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Domitrović, J.; Rukavina, T.

Spatial Representation of GPR

Data—Accuracy of Asphalt Layers

Thickness Mapping. Remote Sens.

2021, 13, 864. https://doi.org/

10.3390/rs13050864

Academic Editor: Mercedes Solla

Received: 29 January 2021

Accepted: 23 February 2021

Published: 25 February 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Transportation Engineering, Faculty of Civil Engineering, University of Zagreb,
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Abstract: Information on pavement layer thickness is very important for determining bearing
capacity, estimating remaining life and strengthening planning. Ground-penetrating radar (GPR)
is a nondestructive testing (NDT) method used for determining the continuous pavement layer
thickness in the travel direction. The data obtained with GPR in one survey line is suitable for the
needs of repair and rehabilitation planning of roads and highways, but not for wider traffic areas
such as airfield pavements. Spatial representation of pavement thickness is more useful for airfield
pavements but requires a 3D model. In the absence of 3D GPR, a 3D model of pavement thickness can
be created by additional processing of GPR data obtained from multiple survey lines. Five 3D models
of asphalt pavements were created to determine how different numbers of survey lines affect their
accuracy. The distance between survey lines ranges from 1 to 5 m. The accuracy of the 3D models
is determined by comparing the asphalt layer thickness on the model with the values measured
on 22 cores. The results, as expected, show that the highest accuracy is achieved for the 3D model
created with a distance of 1 m between survey lines, with an average relative error of up to 1.5%. The
lowest accuracy was obtained for the 3D model created with a distance of 4 m between the survey
lines, with an average relative error of 7.4%.

Keywords: ground-penetrating radar (GPR); asphalt layer thickness; nondestructive testing (NDT);
3D modelling; spatial representation; airfield pavement; apron

1. Introduction

Pavement maintenance procedures and measures are important to ensure safe and
unobstructed traffic flow and to maintain pavement condition-prescribed engineering and
operational values. Maintenance procedures and measures should be based on data on the
actual condition of the pavement and its physical properties. These data are traditionally
collected through digging test-pits and by extracting cores [1]. These methods cannot
provide a complete picture of pavement conditions because the data are related to a specific
location. In addition, these methods are destructive because they require disruption of
traffic and repair of a pavement section. Therefore, data about the pavement condition are
very often obtained by nondestructive testing (NDT) methods, such as pavement deflection
testing [2], laser scanning [3], infrared thermography (IRT) [4] and ground-penetrating
radar (GPR) [5,6]. According to [7], the data collected with GPR are essential for the
pavement rehabilitation project.

The GPR method is based on the emission of low power electromagnetic waves to
obtain images of the subsurface layers [6]. The reflection and scattering of wide-band
electromagnetic waves transmitted by radar occur as a result of discontinuities in the
electrical and magnetic properties of the studied structure. The echoes detected in the
examined structures or subsurface layers are then converted into images using signal
processing and imaging techniques.
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The application of GPR as an effective tool for subsurface inspection of transportation
infrastructure is constantly evolving. It is used to determine the location of reinforce-
ments [8], the condition of pipes [9], the degree of compaction of the asphalt layer [10],
and delamination between asphalt layers [11], as well as to detect moisture damage in the
asphalt pavement [12]. However, GPR has been the most widely used method for deter-
mining the pavement layer thickness, which was its primary function [5,13]. Pavement
layer thickness provides very important information for determining bearing capacity,
estimating remaining pavement life, strengthening planning of existing pavement and
quality control during and after construction. From the beginning of its application, GPR
has shown a high degree of accuracy in estimating asphalt layer thickness.

In the following sections, studies on the accuracy of determining asphalt layer thick-
ness using GPR with air-coupled antennas are presented. For newly constructed pavements
with asphalt layer thicknesses of 100 to 250 mm, [14] showed a thickness error of 2.9%.
In the 2000s, the accuracy of GPR measurements was systematically researched in the
USA [15–17]. According to a test conducted in Virginia [15], an HMA layer thickness error
of about 3% was found when the individual layers were resolved in the reflected GPR
signal. The error increased to 12% when the entire HMA layer was considered without re-
solving the thin layers. In accordance with [16], conducted on heavily trafficked highways
in Virginia, the error in determining asphalt layer thickness ranged from 3.7% to 8.4%, with
a mean of 5.7%. The GPR error in determining asphalt layer thickness ranged from 3.7%
to 11.8%, with a mean of 8.0%, as reported by [17]. Analysis of the GPR data collected
from different sites showed that thickness error increases with pavement age—4.4% error
for 0- to 5-year-old pavements and 5.8% error for pavements older than 20 years having
surfaces older than 10 years [14]. In Croatia, studies have been conducted on motorways,
regional and county roads and on runways [18,19]. The error for new pavements of motor-
ways was mostly less than 10% and varied from 0.16% to 12.32% [18]. For regional and
county roads that have been in service for years, the error ranges from 6.70% to 14.83% [18].
The thickness of asphalt overlays on runways was found to have a relative error ranging
from 1.7% to 10.3% [19].

