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ABSTRACT

Detection of delamination in asphalt pavement by non-destructive ground penetrating radar (GPR) is useful for effective maintenance and repair. However, limi-
tations of GPR survey resolution and multiple wave interferences have made thin delamination layer characterization a challenging task in conventional common
offset profiling (COP) mode. In this paper, a new method is proposed for characterizing delamination layers in asphalt pavement using the GPR waveguide dispersion
model in a wide-angle reflection and refraction (WARR) configuration. The approach was validated through synthetic experiments and laboratory experiments using
an asphalt pavement model. The results show that the cutoff frequencies of all modes are sensitive to air-filled delamination, while water-filled delamination leads to
a significant decrease in the phase velocity of GPR waves. By observing these trends, we are able to detect delamination layers with 1 cm thickness and identify
delamination layers with different properties. This new method can aid in the detection and identification of delamination layers in asphalt pavement structures.

1. Introduction

It is significant to evaluate the pavement structure to maintain its
durability and extend its service life [3]. The heavy daily traffic may lead
to the defects, such as cracks and delamination. For decades, a consid-
erable body of research has focused on detecting the delamination be-
tween layers using non-destructive techniques [6,10,13]. Among these
methods, ground penetrating radar (GPR) has been widely applied,
which is primarily based on the propagation properties of the electro-
magnetic (EM) waves in the asphalt pavement structure [21,22]. Among
these applications, the amplitude of the echos from the pavement is
widely employed to determine the delamination boundary [20], which
is generally applied with a common offset profiling (COP) configuration
using GPR. In asphalt pavement, if two layers are well-constructed, the
detected reflected GPR signal will be mainly determined by the dielec-
tric properties between two such layers. When delamination occurs, a
thin layer filled with air or water will generate, which will also provide a
stronger echo because of the larger dielectric contrast. Such a stronger
anomalous signal is expected to be detected by GPR for delamination
detection. However, the resolution is limited when the wavelength of
the dominant EM waves is much larger than the thin layer between two
layers, which is expected because the thickness of delamination is usu-
ally less than 1 cm [8,19]. To increase the resolution, researchers
developed a stepped frequency GPR system with an ultra-wideband

(UWB) antenna [7]. The deconvolution and Hilbert transform have
also been applied to improve the resolution [24,25,27]. In addition to
the study in the time domain, information in the frequency domain has
also been studied to detect the thin air-filled delamination layer [13].
Additionally in the COP mode of data collection, when the asphalt layer
is thin, a shallow reflection occurs that overlaps with the direct wave. It
results in interference between the two signals. This interference makes
it difficult to separate the direct wave and the reflection using
amplitude-based methods, which complicates the detection of delami-
nation. To obtain extra information from multi-offset measurement,
WARR mode has been applied.

In some cases, when the permittivity of the sub-layer is smaller or
much bigger than the asphalt layer, the asphalt layer can act as a low-
velocity or leaky waveguide and trap electromagnetic waves, where
the critical angle will be reached and the total internal reflection of the
GPR wave will therefore generate. The modal theory developed in pre-
vious researches[[1,2,11,12] can be used to describe the propagation of
the GPR waves in the waveguide. Van der Kruk [11,12] studied the wave
dispersion in such waveguides and obtained the properties and thickness
of the waveguide and the half-space. The relationship between the phase
velocity and frequency, which can be obtained from the phase velocity
spectrum, depends on the thickness and permittivity of the waveguide
layer [14]. GPR-WARR configurations were employed in previous re-
searches to collect and analyze the guided wave, allowing the
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Table 1
The approximate relative permittivity of asphalt pavement ma-
terials [4].

Material Relative Permittivity,
Asphalt 3-5
Concrete (dry) 5-10
Air 1
Water 81
y

Asphalt

o A
N pTE
/AR,
/7 \ 4
N
v

Delamination

Sub-base

Fig. 1. Diagram of GPR detection with a wide angle reflection and refraction
(WARR) antenna configuration in TE mode for EM wave propagation in an
asphalt pavement model with delamination. €, €1 and ¢, are the real part of the
permittivity of the layers. R’ is the reflection coefficient for TE mode GPR
signals incident at the boundary between the a and b media.

researchers to better understand the waveguide properties.

