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Abstract: Ground Penetrating Radar (GPR) is a prospecting method frequently used in monitoring
asphalt pavements, especially as an optimal complement to the defection test that is commonly used
for determining the structural condition of the pavements. Its application is supported by studies
that demonstrate the existence of a relationship between the parameters determined in GPR data
(usually travel time and wave amplitude) and the preservation conditions of the structure. However,
the analysis of frequencies is rarely applied in pavement assessment. Nevertheless, spectral analysis
is widespread in other fields such as medicine or dynamic analysis, being one the most common
analytical methods in wave processing through use of the Fourier transform. Nevertheless, spectral
analysis has not been thoroughly applied and evaluated in GPR surveys, specifically in the field of
pavement structures. This work is focused on analyzing the behavior of the GPR data spectra as a
consequence of different problems affecting the pavement. The study focuses on the determination of
areas with failures in bituminous pavement structures. Results epitomize the sensitivity of frequencies
to the materials and, in some cases, to the damage.
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1. Introduction

1.1. Detection of Failures in Pavements

Traditionally, the presence of defects that affect pavement preservation to the greatest extent
(moisture in the lower layers and lack of adhesion in the top pavement layers) is usually detected with
deflection tests, although the study of the evolution of standardized indicators is also used, such as the
International Roughness Index (IRI).

The basic parameter measured in the deflection tests is the vertical displacement produced in
the pavement after applying a load. The result is the response of all the layers that make up the road
structure, including the sub-grade. In addition, some measuring equipment, such as the Falling Weight
Deflectometer (FWD) and the curviameter allow the deflection bowl generated by the load applied
during the test to be interpreted, and the modulus of elasticity of the various layers that make up the
pavement to be determined by means of back calculation [1].

Studies, Chea, and Martínez [2] for example analyse the adhesion between layers in a semi-rigid
pavement showed that the deflection curve did not vary significantly, but that its first derivative and
the radius of curvature under the loaded wheel could be used as a lack of adhesion indicator.

Another common problem, excessive moisture in the pavement layers, can affect its strength and
thus reduce its useful life [3–5]. Recently, a study carried out in Torpsbruk (Sweden) demonstrated the
applicability of the impact deflectometer in evaluating the effect of moisture in the unbound layers on
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the bearing capacity of a flexible pavement [6]. However, among its conclusions, the need to carry out
a more intensive investigation that would allow the interpretation of the results to be improved was
highlighted, so that environmental factors that affect the pavement response could be understood.

The work of Gedafa et al. [7] proposed a methodology based on the impact deflectometer using
measurements made over eight years, with the aim of estimating the remaining life of a pavement
depending on the deflections. Using a non-linear regression procedure, a very good fit sigmoidal
relationship is determined that allows its remaining life to be predicted.

Various researchers have developed indices that consider the deflection value, the Structural
Number (SN) being the most well-known [8,9]. Other indices, such as Surface Curvature (SCI), Base
Damage (BDI), and the Base Curvature (BCI) were used to establish evaluation criteria for the granular
layers treated with cement and for the bituminous layers [10–12].

The IRI test does not allow for the structural condition of a road to be defined, but its evolutionary
analysis over time does allow its evolution to be studied [13]. Some researchers have developed models
for predicting the Pavement Condition Index (PCI) based on the IRI. For example, Arhin et al. [14],
through a functional classification (type of road: local, collector, arterial) and the type of pavement
(flexible and rigid pavements), and based on data obtained in the district of Columbia over two years,
found statistically significant results with a 5% margin of error. Park et al. [13] established a logarithmic
relationship between the IRI and the PCI based on the results obtained from the acoustic monitoring
of roads in nine North American states for a period of nine years. Dewan and Smith [15] related
both indices for the streets of the San Francisco Bay Area, and developed a model that can be used to
estimate vehicle operating costs directly based on deterioration identified in the pavement.

1.2. Geophysical Surveys in Pavement Assessment

As complementary evaluation of roads, geophysical surveys were tested and applied in many
cases. These surveys provide a non-destructive analysis of the medium, based on the measurement
of physical properties on its surface. The analysis of the values obtained for each one of those
physical properties can be associated with models of the inner medium. Therefore, the properties and
characteristics of the internal medium are deduced from indirect measurements. This type of studies
presents benefits and limits. The benefits are mainly the quick data acquisition (in many cases data is
acquired at a usual traffic speed) and the non-destructive character of the surveys, i.e., data acquired
without damage the pavement. The limits are consequence of the indirect measurements, because the
values of the measurement could correspond to different models of the medium. Therefore, in many
cases, non-destructive techniques are applied combined with punctual drills or combining different
NDT methodologies to avoid the vagueness and to obtain more accurate models. Several authors
investigate the improvement of the results in case of different combinations of techniques, both in
laboratory or in field tests. Capozzoli and Rizzo [16] compared GPR with resistivity tomography (ERT)
and infrared thermography (IRT), obtaining promise results in the study of concrete, highlighting the
different data obtained with each one of the techniques. The work of Lagüela et al. [17] demonstrated
the ability of different techniques: GPR, IRT and laser terrestrial scanning (LTS), in the assessment
of paving, showing the different damage observed with each one of those methods. A revision of
the state-of-the-art in the assessment of pavement structural conditions, comparing the results in the
estimation of thickness and moduli of different layers can be found in [18]. In many cases, the analysis
of the pavement conditions are evaluated by using GPR and falling weight deflectometer (FWD) [19–21].
A wide revision of fundamentals and applications of NDT and geophysical surveys in the assessment
of structures and infrastructures can be found in [22,23]. The most widely applied techniques are
seismic methods, IRT, ultrasonic tomography, and GPR. Seismic surveys are widely used in pavement
assessment. The method consists of the measurements of the pavement response to vibrations that are
produced by falling weights. Other methodology used in the pavement tests is thermography, based
on the detection of infrared radiation. Several studies indicate that this technique is appropriate to
detect pavement defects, differences in compaction, cracking, and delamination [24–26]. Ultrasonic
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tomography has been also applied to detect cracks in concrete pavements [27,28]. The shallowest
layers (asphalt binders) have been analyzed in some cases by using acoustic emission in order to detect
incipient cracking [29,30]). GPR is other widely used technique in the assessment of pavements. Many
of those techniques are applied in combination with other methodologies and, in all cases, with coring
in specific points.

