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� STFT is used to analyze the instantaneous spectrum of composite GPR reflection.
� 3D GPR simulations is conducted using the Green’s function method.
� A thin delamination cause the spectrum peak to shift towards a higher frequency.
� Reason of the occurrence of multiple spectrum peaks and their shift is explained.
� Laboratory experiments confirm the numerical results.
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a b s t r a c t

Identification of delamination in pavement layers using ground penetrating radar (GPR) is still challeng-
ing due to its limited range resolution. This paper investigates the characteristics of the composite reflec-
tion from the air-filled delamination between pavement layers by time-frequency analysis. We firstly
simulated GPR data from an asphalt pavement model with an embedded air gap of different thicknesses
by the Green’s function method. Then we conducted a laboratory experiment on a delaminated asphalt
pavement model. Both the numerical and laboratory experiment results demonstrate that both the peak
instantaneous frequency and its amplitude are sensitive to the variation of the air gap thickness. When
the thickness of the air gap is smaller than a quarter of the dominant wavelength, the peak instantaneous
frequency of the composite reflection is higher than that of the normal interface reflection. We conclude
that we can identify the delamination from the overall rise in the peak instantaneous frequency.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Ground penetrating radar (GPR) has been used as a routine tool
for non-destructive inspection of highway and airport pavements
[1]. GPR applications for pavement evaluation include layer thick-
ness estimation [2], the localization of the in-built reinforcement
[3], crack detection [4], moisture and density estimation [5],
detecting delamination between pavement layers [6], and etc.
Among these applications, the most important and reliable infor-
mation that can be gained from GPR measurements is the thick-
ness estimation of pavement layers [2,7]. When the pavement
layer is thick relative to the GPR pulse width, its thickness can be
accurately estimated from the time delay of the reflection from
its top and bottom interfaces, along with the known dielectric per-
mittivity of the medium [8], and the relative error, which mainly
comes from the velocity estimation error, is usually below 5%
[9,10]. Air-coupled GPR systems are commonly used for pavement
inspection due to its advantage of avoiding traffic interruption and
higher resolution compared with ground-coupled GPR systems
[11]. The resolution of a GPR pulse is determined by its bandwidth
[12], which is mainly constrained by the GPR antenna [13]. For
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Fig. 1. GPR inspection of an asphalt pavement using an air-coupled TEM horn
antenna.

Fig. 2. Model for GPR detection of air-filled delamination inside an asphalt
pavement structure.
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example, an air-coupled horn antenna with a nominal frequency of
2 GHz commonly used for asphalt pavement inspection is able to
identify an asphalt layer of thickness less than 25 mm [14]. In this
paper, we investigate the delamination between pavement layers
due to debonding or stripping. Debonding occurs when there is
inadequate tack and stripping develops when there is a lack of
chemical or thermal compatibility between asphalt and concrete
materials [15]. However, the delamination between pavement lay-
ers is usually less than 1 cm [16,17] and can be considered a thin
layer for GPR. Thus, GPR characterization of a pavement delamina-
tion is challenging.

The reflection from a thin layer is actually the superposition of
the top and bottom reflection, as well as the inner multiple reflec-
tions between the top and bottom boundary of the thin layer
[17,18]. A number of techniques have been proposed to enhance
the GPR performance in measuring thin pavement layers or delam-
ination. High resolution can be achieved by using a stepped-
frequency GPR system with an ultra-wideband (UWB) antenna
[19]. Deconvolution is applied to compress the GPR wavelet and
improve its resolution for predicting pavement thin layer thickness
[20–23]. Hilbert spectrum analysis of GPR data is demonstrated to
be able to resolve a thin layer of kd=8, where kd is the wavelength of
the dominant frequency of a GPR pulse [24]. Subspace methods
exhibit super-resolution for thin-pavement thickness estimation
when the signal-to-noise ratio is high [25]. However, these time-
domain techniques cannot resolve an air-filled delamination
between pavement layers, of which the thickness is usually in
mm scale.

