defects. The Medway tunnel was 
completed in 1996. To know more about the detailed design 
of lining structure, Alani et al. used two sets of antenna 
systems with different frequencies (900 MHz and 2 GHz 
GPR) to detect the location and spacing of steel bars in the 
structural details [16]. The reflection of municipal pipelines 

and other buried objects on the GPR time profile were 
generally hyperbolic. To obtain the shape characteristics of 
hyperbolas, Maas et al. developed a method for 
automatically locating reflected hyperbolas in GPR data 
[17]. Mechbal et al. used GPR data as a way to estimate the 
radius of steel bar and determined the wave velocity and 
coordinate of hyperbolic vertex according to hyperbolic 
trajectory and diffraction amplitude [18]. The traditional 
GPR interpretation method requires a large amount of labor 
and time. In addition, the target echo signal is seriously 
affected by the repeated reflection of the steel bar. Xie et al. 
proposed a new method to automatically identify the 
cavities’ GPR image of the reinforced concrete structure; 
they used the predictive deconvolution method to suppress 
multiple waves and obtained good results [19]. Jiang et al. 
proposed a quantitative system for health inspection and 
evaluation of the tunnel lining to ensure safety of the lining 
structure; such approach could effectively extract cracks and 
accurately evaluate the tunnel lining conditions [20]. On the 
basis of the grouting effect detected by the GPR image of 
Nanchang Metro Line 1, Yu et al. determined the thickness 
and distribution of grouting layer and obtained the GPR 
image features, such as gaps and cracks [21]. To ensure 
safety and quality service to passengers, Llanca et al. 
established an expert diagnosis system by combining 
qualitative and quantitative methods to make up for the 
shortcomings of visual inspections [22]. Taking Damashan 
tunnel in Fujian province as an example, Xiang et al. 
evaluated the condition of the lining structure by combining 
GPR and finite–difference time–domain (FDTD) technology 
and showed that the average qualified rate of lining 
thickness was 79.87% of the design parameters [23]. To 
ensure that GPR satisfies the requirements of lining defect 
investigation and regular inspection, Zan et al. developed a 
new method with remote detection (vehicle–mounted GPR), 
which provided a fast, interference–free method for periodic 
inspections and health assessments of existing tunnels [24]. 
Cui et al. extracted target echo reflected wave images from a 
large number of GPR measured data to establish a template 
database and matched the detected features and features in 
the template database with fuzzy logic algorithm to achieve 
automatic identification [25]. Baryshnikov and Lalagüe et al. 
studied the differences of detection accuracy of defects 
under different detection parameters by analyzing various 
types of reflected wave signals of tunnel defects; they also 
proposed a set of complete optimization rules of detection 
parameters [26–27]. Zhang et al. examined and counted the 
lining structures of more than 100 railway tunnels and 
obtained the contact state and distribution law behind tunnel 
lining, but they did not formulate an effective theoretical 
method [28]. The above–mentioned research results are 
mainly based on the non–destructive detection technology of 
GPR for tunnel lining quality defects. The interpretation of 
GPR data is still in the qualitative state on the basis of 
experience, and accurate quantitative interpretation results is 
difficult to obtain. When conducting forward modelling or 
physical experiment for lining quality defects, only simple 
simulation is carried out for common problems, without in–
depth analysis of GPR feature signals. Therefore, a method 
of quantitative identification of concrete structural thickness 
under the interference of steel bar is urgently needed to 
improve the accuracy of GPR lining quality detection. In the 
present study, the FDTD method and indoor physical 
experiment were combined to carry out the non–destructive 
detection of tunnel lining concrete thickness, including 
concrete cover depth. The TEDAWT method was used to 
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quantitatively analyze the response characteristic signals of 
GPR of plain and reinforced concrete lining structures. Such 
method was also utilized to improve the identification 
accuracy of the thickness of concrete lining structure under 
the interference of steel bars, so as to provide guidance and 
reference for the interpretation of GPR image characteristics 
of tunnel lining. 