The GPR technique consists of the emission and reception of electromagnetic ultra-wideband
frequency waves, in the range of microwaves and radiofrequencies. A transmitter antenna generates
and transmit the signal that propagates through the medium. The existence of electromagnetic
discontinuities produces partial reflection of the energy that propagates back to the surface of the
medium. A receiver antenna detects that reflected energy (Figure 1). Each one of the recorded pulses is
called A-scan, and the collection of these individual traces is the B-scan. In many road assessment,
GPR usually collects one trace each 20 or 25 cm.
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Figure 1. Scheme of GPR assessment of pavements. The antennas are usually mounted in a platform in
a car. The existence of changes in the electromagnetic parameters produce the reflection of the energy
that is detected by the receiver antenna. The result is the B-scan that includes the amplitude of the
signals and the two-way travel time, in front of the position of each individual A-scan.

The first applications of GPR in pavement assessment were focused on the detection of layers,
determining their thickness [31–34]. Later, the technique was applied to the detection of cracks [34–37]
and to the analysis of properties and parameters of the asphalt and other layers, based on the estimation
of their dielectric permittivity [38]. The method was also applied for moisture and infiltration
control [39,40]). Even though GPR is applied to determine damage in pavement, distinguishing
between specific details or causes is difficult because diverse anomalies could produce similar response
in the GPR signals. For example, some researchers showed that non-destructive technologies are
not able to identify debonding between asphalt layers because of an inadequate tack coat execution.
However, GPR can be used to detect this distress when moisture is trapped in the interface [41,42]. In
addition, some researchers discuss the ability of non-destructive technologies to detect an inadequate
tack coat execution [41]. However, it was shown that GPR can be used to detect the distress caused when
pavement layers are debonded, which can be a consequence of a deficient tack coat application [43].
Moreover, the document published by RILEM Technical Committee 241-MCD (RILEM State-of-the-Art
Reports) considers this option: “techniques for detecting debonding using Ground Penetrating Radar
have also shown promise” [44]. Also an investigation about the use of GPR to characterize changes
in geometric and dielectric properties of the tack coats has been carried out and results prove the
suitability of the technique proposed [45].
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1.3. Application of GPR in the Detection of Road Failures

Currently, many pavement studies are complemented with non-destructive tests (NDT), being
GPR one of the most extended methods (e.g., [46]), in many cases applied in combination with other
NDT techniques such as thermography. GPR assessment provides an evaluation of defects that are
located by analyzing the anomalies in the images. This type of analysis started to be applied in the
1980s to locate voids under the pavement layers [47], with varying degrees of success (e.g., [48,49]).

The technique is usually based on the determination of the electrical permittivity in the various
stretches of road. This parameter depends on the materials that make up each medium, and it
substantially determines the speed of propagation of the electromagnetic wave. In dielectric media,
the relationship between the signal speed (v) and the relative dielectric permittivity (εr) is determined
by means of Equation (1).

v =
c
√
εr

(1)

where c is the speed of propagation of the electromagnetic wave in free space (approximately 30 cm/ns).
The limits between the different materials are detected from the reflection of the signal that occurs
when there is a significant contrast in the dielectric constant of the media. The two extreme values
considered for εr are those for water (approximately 81) and those for air (approximately 1), while the
other materials that usually form part of the studied media have constants between 2 and 30 [50]. In
particular, composite materials with bituminous binders usually have values that vary between 2 and
12 [51,52]. The total thickness of each layer (h) is calculated as the product of the propagation time of
the wave reflected at the base of the layer (∆t) divided by two, and its average propagation speed (v),
as defined in Equation (2).

h = v·
∆t
2

(2)

Equation (2) shows that the calculation of h includes an estimation of εr, so the speed of propagation
of the signal can be determined. Although sometimes values already defined in the existing literature
are considered, in other cases they are determined experimentally by analyzing specific cores and
comparing them with the propagation times recorded in the area. Occasionally, a comparison will also
be used between recorded amplitudes and signal amplitudes obtained in a prior calibration on metal
plates. The entire energy incident on a metal plate is reflected; therefore the reflection coefficient in this
case is one. By comparing the reflection coefficients in the ideal case (calibration on metal) and for a
real surface, a permittivity value can be defined for the outermost surface of the layer by means of a
relationship between the amplitudes (Equation (3)).

√
ε =

1 + A0
Am

1− A0
Am

(3)

where A0 is the amplitude of the wave reflected from the top of the pavement, and. Am is the amplitude
of the wave reflected on a metal plate located at the same distance from the antenna as the top of
the pavement.

Test standard ASTM D4748 [50] states that the resolution of the GPR is sufficient to measure a
minimum thickness of 40 mm with an accuracy of 5 mm. Some researchers have verified that the
error made on measuring thicknesses is comparable to that made on direct measurements on cores
(e.g., [32,52–54]).