Frequency spectrum can provide extra information about the
subsurface target. For instances, the frequency peak shift of a
GPR spectrum towards a lower frequency is highly related with a
high soil moisture [26,27]. From numerical simulations, it is shown
that GPR traces recorded over finely laminated sequences shift
towards higher frequency and spectral analysis can be used to
detect super-thin layers [28,29]. In this paper, we investigate the
characteristics of GPR reflection from a delamination between
asphalt pavement layers through time-frequency analysis. This
paper is organized as follows. The second section presents the
asphalt pavement model with an embedded air-filled delamination
and the theory of time-frequency analysis method. The third sec-
tion gives the simulated GPR dataset associated with different
delamination thickness and the results of time-frequency analysis.
Results of a series of laboratory measurements over a layered pave-
ment model are shown in the fourth section. Discussion and con-
clusion are given in the last section.

2. Material and method

2.1. Asphalt pavement model

As shown in Fig. 1, an asphalt pavement is usually inspected by GPR using an
air-coupled horn antenna, which operates over an UWB and provides high resolu-
tion for thickness estimation of asphalt layers. The height from the antenna to
the pavement surface is usually less than half a meter. This means that the pave-
ment is still in the near field of the GPR antenna and plane wave approximation
is not accurate enough. Thus, it is necessary to use a three-dimensional (3D) simu-
lation to accurately analyze the electromagnetic response of the layered pavement
structure under the radar illumination. In this circumstance, the GPR antenna can
be simplified as a point source at its apparent phase center [30,31].

In practice, a highway or airport pavement structure usually consists of an
asphalt layer, a base layer made of concrete and a sub-base layer consists of gravel
and sand from top to bottom [8]. The asphalt layers are generally divided into a sur-
face course, an intermediate course and a base course with different kinds of mix-
ture. Normally each course has thickness ranges in approximately 4–6 cm and the
surface course has larger permittivity as it contains the highest density and quality
materials [32]. Thus, we use a layered model of asphalt pavement in the following
numerical experiments. As illustrated in Fig. 2, the three asphalt layers have a thick-
ness of 4 cm, 5 cm and 6 cm, and relative dielectric permittivity of 3.4, 3.2 and 3.0
from top to bottom [33]. We consider an air-filled delamination (air gap) between
the asphalt layer and the concrete base in this study.
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2.2. Time-frequency analysis method

Time-frequency analysis is a powerful signal processing technique to extract
unique information on scattering mechanisms. Short-time Fourier transform (STFT)
is a kind of fast Fourier transformation method for this kind of analysis. Compared
with the S-Transform [34], STFT performs faster. STFT is basically a sliding window
Fourier transformation in time domain. As the window is shifted, a two dimensional
(2D) time-frequency image is obtained by [35]

Sðs;xÞ ¼
Z

f ðtÞgðt � sÞe�jxtdt ð1Þ

where gðtÞ is a time window function andx is the angular frequency. The processing
is to slide the center of window to time s, window the input signal f ðtÞ and compute
the Fourier transform of the result. In this paper, a user-defined hamming window is
used as gðtÞ. The length of the time window is a critical parameter in STFT. In the fol-
lowing numerical simulations and laboratory experiments, the time window are set
to be approximately double the time duration of the dominant wavelet.
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Fig. 3. (a) BHW source wavelet for GPR simulation and (b) its normalized frequency
spectrum.
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Fig. 4. Simulated GPR signal over the asphalt pavement model in Fig. 2 when the air
gap is zero (no delamination). The air coupling between the transmitter and
receiver has been removed.
3. Numerical experiments

3.1. Green’s function for GPR simulation

In order to precisely analyze the wave property of the reflection
from the air gap, we perform numerical experiments at first. The
most straightforward numerical method is the full wave simula-
tion commonly conducted by finite difference time domain (FDTD)
method. However, it cannot avoid the numerical dispersion error
when the discretization is not dense enough. In these studies, we
have to model the air gap in millimeter thickness, it leads to unaf-
fordable computation cost by a conventional FDTD algorithm. This
issue can be solved by utilizing a modified FDTD algorithm [36],
which is however not easy to be implemented. In this paper, we
will use the dyadic Green’s function (DGF) in the layered medium.
As is shown in Fig. 2, the signal at the receiver is acquired by the
convolution between the signal at the transmitter and the DGF in
the circumstance of the layered medium. Because the layered
DGF is expressed in the frequency domain, the convolution is actu-
ally implemented by the multiplication in the frequency domain
and then inversely Fourier transformed back to the time domain.

