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Abstract: The quality of newly constructed pavement depends mostly on compaction,
which is essential for ensuring the pavement’s longevity and performance. Traditional
methods of evaluating pavement compaction and density, such as core sampling and
nuclear gauge measurements, are often time-consuming and invasive and provide only a
limited amount of data at a low spatial resolution on the potential air void content of the
asphalt layers. The present study aimed to assess the specific gravity (G,p) of a dolomitic
asphalt mixture at different degrees of compaction using GPR techniques. Relative density
(RD) maps were generated to visualize the spatial homogeneity of the asphalt density.
Nuclear density gauging was applied for the calibration, and cores were used to validate
the results. The survey was conducted on two recently paved roads in Szeged, Hungary.
After testing various approaches, it was found that applying horn antennas and the surface
reflection (SR) method is the most feasible way to obtain reliable and accurate dielectric
permittivity (¢) data. Based on the measurements, clear relationships were found between
dielectric constants, G, and aggregate size. The findings highlight that it is possible to
indirectly determine the G, of asphalts composed of dolomite and limestone aggregates
using GPR, with aggregate sizes ranging from 11 mm to 25 mm and G}, values between
2.43 and 2.57 g/cm?3. Consequently, a robust function was developed, which can be applied
to other asphalts with similar compositions.

Keywords: Ground Penetrating Radar (GPR); dielectric permittivity; specific gravity;
relative density; aggregate size

1. Introduction

The dielectric properties of pavement materials are crucial in GPR investigations [1].
The dielectric permittivity (¢) of a substance refers to its ability to store the applied electric
field, with the dielectric constant () representing the ratio of its permittivity to that of the
vacuum (gg) [2]. Previous studies, such as those by Loizos and Plati [3,4], proposed three
calibration methods: core calibration, laboratory e determination, and reflection amplitude
calibration, all suitable for pavement evaluation. This paper distinguishes itself by using
horn antennas and the surface reflection method to indirectly determine the specific gravity
(Gmp) of dolomitic asphalt mixtures, developing a general function applicable to similar
asphalt compositions and offering a more streamlined and widely applicable approach
than the methods discussed.
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The ¢ of asphalt pavement can be measured using the time-of-flight (TOF) and the
surface reflection (SR) methods. The TOF method determines permittivity by analyzing
the electromagnetic (EM) wave travel time, or TOF, within the asphalt layer, using in situ
core samples to derive the dielectric constant based on the known layer thickness and GPR
signal properties. The SR method estimates permittivity by measuring the SR amplitude
from the GPR signal and comparing it with a calibration signal amplitude obtained from
the EM reflection off a metal plate on the pavement’s surface [5].

The main reason for variations in asphalt dielectric constants is related to the composi-
tion of the material and its physical properties [6-8], such as its aggregate type, bulk density,
bitumen content, and air void content [9-12]. Among these constituents, the aggregate
type has the greatest versatility concerning the € [13]. A wide range of rock types are used
as aggregates, though certain types are preferred due to their resistance to fragmentation
and polishing. Two widely used rock types are dolomite and limestone [14], with a density
similar to that of volcanic and crystalline rocks but with a notably different € [15,16].

Besides aggregate properties, the density of the asphalt mixture is also a key factor
in the performance of flexible pavements. The air void content should range between
3% and 8% [17]. A high air void content leads to moisture damage, binder oxidation,
pavement raveling, and cracking. Conversely, a low air void content increases stiffness and
reduces the rutting potential and possible bleeding [18]. In dense-graded asphalt mixtures,
if the air void content falls below 3%, it can lead to significant permanent deformation
and shoving [17,18]. Asphalt pavements’ G}, and air void ratios are inversely related: as
the air void ratio increases, the Gy, of asphalt decreases. Thus, the air void ratio is also
used to assess the asphalt density. Both parameters are largely influenced by the degree of
asphalt compaction. Compaction of the asphalt layer minimizes the presence of low-¢ air
in the asphalt mixture, while the volumetric ratios of high-dielectric asphalt and rock are
augmented. Consequently, this process leads to elevated ¢ values [19,20].

Compaction is critical for achieving the desired density of the asphalt layers; in other
words, the quality of the newly constructed pavement depends mostly on the quality of
the compaction. In the process of asphalt pavement construction, the paver initially places
the asphalt mixture on a bound or unbound base. Subsequently, compactors traverse
the loose asphalt mat, eliminating air voids from the mixture. With each pass of the
compactor, the air void content decreases. Previous work has demonstrated that inadequate
asphalt compaction can result in excessive rutting, cracking, raveling, potholing, and water
seepage [21].