Additionally, several studies demonstrate the ability of GPR to detect voids in pavements [55–57]
and cracking [25,37]. In 2012, Saarenketo [56] developed a relationship that allowed the content of
voids in a bituminous layer to be evaluated according to the average dielectric constant [58].

The method can also be used to analyse the presence of moisture due to the difference between
the relative dielectric permittivity of the water and air [45]. A significant effect of moisture on the
dielectric constant of bituminous mixes was observed [40,58–62].
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1.4. The Frequency Spectrum

There are few works based on the analysis of the frequency spectrum of the GPR reflected signals.
Some of the first studies used the frequency only to distinguish the antenna, determining differences
in wave velocity [63] and in the absorption [64] depending on the antenna frequency. Frequency
analysis was also included in laboratory resolution studies [65], comparing the frequency spectrum
in air and in different media, which reduce the center frequency, the amplitude, and the bandwidth.
Some studies focused on the detection of changes in water content in concrete determine also that
the center frequency and the bandwidth decreases as water content increases [66,67], even though the
main objective was the analysis of the wave amplitude, analyzing in some cases the spectra amplitude
attenuation depending on the water content [68]. The analysis of the spectrum behavior combined
with backscattering was also applied in the study of shallow geology to detect seasonal subterranean
streams, differentiating between active and non-active streams [69] and in the study of compaction
and moisture in sandy loam [70]. Further evaluations studied the propagation of GPR signals in
unsaturated ground using the Rayleigh dispersion and confirmed that the frequency of the waves
changed depending on the moisture content: the maximum amplitude observed moved to lower
frequency values as the water content increased [61]. The changes in the GPR spectrum were also
observed in studies evaluating the hydration phenomena of Portland cement as it passed from the fresh
to hardened state by measuring the changes in the GPR signal spectrum over 90 days and recording
the variations in the maximum amplitude values of the frequency spectrum [62]. It was also observed
that the amplitude increased with the age of the concrete, confirming the relationship observed in other
materials. Laboratory experiments with soils denote also that the clay content affected the shift and
peaks of GPR frequency spectra, obtaining peaks at lower values as clay content increases [71,72].

Similar line of analysis, applied to the assessment of the pavement base, was focused on the study
of water content, providing promising results and showing that the shift and peaks of the spectrum
could most likely be and indicator that help in the mapping of spatial soil moisture variability [60,73].
The spectrum is also sensible to clay content in the pavement base, and several studies point to
the possibility of using the peaks displacement to detect changes in clay content [74]. The work of
Pedret et al. [42] analyses a section of flexible pavement by evaluating the changes in the spectrum
according to the thickness of the bituminous mixture layers, the moisture and the detachment between
layers. Based on the variations observed in the bandwidth and in the amplitude of the frequency
spectrum maximums, the use of GPR is proposed to define stretches of road in accordance with the
parameters observed in the frequency spectrum.

1.5. Study Objectives

The preliminary tests in selected areas show an interesting correlation between the form of the
amplitude spectrum and the structural condition of the pavement [42]. However, in these first analyses,
the records were studied at certain points by evaluating individual traces. The analysis of individual
traces could introduce errors as on occasions sporadic alterations can occur in a single trace or a few
traces due to factors external to the study. For this reason, and based on the results obtained, the
possibility was considered of analyzing different stretches by characterizing them with an average
spectrum for each one. This would reduce the effect of anomalous traces and produce a more accurate
and reliable result. That previous work [42] demonstrated the existence of changes on the frequency
pattern associated with the thickness of the layers, being the peaks of the spectrum moved to the
lower frequencies in the case of higher thickness. Those results pointed to a relation between the
different zones of the spectrum and the contacts between materials and, in some cases, with debonding
between layers.

These results were complemented with more detailed tests and further processing, including the
average of traces in the same place. Therefore, the purpose of this work is, therefore, to develop and
analyze a possible methodology that can be applied to the analysis of the pavement which is based on
the study of the frequencies of the GPR records, based on a comparative analysis of the frequencies
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that would enable possible structural changes and the existence of damage to be identified. For this,
the results of an exhaustive prospection on a pavement are studied. The prospection was focused on
determining changes in pavement sections and on the effect due to voids and moisture.

2. Methodology

To achieve the objectives of the work, a section of motorway was selected with known pavement
design cross-sections and conditions. A prospection campaign with GPR was carried out in this sector.
Previous deflection and surface roughness test results are available for the same sector, as well as
information on the traffic carried.

The GPR records are used to carry out a comparative study between the spectra of the recorded
signals measured in various areas of the motorway. This comparison allows the small alterations
observed in the form of the spectrum to be evaluated with respect to a reference spectrum.

The motorway chosen for the study is one of the main accesses from the north of the metropolitan
area of Barcelona with an annual average daily traffic (AADT) of 15,000 with 10% heavy vehicles, it
was put into service in 2006. It was chosen because in a short stretch (about 7800 m) three types of
well-defined and known design cross-sections coexist. Each one of the cross-sections represents one of
the best-known pavement typologies [75].

A total of 7800 m is studied which ensures the geographical proximity of each one of the records.
Therefore, it is considered that there are no local climate or traffic density changes that affect the test, as
the length of the analyzed stretch is short.

The sectors are defined taking into consideration the three existing design cross-sections over the
total analyzed stretch. For each cross-section, three subsectors of length between 700 m and 1000 m are
considered depending on the state of preservation of the pavement. The information used to define
the subsectors was obtained from the previous deflection and IRI tests.

The analysis is carried out by comparing the frequency spectra of the radar records, which are
characteristic of each subsector, and evaluating the influence of the design and the state of preservation
of the pavement.