The repeatability of GPR measurements has also been investigated. In [20], where three
sets of data were collected at the same locations and at different time periods, thickness
errors ranging from 5.9% to 12% were found. The discrepancy in the results can be
explained by changes in the value of the dielectric constant due to the different moisture
content of the test location, and same day measurements showed good repeatability. The
speed of the survey had no significant effect on the performance of the GPR [17]. It was
found that the thickness error was 6.7% for steady state measurements, 7.9% for low speed
and 8.3% for high speed measurements [17]. Thus, GPR is capable of acquiring data at
speeds up to 100 km/h [21].

Although GPR applications on airfields are similar to those on road pavements, less
research has been conducted on airfields. GPR has been successfully applied to determine
the thicknesses of all runway pavement layers [19]. According to [22], GPR and infrared
thermography are two nondestructive testing (NDT) methods that are efficient in airfield
inspection. Infrared thermography was used to locate cracks and other anomalies and GPR
was used to determine the depth and thickness of these defects. Testing GPR along with
other NDT methods to detect voids under airfield pavements showed that the advantage
of GPR is that it can quickly process a large amount of data [23]. GPR has been successfully
used at airfields in Poland to determine the direction of cracks and structural voids and to
detect dowels and anchors in concrete slabs [24].

3D GPR is a useful tool for airfields, as it allows fast and economical surveying of the
large areas of runways and taxiways [25]. As stated by [26], 3D GPR mapping and imaging
is an efficient tool for airfield inspection and construction planning.

The data obtained by a GPR measurement only provides information about the
thickness of asphalt layers in the longitudinal survey lines compared to the 3D GPR. GPR
data are sufficient for the rehabilitation planning of road pavements, but not for airfield
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pavements. Airfield pavements are much wider than roads and have many sections with
different construction histories and thus different pavement structures. To deal with this
problem, a method to create a spatial representation (3D model) based on the GPR data
was presented [27]. The main disadvantage of this method is that it is time consuming,
requiring a large number of survey lines and additional processing of the GPR data. This
disadvantage is especially a problem at airports where measurements must be made with
traffic at short intervals. However, the value of the collected and interpreted data overcomes
the above disadvantage.

The aim of this study is to investigate the influence of different distances between
survey lines on the accuracy of 3D models of asphalt layer thickness.

2. Materials and Methods

The research was conducted on the apron of Pula airport in Croatia. The apron area is
approximately 60,000 m2. The structure of the apron pavement consists of asphalt layers
placed on an unbound base course. Some sections of the apron have asphalt layers that
are more than 30 years old—i.e., well beyond their expected service life (Figure 1). The
pavement had many cracks propagating in various directions, both longitudinally and
transversely, as well as radially in all directions.
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Figure 1. Pula Airport apron with pavement distresses.

Research procedure consisted of the following steps:

• GPR data collection;
• interpreting GPR data;
• creating a 3D model with a spatial representation;
• core extraction.

2.1. GPR Data Collection

The GPR system shown in Figure 2 was used to collect the data on the total asphalt
layer thickness of the apron pavement. The system consists of two air-coupled antennas
(1.0 and 2.0 GHz), a central unit for connecting the system components (SIR 20), a computer
for processing and storing the data and a Distance Measuring Instrument (DMI). The system
is supplemented by a high resolution digital camera. Antennas with 1.0 and 2.0 GHz central
frequencies offer a very good compromise between the possible depth and the recording
resolution for determining the pavement thickness; the transmitters and receivers are
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located in each antenna. They are separated by a duplexer that allows each antenna to
transmit and receive electromagnetic waves (monostatic type of radar).
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Figure 2. Measurement vehicle at the Pula Airport with Ground-penetrating radar (GPR) antennas.