The asphalt layer underlying a sub-layer with a higher relative
permittivity will create a strong reflection at the lower interface. Total
internal reflection only occurs at the upper interface beyond the critical
angle in these cases. Although the lower interface is a strong reflector,
some energy still transmits across it, making it a leaky waveguide. Van
der Kruk et al. [16] studied an ice sheet overlying water as a leaky
waveguide and estimated the permittivity and thickness of the ice sheet
inversely. They found that the transverse electric (TE) mode emitted
more energy into the ground than the transverse magnetic (TM) mode
does. When air-filled delamination occurs between the asphalt layer and
the sub-layer, the reflection index of the lower boundary changes, which
alters the number of modes and shape of dispersion curves observed. As
the delamination layer thickens, the asphalt waveguide shifts from a
leaky waveguide to a low-velocity waveguide because asphalt has a
much higher relative permittivity than air. Even when the delamination
is filled with water, it remains a leaky waveguide, with the water acting
as a perfect electrical reflector and the reflection coefficient of the lower
interface assumed to be —1. Based on such work, the analysis was
expended to evaluate the applicability of the dispersion-based method
for detecting delamination in asphalt pavements using both simulated
and experimental data under controlled conditions.

The flow of the proposed method is shown as follows. Firstly, the
data of guided waves was collected using the GPR-WARR system and
then transferred into the phase-velocity frequency domain. After that,
the cutoff frequencies can be obtained from the phase-velocity spectrum,
serving as a benchmark for healthy pavement structure. Then, the
occurrence of delamination in the lower space of a waveguide causes
changes in its dielectric permittivity, resulting in variations in the cutoff
frequencies of all modes. By analyzing the changing cutoff frequencies,
the presence of air and water-filled delaminations can be detected. The
thickness of the air-filled delamination layer can be roughly estimated
by comparing the theoretical and calculated cutoff frequency shifts.
Additionally, the dispersion-based method is robust to noise [17], pri-
marily because the multi-offset configuration in the WARR measure-
ment acts as a filtering mechanism, effectively suppressing noise.

This paper will thus begin with a brief introduction to the modal
theory, phase velocity extraction method and reflection amplitude
method. Then, the results will be presented with numerical experiments
based on the Finite Difference Time Domain (FDTD) method [23]. The
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third part will show the laboratory experiments using the multi-offset
antenna on an asphalt pavement model, the results and discussion will
also be given.

2. Methodology
2.1. GPR waveguide model

The approximate relative permittivities of asphalt pavement mate-
rials are shown in Table 1. Fig. 1 shows the configuration of an asphalt
pavement model with delamination, where the asphalt layer acts as a
leaky waveguide. The combination of the sub-layer and air or water-
filled delamination layer, if any, will act as the lower space. With the
occurrence of delamination and increased thickness, the dielectric
properties of the sublayer will change, leading to the changing disper-
sion behaviour.

The fundamental equation of modal theory that describes the
waveguide dispersion can be written by
1= Rp3 (O)Ryg (0)e 21100 — ¢ o))

. ~TE ~TE
where ~ represents the frequency-dependent variables, R;, and R, are
the reflection coefficients at the lower and upper boundaries of the

waveguide with an antenna in TE mode (Fig. 1). For example, 1~21T§ is the
reflection coefficient of the meida 1 (asphalt) and media 2 (sub-base). h
is the thickness of the waveguide, 0 is the angle of incidence and 7, is the
propagation constant defined by

7, = 10VE @

b=
Co

where ¢, is the real part of the permittivity of layer b, and ¢y = 2.9998 x
108 m/s is the speed of light in the vacuum. In the cases where a low-
velocity layer is sandwiched by two high-velocity layers, two re-
quirements are needed to solve Eq. (1). First, the two reflection co-
efficients must have a unit amplitude such that the EM waves will totally
reflect at both upper and lower boundaries. For the wave propagating in
the waveguide, the total reflection will first occur at the upper interface
and then at the lower interface, in which the following two conditions
are fulfilled. First, the critical angle of the lower boundary must follow
the Snell’s Law:

o), = sin”! (\/i—;> 3

Second, the total phase change (after reflection at upper and lower
interfaces) must be equal to 2mz radians, with an integer m. Substituting
Eq. (2) in Eq. (1) yields

30) _4ﬂ:f\/ihcos(9) - —omr @
0

where

S L GO I G

$0) =tan' |—— | +tan' |——=% ()

() e (R

The variation of m corresponds to different guided-wave modes. For
fundamental mode, m = 0. It shall be noted that this derivation works in
lossless conditions without material dispersion which is presuming the
case in the GPR plateau [5].