Therefore, determining the G, or air void content of asphalt layers, i.e., assessing
the compaction’s properness, is important when evaluating the pavement quality and
durability. The two commonly employed approaches for the evaluation of compaction
quality are (1) laboratory assessment of cores and (2) field density gauging, including
nuclear and non-nuclear density measurements. Previous studies have suggested that
Ground Penetrating Radar (GPR) can also be utilized as a non-nuclear method to assess
the compaction quality and monitor the compaction process during asphalt pavement
construction [22,23]. However, in many countries, in situ nuclear gauge measurements are
still used in standard applications [24-27]. The disadvantage of this latter method is that it
gives low spatial resolution and at-a-point information on Gy}, and the operation of the
device requires special knowledge and permissions.

The first aim of the present research was to apply different GPR techniques in the
assessment of dielectric constants and to determine the most reliable and convenient way
of conducting in situ measurements using validation data obtained from nuclear gauge
and laboratory pavement core tests. The extensive measurements during the repeated
compaction of the investigated pavement also allowed the establishment of a function
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between dielectric constants and G,,p,. Consequently, by also involving literature data, we
attempted to establish a more general model for the GPR assessment of G, and relative
density (RD) on dolomitic pavements.

2. Description of Test Sections

The studied sections are located in Szeged, Hungary. Two newly constructed two-lane
residential roads, Section I. and Section II., were chosen to conduct the survey (Figure 1).
The lengths of Section I. and Section II. are 220 m and 240 m, respectively, while the width
of both sections is 6 m.
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Figure 1. The location of the studied residential road sections.
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The pavement structure of the analyzed roads was as follows (Figure 2):

4.0 cm AC 11 wearing course.

7.0 cm AC 22 binder course.

8.0 cm AC 22 base course.

20.0 cm FZKA 0/63 unbound granular base (refines upward from 0/63 to 0/32 until
0/22 mm).

5. 20.0 cm sandy gravel protection layer.
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Figure 2. A cross-section of the pavement structure, with the wearing course, binder course, base
course, unbound granular base, and sandy gravel protection layer.

In both asphalt mixes (AC 11 and AC 22), the aggregate rock type was dolomitic
limestone, and the proportion of bitumen was 4.1% by weight. The unbound granular base
was also composed of dolomitic limestone [12].

AC 11 and AC 22 are common asphalt mixes (AC) used in road construction, with the
numbers indicating the grading of the aggregates; AC 11 has smaller aggregates than AC 22.
AC 11 is typically used for wearing courses, while AC 22 is used for binder and base courses.
These mixes are standard in Europe for creating durable, high-performance pavements.

3. Data and Methods
3.1. GPR Data Acquisition

GPR surveys were carried out by using two 1 GHz and two 2 GHz air-coupled
GPR antennas with a SIR-30 control unit from Geophysical Survey Systems, Inc., Nashua,
NH, USA [28] to determine the relative permittivity (Figure 3). The horn antennas were



Appl. Sci. 2025, 15, 2501

50f21

suspended at the rear of a vehicle at 0.5 m from the pavement surface (Figure 4). The
positioning was made using a GPS antenna mounted on the vehicle’s roof. Furthermore,
a high-resolution Distance Measuring Instrument (DMI) sensor was attached to the rear
wheel to ensure the precise triggering of the GPR scans at predetermined intervals. The
survey car was driven at a speed of 15 km/h during the survey. At the beginning of the
survey, the inline and crossline offsets were manually determined to adjust the GPS location.
The GPR signals were collected at a frequency of 50 scans per meter, with a scan rate of
340 scans per second. The units per mark were set to 5, and the samples per scan were
configured to 2048. A one-point gain (flat gain) was used throughout the surveys. The
measurement time, or time window, was set to 30 ns for the 1 GHz antenna and 25 ns for
the 2 GHz antenna. Full-coverage horn antenna GPR measurements were performed after
constructing the sub-base layer, the base course, the binder course, and the wearing course;
thus, the measurements were repeated four times.
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Validation —J
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Figure 3. A flowchart showing the course of the analysis.

