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This publication is aimed at the users of Ground-Penetrating Radar (GPR) in pavement condition surveys. It makes 
recommendations for the choice of GPR equipment as well as for the collecting, processing and interpreting of 
data. 

GPR is a tool for non-destructive geophysical investigation based on the propagation and reflection of electro-
magnetic waves (20 MHz to 3 GHz). It reacts to electromagnetic variations in a medium (permittivity, conductivity 
and magnetic sensitivity). Measurements are generally carried out by moving the antenna over the surface (either 
in contact with the ground or in air). Pulses are sent at regular intervals, which allows to rapidly generate an image 
of the subsurface (figure 1).

The technique was developped in the 1960’s and is currently used in geology (detection of bedrock, specific  
geological formations, cleavages, karst phenomena, etc.), in archeology (mapping of hidden archeological sites), 
in hydrogeology (determination of the groundwater table and detection of polluted zones) and in civil engineer-
ing (inspection of concrete structures, pavements, railways and other subsurface structures).

More specifically, GPR has proven to be a useful tool for pavement condition surveys, viz. to evaluate the quality 
of pavement structures (voids, etc.) and the thicknesses of pavement layers. Furthermore, the technique allows to 
image subsurface changes in pavements (determination of homogeneous zones). Therefore, it is also helpful in 
determining appropriate locations for core sampling and test trenches. In combination with deflection measure-
ments and core sampling, GPR allows to estimate the thicknesses and spatial distribution of pavement layers more 
accurately and, hence, to obtain more reliable moduli from backcalculations.
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Figure 1 Generating a GPR profile 
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However, a good command of the technique and choosing the appropriate type of GPR system and antenna 
(including frequency range or centre frequency) are essential to obtain reliable and optimum results. In addition, 
choosing the input parameters as well as processing and interpreting collected data require a certain amount of 
experience.

Since its first purchase of GPR equipment in 2010, BRRC has gained field experience by carrying out on-site  
measurements (to detect subsurface changes in pavements, determine homogeneous zones, estimate layer thick-
nesses for backcalculation from deflection measurements, detect voids or buried utilities, etc.). Although those 
operations were generally successful, the results and precision could not always be sufficiently validated for lack 
of information on the investigated site. 

Hence, the need for a reference site to perform measurements under controlled conditions. For the pur-
pose of pre-normative research financed by the Belgian Bureau for Standardization (NBN), a test section with  
various types of classic pavement structure, deficiencies (voids, lack of bond between layers), and pipes and cables 
(simulation of buried utilities) was therefore constructed indoors on the BRRC site at Wavre. With a view to inves-
tigating the performances and limitations of GPR equipment for detecting layers in pavements and estimating 
their thicknesses, BRRC carried out comparative tests with various antennas on the test site. Furthermore, other 
GPR users such as AWV, CEREMA, ISSeP, SPW, UCL and UGent performed measurements with their own equipment.

Using the experience thus gained, BRRC has prepared this publication as a practical guideline and useful tool for 
GPR users. The measurement procedure is described in chapter I; the data processing procedure is presented in 
chapter II. Additionally, the procedure for estimating layer thickness from reflection amplitude and propagation 
time is explained in appendix I, whilst the procedure for determining homogeneous zones is discussed in appen-
dix II.



1

1.1 Choice of equipment

1.1.1 Type of antenna

Various types of antenna are currently available on the market, such as air-coupled (horn) antennas (suspended 
a few tens of centimetres above the surface), ground-coupled antennas (moved or towed along the surface) and 
borehole antennas (led into boreholes). The latter type is not suitable for use in pavement condition surveys.

Generally, a Ground-Penetrating Radar (GPR) operates in the time domain. Concretely, the system measures the 
time between the emitting of very short electromagnetic pulses (of the order of a few nanoseconds) and the re-
ceiving of reflected signals (figure 2). The corresponding signal covers a wide range of frequencies in the frequen-
cy domain. The frequency with the greatest amplitude is the centre frequency. Other systems (stepped frequency) 
emit continuous sinusoidal waves at various frequencies and may subsequently reconstruct the signal in the time 
domain by means of an inverse Fourier transform.