The remainder of this study is organized as follows: The 
third section describes the principle of the FDTD method, 
constructs the forward model of plain and reinforced 
concrete lining structures, and analyzes the forward 
modelling response characteristics of concrete with different 
thicknesses by using the TEDAWT method. The fourth 
section introduces the physical experiment scheme 
according to the forward modelling results. Different central 
frequencies, namely, 1600 and 900 MHz, were adopted to 
collect data from the physical experiment. The thickness of 
plain and reinforced concrete lining and the concrete cover 
depth were obtained using the TEDAWT method. The last 
section provides the conclusions. 
 
 
3. Methodology 
 
3.1 FDTD method 
The GPR forward modelling is the foundation of the 
interpretation of radar images. The interpreters should 
understand the propagation law and spectral characteristics 
of electromagnetic waves in the tunnel lining structure to 
clearly grasp and quantitatively interpret the GPR detection 
signals. The FDTD method has become the main method of 
GPR forward modelling because of its small storage space 
and high computational efficiency [29–30]. 

In the passive field, the two curls of Maxwell equation 
can be expressed as follows: 

 

                             (1) 

 
where H is the intensity of magnetic field (A/m), E is the 
intensity of electric field (V/m),  is the dielectric constant 
of the medium, σ is the electrical conductivity (S/m), t is 
time (s), µ is the relative permeability (H/m), and  is 
equivalent permeability (w/m). 

The FDTD method adopts the central difference form of 
the second order accuracy to convert the two curls in 
Maxwell equation from differential into difference. The 
electric and magnetic fields are sampled alternately in time 
sequence, with half time step difference between them. 
Therefore, the FDTD equation of two–dimensional 
electromagnetic wave can be expressed as follows: 

 

     (2) 

 

             (3) 

 
Where 
 

                       (4) 

 
where  is the electric field intensity in the direction of the 
coordinate axis ;  and 

 
are the magnetic field 

intensities in the  and  directions, respectively;  and 
 are spatial steps in the  and  directions, respectively; 
 is the time step;  is the step number; and  is the 

node coordinate. 
To ensure the stable convergence of the solution of the 

discrete finite–difference equations in the time domain, the 
time step  and spatial steps  and  are required to 
satisfy the following relation: 

 

                            (5) 

 
3.2 Forward modelling scheme 
The surrounding rock was assumed to be a continuous, 
homogeneous medium in a semi–infinite space. The 
reflection and refraction of electromagnetic waves occurred 
in two–dimensional planes. The geoelectric model of the 
plain (left) and reinforced (right) concrete structures was 
designed (Fig. 1) to study the reflection characteristics of the 
tunnel lining structure thickness on the GPR forward 
modelling. 

The geoelectric model parameters were set as follows: 
(1) the area coverage was 3.6 m × 2.4 m, the upper–left 
corner was the origin of coordinate, the x–coordinate was the 
horizontal distance, and the y–coordinate was the detection 
depth; (2) the horizontal distance with a length of 3.6 m was 
divided into three equal parts, each of them with a length of 
1.2 m, and the thickness values were 0.38, 0.33, and 0.28 m 
from left to right; (3) Ф18 steel bar, double row layout, the 
spacing between bars was 0.2 m, and the concrete cover 
depth was 40 mm; (4) the relative dielectric constant of the 
concrete lining was six, the conductivity was 0.001 S/m, and 
the magnetic permeability was 1. 
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Fig. 1. Geoelectric model of plain (left) and reinforced (right) concrete lining structure 
 
3.3 Radar responses of the lining structure 
According to the GPR parameters used in the field detection 
of tunnel lining structure, the central frequencies of radar 
antenna utilized in the simulation were 900 and 1600 MHz. 
The completely matched layers were used as the absorbing 
boundary conditions. The Ricker wavelet was adopted to 
simulate the excitation source. The sampling time windows 
of the 900 and 1600 MHz antennas were 20 and 15 ns, 
respectively. The space step of the grid was 0.002 m, the 

sampling step was 0.01 m, and the number of trances was 
340 channels. 