3.2. PaveScan Data Acquisition

Besides horn antennas, a PaveScan RDM 1.0 device from Geophysical Survey Systems,
Inc. [28], mounted with three sensors, was also used to determine the relative permittivity
(Figure 3). The distance between the sensors was set to 1.2 m to cover the width of the
lanes effectively. Before the data collection, the sensors were lifted 0.6 m off the ground to
perform air calibration. Next, the metal plate calibration was performed by centering the
plate 2.5 cm below the sensor. The distance mode was used during the survey, and the data
collection speed was 5 km/h. The PaveScan measurements, covering the entire length of
the road sections, were performed once after the construction of each layer.
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Figure 4. The procedure of repeated stationary GPR and nuclear gauge measurements. From left to
right: vibratory roller pass, GPR horn antenna measurements, nuclear gauge measurements.

3.3. Calibration and Core Sampling

Simultaneously with the GPR data acquisition, cores were also extracted for calibration
(Figure 1). In all, 18 cores were extracted from Section I. Twelve cores were extracted after
laying the base course layer, and six cores were extracted after laying the binder course. In
terms of Section II., twelve cores were extracted after laying the binder course, as shown in
Figure 1. GPS recorded the position of the cores. The cores were subjected to laboratory
measurements using a SIR 3000 GPR system with a 1 GHz ground-coupled antenna. For
the measurements, the cores were placed in a plastic box with a metal plate on the bottom,
leading to a complete base reflection. The plastic box was then filled with crushed andesite
to lessen wave diffraction and ensure that the ground-coupled 1 GHz antenna was placed
on a flat surface. The ¢ was calculated using the TOF method.

3.4. Compaction and € Relationship Measurement

To explore the relationship between the degree of compaction and the change in
the dielectric constant, stationary GPR data were collected at the same location at the
construction site after each pass of a vibratory roller during the laying of each asphalt layer
(Figure 4). For the two test sites, seven short GPR profiles were measured after each roller
pass and after laying each asphalt layer. The measurements were carried out in time mode.
Immediately after the compactor completed one pass, the GPR vehicle moved toward the
lane to place the antenna above the pavement. The data collection was made in time mode
for approximately 10 s. The GPR vehicle moved back to its original position, as shown
in Figure 4. Following the GPR measurement, a density reading was taken by a CPN
MC-3 PORTAPROBE-type nuclear gauge [29]. The backscatter mode was chosen for the
measurements [30]. The device was placed on the compacted layer after warming up and
determining the GPS position of the measurement point.
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4. Data Processing

The collected GPR data were processed using GSSI's RADAN 7 software [28]. The
raw data were processed to remove noise and to improve the signals. First, metal plate
calibration was performed on the data files, and then inline and crossline values were edited
manually to prepare the GPR data files for further analysis and to determine the true track
of the measurements, respectively. Next, the program automatically performed reflection
picking after manually selecting the reflection picking function to reduce undesired signal
noise and improve reflections from the pavement layers. The processing was continued by
filtering the data, including (1) a triangular finite impulse response (FIR) filter, applying a
weighted moving average procedure emphasizing the filter’s center rather than the ends
of it; (2) a horizontal filter (stacking), merging neighboring radar scans and delivering a
single scan through a simple running average; and (3) vertical filters, i.e., a low pass filter
to remove high-frequency noise (2 GHz and 4 GHz thresholds for the 1 GHz and 2 GHz
antennas, respectively) and a high pass filter to remove low-frequency noise (250 MHz and
500 MHz thresholds for the 1 GHz and 2 GHz antennas, respectively). Finally, the gain
properties were set by applying an exponential gain function. The gain was set at 5-7 points.
A horizontal background removal filter was applied in certain profiles, particularly those
measured along both sections where the data exhibited significant interference or noise
from unwanted reflectors—potentially obscuring critical measurements. However, this
filter was not required for the GPR profiles collected after each roller pass and following
the placement of each asphalt layer. In this case, the filter’s length must always exceed the
length of the data’s longest horizontal “real” reflector [28].

5. Assessment of Physical Properties Using GPR Data

Maser [24] discussed the principles of using GPR reflections to compute layer prop-
erties in detail. By automatically monitoring the amplitudes and time delays between
peaks, it is possible to calculate layer € values using the SR method. The ¢, is calculated
by comparing the reflection amplitudes from an asphalt surface and a metal plate surface
(100% reflection), as Equation (1) indicates.