Chapter 1 
Measurement procedure

Chapter 1 

Measurement procedure

1

Figure 2 Comparative schematic drawing of the operating principle of a ground-coupled antenna (a) and  
an air-coupled (horn) antenna (b) 
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For pavement condition surveys, preference is generally given to horn antennas that operate in the time domain 
at relatively high frequencies (1 to 2 GHz) (figure 2 (b), p. 1). Such antennas can be mounted on a vehicle and, 
hence, enable measurements in vehicular traffic (at a speed of up to 120 km/h in some cases). Horn antennas are 
also to be preferred for determining layer thickness. Because of the ground-antenna distance, a significant part of 
the wave is reflected from the surface and does not enter the pavement. Consequently, the depth of penetration 
is limited. The antenna is securely attached so as to avoid abrupt shifts when travelling on an irregular or rough 
surface.

Ground-coupled antennas (figure 2 (a), p. 1) are placed as close to the surface as possible, generally on a cart, 
frame or other device that is moved at the pace of the operator. For pavement condition surveys, the antenna may 
also be towed by a vehicle. However, that needs to be done at a low speed, to avoid damage to the antenna. In 
comparison with horn antennas, waves penetrate deeper into the medium and a higher resolution is obtained.

Ground-coupled antennas permit more precise investigation in a specific point of the road structure. As a result, 
reinforcements and local deficiencies can be better visually detected. However, such antennas are more sensitive 
to irregular and rough surfaces and interfaces. Horn antennas measure the signal over a larger surface, thereby 
enabling better visual detection of (even rough) interfaces. This is illustrated in figure 3: with a 2-GHz horn an-
tenna the bottom of rather irregular paving blocks is imaged as an interface (figure 3 (a)), whereas with a 2-GHz 
ground-coupled antenna it is shown as a sequence of local reflectors (hyperbolas) (figure 3 (b)).

Ground-coupled antennas are less suitable for determining the thicknesses of structural pavement layers with 
simplified calculation methods. Indeed, the relatively long surface wave tends to cover up the first reflection 
(on asphalt roads) and because the direct wave and the multiple surface reflections are inextricably linked, it 
is quite difficult to determine the time-zero position without specific processing. Ground-coupled antennas are  
generally shielded to prevent reflection from objects above the surface and interference from electromagnetic 
ambient noise (mobile phones, radio waves, etc.) and, additionally, to protect the operator from radiation.

Some brands also offer antenna arrays with various emitting and receiving antennas, thus enabling simultaneous 
measuring of several profiles as well as quicker reconstruction of cross sections and top views. Furthermore, the 
variable distances between the emitting antenna and the receiving antenna enable to estimate the permittivity of 
the medium through a Common Midpoint (CMP) analysis (figure 13, p. 21) of the measurements.

In literature (Leng et al., 2009) recommendations are made for the choice of the type of antenna according to the 
type of pavement. For asphalt pavements the use of a 2-GHz horn antenna is recommended, or a 1-GHz antenna 
if a penetration depth of more than 40 cm is required. For concrete pavements a ground-coupled antenna is pre-
ferred, with a frequency higher than 1.5 GHz when concrete slabs are less than 20 cm thick. For composite pave-
ments a radar system with several channels, antennas and frequencies (for example, a 2-GHz horn antenna and a 
900-MHz ground-coupled antenna) will give the best results (Leng et al., 2009).

Figure 3 Influence of the type of antenna (air-coupled (horn) antenna (a) or ground-coupled antenna (b)) on the 
imaging of rough interfaces 
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1.1.2 Data collection system

Radar antennas are connected to a data collection system (control unit or data logger), which synchronizes the 
signals of the emitting antenna and the receiving antenna so as to generate sampled waves and receive reflected 
radar pulses.

Each manufacturer offers various systems. When making a choice, the following parameters should be considered:

- the operating frequency range or centre frequency of the antennas compatible with the data collection 
system;

- the stability of the signal, especially in case of temperature fluctuations;
- the speed of data collection and signal processing;
- the autonomy and size of the equipment;
- sensitivity and signal-to-noise ratio;
- the possibility to carry out simultaneous measurements with several antennas;
- immediate imaging of the results. For that purpose, a pc is often required in addition to the data collection 

system;
- the possibility to carry out preliminary rough data processing while collecting data.