GPR antennas of different frequencies were employed to 
carry out forward modelling for the geoelectric model shown 
in Fig. 1. The forward modelling radar response images of 
plain and reinforced concrete could be obtained. On this 
basis, the algorithms of static correction, subtract–DC–drift, 
gain, and migration were employed to process the radar 
response images. The results are shown in Figs. 2 and 3. 

 

   
Fig. 2. GPR response of the plain concrete structure with different central frequencies of 1600 (left) and 900 MHz (right) 

 

   
Fig. 3. GPR response of the reinforced concrete structure with different central frequencies of 1600 (left) and 900 MHz (right) 
 

The electromagnetic wave signal was significantly 
different at the interface due to the difference of the relative 
dielectric constants between the concrete lining and the 
surrounding rock. An apparent continuous reflection surface 
could be seen in the GPR images shown in Figs. 2 and 3. 
When the thickness of the plain concrete lining suddenly 
changed, the electromagnetic reflection signal generated a 
strong diffraction phenomenon. The boundary between the 
lining structure and the surrounding rock was not obvious 
because of the strong interference of the steel bar to the 
electromagnetic wave signal. Specifically, the wavelength of 
the 1600 MHz antenna was relatively short, which was 
smaller than the distance between steel bars. The 

electromagnetic wave could be transmitted to the interface 
between the lining structure and the surrounding rock 
through the distance between steel bars. Therefore, 
discontinuous radar reflection interface could be found. The 
wavelength of the 900 MHz antenna was longer than the 
distance between steel bars. It was difficult for the 
electromagnetic wave to propagate deep through the distance 
between steel bars. Therefore, the deep interface was 
difficult to identify, and other methods were required for 
further analysis. 
 



Sheng Zhang, Wenchao He, Yongsuo Li and Yuchi Zou/Journal of Engineering Science and Technology Review 12 (4) (2019) 28 - 37 

 32 

3.4 TEDAWT method 
The selection of wavelet basis function is not unique in 
wavelet transform analysis. Different wavelet bases can 
obtain varying results when the same signal is analyzed. 
Theoretically speaking, the construction of a new wavelet 
basis only needs to meet the allowable conditions of wavelet 
basis. However, the wavelet basis with strong fit between the 
curve shape and the GPR feature signal can obtain good 
time–frequency localization analysis effect. According to the 
features of GPR emission wavelet, pattern adapted 
waveform matching was carried out by sub–
wavelet , and the pattern adapted radar 
wavelet with high similarity to the GPR sub–wavelet was 
constructed. The wavelet basis was added to the Wavelet 
Analysis Toolbox to select the wavelet basis for GPR signal 
analysis. The multi–scale detailed analysis of the GPR signal 
could be carried out by using the multi–resolution 

characteristic of the wavelet transform. How to select the 
optimal scale, effectively remove noise and all types of 
interference signals, and extract meaningful target signals 
are problems that need to be solved urgently. In the past few 
years, the time–energy density analysis based on wavelet 
transform was proposed, thereby successfully avoiding the 
problem of selecting the optimal scale of the wavelet 
transform [31–32]. The method provided the energy 
distribution of the analyzed signal on all scales with time. 
The wavelet basis for the wavelet transform was constructed 
by using the above method. The program of the TEDAWT 
method was written under the working environment of 
MATLAB language platform. This program was employed 
to analyze the single–channel signals of typical GPR images 
with different thicknesses of plain and reinforced concrete 
lining, as shown in Figs. 2 and 3, respectively. The results 
are shown in Figs. 4–7. 

 

     
(a) 0.38 m thickness                   (b) 0.33 m thickness                   (c) 0.28 m thickness 

Fig. 4. TEDAWT curve of the single–channel GPR signal in plain concrete forward modelling (1600 MHz) 
 

     
(a) 0.38 m thickness                   (b) 0.33 m thickness                   (c) 0.28 m thickness 

Fig. 5. TEDAWT curve of the single–channel GPR signal in plain concrete forward modelling (900 MHz) 
 

     
(a) 0.38 m thickness                   (b) 0.33 m thickness                   (c) 0.28 m thickness 

Fig. 6. TEDAWT curve of the single–channel GPR signal in reinforced concrete forward modelling (1600 MHz) 
 