The standardized CDA (Cumulative Difference Approach) segmentation method has been used,
as set out in the AASHTO (1986) [76] guide, for delimiting the subsectors. The criteria used consist
of delimiting the changes of slope of the cumulative deviations of the set of values recorded in the
deflection measurements. This ensures sufficient homogeneity in the characteristics of each one of
the subsectors. Table 1 shows the three sectors and the nine subsectors considered, their length and
segmentation in accordance with the deflection and roughness test results.

Table 1. Stretches studied with the deflection and surface roughness (IRI) test results. Being: AC,
Asphalt concrete; GB, Granular Base; and CTB, Cement-treated Base. D1, D2 and D3 are the
classification of zones; the increasing numbers indicate increasing deflection ranges.

Section Design
Section Condition Initial K.P.

(km)
Final K.P.

(km)
Tested

Length (m)
Deflection

(µm)
IRI

(m/km)

A AC (35 cm)
D1 60 + 400 61 + 100 700 82 0.9
D2 61 + 100 61 + 800 700 94 1
D3 61 + 800 62 + 500 700 103 1

B
AC (25 cm)
+ GB (25

cm)

D1 71 + 600 72 + 600 1000 53 0.9
D2 66 + 000 67 + 000 1000 90 0.9
D3 68 + 200 69 + 200 1000 130 1.7

C
AC (20 cm)
+ CTB (25

cm)

D1 77 + 000 78 + 000 1000 26 0.7
D2 78 + 000 79 + 000 1000 24 1
D3 80 + 300 81 + 300 700 82 1.3
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2.1. Design Cross-Sections Considered

The three design cross-sections of the stretch of road studied (called A, B, and C) are shown in
Figure 2. Cross-section A shows a full depth type pavement with a very thick layer of bituminous mix
on a base of compacted soil forming the sub-grade. The design cross-section of the pavement is made
up of different layers of asphalt mix with a total thickness of 35 cm (Figure 2a). Cross-section B is a
flexible pavement. The design cross-section is made up of several bituminous mix layers of 25 cm
thickness in total, on an untreated granular base of 25 cm (Figure 2b). Cross-section C is a semi-rigid
pavement. The design cross-section is made up of a series of bituminous mix layers with a total
thickness of 20 cm on a cement-treated granular base of 25 cm (Figure 2c).
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Figure 2. Design cross-sections, type A full depth asphalt (a), B flexible (b) and C semi-rigid pavement
with treated cement base (c).

2.2. State of Preservation of the Studied Sectors

The initial definition of the nine subsectors of the studied stretch of road, taking into consideration
their construction characteristics and state of preservation, was made based on the results of the
deflection and roughness tests using cumulative frequency histograms. The presented values
correspond to all the measurements carried out on each one of them.

Figure 2 shows the resultant values of the deflection measured with the Lacroix deflectometer
device [77] in each one of the considered subsectors. The continuous line and discontinuous line
graphs in Figure 2 show the subsectors in best and intermediate conditions, respectively. The dotted
line graphs in Figure 2 show the subsectors in the worst conditions. The deflections obtained in
cross-section A (Figures 2 and 3) showed low values due to the thickness of the combined bituminous
layers which gives the system a high rigidity.

The deflections obtained in cross-section B (Figures 2 and 3) show a large range of conditions.
A subsector can be seen in very good condition with low deflections, a second subsector in reasonable
condition, and a third subsector that has very few areas in good condition. In the subsector in worst
condition, there are practically no points under the 100 µm value.

In the deflections obtained in cross-section C (Figures 2 and 3), two of the subsectors are shown to
be in very good condition while the third is in worse condition. The different zones, depending on the
deflection results were called D1, D2, and D3, indicating increasing levels of deflection, although the
thresholds are low in all three cases



Remote Sens. 2020, 12, 1749 8 of 21
Remote Sens. 2020, 12, x FOR PEER REVIEW 8 of 23 

 

 

Figure 3. Deflection test cumulative frequency histograms in cross-section type A (a), type B (b) and 
type C (c). 

Figure 4 shows the pavement roughness results, measured with the IRI index, for the three 
pavement cross-sections.  

 
Figure 4. Roughness test cumulative frequency histograms (IRI) in cross-section type A (a), type B (b) 
and type C (c). 

Figure 3. Deflection test cumulative frequency histograms in cross-section type A (a), type B (b) and
type C (c).

Figure 4 shows the pavement roughness results, measured with the IRI index, for the three
pavement cross-sections.

 

2 

 

Figure 4. Roughness test cumulative frequency histograms (IRI) in cross-section type A (a), type B (b)
and type C (c).



Remote Sens. 2020, 12, 1749 9 of 21

Considering the 50 percentile of the set of values, a consistency can be seen in the deflection
results, that is to say, the stretches in best condition also usually show a better IRI, even though there is
no direct correlation of values.

The surface roughness test has only been taken into consideration in this study as a criterion for
assessing the preservation condition in stretches where it is considered that the deflection test is not
sufficient to provide the classification, as values are obtained within the same order of magnitude.

2.3. Methodology Applied for Evaluation by GPR.

Once the subsectors into which each sector is divided are defined (by a characteristic structural
cross-section), the inspection campaign with GPR was carried out on each one of them continuously
and at an adequate speed (between 60 and 80 km/h) so as not hold up the traffic, a trace was taken
every 25 cm with a sampling frequency of 15,000 MHz.