1.1.3 Frequency

For each type of GPR, a series of antennas with various frequencies is available. The choice of operating frequency 
depends on intended use. A higher frequency gives a higher resolution, but a smaller depth of penetration. With 
a lower frequency, waves penetrate deeper into the material, but resolution is lower. Therefore, a careful trade-off 
between those properties should be made. As an example, figure 4 shows the signals of a ground-coupled anten-
na measurement performed at three frequencies, viz. 2.6 GHz (a), 900 MHz (b) and 400 MHz (c), on concrete slabs 
with an asphalt overlay and local heterogeneities (void, dowels).

A higher frequency (i.e., a shorter wavelength of the emitted signal) gives a higher resolution and thus makes it 
possible to discriminate between two more closely spaced interfaces. When the wavelength is too long (i.e., the 
frequency is too low) in proportion to the distance between two interfaces, the two reflections will interfere with 
one another and only one reflection will be visible on the radar profile. Resolution is generally estimated at one 
quarter of the wavelength in the medium (Annan, 2005). 

Figure 4 Comparison of the signals of a ground-coupled antenna measurement at three different frequencies.  
The measured zone is composed of concrete slabs with an asphalt overlay and local heterogeneities (void, 
dowels and gauge)
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The selected frequency 𝑓 (in GHz) should satisfy the equation:

                 where D𝑧 = distance between two interfaces (cm);
 𝜀’�= relative dielectric permittivity of the material;
 � = speed of propagation (“velocity”) of a wave through the material (cm/ns).

The velocity, � in cm/ns, is calculated using the equation:

By way of information, table 1 gives an overview of the permittivity and speed of various road construction 
materials.

Material �’� � (cm ⁄ ns)

Air 1 30

Water 81 3.3

Dry asphalt 2 - 5 13.4 - 21.2

Moist asphalt 6 - 12 8.7 - 12.2

Dry concrete 4 - 8 10.6 - 15

Moist concrete 8 - 15 7.7 - 10.6

Bitumen 2.7 18.3

Dry sand 2.5 - 6 12.2 - 21.2

Moist sand 10 - 25 5.5 - 9.5

Ice 2.5 - 4 15

Dry soil 4 - 10 9.5 - 15

Moist soil 10 - 30 5.5 - 9.5

Frozen soil 4 - 8 10.6 - 15

Dry limestone 7 11.3

Moist limestone 8 10.6

Table 1 Characteristic values for dielectric 
permittivity, ε’r and corresponding 
velocity, �, at 100 MHz for various 
road construction materials (mo-
dified in accordance with Daniels, 
2004)

�
�

4Δz
=

7.5

Δ ε′�
 ≥

z

�=
�

 
ε′�

where 𝑐 = speed of light (i.e., 30 cm/ns). 
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The operating frequency must often be limited to obtain sufficient depth of penetration. In addition to frequency, 
the depth of penetration depends on parameters such as the electric conductivity of the medium, the configura-
tion and directivity of the antenna (air- or ground-coupled), and the dynamics of the radar. By first approximation, 
the criterion for operating frequency (in MHz) to obtain a given depth of penetration D (in m) is calculated using 
the equation (Annan and Cosway, 1992):

For a heterogeneous material, the choice of a lower frequency may be dictated by another parameter, viz. clutter 
(interference or ambient noise). If the signal has a frequency that is high enough to detect heterogeneities (aggre-
gates, etc.) in the structure, each heterogeneity will generate a reflection hyperbola. Those hyperbolas can mask 
the reflection from the target considered in the radar profile. The criterion to limit clutter is calculated using the 
equation (Annan and Cosway, 1992):

For various operating frequencies and an average road construction material (𝜀’� = 6.25), table 2 gives an overview 
of penetration depths, vertical resolutions (i.e., the minimum spacings required to discriminate between two ver-
tically positioned interfaces), and the smallest detectable sizes of heterogeneities. The values were calculated from 
the aforementioned equations and are given by way of indication.