If only the electric current source is considered, the relationship
between DGFs and the electric field can be expressed as [37]

~Eð~rÞ ¼
Z

GEJð~r �~r0Þ �~Jð~r0Þd~r0 ð2Þ

where~r denotes the field point and~r0 represents an arbitrary point

in the volume source current J
!
. The DGF GEJ is a second order tensor

and the superscript EJ means it links the electric current source J
!

and the electric field E
!
. GEJ is expressed in frequency domain. It is

actually derived from the spectrum domain. The detailed derivation
is given in [37]. In most situations, the layered DGFs are in the forms
of Sommerfeld integrals [38]. Numerical integration is needed to
acquire the final values. If the transmitter antenna can be approxi-
mated to be a point source, the integral in Eq. (2) will disappear and
it can be written in a more specific form as
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where Jx, Jy and Jz represent the three components of the current
density of the point source in the position of~r0.

Before we apply the layered DGFs, we verify their accuracy by
comparing them to 3D FDTD simulation results. The domain
dimension for the 3D FDTD is 0.5 m � 0.5 m � 0.95 m. We use
the layer configuration shown in Fig. 2 and set the thickness of
the air gap to zero. The source is polarized in the by direction and
its waveform at the transmitter has a Blackman-Harris window
(BHW) wavelet [39] with a center frequency of 2 GHz. Fig. 3 shows
the source waveform and the normalized frequency spectrum. We
sample the spectrum at a step of 7.5 MHz and substitute these val-
ues into Eq. (3) (only for Jy, Jx = Jz = 0) and compute the electric field
values.

Fig. 4 shows the comparisons of Ey between FDTD simulation
results from Wavenology, a commercial software from Wave Com-
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putation Technologies, Inc. (WCT), and layered DGF results. When
implementing a FDTD simulation, we have to discretize the simu-
lation space. To eliminate the numerical dispersion and ensure an
acceptable accuracy, the discretization step should be at least
smaller than one tenth of the smallest wavelength of the propagat-
ing electromagnetic fields, i.e. the sampling points per wavelength
(PPW) should be larger than 10 [40].

We can see that the DGF results match the FDTD simulation
results better when PPW is 20. The simulation time of FDTD is
about one hour when PPW = 10 (dx = dy = dz = 2 mm) while 14 h
when PPW = 20 (dx = dy = dz = 1 mm). However, the computation
time when we use the layered DGF for all of the sampled frequen-
cies is only several seconds.
Fig. 5. Simulated GPR signals over the asphalt pavement model in Fig. 2 when the
air gap is 0 cm, 2 cm, 5 cm, 6 cm, 8 cm, 10 cm and 12 cm respectively. The air
coupling between the transmitter and receiver has been removed. The reflection
from the embedded air gap arrives at about 3.6 ns.
3.2. Simulation results

A series of numerical simulations are conducted on the pave-
ment model shown in Fig. 2 using the Green’s function method.
The thickness of the air gap is gradually changed from zero to
12 cm. A point source and receiver are placed 28 cm above the
asphalt surface and their offset is set to 5 cm.We use a BHW source
with a center frequency of 2 GHz. Theoretically the wavelength is
expressed as:

kd ¼ v � sp ð4Þ

where sp is the pulse width and v is the propagation velocity in the
air gap, i.e. the velocity in vacuum. However, it is not easy to accu-
rately determine the duration of the pulse when it is overlapped
with the neighboring signals and contaminated by noise in the real
GPR data. So we use the effective bandwidth to define its wave-
length, as expressed by:

kd ¼ v=B ð5Þ

where the effective bandwidth B is defined as the span between the
high and low frequency limits where the magnitude of the spec-
trum is 10 dB weaker than that of the peak frequency [41], which
is indicated by the dash line in Fig. 3(b). Due to the wavelet distor-
tion and frequency dependent attenuation of electromagnetic
waves during propagation in real measurement, the effective band-
width of the GPR pulse can be decreased as it travels. Therefore, we
use the wavelet of the reflection from the top of the air gap when its
thickness is zero to define the dominant wavelength in the follow-
ing numerical and laboratory experiments.