The resolution of the TEDAWT curves of the reinforced 
concrete shown in Figs. 6 and 7 were lower and exhibited 
more random disturbances compared with those in Figs. 4 
and 5 because of the strong influence of steel bar on 
electromagnetic wave reflection signal. The TEDAWT 
curves of single–channel GPR signal in forward modelling 
had evident peak points because of the plain and reinforced 
concrete lining structures. The peak point was the reflection 
position of the electromagnetic wave propagating to the 

boundary between the lining structure and the surrounding 
rock because the direct wave of GPR signal had been 
removed above. By calculating the round–trip travel time 

 on the TEDAWT curves, the thickness  of the 
concrete lining structure could be obtained by using the 
formula . In these formulas, the propagation 
velocity  of the electromagnetic wave in the vacuum is 3.0 
× 108 m/ns,  is the reflection position of direct 

2
0( ) sinatf t t e t-= w

2 1t t tD = - L

/ (2 )L c t ε= ´D
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electromagnetic wave,  is the position of peak point on the 
TEDAWT curve, and  is the relative dielectric constant of 
medium. The forward modelling identification results of the 

plain and reinforced concrete lining structures with different 
thicknesses were summarized, and the results are shown in 
Table 1. 

 

     
(a) 0.38 m thickness                   (b) 0.33 m thickness                   (c) 0.28 m thickness 

Fig. 7. TEDAWT curve of the single–channel GPR signal in reinforced concrete forward modelling (900 MHz) 
 

 
Table 1. Identification results and relative errors of forward modelling for the lining structure of different thicknesses 

Plain 
concrete 

Lining thickness (cm) Reinforced 
concrete 

Lining thickness (cm) Cover depth 
(cm) 

38 33 28 38 33 28 4 

1600 MHz 38.39 (1.03%) 33.36 (1.09%) 28.37 (1.12%) 1600 MHz 38.45 (1.18%) 34.20 (3.64%) 28.37 (1.32%) 4.13 (3.25%) 

900 MHz 38.97 (2.55%) 33.97 (2.94%) 28.97 (3.46%) 900 MHz 38.79 (2.08%) 33.94 (2.85%) 28.89 (3.18%) 4.91 (22.75%) 

 
Table 1 shows that the wavelength of the 1600 MHz 

antenna was shorter than that of the 900 MHz antenna. The 
identified results of concrete lining and cover depth showed 
higher accuracy than that of the 900 MHz antenna, and the 
relative error was generally lower. The relative error of 
lining structure thickness identified by using the TEDAWT 
method was less than 5% regardless of the 1600 MHz or 900 
MHz antenna. 
 
 
4. Result Analysis and Discussion 
 
4.1 Experimental scheme 
Among many scientific research methods, physical 
experiment has been widely used because of its intuitiveness 
and reliability. A physical box (4 m × 3 m × 1.5 m size) of 

integral casting and molding with different lining 
thicknesses was created to ensure that the experiment was 
consistent with the actual condition of the tunnel lining 
structure. The research focused on the analysis of plain and 
reinforced concrete structures with three different 
thicknesses, and their length was 1.2 m. Considering 
construction errors, such as formwork deformation during 
pouring, the average thicknesses of each section of the plain 
concrete measured by the vertical hanging method were 
39.58 (Section 1), 34.85 (Section 2), and 29.62 cm (Section 
3). Moreover, the average thicknesses of the reinforced 
concrete were 40.53 (Section 1), 34.48 (Section 2), and 
29.83 cm (Section 3). The reinforcement structure consisted 
of bars with a diameter of 18 mm, spacing of 20 cm, and 
concrete cover depth of 5.14 cm. Figure 8 shows the specific 
physical experiment box. 

 

 

 

 
 

Fig. 8. Physical experiment box of the lining structure with different thicknesses 
 
4.2 GPR data acquisition 
The central frequencies of the 1600 and 900 MHz antennas 
were used for detection to accurately identify the concrete 
lining structure with different thicknesses. When the same 
antenna detected the concrete structures of different 
thicknesses, the GPR parameters remained unchanged. 