The cutoff frequency describes the lowest frequency at which a
guided wave can propagate through the waveguide. For asymmetric
waveguides (i.e., dielectric permittivities are different between either
side of the waveguide), the cutoff frequency can be determined by
rewriting Eq. (4) as:
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Fig. 2. The typical (a) WARR radargram, (b) frequency spectrum and (c) phase velocity spectrum. The solid white lines in (c) represent the optimal phase velocities
for each frequency component, and the vertical white dashed lines show the cutoff frequencies.
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where 0 will be evaluated as 6, (Eq. (3)). Based on the reflection theory,
the reflection coefficients for this total reflection angle are given by

&t & — 2 +2i\/E —&,\/62 — €&

R (67;) = - @
Ri(67,) =1 ®
Substituting Eq. (7) and Eq. (8) in Eq. (5) yields
. i (2V/E —&\E — &
#(07) = (BEZEVE), ©

When water-filled delamination occurs, the total reflection still oc-
curs at the upper interface beyond the critical angle 6., where

6. = sin”! &
c € .

The water can be considered a perfect reflector, where an approxi-

(10)

mation R, 1 can then be assumed. Substitution of Ry, = —1 and Eq.
(10) into Eq. (1) gives the expressions of the cutoff frequencies of a leaky
waveguide:

(2m+1)co

C4he — 1

In addition to the scenarios described above, there are cases in which

S 11)

the permittivity of the half-space is greater than that of the waveguide,
but the half-space cannot be considered a perfect electric conductor
(PEC). An example of such a scenario is when asphalt with a permittivity
of 5 overlies a concrete sub-layer with a permittivity of 10. In such cases,
it is difficult to calculate the cutoff frequency using the conventional
formula. However, it can still be obtained from the phase-velocity
spectrum, which provides a solution in these complex cases.

2.2. Phase velocity extraction from WARR data

The phase shift method developed by Park [15] is employed for
extracting the phase velocity dispersion curve in this paper. First, the
WARR data X(x,t) are transformed into the frequency domain:
R f) = / X(x, 1)e2 . 12
Each frequency component X(x,f) has an amplitude |X(x,f)| and

phase ¢(x,f). For a frequency component f; with a phase velocity v;, its
phase change is a function of offset change Ax, given by

13)
Inversing the phase change given by Eq. (13) to the normalized

frequency components and summing the results over all offsets of the
WARR data give the phase velocity spectrum U(v, f)

)D

x

X(x.f)
X )]

Uv,f) = & 14)
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Table 2

The input parameters of the simulation models.

€ 04.(S/m) h(cm)

Air-filled layer 1 0 0-5
Water-filled layer 81 0.01 0.5, 2
Asphalt 5 0.0001 10
Sub-base 10 0.001 -

The largest amplitude in the phase spectrum represents the optimal
estimation of the phase velocity for each frequency component, defined
as
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Voptimal(fi) = maX[U(V7ﬁ) ] (15)

Fig. 2 shows a typical WARR radargram and the corresponding fre-
quency and phase velocity spectrum. The GPR data selected for
dispersion curve extraction are represented by the area highlighted by
the black dashed lines in Fig. 2(a). The white solid lines in Fig. 2(c)
depict the optimal phase velocity curves, while the white dashed lines in
the same figure indicate the cutoff frequencies of different modes.
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Fig. 3. WARR radargrams and the corresponding dispersion spectra with the air gap thickness of 0 cm (a,b), 0.5 cm (c,d) and 2 cm (e,f).
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3. Experiments and results
3.1. Simulation experiments

A series of numerical experiments were conducted using GPRMax
[9,23], an open-source Finite-Difference Time-Domain method (FDTD)
simulation software that allows users to simulate the GPR response to

the subsurface world. To validate the proposed method, we established
different simulation models that correspond to the scenarios discussed in
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section 2.1. The models differed in their relative permittivities and were
designed to provide insights into the behaviour of the two-layer asphalt
pavement model under different delamination conditions. The general
model had relative permittivities of 5 and 10 for the waveguide and
lower space, respectively. To simulate air- and water-filled delamina-
tion, the relative permittivities of 1 and 81 were used, respectively. The
TE mode was selected for all experiments and used a Ricker wavelet with
a centre frequency of 900 MHz for excitation. The time window was set
to 15 ns with a step interval of 0.01 cm. Table 2 presents the model
parameters in detail. By conducting these experiments, we were able to
gain a better understanding of the behaviour of the pavement model and
validate the effectiveness of the proposed method.