2
(3]
— P
&1 = 17A0 1)
-(®)
where ¢,1 is the ¢ of the surface course layer, Ay is the amplitude of the reflection from the
surface course layer, and Ay, is the amplitude of the reflection from a metal plate.
The ¢ of the second asphalt layer can be calculated as the following Equation (2) using

the value &; computed in Equation (1) [2,31]:

[ ) o

- () - (%)

where ¢, is the ¢ of the second binder course layer (layer 2). Ag; and Ag are the amplitudes

of the reflection from the second binder course layer (layer 2) and first binder course layer
(layer 1), respectively.
Consequently, the ¢ of any further layers (e5) can be calculated using Equation (3).

2
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where v; is the reflection coefficient at the interface between the two following layers, and
n stands for the specific layer and can be calculated using Equation (4) [2].

y = Veri — Q/Er’i_._l
! Vit /& T 1

where ¢,; is € of the jth layer. A function was established for the G, and ¢ of each asphalt

(4)

layer using density gauge measurements during the asphalt compaction and simultaneous
GPR measurements. This function was applied to map the asphalt G}, on the investigated
road section spatially. The quality assessment of road structures is primarily based on the
percent of the air void (AV) of the asphalt layers, and this parameter was estimated using
Equation (5).

AV =Gmm — Gmp/Gmm ®)

Laboratory measurements were made on samples from the AC 11 (wearing course)
and the AC 22 (binder and base courses) asphalt mixtures [12]. The measured the-
oretical maximum G, of the samples was as follows: Gpm AC 11 = 2436 kg/ m3,
Gmm AC 22 = 2572 kg/m?.

Gmm is the theoretical maximum specific gravity measured in the laboratory of the HMA,
and Gy, is the specific gravity, which is estimated in the field using GPR measurements.

Finally, the in situ RD of the analyzed layers was calculated using the following formula:

RD=1— AV =Gp/Gmm (6)

The obtained values for the above parameters were spatially interpolated using kriging
and visualized with Surfer v.16.

6. Results
6.1. Comparability and Accuracy of e Measurements

We conducted a comparative study using field and laboratory validation to determine
the most efficient measurement approach—specifically, the horn antenna or PaveScan—for
further analysis of pavement characteristics. By comparing the results (Table 1), we found
that the average ¢ values of the base course, binder course, and wearing course, calculated
by the horn antenna and PaveScan for Sections I. and II, yielded similar results.

Table 1. Comparison of average ¢ values for different pavement layers using horn antenna and
PaveScan in Sections I. and II.

Section I. Section II.
Layer Horn Antenna PaveScan Horn Antenna PaveScan
Base Course 5.87 5.86 5.65 5.67
Binder Course 6.1 6.09 5.63 5.76
Wearing Course 4.42 4.73 4.52 423

When validating the above results of the base course and binder course layers using
cores (the wearing course was not cored), it was found that for Section I., the relative
deviation of the PaveScan dielectric values from the core-derived laboratory data was
considerably higher than the relative deviation experienced in the case of the GPR horn
antenna measurements, as shown in Table 2, for Section II. It was found that the relative
deviation of the PaveScan dielectric values from the core-derived data was also considerably
higher than the relative deviation experienced based on the horn antenna measurements,
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as shown in Table 2. It was also noticed that the dielectric constants of the surface course
had the lowest values, which were surveyed by either the horn antenna or the PaveScan
device, probably because the smallest grain size characterized this layer compared to the
other layers.

Table 2. Comparison of relative deviation (%) between PaveScan and horn antenna dielectric values
and core-derived laboratory data for base and binder course layers in Sections I. and II.

Section I. Section II.
Laver Measurement Min Max Mean Min Max Mean
Y Method Deviation (%) Deviation (%) Deviation (%) Deviation (%) Deviation (%) Deviation (%)
Base Course 1.03 6.36 4.46 0.14 2.81 1.58
PaveScan
Binder Course 0.42 4.94 2.45 0.39 7.88 3.84
Base Course 0.31 241 1.4 0.22 1.94 1.05
Horn Antenna
Binder Course 0.39 3.16 1.88 0.2 7.72 3.34

In general, the horn antenna values were closer to the core data. In other words, horn
antenna measurements can estimate dielectric constants very well, and their accuracy is
higher than PaveScan measurements. However, in the case of both devices, the assessment
of ¢ was made using the SR method, while the laboratory assessment was made using the
TOF method. Nevertheless, the results underline the flexible use of horn antenna systems
in determining the ¢ of pavement layers (Figure 5).