Before starting data collection, certain parameters and filters need to be set (Table 1).
Position correction is the parameter that controls the length of the time that the system will
acquire data. Range gain controls the time-variable gain. Gain is signal amplification used
to compensate for the natural effects of signal attenuation. As the transmitted signal passes
through a material, it will attenuate as the material absorbs some signal. Gain amplifies
that signal after it is received to compensate for signal losses and make weaker reflectors
easier to see. A Finite impulse response (FIR) filter and Infinite impulse response (IIR) filter
are useful for reducing high and low frequency noise in the data.

Table 1. Parameters and filters that were used during the data collection.

Parameters and Filters Variable 1 GHz Antenna 2 GHz Antenna

Position/Range Range [ns] 20 15

Position [ns] 96 96

Range gain
Point 1 1

Number of points 1 1

Value 13 17

FIR filter
Low pass [MHz] 5000 6000

High pass [MHz] 300 300

Filter type boxcar boxcar

IIR filter

Horizontal low pass [scans] 0 0

Horizontal high pass [scans] 0 0

Vertical low pass [MHz] 0 0

Vertical high pass [MHz] 0 0

Unfortunately, the data acquired with the 2.0 GHz antenna showed a high noise
level. From previous experience, a possible reason for this noise could be the GPR signal
interfering with the signals from an air traffic control tower. During the measurement, all
flight control systems were on. Equipment and installations of a military base for unmanned
aerial vehicles (UAVs), which were in the vicinity, could also have had a negative influence.
Only the data acquired with 1.0 GHz antenna were used in this research.

For detailed determination of asphalt layer thickness, data collection was performed
on 247 lines, of which 160 survey lines had lengths of 150 m and 87 survey lines had
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lengths of 409 m (Figure 1). The mutual distance between lines was 1 m. The data were
collected in the west–east direction. Data were collected every 10 cm along the lines. Near
physical obstacles (traffic lights, stop barriers), data could not be collected along the entire
survey line.

Two metal plates with widths of 10 cm and lengths of 150 cm were placed at the
beginning and at the end of each survey line so that the exact position of the beginning and
the end of the measurements could be clearly seen during data interpretation, since the
electromagnetic (EM) wave reflection from the metal plates is complete in the radargram
(Figure 3).
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To ensure straight-line movement of the vehicle on the test site, guidance lines were
delineated. For each guidance line, the surveyor set the start and end points. Cones with
offset rods were placed at intervals of approximately 15 m between them. To prevent the
driver from “wandering”, a wooden visor was mounted on the vehicle to facilitate driving
in the direction of the guidance line. A low driving speed of (20 km/h) also proved to be
crucial. After collecting data on a line, the cones with offset rods were moved laterally
by 1 m. Prior to the measurement, this approach was tested on a polygon. The deviation
between the guidance line and the GPR survey line was not more than 5 cm.

2.2. Interpreting GPR Data

By interpreting the data collected with the GPR, the values of the total asphalt layer
thickness for each survey line were determined. Pavement cracks did not pose a problem
in interpreting the radargram. The thickness of the asphalt layer was determined based
on the reflection method. The principle of using GPR reflections to calculate the layer
thickness and dielectric constant was explained in [28].

According to [28], the velocity of the electromagnetic (EM) wave through a given
medium (air or pavement layer) is affected by the dielectric constant of a single layer.
Equation (1) is used to determine the thickness of each layer (h):

h = v·∆t
2

(1)

where (v) is the velocity of the EM wave through the layer and (∆t) is the propagation time
of the wave reflected at the layer’s base. The velocity of the EM wave v through the layer is
determined by means of Equation (2):

v =
c√
εr

(2)
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where (c) is the velocity of the EM wave through the vacuum (approximately 3 × 108 m/s)
and (εr) is the dielectric constant of a layer. If the dielectric constant εr1 of a top layer is
known, the thickness of that layer h1 can be calculated by Equation (3):

h1 =
c·∆t1

2·√εr1
(3)

EM waves have larger amplitudes at the boundaries between layers (Figure 4), and
this amplitude depends on the dielectric constant of each layer. The greater the difference
in dielectric constant between layers, the greater the amplitude of the reflected EM wave.
The dielectric constant ranges from 1 for air (vacuum) to 81 for water. For road construction
materials, the dielectric constant ranges from 2 to 30 [29]. For air-coupled antennas, the
surface reflection method is used to calculate the dielectric constant of the layer. In this
method, a metal plate is used because the metal plate completely reflects the EM waves so
that the amplitude of reflection is maximum [28,30]. Since the dielectric constant of air is
known, the dielectric constant of the top layer can be calculated according to Equation (4):