The profile data acquisition was carried out continuously in the center of the right-hand lane
which carries mainly heavy vehicles (Figure 5). For the test, an antenna with a central frequency of
900 MHz was used after prior calibration. For this, the direct and reflected wave were analyzed after it
was propagated through the air.
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The calibration results are shown in Figure 6, which shows its pulse form and its frequency
spectrum. It can be seen that the wave has a central frequency (f) at around 950 MHz, a bandwidth
(BW) of about 350 MHz measured at −3 dB and a period of approximately 1.2 ns.
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Figure 6. Characteristics of the antenna used. Recorded wave (a) and frequency spectrum (b).

2.4. Calibration of the Signals in Known Media

Before carrying out the signal acquisition, GPR data was acquired in specific and known zones,
and the results were analyzed in order to determine propagation velocities and possible correlations
between the form of the frequency spectrum and the different characteristics and pathologies of the
pavement. The results of those preliminary tests are analyzed and discussed in [42]. Further contrast
images were also acquired in the motorway studied in this work, always in points at which cores were
obtained, in parts without visible damage. Figure 7 shows the core and the radar images obtained in
one of these contrast tests, in kilometric points (KP) without construction defects and visible damage.

1 
 

 

 

 

 

Figure 7. Results obtained in a cross-section without defects. (a) Core showing the structural layers.
(b) A-scan, in the time domain. (c) Frequency content of the signal considering three time windows
that are defined considering the core layers and the A-scan. (d) Frequency spectrum of the A-scan 1.
The contribution determined in the three time windows define the peaks observed in the spectrum.
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The road cross-section observed in the core (Figure 7a) presents three main layers: an upper part
composed by wearing and binder courses, a second layer corresponding to the base course, and the
end of the core is placed in the contact with the granular base. Therefore, the structural cross-section
of the core shows two asphalt layers and the contact with the granular base. The top asphalt layer
comprises both the wearing and binder course layers. Underneath there is a bituminous base layer
spread over a granular base.

The wave velocity was obtained at each layer by comparing the two-way travel time in the A-scan
to the thickness observed in the core (Figure 7b). This trace shows the correspondence between the
number of transitions between layers and the number of amplitude maximums of the wave due to the
reflection of the signal at each discontinuity. The maximum located at a time around 4.3 ns corresponds
to the transition between the bituminous base and the granular base. The peak located around 1.5 ns
corresponds to the transition between the two bituminous mix layers, and the initial peak located at 0 ns
corresponds to the transition between the air and the pavement. Comparing those times with the core
layers thickness, an average velocity of about 11.4 cm/ns is obtained, corresponding to the shallowest
layer (wearing and binder courses), and a wave velocity of about 8.7 cm/ns in the base course.

The spectrum of the A-scan was compared to the spectrum obtained in air. A detailed analysis of
the frequency of the received signal also shows variations in its maximum amplitude frequencies that
appear to correspond with the different structural discontinuities of the pavement [42]. In general, the
amplitude of the spectrum diminishes, and several peaks appear at frequencies of about 850 MHz,
1.1 GHz, and 1.3 GHz (Figure 5). These three maximum values are associated with three layers
observed in the core and in the A-scan. This spectrum represents the frequency distribution of the
received signal. The graph shows that the two main peaks are placed around 950 MHz. Each one
of these corresponds to the two predominant materials in the environment: The asphalt mix of the
base (frequency higher than 950 MHz) and the granular base (frequency lower than 950 MHz). Those
results are considered to be contrast data to be compared with the radar data acquired in different
sectors with a different damage degree.

The material of the medium through which the wave propagates, acts as a low pass filter. For this
reason, the result obtained is logical as the layers located nearest the surface appear to be represented by
the maximum amplitudes in the frequency spectra. In the spectrum shown in Figure 7c, the maximum
indicated as 1, located at about 1200 MHz, represents the combined wearing and binder courses, which
are the uppermost layers. The second maximum (2), at about 1000 MHz, represents the base mix.
Finally, the maximum indicated as 3, located at about 900 MHz, corresponds to the granular base.

2.5. Signal Processing

(a) Processing A-scan—Signals recorded in each one of the stretches were processed to correct
baseline deviations of the records, moving the zero offset of each A-scan with a dewow filter [78]. Other
filters were not applied to the traces. This processing is usual in pavements GPR surveys to remove
the low frequency and the down-shifting, but including in many cases a gain function application
(e.g., [25,34,79]). Those filters were not used in this case because the study was focused on the spectrum
analysis. The frequency spectra were obtained by means of a Fourier transform. Subsequently, they
were smoothed by using a low pass filter with a cutoff frequency of 6 GHz, so the maximum values
obtained could be more clearly seen.

(b) Processing B-scan—The analysis of individual trace spectra can provide results that are
unrepresentative of the pavement studied when the study is carried out on randomly selected A-scans
chosen from B-scans. An anomalous element on the surface, such as an irregularity in the ground or
a waterlogged area, can affect a trace or a small and limited set of traces. If one of them is selected
in the pavement analysis, the result may be due to external elements and will not show the average
characteristics of the analyzed stretch of road.

For this reason, all the A-scans obtained over the same subsector (previously determined based on
IRI and FWD data) have been averaged. In the resultant average trace, the effects due to small elements



Remote Sens. 2020, 12, 1749 12 of 21

and surface factors are minimized, while those elements that are nearly constant throughout the
subsector are represented. In this way, a record is obtained with very little noise that can be considered
characteristic of the stretch. After applying the Fourier transform to this averaged trace, the resultant
spectrum characteristics depends on different more general aspects of the pavement, such us number of
layers, thickness of the layers, state of preservation and moisture. The shape and characteristics of the
spectrum are determined by some of those aspects of by the combination of several of them. It is not
possible to distinguish the causes of the changes. Hence, it is crucial to differentiate between types of
pavement and state of preservation in order to associate with less uncertainty each GPR anomaly to the
different pavement characteristics. The previous inspection is based on IRI and FWD, and determines
each one of the subsectors identifying their constructive typology and by their degree of preservation.