To assess the accuracy of the horn antenna and PaveScan instruments applied in
the field, a detailed comparison was made between the laboratory test measurements,
performed for each layer separately, and the field data obtained by the horn antenna
and PaveScan measurements after the compaction of each layer (Figure 6). All of the
core samples were applied to investigate comparability. Laboratory measurements were
formulated to provide an independent ¢ value for the comparisons. Initially, we established
a relationship between the on-site ¢ values obtained by the horn antenna measurements
just before the coring was made using the SR method and the ¢ values obtained in the
laboratory from the cores themselves by the ground-coupled antenna using the TOF method
(Figure 6a). The results showed a direct proportional relationship with a high coefficient of
determination (R? = 0.83), indicating a strong correlation between the ¢ values obtained
with the two approaches. Subsequently, we plotted the at-a-point results of the PaveScan
measurements using the SR method against the laboratory data (Figure 6b). A very similar
coefficient of determination was obtained in this case (R? = 0.82). However, the regression
line in terms of the horn antenna results approximates the line of equality much better
than the regression obtained using the PaveScan measurements; thus, the ¢ obtained by
using the horn antenna exhibits closer agreement with the laboratory measurements. Based
on these findings, we can confidently conclude that the SR horn antenna values can be
effectively utilized for the reliable investigation of ¢, and the data obtained are reliable for
further analyses in this study.
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Figure 5. Longitudinal profile of ¢ values measured by horn antenna method and PaveScan device;
(a) Section I., (b) Section II. Red and maroon dots represent core-derived ¢ values at coring locations.
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Figure 6. A comparison of ¢ from the (a) SR horn antenna (field measurement) and TOF (laboratory
measurement) methods; (b) SR PaveScan (field measurement) and TOF (laboratory measurement)
methods using the core samples. The orange line represents the line of equality.

6.2. Effect of G, Aggregate Size, and Compaction on €

By understanding how the G, and aggregate size affect dielectric values, a valuable
tool can be developed to assess the compaction quality, the material homogeneity, and
the prediction of the structural performance of the pavement. Nuclear gauge G, data
was plotted against the GPR results on ¢ to establish relationships among the above
parameters (Figure 7). The G, was measured on each layer after each compaction pass.
In the case of each layer, a clear, direct relationship was found between density and
¢, and the coefficient of determination was, in most cases, higher than 0.9. The layers
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12
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appeared at different parts of the graph, and the slope of the linear functions between the
plotted parameters was also different for each. This occurs because the variation in slope
indicates that different asphalt layers have unique dielectric—density relationships, which
are influenced by material properties such as aggregate size (dmax), compaction level, and
asphalt content. Understanding these distinctions is important for accurately interpreting
the GPR results. The highest G, and ¢ values were found in terms of the sub-base course
(p:2.60-2.80 g/ cm?® and ¢: 8.77-10.88); the binder and base course exhibited medium values
((p: 2.30-2.54 g/cm? and ¢: 5.13-6.46)) on average; and the wearing course had the lowest
values (p: 2.11-2.29 g/cm?® and &: 3.77-4.70). The results show a clear relationship between
the aggregate size (dmax) and the dielectric values.

y = 9.7459x — 1642
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R2=0.9424
LN
o
5 Legend
y = 4.788x - 5.6882 Wearing course (dmax=11 mm)
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R?=0.8507 B Sub-base layer (dmax= 30 mm)
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Figure 7. The relationship between the G,,;,, measured by the nuclear gauge, and the ¢, measured by
the horn antenna, during the compaction process of each layer (1, 2, 3,4, 5, 6, and 7 correspond to the
number of compaction passes).

We can read from Figure 7 that larger aggregates generally lead to a higher G,
because they reduce the overall porosity. However, smaller aggregates allow for a more
uniform and efficient compaction process, which enhances density but may also retain a
higher concentration of air voids if not adequately compacted. The compaction process was
efficient in the case of the wearing course, which contained smaller aggregates. However,
it did not fully eliminate the air voids, leading to a slightly lower Gy, than the coarser
layers. In contrast, the binder course and base course layers, characterized by a moderate
aggregate size, contained moderate air voids. Consequently, the binder course and base
course showed better compaction, leading to higher density than the wearing course. The
high dielectric values of the sub-base course are primarily due to its larger aggregate size,
which influences the air void distribution and compaction efficiency. While dolomitic
aggregates may have a naturally higher dielectric constant, the dominant factor in this
context is the aggregate size, as it directly affects the layer’s density and air void content.
Six compaction passes reached the maximum density and dielectric values (Table 3). We