Those values apply to a low-conductivity material. In a high-conductivity material (e.g., clay-bound material 
or de-icing salt), the transmitted wave is attenuated and the depth of penetration is smaller. For horn and high- 
frequency antennas the penetrating wave is weaker, because the emission is often less strong than with low- 
frequency antennas.

Frequency 
(MHz)

Vertical resolution 
(m)

Penetration depth 
(m)

Smallest size of heterogeneous 
element (m)

2,600 0.012 1.06 0.0046

2,000 0.015 1.37 0.006

1,000 0.03 2.75 0.012

900 0.033 3.06 0.013

400 0.075 6.87 0.03

200 0.15 13.75 0.06

100 0.3 27.50 0.12

<�
1200 � 1

�

ε′�

�
30

Δ
 <

� ε′�

where D𝐿 = size of heterogeneities in the material (m).

Table 2 Estimates of vertical resolution, penetration depth and smallest detectable size of 
heterogeneities in a low-conductivity material, at various operating frequencies
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In literature, much smaller depths of penetration are reported as achievable in condition surveys (table 3).

Table 4 gives an overview of limit values generally achieved in road construction and geotechnics, according to 
BRRC experience.

Penetration 
depth (m)

Centre frequency 
(MHz)

50 10

30 25

10 50

7 100

2 200

1 500

0.5 1,000

Type - Frequency Penetration depth (m)

Ground-coupled antenna – 2,600 MHz 0.35

Ground-coupled antenna – 2,000 MHz 0.5

Horn antenna – 2,000 MHz 0.5

Horn antenna – 1,000 MHz 0.8

Ground-coupled antenna – 1,000 MHz 1

Ground-coupled antenna – 900 MHz 1

Ground-coupled antenna – 400 MHz 2.5

Ground-coupled antenna – 200 MHz 5

Ground-coupled antenna – 100 MHz 25

Table 3 Choice of antenna centre frequency for required depth 
of penetration (Annan and Cosway, 1992)

Table 4 Penetration depths 
achieved with radar 
antennas, according to 
BRRC experience 

For a given antenna, the depth of penetration depends on the measurement site. Before each investiga-
tion, an on-site radar measurement should be carried out in order to validate the depth of penetration.
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1.1.4 Measurement of distance

Different systems can be used for measuring the distance covered by the antenna during tests .

The most frequently used system is an odometer wheel attached to the antenna or to the cart (figure 5 (a)).

When the antenna is mounted on a vehicle, one vehicle wheel can be specially equipped to serve as an odometer 
(figure 5 (b)).

In other cases, a GPS system (figure 5 (c)) can be used to enable geolocation of the measurements and immediate 
mapping out of the data. In many applications, combined use of GPS and local measurements (odometer wheel) 
may contribute to optimum data processing and imaging.

Figure 5 Equipment for the measurement of distance during GPR tests: a device attached to the cart for  
ground-coupled antennas (a); a device attached to a vehicle wheel for air-coupled (horn) antennas (b);  
a GPS antenna mounted on top of the vehicle (c)

a b c
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1.2 Choice of parameters

An adequate choice of input parameters is essential for the quality of measured data. Some parameters can be adjusted 
afterwards, whereas an inappropriate choice of others may have an irreversibly negative effect on output quality.

Moreover, not all parameters depend on all others. One important limiting factor is the speed of measurement, 
transmission and registration by the data collection system. To avoid saturating the system, several parameters 
will have to be weighed against each other, viz. number of samples per trace, time range, step distance (trace/m) 
or temporal frequency (trace/s), speed of data collection, sampling frequency, and stacking parameters. These 
parameters will be described in detail in the next Sections. 

Generally, it is recommended to attune the data collection parameters to the material on which most of the  
measurements are to be carried out. For instance, if 90 % is carried out on asphalt and 10 % on concrete, parame-
ters are preferably attuned to asphalt. For a detailed investigation, it may be useful to carry out separate measure-
ments so that parameters can be attuned to each type of material separately.