3. Results Obtained

To check the sensitivity of the proposed frequency analysis-based method, a comparative study of
the obtained frequency spectra is carried out, in accordance with the considered stretches of the road.
Therefore, the study compares possible variations in the spectrum by averaging the results obtained in
a particular road subsector. The comparison of these spectra with the IRI and FWD data and with
specific cores shows the effect due to the typology of the construction cross-section and, for a same
cross-section typology that is due to the different integrity levels.

3.1. Effects of Construction Cross-Section Variations

In the first test, the behavior is studied of the signal frequency spectrum in the case of variations
in the pavement structure.

To avoid the effect due to the state of preservation of the pavement on the spectrum, a comparison
is only made on those stretches in best condition. The known stretches with different cross-sections are
analyzed (A, B, and C in Figure 1). Figure 6 shows the results obtained, averaged for each selected
subsector. Standard deviation obtained for each one of the averaged spectra in the zone of interest
(near 950 MHz) is approximately between 10% and 20%.

The graphs in Figure 8 are characterized by a minimum or an inflection at 950 MHz. The
spectrum that has a minimum at these frequencies shows behavior similar to that of the spectrum
in Figure 5. However, on comparing the three cross-sections in Figure 6, a notable change in this
behavior is apparent for each section. Depending on the section, the minimum becomes a change in
the curve inflection.
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The maximum corresponding to the frequency above 950 MHz, associated with the combined
bituminous mix layers, remains almost unchanged in the three design cross-sections. However, the
same is not true of the maximum associated with the granular and cement-treated bases, located at
about 900 MHz. At a lower frequency, the amplitude of this maximum reduces considerably in the
type A structural cross-section, the amplitude is higher in the type B cross-section and higher still in
the type C cross-section.

The amplitude differences of the maximums of the spectra associated with the bases in cross-section
A and B are small, and could be due to the depth of each layer, as the depth of the granular base in
cross-section A is, on average, at about 35 cm, while in the case of B, it is at about 25 cm. As B is closest
to the top surface, it is logical that the amplitude of the maximum associated with the granular base is
greater, as the high frequencies have not been attenuated to the same extent by the effect of the media.

The case of cross-section C is different, as the maximum that corresponds to the cement-treated
base layer is very pronounced, and the difference of depth of this layer with respect to cross-section B
is small (on average, about 5 cm). Therefore, a possible explanation of that observed in the record
is the effect of the cement-treated base layer on the signal. This would indicate that this layer has
electromagnetic characteristics that are sufficiently different from the other materials, so that changes
in the frequency content of the records can be detected.

Although a similar case was analyzed [35] in preliminary studies, there are no exhaustive studies
on the frequency behavior of GPR signals obtained in a pavement with a cement-treated base layer.

The results can be evaluated based on the composition of these types of layers. Table 2 shows the
physical characteristics (relative dielectric permittivity and electrical resistivity) of asphalt mixtures,
conventional granular bases, and cement-treated bases [80]. This data is obtained measuring by a
900 MHz shielded antenna and a distance of 20 cm above the surface pavement.

Table 2. Characteristics of layers AC, GB and CTB [80].

Layer Type Relative Dielectric Permittivity (εr) Electrical Resistivity (σ) (Ωm)

AC 7.6–8.2 0.001

GB 4.5–4.8 0.001

CTB 15.9 0.1

The dielectric permittivity and electrical resistivity of the asphalt mixtures are more similar to
those of a conventional granular base than those of a cement-treated base.

3.2. Effect of Variations of the Pavement Integrity Condition

The analysis was carried out by comparing averages of the frequency spectrum of records obtained
on a stretch of road. This stretch was divided into sectors (in accordance with the structural topology)
with a length of approximately 700 m. The results obtained in a specific sector were compared, taking
into consideration the three pavement preservation levels: D1, D2, and D3. This classification allows
subsections to be defined for each structural cross-section.

Figures 8–11 show the results obtained for each sector according to their preservation condition.
All of them show the wave trace diagrams (A-scans) in their time domain and the frequency spectra.
These all correspond to the average of all the measurements carried out in a specific sector.

For each design cross-section, three stretches are considered that are represented in the following
way: by a continuous line: the subsector in the best structural condition (D1); by a discontinuous line:
the subsector in the intermediate condition (D2); finally, by a dotted line: the subsector that in the worst
condition (D3). The results obtained from the type A pavement (Figure 2) are summarized in Figure 9.



Remote Sens. 2020, 12, 1749 14 of 21

Remote Sens. 2020, 12, x FOR PEER REVIEW 14 of 23 

 

For each design cross-section, three stretches are considered that are represented in the following 
way: by a continuous line: the subsector in the best structural condition (D1); by a discontinuous line: 
the subsector in the intermediate condition (D2); finally, by a dotted line: the subsector that in the 
worst condition (D3). The results obtained from the type A pavement (Figure 2) are summarized in 
Figure 9. 

In the left-hand diagram (Figure 9a), the A-scans of the three subsectors determined by their 
different degree of preservation are compared. It can be seen that the record pattern is the same in 
the three cases, except in the two specific areas that are marked with circles in Figure 9a. In these two 
areas, changes of amplitude occur corresponding to the signal reflections. These changes show 
discrepancies between the three averages. They are located around 0.8 ns and 7 ns, which correspond 
to the contact surfaces between wearing and binder courses, and base course and sub-grade. 
Assuming an average wave speed for a standard asphalt concrete of 10 cm/ns approximately, the 
signal reflections are located around 3 cm and 35 cm depth from the surface of pavement. 