Appl. Sci. 2025, 15,2501

13 of 21

found that the ¢ for all layers reached a relatively stable value, indicating the achievement of
maximum mixture densities. These compaction curves can serve as a valuable reference for
determining the optimal number of compaction passes required to achieve the maximum
mixture density. Additionally, the point at which the dielectric and density values show
negligible changes—observed after six compaction passes—could provide a reference for
future research studies. Overall, the assessment revealed the relationship between the
¢ and G, providing insights into the compaction and characteristics of the different
asphalt layers.

Table 3. The G, and ¢ values during the compaction process for each pavement layer.

Number of Sub-Base Course Base Course Binder Course Wearing Course
Compaction Passes Gmb € Gmb € Gmb € Gmb €
1 2.6 8.77 2.31 5.11 2.3 5.11 2.11 3.77
2 2.65 9.5 2.34 5.49 2.33 5.49 2.15 4.31
3 2.69 9.99 2.39 5.88 241 5.88 2.19 4.36
4 2.72 10.05 242 5.99 244 5.99 2.22 4.41
5 2.78 10.55 2.46 6.33 2.49 6.33 2.27 4.50
6 2.8 10.88 2.52 6.44 2.56 6.44 2.29 4.70
7 2.8 10.88 2.52 6.44 2.56 6.44 2.29 4.70

6.3. The RD of Asphalt Layers

Standardized at-a-point nuclear gauge measurements provide only a limited number
of data and a low spatial resolution of the potential air void content of asphalt layers. Based
on the systematic tests made during the compaction process and the equations determined,
detailed maps were generated on the RD of the different asphalt layers to visualize the
parameter’s spatial homogeneity. RD maps can be important in predicting the pavement’s
long-term performance, supporting maintenance strategies, and facilitating the detection
of different defects.

In general, we found that the RD values showed significant differences across the
pavement’s depth and along the roadway section. Across the depth of the pavement, the
lowest RD values were experienced regarding the wearing course (Table 3 and Figure 8).
Based on the relationships in Figure 7, this result occurred because the AC 11 mixture can
incorporate more air voids, which simultaneously decreases its density and ¢ compared to
the applied AC 22 mixture.

In the case of both sections, the RD of the base course was higher than the RD of the
binding course, even though both layers were constructed from the same mixture, and the
same number of roller passes were applied during their construction. This suggests that the
compaction of the binding and wearing courses led to the additional compaction of the base
course, even though the base course had cooled down by the time of the construction of the
overlying layers. Consequently, the RD of the base course was found to be the highest of
the investigated layers. However, the base course had the highest variability, or standard
deviation (SD) of RD values (Table 3 and Figure 8), referring to a less uniform compaction,
probably due to the uneven sub-base layer. The most uniform compaction was achieved in
the case of the binding course.
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In addition to the layer-to-layer differences in the RD values, a significant within-layer
inhomogeneity was also apparent in the investigated courses (Table 3). This is most striking
when the right and left lanes, compacted separately, are compared to each other (Figure 7).
The greatest difference in the compaction of separate lanes can be seen in terms of the
wearing course; for example, at Section IL, a 3.6% difference was identified between the
average RD of the two lanes (Figure 8b). The density variation was significant along the
same lane as well (Figure 8a,b), suggesting that the temperature of the asphalt mixture was
changing during the construction process. Based on the results, additional roller passes
should have been made during the construction of the wearing course, especially on the left
lane at Section II. (Figure 8b). Although the general condition of the investigated section is
good, the identified spatial differences in the compaction quality call for the continuous
monitoring of the road structure.

7. Discussion

The assessment of pavement conditions is essential for efficient transportation infras-
tructure management. GPR technology provides different alternatives for assessing the
dielectric properties of asphalt layers. However, these alternatives may yield significantly
different results. Porubiakova and Komacka [6] found differences between the SR and TOF
methods. The present study found that the SR method fits laboratory results better.

On the other hand, Wang et al. [5] found that a certain type of TOF method can provide
equally good results. However, the common mid-point (CMP) approach allows for a real-
time TOF-accurate estimation method, which involves more complex data acquisition and
processing than simpler GPR survey techniques. It requires careful planning and execution
and sophisticated processing software, which can increase the overall cost and time needed
for the survey. Thus, SR was a simpler method that produced reliable measurements.