Because the specific size of the physical experiment box was 
known, the detection should be conducted from the marked 
position as the starting point and stop at the marked end 
position to ensure the integrity of GPR collection. The GPR 
analysis software was used to perform certain algorithms, 
such as static correction, subtract–DC–drift, gain, migration, 
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and band pass filtering on the original signals. The measured GPR time profiles are shown in Figs. 9 and 10. 
 

   
Fig. 9. GPR responses of the plain concrete structure with different central frequencies, namely, 1600 (left) and 900 MHz (right) 

   
Fig. 10. GPR responses of the reinforced concrete structure with different central frequencies, namely, 1600 (left) and 900 MHz (right) 

 
The measured GPR signals of plain and reinforced 

concrete with different frequencies had more random noise 
and lower image resolution compared with the forward 
modelling images. In either the 1600 or the 900 MHz 
antenna, the discontinuous dividing lines of different depths 
could be found on the GPR time profiles with different 
thicknesses of plain concrete, that is, layer lines of the 
concrete lining structure with different thicknesses (Fig. 9). 
In addition, the resolution of the 1600 MHz antenna was 
higher, and the positioning was more accurate compared 
with those of the 900 MHz antenna. 

As shown in Fig. 10, the first row of steel bars in the 
concrete lining structure had evident hyperbolic reflection in 
the GPR image. The strong reflection resulted in fast 
attenuation of the electromagnetic wave and weak effective 
signal in deep. The reinforced positioning of the lining 
structure identified by the 1600 MHz antenna was clearer 
compared with that of the 900 MHz antenna. That is to say, 
the concrete cover depth could be clearly identified. 

However, the interface between the deep concrete and the 
surrounding rock were difficult to be identified due to the 
strong interference of the steel bar to electromagnetic wave 
reflection. Therefore, the wavelet transform should be used 
for further analysis. 

 
 
4.3 Quantitative identification 
To accurately obtain the thickness values of different lining 
structure of reinforced concrete, a single–channel GPR 
signal was extracted from the time profiles of the measured 
GPR detection signals of three different thicknesses shown 
in Figs. 9 and 10. The radar wavelet constructed in Section 
3.4 was used as the wavelet basis for the wavelet transform. 
The program of the TEDAWT method was run in MATLAB 
language environment. The TEDAWT method was carried 
out for the single–channel signal of plain and reinforced 
concrete. The results are shown in Figs. 11–14. 

 

     
(a) Section 1                                                   (b) Section 2                                                   (c) Section 3 

Fig. 11. TEDAWT curve of the single–channel signal in the plain concrete physical experiment (1600 MHz) 
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(a) Section 1                                                   (b) Section 2                                                   (c) Section 3 

Fig. 12. TEDAWT curve of the single–channel signal in the plain concrete physical experiment (900 MHz) 
 

     
(a) Section 1                                                   (b) Section 2                                                   (c) Section 3 

Fig. 13. TEDAWT curve of the single–channel signal in the reinforced concrete physical experiment (1600 MHz) 
 

     
(a) Section 1                                                   (b) Section 2                                                   (c) Section 3 

Fig. 14. TEDAWT curve of the single–channel signal in the reinforced concrete physical experiment (900 MHz) 

   
(a) 1600 MHz                                                                                     (b) 900 MHz 

Fig. 15. Identification results of the plain concrete structure with different antenna frequencies 

   
(a) 1600 MHz                                                                                     (b) 900 MHz 

Fig. 16. Identification results of the reinforced concrete structure with different antenna frequencies 
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Table 2.  Identification results and relative errors of the lining thickness for different structures 
Plain 

concrete 
Lining thickness (cm) Reinforced 

concrete 
Lining thickness (cm) Cover depth 

(cm) 
39.58 34.85 29.62 40.53 34.48 29.83 5.14 

1600 MHz 39.82 (0.61%) 34.60 (0.72%) 29.70 (0.27%) 1600 MHz 39.93 (1.48%) 34.59 (0.32%) 29.65 (0.64%) 4.94 (3.89%) 
900 MHz 39.50 (0.23%) 34.74 (0.32%) 30.65 (3.48%) 900 MHz 40.20 (0.81%) 32.85 (1.88%) 30.50 (2.25%) 7.02 (36.6%) 