Fig. 3 displays some of the results of the simulation, which demon-
strate the dispersive nature of all the WARR data. The dispersive data are
indicated by the black dashed lines. Fig. 3(a,b) shows the results of the
model simulating the healthy structure, where the cutoff frequency of
the first mode is around 1310 MHz. Notably, there is a clear reduction in
the cutoff frequencies of all modes as the delamination occurs and
thickens, as shown in Fig. 3(b, d, f).

Based on the frequency spectrum shown in Fig. 1, the effective
bandwidth was determined approximately between 300 and 2100 MHz
when a threshold of 15% of the maximum amplitude was used. This
bandwidth was used in the following analysis of the cutoff frequencies.
The first cutoff frequencies were focused, as they are most suitable for
studying delamination due to their proximity to the strongest signal
amplitude. As shown in Fig. 4, the cutoff frequencies of the first mode
exhibit a two-stage trend. In the first stage, the cutoff frequencies of the
first mode decrease sharply from 1310 MHz to 1100 MHz as the gap
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Fig. 5. WARR radargrams and the corresponding dispersion spectra with the water gap thickness of 0.5 cm (a, b) and 2 cm (c, d).
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Fig. 6. Laboratory GPR measurement setup.

thickness increases from 0 cm to 1 cm. In the second stage, there is a
slight decrease by 440 MHz in the first mode cutoff frequencies as gap
thickness increases from 1 cm to 10 cm.

The decreases of the cutoff frequencies in all modes with increasing
air gap thickness can be explained by the modal theory introduced in
Section 2.1. Specifically, it is found that the occurrence of air-filled
delamination causes a change in the dielectric properties of the lower
layer. The relative permittivity of the lower layer decreases from that of
the concrete (10) to air (1), and this decrease is not linear. When the
thickness of the delamination is comparable to the wavelength of the
dominant GPR wave propagating in the waveguide, the air-filled
delamination can be seen as a new lower layer. Therefore, the dielec-
tric properties of the new lower layer and upper layer are the same,
where e5 = &. The critical angles at the two interfaces are equal, and the
reflection coefficients Ryo(#5,) = 1, and the equation expressing the
cutoff frequency given in Eq. (6) can be written as

m mcy
=y i (16)

As can be seen in Fig. 4, as the delamination thickness increases, the
cutoff frequencies of the first mode gradually decrease to 760 MHz,
which is almost equal to the cutoff frequency of the first mode when the
asphalt layer is sandwiched by air, 750 MHz.

Due to the dispersion of GPR data (Fig. 3a,c,e), it is difficult to pick a
travel time for a GPR reflection, limiting the use of travel-time analysis
methods. The dispersion-based method was proposed to address this
issue, and simulation results indicate that the air-filled delamination
with a thickness ranging from 0.5 cm to 10 cm can be detected using this
method, which is much smaller than 14/8, where 1, is the wavelength of
the GPR wave. Based on Eq. (16), we can roughly estimate the thickness
of the air-filled delamination when it is comparable to the wavelength of
GPR. The cutoff frequency of the first mode is recommended as an index
to detect delamination since it is commonly one of the strongest com-
ponents of the transmitted wave, while the cutoff frequencies of higher
modes are more sensitive to changes in the dielectric properties of the
lower layer but are weaker in intensity and thus more susceptible to
noise interference.

The results of water-filled delamination simulation models (Fig. 5)
show that the cutoff frequencies of all modes decrease significantly
compared to those without delamination. In comparison to air-filled
delamination, the cutoff frequency of the fundamental mode can be
used as an index to identify the delamination material, as it decreases
substantially with increasing air-filled delamination thickness. Howev-
er, the cutoff frequency of the fundamental mode changes only slightly
with water-filled delamination.

Regarding the gap thickness, the lower space’s permittivities have
little influence on the cutoff frequencies once a water-filled gap occurs,

meaning that the cutoff frequencies of different modes will not change
with varying water-filled delamination thickness. Simulation results
(Fig. 5) of water-filled delamination with 0.5 and 2 cm thickness agree
well with the results calculated by Eq. (11), where the cutoff frequencies
of the foundational, first, and second modes are almost the same at 381,
1124, and 1879 MHz, respectively.