εr1 =

(
Am + A1

Am − A1

)2
(4)

where (Am) is the amplitude of the metal plate reflection and (A1) is the top layer amplitude.
Similarly, it is possible to calculate the dielectric constant of the next pavement layer
according to Equation (5):

εr2 = εr1·

1−
(

A1
Am

)2
+
(

A2
Am

)
1−

(
A1
Am

)
+
(

A2
Am

)


2

(5)

where (εr2) is the dielectric constant of the middle layer and (A2) is the middle layer
reflection amplitude.
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The processing and interpretation of the collected GPR data were performed in
RADAN 6.6 software in accordance with [31]. In the processing stage, the raw GPR
data were combined with the calibration data collected over a metal plate to obtain pro-
cessed data. This step was necessary to compensate for the antennas bouncing during the
data collection, adjust the time-zero correction and calculate the velocity of the GPR signal.
The reflections of the EM waves at the different layer boundaries within the pavement
were visually identified in the radargram (Figure 5a). Discontinuities and larger dielectric
contrasts between media imply more prominent reflection. As shown in Figure 5a, a con-
tinuous strong reflection defines an obvious interface between air and asphalt layers and
the asphalt layer and unbound base layer. The layer depth was determined by manually
controlled semiautomatic interpretation based on finding the nearest peak. The results are
shown in the depth and distance diagrams for each measurement line (Figure 5b).
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2.3. Creating a 3D Model with a Spatial Representation

The profile changes of asphalt layer thickness in different longitudinal lines are not
sufficient for a useful representation because it is difficult to see how the thickness of
asphalt layers changes over the observed apron. Therefore, a spatial representation is
required. Spatial representation can be achieved on a 3D model. In the absence of 3D GPR,
a 3D model of asphalt layer thickness can be created by additional processing of GPR data.
The procedure for creating a 3D model is explained in detail in [27]; in brief, it consists of
three steps:

1. Determining the spatial coordinates (x, y, and z) for all data points acquired by the
GPR measurement. Point coordinate x is the distance from the start of the measure-
ment. Point coordinate y is the lateral displacement between the start line and the
adjacent survey line. Point coordinate z is the thickness of the asphalt layers and is
determined after processing the GPR measurement data.

2. Import all data points with spatial coordinates into the software to create a 3D model
(Figure 6a).

3. Create a 3D model of asphalt layer thickness by Delaunay triangulation of all data
points (Figure 6b). The developed 3D model of asphalt layer usually consists of
triangles connecting all points in the form of a regular square grid. Based on a 3D
model of the surface, it is possible to create contours (lines representing points with
the same thickness of the asphalt layers) (Figure 6c) or bands (areas with the same
thickness range of the asphalt layers).
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2.4. Cores Extraction

Twenty-two cores were extracted to determine the thickness of the asphalt layers,
seven of which were 300 mm in diameter and 15 of which were 100 mm in diameter. The
positions of the cores were recorded by GPS and are shown in Figure 7.
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3. Results

Determining asphalt layer thickness for wide traffic areas, such as aprons, is very time
consuming, especially if the measurement is made for a large number of survey lines. The
larger the number of survey lines, the larger the amount of collected data that need to
be processed. In this paper, the possibility of optimizing the whole process of acquiring,
processing and displaying asphalt layer thickness measurement data and determining its
accuracy is researched.

Based on the analysis of GPR data, the total asphalt layer thickness was determined at
597,348 measurement points. The total asphalt layer thickness ranged from a minimum
of 55 mm to a maximum of 371 mm. The collected asphalt layer thickness data were
additionally processed and x, y, and z coordinates were assigned for all measurement
points according to the instructions in Chapter 2. A 3D model of the asphalt layers (MC1)
was created from the measurement points by Delaunay triangulation using AutoCAD
Civil 3D software. The MC1 model is graphically represented on a contour map—i.e., the
points with the same asphalt layer thickness are connected by contour lines (Figure 8). The
contour lines have an equidistance value of 5 mm, which is considered accurate enough for
the rehabilitation projects, although other equidistance values can be used if necessary.