The study of the relationship between the ¢ and Gy, revealed a strong linear
correlation regarding the wearing course, with a coefficient of determination (R?) of
0.85. Similar findings were reported by several other authors, such as Chang et al. [32] and
Popik et al. [33], using the same antenna frequency (2 GHz) and also by Xiong et al. [34].
However, they did not indicate the frequency of the applied antenna. These authors found
R? values of 0.73, 0.71, and 0.81, respectively. However, the slope of their functions is differ-
ent from those in the present study (Figure 9). The differences in slope can be attributed to
several factors, including the aggregate composition and gradation, asphalt binder content,
air voids, and compaction efficiency, as discussed by Chang et al. [32] in detail. Although
the Gy, was measured using different methods (the density prediction model, non-nuclear
density gauge, and nuclear density gauge), the obtained values were within a range of
40.05 g/cm?, showing high consistency across the studies.

The data from the above studies are plotted in Figure 9. It is clear that even though the
investigated HMA mixtures have different characteristics (Table 4), most of the data plot to
the same region (Figure 9) and provide a means of determining a more general function
between the ¢ and G, (Figure 10). We found that in the case of our study (Wearing course,
Binder course, Base course) and the survey made by Xiong et al. [34] (AC 13, AC 20, AC 25),
the data are located in the same range. However, in the present study, in the case of the
sub-base layers, we found that the data fall outside the expected range of dielectric values
(¢) due to the larger aggregate size (dmax = 30 mm). Additionally, the asphalt content plays
a significant role in these deviations, as a higher asphalt content generally results in lower
dielectric values due to the reduced volumetric proportions of mineral filler and aggregate.
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Figure 9. Comparison of relationship between & and G}, resulting from this study and other authors’
studies [32-34].
Table 4. Mean, minimum, and maximum values and range and standard deviation of RD for
investigated asphalt layers.
Course Type Mean RD Min RD Max RD Range RD SD
Wearing course 0.949 0.944 0.956 0.012 0.033
Section L. Binder course 0.964 0.960 0.971 0.011 0.022
Base course 0.976 0.972 0.978 0.006 0.041
Wearing course 0.944 0.942 0.954 0.012 0.037
Section II. Binder course 0.963 0.962 0.974 0.012 0.029
Base course 0.974 0.971 0.977 0.006 0.043

The impact of the asphalt binder content on dielectric values is particularly important
in interpreting the results shown in Figure 8. The asphalt content influences the density
and compaction of asphalt mixtures, thereby affecting the dielectric response. As seen in
other studies [32,33], an increase in the asphalt binder content tends to decrease the overall
dielectric constant due to the lower permittivity of the binder compared to the mineral
aggregate. This relationship must be considered when comparing different datasets and
developing generalized functions for dielectric estimation. Therefore, the variations in
asphalt binder content should be explicitly analyzed alongside other influencing factors
such as air voids, compaction efficiency, and aggregate gradation.

Finally, for asphalt pavements with aggregate sizes ranging from 11 mm to 25 mm,
composed of limestone-dolomite, and within the same percentage of asphalt binder content
as detailed in (Table 5), we propose a generalized function between the ¢ and G}, for these
specific conditions (Figure 10). The influence of the asphalt content on these correlations
further highlights the necessity of considering binder properties in future analyses.
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Table 5. Mineral composition, aggregate size, asphalt binder, mean ¢, G;,, and other information
regarding studies plotted on Figure 9.
This Study Popik et al. [33] Xiong et al. [34] Chang et al. [32]
Mineral composition Dolomitic limestone Granite Limestone Sandstone
Aggregate size AC11,AC22 AC13-19 mm AC13,AC20,AC25 AC20
Asphalt Binder 4.1% 5.1% 4.5%, 4.1%, 3.8% 4%, 5%, 6%
Mean ¢ 2.36 223 244 2.35
G 5.45 5.11 6.43 444
Other Binder RD: 35% Recycled Asphalt 8% Air voids, 2-10% Air voids