 

 

Figure 9. Time domain (a) and frequency spectra (b) in the three subsectors of the type A cross-section. 

On analyzing the results for the same pavement typology with different preservation conditions 
(D1, D2, and D3), no relationship is observed between the double propagation time of the reflected 
wave and the structural condition of the pavement; therefore, it is deduced that the propagation time 
analysis does not provide relevant information with regard to the preservation condition of the 
pavement. 

The diagram in Figure 9b shows the variation in the frequency spectrum for the three 
deterioration levels considered for the pavement. The maximum recorded for the highest frequencies 
associated with the combined bituminous mix layers remains virtually unchanged in the three 
spectra. However, in the case of the maximum peak associated with the sub-grades, located at about 
900 MHz, corresponding to the second maximum, the higher amplitude is obtained for the signal 
obtained in the stretch in the best conditions (D1), and the maximum loses amplitude as the structure 
deteriorates. 

These results suggest that the greatest deterioration of the structure would be found in the sub-
grade, under the bituminous mix structure. A possible cause may be the debonding between layers 
or the breaking up of material in the sub-grade, which generates an energy dispersion effect and 
therefore a loss of energy. 

Figure 10 shows the results obtained in the studied subsector, characterized by a type B design 
cross-section. 

Figure 9. Time domain (a) and frequency spectra (b) in the three subsectors of the type A cross-section.

1 
 

 

 

 

 

 

Figure 10. Time domain (a) and frequency spectra (b) in the three subsectors of the type B cross-section.

1 
 

 

 

 

 

 
Figure 11. Time domain (a) and frequency spectra (b) in the three subsectors of the type C cross-section.

In the left-hand diagram (Figure 9a), the A-scans of the three subsectors determined by their
different degree of preservation are compared. It can be seen that the record pattern is the same in the
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three cases, except in the two specific areas that are marked with circles in Figure 9a. In these two areas,
changes of amplitude occur corresponding to the signal reflections. These changes show discrepancies
between the three averages. They are located around 0.8 ns and 7 ns, which correspond to the contact
surfaces between wearing and binder courses, and base course and sub-grade. Assuming an average
wave speed for a standard asphalt concrete of 10 cm/ns approximately, the signal reflections are located
around 3 cm and 35 cm depth from the surface of pavement.

On analyzing the results for the same pavement typology with different preservation conditions
(D1, D2, and D3), no relationship is observed between the double propagation time of the reflected
wave and the structural condition of the pavement; therefore, it is deduced that the propagation
time analysis does not provide relevant information with regard to the preservation condition of
the pavement.

The diagram in Figure 9b shows the variation in the frequency spectrum for the three deterioration
levels considered for the pavement. The maximum recorded for the highest frequencies associated with
the combined bituminous mix layers remains virtually unchanged in the three spectra. However, in the
case of the maximum peak associated with the sub-grades, located at about 900 MHz, corresponding
to the second maximum, the higher amplitude is obtained for the signal obtained in the stretch in the
best conditions (D1), and the maximum loses amplitude as the structure deteriorates.

These results suggest that the greatest deterioration of the structure would be found in the
sub-grade, under the bituminous mix structure. A possible cause may be the debonding between
layers or the breaking up of material in the sub-grade, which generates an energy dispersion effect and
therefore a loss of energy.

Figure 10 shows the results obtained in the studied subsector, characterized by a type B
design cross-section.

In the diagram of Figure 10a, two amplitude changes can be seen in the trace again. They are
located around 0.8 ns and 5 ns, which correspond to the interface between wearing and binder courses,
and bituminous base course and granular base, respectively. Assuming an average wave speed for
standard asphalt concrete, the signal reflections are located around 3 cm and 25 cm depth from the
surface of pavement.

Stretches 2 and 3 show higher amplitude in the areas identified with circles. This phenomenon
could be associated with a debonding process between layers [81].

The diagram in Figure 10b also shows the variation of the signal frequency spectrum in each one
of the three subsectors.

In this case, the form of the spectrum and the location of its maximums, both that related to the
combined bituminous mix layers and that related to the granular bases, change following the same
pattern, i.e., the amplitude and bandwidth is maintained in the stretch in best condition, and they
diminish as the structure deteriorates.

This result could indicate that in contrast to that occurring in the type A cross-section, the structural
failure could take place in the system as a whole, i.e., in the AC and GB layers.

The graphs obtained in the study of the type C cross-section stretches are shown in Figure 11.
In the diagram in Figure 11a, it can be seen that there are again two changes in the amplitude
associated with the contacts between wearing course and binder course, and bituminous base course
and cement-treated base. The second change is located around 4.2 ns for the best and intermediate
stretch, and at 3.7 ns for the worst section (D3). An analysis similar to that carried out in the other
tests gives a thickness of base course about 20 cm in the case of the best (D1) and intermediate (D2)
subsectors, and 17 cm for the worst subsector. This thickness difference reveals the significant effect of
the base course over the cement-treated base in the behavior of the structure (higher deflections).

In the diagram in Figure 11b, it can also be seen how the amplitude of the spectrum and the
bandwidth decrease in the case of the graph that corresponds with the subsector in the worst conditions.

This data suggests that the failure in the structure could occur, among other reasons, due to the
reduced thickness of the bituminous mix in this stretch of road.
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Table 3 summarizes the main results, comparing in the three types of pavement, the three degrees
of state of conservation (D1, D2, and D3).

Table 3. Main results, highlighting the changes in the spectra as consequence of the deflection ranges
D1, D2 and D3, for each one of the three types of pavement.