Fig. 5 shows a portion of the simulation results after coupling
removal, which highlights the variation of the reflection from the
embedded air gap while its thickness increases. When the gap
thickness is zero, there is a reflection from the interface between
the asphalt and concrete, which is extracted by a user-defined
hamming window in Fig. 5(a) and would be used for the calcula-
tion of dominant wavelength kd. From the frequency spectrum of
this windowed reflection wavelet, the effective bandwidth is esti-
mated to be 2.77 GHz and the dominant wavelength is calculated
to be 10.8 cm by Eq. (5) in this case. With a small gap thickness less
than kd=4 (e.g. 2.7 cm), we can hardly distinguish the top and bot-
tom reflection and can only observe a composite reflection pulse, of
which the amplitude and phase is changing with the increasing
thickness. When the gap thickness grows larger than kd=2 (e.g.
6 cm, 8 cm, 10 cm and 12 cm), the top and bottom reflection from
the embedded air gap, which are opposite in polarity, can be
clearly identified. Apparently, one can hardly distinguish the gap
thickness merely by judgment from the reflective pulse amplitude
and phase in time domain when air gap is smaller than kd=4.
3.3. Results of time-frequency analysis

STFT is applied to the simulated GPR data to obtain more valu-
able information about the delamination and the results are shown
in Fig. 6. If we find the maximum-amplitude point in each time-
frequency spectrum and extract the column data passing through
this point, which is indicated by the white dash line in Fig. 6, we
can obtain the instantaneous frequency spectrum of air gap reflec-
tion. The results are shown in Fig. 7. With a small gap thickness less
than kd=4 (e.g. 0 cm and 2 cm), we can observe a single peak in the
instantaneous frequency spectrum. When the gap thickness grows
larger than kd=4 (e.g. 5 cm and 8 cm), multiple peaks appear. How-
ever, when the gap thickness is large enough relative to kd (i.e.
thicker than 10 cm), only one peak is depicted instead of more
peaks. We plot the peak frequencies and their corresponding
amplitude in the instantaneous frequency spectrum versus the
gap thickness in Figs. 8 and 9, respectively.

In Fig. 8, we can see that there is a single peak frequency above
the transverse dotted line when the thin gap thickness is less than
kd=4. With the gap thickness approaches zero, the peak frequency
of the gap reflection is approximately equal to the peak frequency
of interface reflection without gap. The value of peak frequency
rises with the increase of gap thickness and reaches a maximum
at the position of 0.7 cm, then drops with increasing thickness.
When the gap thickness is kd=4, the peak frequency returns to
the value of that without an air gap. When the thickness is larger
than kd=4, there are double peak frequencies, with the primary
peak frequency below the transverse dotted line and the secondary
peak frequency twice as high as the primary one. Both peak fre-



Fig. 6. Time-frequency representation of simulated GPR signal over the asphalt pavement model in Fig. 2 when the air gap is (a) 0 cm, (b) 2 cm, (c) 5 cm, (d) 8 cm, (e) 10 cm
and (f) 12 cm respectively.
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quencies are dropping with the increase of gap thickness. When
the thickness is larger than kd=2, a third peak frequency approxi-
mately three times as high as the primary one arises. All of the
three peak frequencies are dropping with the increase of gap thick-
ness. However, when the gap is large enough relative to kd, the
peak frequency keeps the same as that of the interface reflection.
This is because the reflections from the top and base of the air
gap are well separated, which could not be covered by the sliding
window used in the STFT. The above observations can be summa-
rized into a formula as

n ¼ 1; f p1 > f d : 0 < h < kd
4

n ¼ 2; f p1 ¼ f p2
2 < f d :

kd
4 < h < kd

2

n ¼ 3; f p1 ¼ f p2
2 ¼ f p3

3 < f d :
kd
2 < h < 3kd

4

8>><
>>: ð6Þ

where n denotes the number of frequency peaks, f p1, f p2 and f p3
indicate the first, second and third peak frequency in an instanta-
neous frequency spectrum respectively, f d indicates the peak fre-
quency of the interface reflection and h is the gap thickness.