1.050 g/cm? Pavement (RAP) 0.44% Moisture content

Based on our study, reflection amplitudes become relatively constant after six com-
paction passes. This finding was reinforced by Leng et al. [22], indicating that the maximum
mixture densities can be achieved when the number of compaction passes reaches six. An-
other study by Zhao et al. [35] revealed that the rolling resistance and energy utilization
coefficient values were less than 0 when the numbers of roller passes were 7, 9, and 10,
since the value of the compaction energy density was at a very low level when the number
of roller passes exceeded 6.
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Despite the observed variations, the RD of asphalt layers in the investigated road
section ranged between 0.94 and 0.98, which is considered close to the optimum value.
These results are consistent with those reported by Popik et al. [33], who found that over
80% of the surveyed area exhibited RD values between 0.90 and 0.95. Another study by
Zhao et al. [35] found that the degree of compaction ranged between 0.93 and 0.99; when
they used different rollers, they found that the compaction effect for the same number of
roller passes was different. Beainy et al. [36] found that approximately 99% of three other
sites were compacted between a density of 0.93 and 0.96 by using the intelligent asphalt
compaction analyzer (IACA); they also found that less than 1% of the completed pavement
was undercompacted.

Finally, Commuri et al. [37] found that the RD values ranged between 0.91 and
0.93 when using a nonnuclear density gauge. All of the above results reiterate that most of
the construction was of high quality.

Our results showed that the ¢ and RD values of the binder course were higher than
those of the wearing course. This suggests that, beyond the influence of Dmax and other
factors, the wearing course exerted pressure on the binder course. Loizos and Plati [3] also
found that the dielectric properties of the wearing course can influence the estimated values
of the binder course. This can be explained by several factors: The weight of the asphalt
layers increases the compression in the underlying layers, raising their density and affecting
the dielectric properties. Temperature differences between layers may also influence the ¢,
as shown by Kassem et al. [38], who found that lower compaction temperatures increased
air voids in both the HMA and WMA. Additionally, material composition variations and
possible chemical or physical interactions between layers could contribute to changes in
dielectric properties.

8. Conclusions

In the comparative analysis of dielectric values derived from the PaveScan and horn
antenna measurements, the dielectric values measured by the horn antenna were more
closely aligned with the core data. This suggests that the horn antenna measurements are
highly effective in estimating ¢, demonstrating superior accuracy compared to the PaveScan
measurements. Based on the laboratory findings, we concluded that the SR derived from
the horn antenna method can be effectively utilized for reliable pavement investigations.

Asphalt density assessments can be spatially extended by calibrating the GPR dielectric
data using nuclear gauge measurements, and atomic measurements can be substituted.
This is especially true regarding larger projects, in which the same, or a similar, AC mix
is used on longer road sections. We concluded that the ¢ depended on the density of the
asphalt mixture—a higher density reduced air voids, leading to an increased dielectric
constant. Additionally, we proposed a generalized function to describe the relationship
between the ¢ and bulk G,,,;, under specified conditions, such as asphalt pavements with
aggregate sizes ranging from 11 mm to 25 mm and composed of dolomite or limestone.
Therefore, we concluded that the asphalt content influenced the dielectric constant, as the
density of the Hot Mix Asphalt (HMA) was influenced by the components of air, mineral
filler, aggregate, and asphalt binder. The compaction curve helps determine the required
number of compaction passes to achieve the maximum asphalt mixture density, and the
GPR measurement corresponding to the maximum density can be used as a reference to
examine the density levels at other locations.

The presented RD maps demonstrated that the relative compactness of in situ asphalt
materials is not uniform. Variations in density within the same layer suggest variations in
the compaction efficiency during construction. Specifically, Section II.’s left lane exhibited
a lower compaction quality, indicating that additional roller passes should have been
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made during the construction of the wearing course. Although the general condition of
the investigated section is good, the identified spatial differences in compaction quality,
particularly in Section IL, justify continuous monitoring of the road structure. This need for
monitoring is further supported by the observed density variations beyond an acceptable
threshold, which could impact the long-term performance. Incorporating literature on
pavement-monitoring decision making could further strengthen this justification.

We concluded that a method for density assessment was developed using GPR by
surveying asphalt at different degrees of compaction. This way, more accurate RD maps
were generated to visualize the spatial homogeneity of the density. The survey findings
highlight that it is possible to indirectly determine the G, of asphalts composed of
dolomite and limestone aggregates using horn antenna GPR measurements calibrated with
nuclear gauge data, as these methods demonstrated superior accuracy and reliability in
estimating the ¢ and assessing the asphalt density. In addition, the RD maps generated
in this study are important in predicting the long-term performance of the pavement,
supporting maintenance strategies, and facilitating the detection of different defects.
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