3.2. Laboratory experiments

To validate the findings of the simulation experiments, laboratory
experiments were conducted using a GPR system manufactured by
Geophysical Survey Systems, Inc. (GSSI). The experimental setup is
shown in Fig. 6, which consists of two new asphalt layers with a thick-
ness of 5 cm placed on top of the wet sand with a thickness of 90 cm. A
pair of 900 MHz antennas with a SIR-30 control unit is employed. De-
laminations filled with air and water are present between the asphalt
layer and the sand. Four sets of tests were conducted with air gap
thicknesses of 0 cm, 1 cm, 2 cm, and 3 cm, and a saturated cotton cloth
was used to simulate water-filled delamination with a thickness of 0.5
cm.

The GSSI 2 GHz palm GPR was employed to estimate the permittivity
of the asphalt using the surface amplitude reflection method [26]. The
group velocity of the wet sand obtained from the GPR-WARR mea-
surement was used to estimate the permittivity of the wet sand, and the
estimated results served as the benchmark. The estimated permittivities
of the asphalt and sand are 4.88 and 9.3, respectively. The average
thickness of the two-layers asphalt structure is 10 cm, the same as the
value measured by tape.

The outcomes of the laboratory experiments, conducted with varying
air gap thicknesses, are illustrated in Fig. 7. The phase-velocity disper-
sion spectra exhibit characteristics analogous to those observed in the
simulation results. A notable decrease in the cutoff frequencies of the
first mode is observed with the emergence of delamination and increases
in air gap thicknesses. Given the importance of amplitude quality, this
paper will focus exclusively on the analysis of the first mode’s cutoff
frequencies.

Fig. 8 displays the cutoff frequencies for varying air-filled delami-
nation thicknesses. The results demonstrate that the cutoff frequencies
of the first mode decrease with increasing air-filled delamination
thickness. The relationship between the cutoff frequencies and gap
thickness is in good agreement with the numerical results from the first
stage, providing evidence that the detection of delamination occurring
between the thin asphalt layer and the sub-layer is possible based on the
decreasing cutoff frequencies.

Fig. 9 displays the results of the water-filled delamination detection.
Different from the air-fill delamination, the cutoff frequencies of the
fundamental and first modes of water-fill delamination results are
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similar to those of results without delamination. However, large de-
creases in phase velocities of all modes can still help us detect the water-
filled delamination and identify the material of the delamination. The
different dielectric properties of the materials used to create the filling
water delamination in the simulation and laboratory experiments
resulted in different outcomes. In the simulation experiment, pure water

B-scan Radargram
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with a dielectric constant of 81 was used, whereas, in the laboratory
experiment, saturated cotton cloth was used to simulate the water-filled
delamination. The cotton cloth is not a PEC, but its higher dielectric
constant compared to the asphalt layer still affects the phase velocity of
GPR waves, resulting in a decrease of the phase velocity [16,18]. This
effect can help detect the delamination and identify the material of the
delamination.

4. Conclusion

In this paper, a novel method was proposed for detecting air-filled
delamination in asphalt pavement structures using dispersive GPR
data. The method involves GPR data collection in WARR configuration,
followed by transforming the data from the time-spatial domain into the
phase-velocity frequency domain, and picking the optimal dispersion
curve and the cutoff frequencies of different modes.

To validate the proposed approach, numerical experiments were
conducted on an asphalt pavement model with varying air and water-
filled delamination thicknesses, as well as laboratory experiments on a
two-layers asphalt pavement model. Both experiments showed that
compared to the healthy structure baseline, the cutoff frequencies of
different modes decreased as the air gap thickness increased. The
decrease occurred mainly in the first stage, where the gap thickness was
0-1 cm, and became less apparent when the gap thickness was larger
than 1 cm. This small scale of measurement is impossible in traditional
GPR COP mode of survey
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Fig. 9. The (a) WARR radargram, (b) frequency spectrum and (c) phase velocity spectrum of the asphalt pavement model with water-filled delamination.



W. He et al.

Moreover, it was found that the large decrease in phase velocity
resulting from the water-filled delamination can help detect the
delamination and identify the materials of the delamination. Therefore,
based on the cutoff frequency and phase velocity shifts, the proposed
method can accurately detect the presence and materials of delamina-
tion in asphalt structures. Using the cutoff frequency of the first mode as
the index is recommended because of its better amplitude quality than
the higher modes.

Overall, our proposed method has demonstrated great potential in
the non-destructive evaluation of asphalt pavement structures,
providing a valuable contribution to the field of civil engineering.
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