In Fig. 9, we can see that the amplitude of the primary peak fre-
quency reaches a maximum value when the gap thickness is close
to kd=4, and the amplitudes of the first two peak frequencies are
equal when the gap thickness is close to kd=2 .

The occurrence of the multiple frequency peaks and their shift
with the varying gap thickness in the instantaneous frequency
spectrum can be explained using the interference models in
Fig. 10. Due to the opposite sign of the reflection coefficient on
the top and bottom interfaces of the embedded air gap, the bottom
reflection and its multiples are out of phase from the top reflection
when the air gap thickness is close to zero. When the gap thickness
equals to a quarter of the wavelength, the phase change of the bot-
tom reflection is p due to the two-way traveling inside the air gap.
Therefore, the top and bottom reflection interfere constructively
with each other at the corresponding frequency, and the first fre-
quency peak occurs. When the thickness increases, the peak fre-
quency shifts towards a lower frequency, which corresponds to a
longer wavelength. Similar explanations apply for the second and
third frequency peaks when the gap thicknesses equal to one
eighth and one sixteenth wavelength, respectively.

In the case that the gap thickness is less than kd=4, which is the
most common one in an asphalt pavement structure [16,17], the
peak frequency is higher than the peak frequency of the interface
reflection without an air gap, and its trend shows an arc. It is diffi-
cult to quantitatively estimate the gap thickness from the value of
the peak frequency. Nevertheless, we can detect the existence of a
delamination (air gap) from the shift of the peak frequency
towards a higher value compared with that of the interface reflec-
tion without a delamination.
4. Laboratory experiments

4.1. Data acquisition

To validate the results of the numerical simulation, a laboratory
experiment was conducted. The experimental configuration is
shown in Fig. 11. 40 pieces of gypsum plaster boards were used



Fig. 7. Instantaneous frequency spectrums of simulated GPR reflection signals from the embedded air gap, of which thickness is (a) 0 cm, (b) 2 cm, (c) 5 cm,(d) 8 cm, (e) 10 cm
and(f) 12 cm, respectively, at its arrival time.

Fig. 8. Peak frequencies of the instantaneous spectrum of the simulated GPR
reflection signal from the embedded air gap. The square, asterisk and circle signs
represent the primary, secondary and third peak frequency, respectively. The
transverse dotted line indicates the location of the peak frequency of the interface
reflection in Fig. 7(a), which equals to 2.84 GHz in this case. The vertical dash line,
solid line and dotted line indicate the location of kd=4, kd=2 and kd of the interface
reflection in Fig. 5(a).

Fig. 9. Amplitude of the peak frequencies shown in Fig. 8. The square, asterisk and
circle signs represent the primary, secondary and third peak frequency, respec-
tively. The vertical dash line and solid line indicate the location of kd=4 and kd=2 of
the interface reflection in Fig. 5(a).
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to model the asphalt layer, since gypsum has similar dielectric
properties as the asphalt medium [7]. Different numbers of foam
boards were inserted in the middle to imitate the delamination
(air gap) with a series of thicknesses. GPR measurement was car-
ried out by means of a stepped-frequency system which consists
of a vector network analyzer (VNA) and a horn antenna (SATIMO



Fig. 10. Models for explanation of the occurrence and shift of the frequency peaks. The first (a), second (b) and third (c) peaks occur when the gap thickness equals to a
quarter, one eighth and one sixteenth of the corresponding wavelength, respectively.

Fig. 11. Laboratory GPR measurement on a pavement model using a TEM horn
antenna. The delamination (air gap) is modelled by inserting thin foam layers
between gypsum boards.