 
As shown in Figs. 11 to 14, obvious peak points can be 

observed on the TEDAWT curves of the plain and 
reinforced concrete detected by different antenna 
frequencies, that is, the reflection points at the interface 
between the concrete lining structure and the surrounding 
rock. Specifically, the positions of the reflection points at the 
interface of the plain concrete with different thicknesses 
detected by the 1600 and 900 MHz antenna were 8.057, 
7.061, 5.889, 8.034, 7.332, and 6.357 ns. The positions of 
the reflection points at the interface of the reinforced 
concrete with different thicknesses detected by the 1600 and 
900 MHz antenna were 8.145, 7.149, 5.977, 8.215, 7.440, 
and 7.192 ns. The thickness value of the concrete lining 
structure could be obtained by calculating the round–trip 
travel time on the TEDAWT curve of the single–channel 
GPR signal. Similarly, the reflection points at the interfaces 
between the plain or reinforced concrete and the surrounding 
rock with different thicknesses detected by the 1600 and 900 
MHz antenna could be obtained. All reflection points are 
shown in Figs. 15 and 16. 

As shown in Figs. 15 and 16, the layer lines basically 
reflected the thickness values of the concrete lining at 
different positions. The 1600 MHz antenna could clearly 
identify the thickness values of different lining structures of 
the plain or reinforced concrete compared with the 900 MHz 
antenna. Table 2 summarizes the identification results of the 
plain and reinforced concrete lining structures of different 
thicknesses with various antenna frequencies. The table 
shows that the thickness values of the plain and reinforced 
concrete identified by different antenna frequencies were 
relatively accurate by using the TEDAWT method, and the 
relative errors were less than 5%. Such results met the needs 
of practical engineering detection. The 1600 MHz antenna 
should be preferred for testing the concrete cover depth. 
 
 
5. Conclusions 
 
To explore the propagation rule of GPR detection signals in 
the tunnel concrete lining structure, forward modelling and 
physical experiment were combined together to carry out the 
non–destructive detection of the lining structure by GPR. 
The different thicknesses of the plain and reinforced 
concrete lining were quantitatively identified by using the 
TEDAWT method. The following conclusions could be 
drawn: 

(1) The feasibility of the TEDAWT method in the 
identification of different thicknesses of lining structure is 
verified by GPR forward modelling of plain and reinforced 
concrete. The method is then applied in the physical 
experimental test of the plain and reinforced concrete. The 
results show that the TEDAWT method obtains a good 
effect in identifying different concrete thicknesses, and the 
relative error is less than 5%. 

(2) The concrete cover depth is an important index of 
durability of the tunnel concrete lining structure. The 1600 
MHz antenna can obtain a higher resolution and smaller 
relative error whether in the forward modelling or physical 
experiment compared with the 900 MHz antenna in 
detecting steel bar images. The 1600 MHz antenna should be 
used in the actual detection of concrete cover depth as the 
relative error of the identification results is less than 5%. 

(3) The accuracy of identifying the plain and reinforced 
concrete lining structures and concrete cover depth is high 
when using the TEDAWT method. This method provides a 
new feasible approach for the quantitative detection of 
tunnel lining structure thickness. The TEDAWT method can 
not only provide the thickness distribution of the plain 
concrete lining structure but also show the distribution of 
reinforced concrete lining structure and concrete cover depth 
compared with traditional GPR profile horizon tracing 
method. 

In the present study, a new method for identifying the 
different thicknesses of the plain and reinforced concrete 
lining structures is proposed by combining GPR forward 
modelling with physical experiment. The reflected 
characteristics in the method can be used as a reference for 
the interpretation of the GPR image of the tunnel lining. 
However, given the lack of field test data, this method 
should be applied for analysis and processing of field test 
data in future studies to explain the GPR imaging law of the 
reinforced concrete lining thickness more accurately. 
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