1.2.1 Step distance

The distance between measurements depends on the desired horizontal resolution and on the required minimum 
speed of measurement. By way of information, table 5 presents a few values for road condition surveys. If the dis-
tance is not measured during acquisition a temporal frequency (trace/s) is defined.

1.2.2 Sampling interval

The sampling interval is the interval of time between two consecutive points of a trace. This parameter should be 
accurately tuned in the data collection process so as to guarantee reconstruction of the discretized signal without 
loss of information. According to Nyquist’s theorem, the sampling interval should be less than half the interval 
for the highest frequency of the signal. It is assumed that for a radar signal the highest frequency is about twice 
the centre frequency. In practice, it is preferable to leave a margin. Therefore, an interval corresponding with ten 
times the centre frequency is chosen. Table 6 gives an overview of the sampling intervals thus calculated. They are 
maximum values that must not be exceeded. The length of a 512-point trace (cf. Section 1.2.4) for those intervals 
is also given, by way of information.

Type of antenna Antenna frequency Step distance 

Horn antennas
Condition surveys
(surface layers)

2 GHz 10 traces/m – Basic investigation 
20 traces/m – Detailed investigation

1 GHz 10 traces/m – Basic investigation
20 traces/m – Detailed investigation

Ground-coupled 
antennas
(buried utilities)

400 MHz 50 traces/m – Basic investigation
100 traces/m – Detailed investigation

Centre frequency Maximum  
sampling interval

Time range  
of a 512-point trace

2 GHz 0.05 ns 25 ns

1 GHz 0.10 ns 51 ns

400 MHz 0.25 ns 128 ns

200 MHz 0.50 ns 256 ns Table 6 Sampling intervals for 
various antennas

Table 5 Step distance as a function of antenna type and required horizontal resolution
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The time ranges thus calculated considerably exceed those generally used for the corresponding antennas (tables 
6 and 7). As a result, few sampling problems are encountered in practice.

Note: in some software applications, this parameter is expressed as sampling frequency, which is the reciprocal of 
sampling interval.

1.2.3 Time range

The time range should correspond with the duration of an acceptable signal-to-noise ratio or, failing that, with the 
time required to ascertain that the investigated event has been recorded. The time range should be long enough 
to process all information, but not exceedingly long (useless noise recording). This parameter depends on the 
chosen frequency (it decreases with increasing frequency) and the electric properties of the medium.

By first approximation, it may be assumed that 5 cm of the structure can be investigated for each nanosecond (ns) 
under the surface. 

Table 7 presents an overview of time ranges for radar systems used in pavement condition surveys, by way of 
information.

1.2.4 Number of samples (or points) per trace

The number of samples or points per trace depends on the two parameters discussed above (viz. sampling interval 
and time range). This parameter is, in fact, the time range divided by the sampling interval.

In some systems (for example, GSSI systems), this parameter is to be chosen by the user instead of the sampling 
interval. In practice a value of 512 or 1,024 is often used, because certain devices require a power of 2 for numerical 
reasons (more particularly, the Fourier transform for filters).

In other systems the user chooses the sampling frequency and the time range, from which the software then de-
rives the number of samples per trace.

1.2.5 Stacking

In some radar systems, data can be recorded while performing signal stacking. Each recorded trace is then the 
average of a given number of traces, thus improving the signal-to-noise ratio. However, this functionality consider-
ably slows down the data collection process and is, therefore, seldom used when noise is limited. Such is the case 
for instance in shallow applications. Stacking may also be applied afterwards during signal processing, with the 
same positive noise-abating effect. As stacking reduces the number of traces, a sufficiently high number of traces 
should be recorded during measurement.

Centre frequency Time range

2 GHz 12 - 15 ns

1 GHz 20 ns

400 MHz 60 ns

200 MHz 150 ns
Table 7 Usual time ranges for pavement condition surveys

Before each investigation, a test should be made to allow optimum adjustment of this parameter.
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1.2.6 Gain function

In order to optimize the signal visibility during the data collection process, it is often needed to multiply the data 
by a gain function, which can be constant, linear or exponential (cf. Section 2.3, p. 18). With some software, a dis-
play gain can be applied. Signals are then amplified only during display. For other systems, the signal alteration is 
permanent. The gain must then not be too big, to avoid saturation of the recorded signal and loss of information. 