In addition to the MC1 model, four other models were created—MC2, MC3, MC4,
and MC5 (Figures 9–12). All models were created based on identical data collected by the
measurement described above, but they differ in the number of points considered in their
creation. By omitting a specific longitudinal series of points, a simulation to determine
the total asphalt layer thickness was performed with a smaller number of survey lines at
a greater mutual spacing. The number of survey lines and their mutual spacing, as well
as the number of points used to create a particular model, are presented in Table 2, which
shows the effect of the number of survey points on the representation of asphalt layer
thickness and the accuracy of a particular model.
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Table 2. Settings of 3D models with contours.

Model Settings
3D Models

MC1 MC2 MC3 MC4 MC5

Distance between survey line
[m] 1 2 3 4 5

Number of survey lines 247 125 84 63 51

Number of points 597,348 303,562 203,343 153,788 125,560

Contour equidistance [mm] 5 5 5 5 5

To determine the accuracy of the model, asphalt layer thickness values obtained by
coring were compared to the values shown on the contour map. The asphalt layer thickness
values on the map were determined by the nearest contour line at the core location. The
relative error of the thickness values presented on the map was calculated as the ratio
between the absolute error (the difference between the thickness on the map and that of
the core) and the core thickness.

The MC1 model with a distance of 1 m between survey lines resulted in relative errors
ranging from 0.0% to 5.6%, with a mean error of 1.5% (Figure 13). This shows the high
accuracy of the created 3D model.

The MC2 model with a distance of 2 m between survey lines resulted in relative errors
ranging from 0.0% to 18.5%, with a mean error of 6.6% (Figure 14).
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Figure 13. Model MC1—asphalt layer thickness and relative error in the core locations.
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Figure 14. Model MC2—asphalt layer thickness and relative error in the core locations.

The MC3 model with a distance of 3 m between survey lines resulted in relative errors
ranging from 0.0% to 24.2%, with a mean error of 4.6% (Figure 15).

The MC4 model with a distance of 4 m between survey lines resulted in relative errors
ranging from 0.0% to 24.2%, with a mean error of 7.4% (Figure 16).
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Figure 15. Model MC3—asphalt layer thickness and relative error in the core locations.
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Figure 16. Model MC4—asphalt layer thickness and relative error in the core locations.

The MC5 model with a distance of 5 m between survey lines resulted in relative errors
ranging from 0.0% to 14.5%, with a mean error of 6.5% (Figure 17).

The accuracy of the GPR measurement was determined by comparing the thicknesses
measured on the cores with those from the GPR data. Only three cores (3, 15, and 22) were
placed on survey lines, and the relative errors of the GPR measurement there ranged from
0.0% to 3.1% (Figure 13, Table 3).
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Figure 17. Model MC5—asphalt layer thickness and relative error in the core locations.

Table 3. Distance between core samples and survey line in different models and relative error.

Core Sample
Distance between Core and Survey Line [m]

MC1 MC2 MC3 MC4 MC5

1 0.43 0.43 0.43 0.43 1.43
2 0.37 0.63 0.37 1.36 1.63
3 0.00 1.00 0.00 1.00 2.00
4 0.40 0.40 0.40 1.60 0.60
5 0.40 0.40 0.40 0.40 0.40
6 0.33 0.33 0.67 0.33 1.33
7 0.26 0.26 0.74 1.74 1.26
8 0.09 0.91 0.09 1.09 1.09
9 0.24 0.24 0.76 1.76 0.76

10 0.21 0.79 0.21 0.79 2.21
11 0.25 0.75 0.75 1.25 0.25
12 0.26 0.26 1.26 0.26 1.26
13 0.06 0.06 0.94 0.06 0.94
14 0.50 0.50 0.50 0.50 0.50
15 0.00 1.00 0.00 1.00 1.00
16 0.25 0.25 0.25 1.75 1.25
17 0.50 0.50 0.50 1.50 0.50
18 0.03 0.97 0.03 0.97 2.03
19 0.09 0.91 1.09 1.09 0.09
20 0.14 0.86 0.14 1.14 0.86
21 0.23 0.77 0.23 1.23 0.77
22 0.00 1.00 0.00 1.00 2.00

Average 0.23 0.60 0.44 1.01 1.10

To get a better insight into the reason why the errors in the models are larger than the
GPR measurement errors, the distances between the cores and the nearest survey line were
measured and then compared to the relative errors of the model. The result was that the
average distance between cores closest to the survey lines was 0.23 m for the MC1 model,
while the average distance between cores farthest from the survey lines was 1.10 m for
the MC5 model (Table 3). The smallest average relative errors found in the MC1 and MC3
models coincide with the smallest average distances between cores and survey lines.