Stretch
Spectrum

A-Scan Possible Damage in
Case D3Peak 1 (900 MHz) Peak 2 (1100 MHz)

AC
Maximum amplitude in

D1 and minimum
amplitude in D2

Same amplitude
approximately in D1, D2

and D3

Small changes of
amplitude in contacts
when comparing D1,

D2 and D3

Possible damage under
bituminous layer (AC):
possible debonding or
damage in sub-grade

AC + GB

Amplitude diminish as
structure deteriorates

(maximum amplitude in
D1 and minimum in D3)

Amplitude diminish as
structure deteriorates

(maximum amplitude in
D1 and minimum in D3),

with an important
decrease in the case D3

Clear changes of
amplitude, being

higher the amplitude
in the contacts in the

case of worst pavement
conditions (D3)

Damage in both AC and
Gb layers. Possible

debonding

AC + CTB

Amplitude diminish as
structure deteriorates

(maximum amplitude in
D1 and minimum in D3)

No evident changes of
amplitude

Change of amplitude
and phase in the
second contact

Possible damage in the
bituminous layer AC

and in layer CTB

4. Discussion and Conclusions

The GPR test is included in various pavement design guides in different countries. However, its
use is usually restricted to propagation time analysis, there being few studies based on the frequency
domain of the records.

The objective of the work was to analyse the frequency content of the spectrum of the signals
recorded in various sectors of a stretch of road differentiated by their construction cross-sections. Each
one of the sectors was subdivided into subsectors which were selected in a way that ensured their
homogeneity, and within the criteria set out in the AASHTO pavement design guide. These subsectors
were selected and classified in accordance with the results of the deflection and roughness tests carried
out to find out their preservation condition.

It was the intention, therefore, to analyze the sensitivity of the frequency spectrum of the GPR
records to changes in the construction typology and their state of preservation. The study is a first
analysis to determine the capability of the proposed method; therefore, quantitative relationships are
not determined between its sensitivity and the studied parameters. However, the results are promising
and indicate the way in which these studies can be applied systematically.

The proposed methodology comprised a statistical analysis of a set of deflection values, IRI data
and GPR records selected after deciding on some common criteria. Based on this selection, a results
diagram was obtained in each case for evaluating the typology and the state of preservation of the
studied pavement stretches. In the case of the GPR tests, diagrams averaged in the time and frequency
domain are shown, and it was endeavored to ensure that they are sufficiently representative of each
stretch. The results have led to the following conclusions:

(1) The frequency spectrum is sensitive to the typology of material used in a pavement. Tests were
carried out on stretches where different materials were used for the base: bituminous mixes,
granular and cement-treated materials. In the comparative study, changes were observed in the
amplitude maximums of the spectrum within the frequency range associated with that layer.

(2) A statistical study of the wave transmitted to each medium allowed the amplitude changes
recorded in the time domain to be determined, as a consequence of the reflections that occurred
at the contacts or in the transition zones between the various layers that make up the pavement.
This allowed the approximate average thicknesses of each one of the layers to be defined.



Remote Sens. 2020, 12, 1749 17 of 21

(3) On obtaining the frequency spectrum of the time signals by means of the Fourier transform, their
variations could be analyzed when the conditions of the media changed, which were studied from
the time record. It can be seen that the frequency spectrum is sensitive to the structural condition
of a pavement (this condition was previously defined based on a standardized deflection test). In
all the analyzed cases, as the condition becomes worse, the amplitude of the frequency spectrum
decreases as its bandwidth reduces. The tests carried out appear to indicate that the cause of these
phenomena may be the debonding between layers or the breakup of the material in the sub-grade.
This second problem would produce an increase in energy dispersion, thus attenuating the signal.
The result would be a decrease in the energy recorded in the frequency range associated with the
affected material and, therefore, a smaller amplitude in the area of the spectrum associated with
that range.

(4) Although none of the NDT technologies is capable of identifying partial or no bond due to
inadequate tack coat during construction. GPR can identify variations in the pavement, isolate
the depth of a discontinuity in the pavement, and provide a relative degree of severity. Severe
conditions, such as stripping, can be observed with conventional analysis software. Detecting
debonding between asphalt layers is only possible when there is moisture trapped in the debonded
area between the layers using current analysis methodology, although the results indicates possible
detection of those damages.

The results shows that GPR is sensitive to the different layers that make up an asphalt pavement.
Furthermore, through the study of the response wave in its frequency domain it is possible to know
whether the granular base is treated with cement or not. On the other hand, the amplitude generated
by each frequency peak is also sensitive to its integrity condition. However, the tests have been
carried out on a known structure with homogeneous thicknesses, which are also known. For this
reason, it would be of great interest to be able to check whether the behavior of the response wave
in its frequency domain is similar in pavements composed of an asphalt layer and a granular base
or cement-treated base with different thicknesses. Should this be the case, the study could allow in
the future to approximate a deflection value only by studying the shape of each peak generated by
each pavement layer. Given that the GPR test is carried out at high speeds with a very high density of
sampling (more data can be obtained per length unit with GPR than with deflection surveys), obtaining
results in a very short time, it would be reasonable to use this method to define homogenous sections
of a flexible pavement according to its characteristics, also approximating its maintenance condition.

Although the promising results showing the sensitivity of the spectrum to several characteristics
and conditions of the pavement, further research is still needed to prove and confirm the conclusions
and to consolidate the results. Future works might be focused on laboratory tests and numerical
simulation of the spectrum behavior associate to changes in water content, debonding and number of
layers. In addition, a statistical analysis based on field surveys could also be helpful to corroborate
the results obtained in this work and to associate the different changes in the frequency content to
particular features.
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