Fig. 12. Measured GPR signal over the asphalt pavement model in Fig. 11 when the
air gap is 0 cm, 1.8 cm, 3.5 cm, 5.3 cm, 8.1 cm, 10 cm and 12 cm respectively. The air
coupling has been removed by a background measurement.
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SH800 dual ridge horn 0.8–12 GHz). The height of the feeding point
on the horn antenna is about 35 cm above the gypsum surface, and
the sweep frequency ranges from 0.06 to 6 GHz. The horn antenna
was used as the transmitter, as well as the receiver. A background
measurement was also conducted by pointing the antenna upward
in the air to remove the strong reflection at antenna feeding
point.12 sets of tests are conducted with the gap thickness of
0 cm, 0.8 cm, 1.3 cm, 1.8 cm, 2.8 cm, 3.5 cm, 5.3 cm, 6.2 cm,
7.2 cm, 8.1 cm, 10 cm and 12 cm. A reference reflection wavelet
from the air/gypsum interface was recorded in the test with the
0 cm gap thickness, which is extracted by a time window in
Fig. 12(a) and is used for the calculation of the dominant wave-
length, which equals 12.7 cm in this case.
4.2. Results

Fig. 12 shows seven examples of the measured GPR data after
background removal in time domain. The pulse arising at
about4.6 ns is the reflection from the air gap, while the latter pulse
at about 6.7 ns is the reflection from the metallic ground. As in the
numerical experiments, STFT is applied on the measured time
domain GPR signal and the peak frequencies of the instantaneous
spectrum of the air gap reflection are extracted. The peak frequen-
cies versus the gap thickness are plotted in Fig. 13.
It is observed from Fig. 13 that when the air gap thickness is less
than kd=4, there is a single frequency peak, which is higher than of
the interface reflection. If the air gap thickness approximates kd=4
(3.2 cm in this case), its peak frequency is close to the peak fre-
quency of the surface reflection. When the air gap thickness is
greater than kd=4 (kd=2), the secondary (third) peak frequency
arises and keeps dropping with the increased thickness. When
the gap is large enough relative to kd (i.e. 12 cm), where the reflec-
tions from the top and base of the air gap are completely separated,
the peak frequency equals to that of the interface reflection. From



Fig. 13. Peak frequencies of the instantaneous spectrum of measured GPR reflection
signal from the embedded air gap in Fig. 10. The square, asterisk and circle signs
represent the primary, secondary and third peak frequency, respectively. The
transverse dotted line indicates the location of the peak frequency of the air/surface
reflection in Fig. 12(a), which equals to 2.58 GHz in this case. The vertical dash line,
solid line and dotted line indicate the location of kd=4, kd=2 and kd of the surface
reflection in Fig. 11(a).
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these measurement results, we can see that the relation between
the peak frequencies and the air gap thickness is quite similar to
the simulated data. This verifies that the time frequency analysis
is a valuable method for identification of delamination (air gap)
between pavement layers.
5. Discussion and conclusion

In this paper, we investigate the characteristics of the compos-
ite reflection from the air-filled delamination between pavement
layers by time-frequency analysis, which is implemented by STFT.
Numerical simulation of a 3D asphalt pavement model with differ-
ent air gap thicknesses was conducted to obtain the GPR responses
using the Green’ function method, which is demonstrated to yield
higher accuracy and computational efficiency, compared with the
conventional FDTD method. A laboratory experiments was also
conducted. STFT is applied to both the numerical and laboratory
data. Both results demonstrate that both the peak instantaneous
frequency and its amplitude are sensitive to the variation of the
air gap thickness. When the thickness of the air gap is smaller than
kd=4, the peak instantaneous frequency of the composite reflection
is higher than that of the interface reflection (without an air gap).
As for the case when thickness of the gap is larger than kd=2, it is
easy to identify the gap by observing the time delay between the
reflections such that there is no need for time-frequency analysis.
It is worth to note that all of the observations in this research are
valid only for the STFT approach of time-frequency analysis men-
tioned in this paper, and the results are based on specific wave-
lengths and air gap model we used in this work. If a different
model or a different center frequency is used, we suggest to per-
form similar simulations and time-frequency analysis.

In practice, the delamination between asphalt pavement layers
is usually in a mm scale, smaller than kd=4, The shift of a GPR spec-
trum peak towards a higher frequency can be useful for detection
of the delamination in situ GPR inspection. From the view of the
practical application, a careful calibration of the peak instanta-
neous frequency of the reference interface reflection (without an
air gap) should be carried out before the field GPR measurement.
Then we can identify the presence of the delamination between
pavement layers from the overall rise in the peak instantaneous
frequency of the layer reflection. Nevertheless, the quantitative
characterization of the delamination thickness, which is in mil-
limeter scale, is still a challenging issue.
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