As expected, the comparison of the measured distances and the relative errors of
the model showed that the relative error of the model increases with increasing distance
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between the core and the survey line (Table 3). However, the largest relative error, 24.2%,
was not registered at the farthest core, but at core 19, which was 1.09 m away from the
survey line in the MC3 and MC4 models. The most distant core 10 (model MC5) showed
a relative error of 12.5%. Since the largest error of the model was not recorded at the
furthest point, other influencing factors that may have affected the error occurring at core
19 were considered. It was found that within a 3.0 m radius of Core 19, there is a significant
variation in asphalt layer thickness from 120 to 225 mm (Figures 8–12).

Contour maps provide a detailed representation of asphalt layer thickness and allow
determination of model accuracy but are not suitable for defining homogeneous areas used
in selection of rehabilitation technology. Maps with bands are more suitable for defining
homogeneous areas because the bands represent the pavement area with a specific range
of asphalt layer thickness. Six bands (Table 4) were defined to determine the effect of the
number of survey lines on the size of the homogeneous areas on each of the five 3D models
(Figures 18–22). Band B1 includes all asphalt layer thickness values less than 100 mm.
Bands B2–B5 include thickness values from 100 to 300 mm, with each band being 50 mm.
Band B6 includes all asphalt layer thickness values greater than 300 mm.

Table 4. Band surface areas.

Band
Label

Asphalt
Layers

Thickness
[mm]

Area [m2]

MC1 MC2 MC3 MC4 MC5

B1 <100 24.58 8.49 20.89 17.10 1.44
B2 100–150 13,144.01 12,179.82 12,119.81 13,406.81 11,154.58
B3 150–200 36,568.32 37,835.70 38,322.33 36,576.57 38,676.12
B4 200–250 8561.50 8354.39 7863.45 8330.34 8486.47
B5 250–300 691.45 618.36 655.45 667.93 672.51
B6 ≥300 13.62 6.72 21.55 4.73 12.36
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The results in Tables 4 and 5 show that the asphalt layer thicknesses on the apron
are mostly between 150 and 200 mm, while their area percentage varies between 61.98%
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and 65.55% depending on the 3D model. Asphalt layer thicknesses below 100 mm and
above 300 mm have the lowest percentages of total apron area (≤0.04%). The differences in
surface area between the same bands in different models are not significant. The largest
difference in surface area between the same bands was found in the MC1 and MC5 models.
The differences in surface area between the two models in band B2 and band B3 are 3.37%
and 3.57%, respectively.

Table 5. Band surface share in the total apron area.

Band
Label

Asphalt
Layers

Thickness
[mm]

Area [m2]

MC1 MC2 MC3 MC4 MC5

B1 <100 0.04 0.01 0.04 0.03 0.00
B2 100–150 22.28 20.64 20.54 22.72 18.91
B3 150–200 61.98 64.12 64.95 61.99 65.55
B4 200–250 14.51 14.16 13.33 14.12 14.38
B5 250–300 1.17 1.05 1.11 1.13 1.14
B6 ≥300 0.02 0.01 0.04 0.01 0.02

4. Discussion

The classical two-dimensional representation of asphalt layer thickness is not satis-
factory for the rehabilitation plans of wide surfaces, such as airfield pavements, because
it is necessary to know the thickness profile over the entire surface. Therefore, a spatial
representation of asphalt layer thickness is more useful on such surfaces. The spatial
representation is usually achieved based on data collected by 3D GPR. However, it is also
possible based on GPR data, but with additional activities. Additional activities are related
to GPR data collection on more parallel survey lines that must cover the whole area under
consideration, definition of the y-coordinate (a lateral displacement between the starting
and adjacent survey lines) on all measurement points and creation of the 3D model. The
main disadvantage of such a method is that it is time consuming; it requires a large number
of survey lines, which can be a problem at airports where measurements have to be made
at short intervals between regular aircraft operations without airport closure.

3D models of asphalt layer thickness can be displayed on contour maps or maps with
bands. The different ways of representing asphalt layer thickness allow researchers and de-
signers to better determine homogeneous areas, which is important for the proper selection
of pavement rehabilitation technology. Specialized software allows the representation of 3D
models with contours with different equidistance values and bands with different ranges of
layer thickness. In this research, the division of the bands into ranges of 50 mm was chosen.
This division of the bands allows the analysis of the existing pavement structure with
sufficient accuracy and allows the possibility to choose the optimal rehabilitation solution.
It should be emphasized that such a division of the bands is particularly important when
there is no possibility to change the vertical alignment of the surface to be rehabilitated.
Two cases should be distinguished. The first case concerns pavements with a total thickness
of asphalt layers greater than the thickness of the newly planned layers. In this case, when
the portion of existing layers are milled off, a certain minimum thickness of them must
remain (50 mm). If the bands are created with a range of 50 mm, it is possible to estimate
the area with a thickness of asphalt layers smaller than the specified 50 mm. On such areas
it will be necessary to completely remove the asphalt layers and rehabilitate the subgrade.
The second case relates to the asphalt overlay on the concrete pavement, which is usually
made of the asphalt concrete AC 16 surf type with a minimum technological thickness
of 42 mm. In practice, the thickness of this layer is usually 50 mm. If the thickness of the
existing overlay is less than 50 mm, bands with a range of 50 mm provide information
about the need to remove part of the concrete pavement.



Remote Sens. 2021, 13, 864 20 of 22

Of course, it is possible to make divisions in bands with a smaller range, but such a
choice is suitable for smaller areas where there are significant variations in the thickness of
asphalt layers. Finer division, e.g., the range of 10 mm, leads to many homogeneous areas
with smaller dimensions (smaller share in the total area of the apron, large scatter).

The number of survey lines affects model accuracy, but is not the only factor, as
the model with the lowest number of survey lines is not the least accurate. Accuracy
is affected by the distance between the core and the survey line, while local variations
in layer thickness can also have a significant impact. The accuracy of the model is also
affected by the triangulation procedure. Because of the regular square grid of points
in the longitudinal and transverse directions, triangulation forms triangles simply by
connecting points on adjacent lines. The elevation of any point on the triangulated surface
is determined by interpolating the elevations of the vertices of the triangles. If the variations
in the asphalt layer thickness are small, i.e., the section is homogeneous, then the influence
of triangulation on the accuracy of the 3D model is smaller.

The large spacing between survey lines reduces the time required to collect and
process the GPR data. If the distance between the survey lines is increased, there is a risk
that significant local variations in thickness will remain undetected. Similarly, when the
survey line spacing is large, if the location of the local variation in layer thickness coincides
with the location of the survey line, the effect of the local variation will be visible over a
larger area due to the triangulation process described previously.

The high accuracy of the 3D model suggests that such an approach to data analysis,
processing and representation is satisfactory and can compensate the 3D GPR.

5. Conclusions

3D models of asphalt layers provide a clear insight into the variations of asphalt layer
thickness in longitudinal and transverse directions. This research analyses the accuracy of
different 3D models of asphalt layers using Airport Pula apron as an example. A total of
five 3D models were created based on the different number of survey lines in which GPR
data were collected and subsequently presented on contour maps or maps with bands. The
different numbers of survey lines simulated the smaller or larger number of survey points
that were considered in the creation of the 3D model.

Contour maps and cores were used to analyze the accuracy of the 3D models. As
expected, it was found that the relative error of the 3D model was lowest at the narrowest
survey line distance of 1 m and highest at the 4.0 m distance. It was found that the
accuracy of a 3D model depends primarily on the accuracy of the GPR measurement, the
distance of the core from the survey line—i.e., triangulation process—but also on the local
thickness variations.

Maps with bands provided a representation of homogeneous surfaces with respect
to the range of asphalt layer thickness. It was found that the size of certain homogeneous
surfaces did not vary much considering the number of survey lines used in the creation of
the 3D model.

The results of the analysis showed that the previously described methodology of GPR
data collection, processing and spatial representation can be applied to airfield asphalt
pavements with high accuracy. Furthermore, if the GPR measurement, data processing
and interpretation have to be performed in the shortest possible time, a smaller number of
survey lines can be selected, resulting in a slightly lower accuracy of the 3D model. The
research has shown that GPR data can be initially collected on survey lines spaced more
than 1.0 m apart, assuming that the observed section does not have significant variations in
asphalt layer thickness as a result of different construction histories. The number of survey
lines, and therefore the accuracy of the model, should be adjusted to suit the purpose of
the research.
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