Exponential or linear gain functions are used to improve the imaging of interfaces situated at greater depth with-
out saturating the signal with the surface reflection. However, caution should be taken as such functions can cre-
ate artificial fluctuations in amplitude, which may then be falsely interpreted as changes in the dielectric contrast.

With horn antennas, the gain function is often constant. Its amplitude is chosen on the basis of the intensity of 
surface reflection. Ideally, the surface reflection should equal approximately 50 % of the maximum amplitude. It 
should also be verified whether the selected gain function doesn’t lead to signal saturation when calibrating the 
antenna on a metal plate.

With ground-coupled antennas, linear gain functions are commonly used. To ensure that all registered data re-
main smaller than the maximum amplitude, it is recommended to select a gain function for which the direct wave 
amplitude equals 2/3 of that maximum value.

1.2.7 Filter

In some systems a frequency filter (FIR) may be applied during the data collection process, to improve the imaging 
of the results. Again, the use of such a filter may provide a temporal improvement of data display (with no impact 
on recorded data) or a permanent improvement (with an impact on recorded data).

Generally, the useful frequency range stretches from approximately a quarter to the double of the centre frequen-
cy. By way of example, table 8 gives an overview of high- and low-pass filters used by BRRC in pavement condition 
surveys. A spectral analysis makes it possible to fine-tune the filters with a view to improving the signal-to-noise 
ratio.

For some antennas, special filters have been developed by the manufacturers to minimize noise.

2-GHz horn antenna

High-pass filter: 250 MHz
Low-pass filter: 5,000 MHz
Possibly an interference filter supplied by the 
manufacturer

1-GHz horn antenna High-pass filter: 250 MHz
Low-pass filter: 3,000 MHz 

400-MHz ground-coupled antenna High-pass filter: 100 MHz
Low-pass filter: 800 MHz

Table 8 Filters used by BRRC in pavement condition surveys
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1.3 Preparing measurements

1.3.1 Warm-up time

Before starting to measure, antennas are warmed up until the amplitudes and the arrival time of the signals are 
sufficiently stabilized. Warm-up time depends on the system, the ambient temperature and the intended use (de-
tailed analysis of the amplitudes). It is recommended to seek the advice of the manufacturer and to perform some 
tests with one's own equipment.

By way of example, figure 6 (a) shows a continuous measurement with a 2-GHz horn antenna as from the switch-
ing on. The change in arrival time of the direct wave is clearly visible to the naked eye. The peak-to-peak amplitude 
of the reflection also varies (figure 6 (b)). After the first thirty minutes, the variation decreases but the peak-to-peak 
amplitude never stabilizes completely.

These results show that this type of antenna requires a warm-up time of at least twenty-five to thirty minutes. 
Some manufacturers recommend a longer warm-up time in cold weather. However, our measurements with that 
antenna did not demonstrate that this would be useful. When interruptions occur (for data checking, during lunch 
break or for moving the vehicle without data collection), it is recommended to warm up again for a certain time 
before resuming data collection.

1.3.2 Calibration of the antenna

The antenna often has to be calibrated to allow the use of certain functions in signal processing after measure-
ment. For instance, calibration is required for time-zero correction (cf. Section 2.1) or, with horn antennas, for  
evaluating surface permittivity (cf. appendix I). Calibration has to be repeated for each measurement campaign, as 
well as at each change in the antenna position or in the data collection parameters. The operating mode depends 
upon the system. Therefore, it is recommended to seek the advice of the manufacturer. Calibration can be of the 
following type:

- dynamic calibration on a sufficiently large metal plate, to measure a total reflection over the full range of 
antenna positions that may occur in reality (cf. appendix I.2);

- static calibration on a sufficiently large metal plate, at various elevations;
- calibration in air, to measure only the direct signal.

When interruptions occur (for data checking, during lunch break or for moving the vehicle without data collec-
tion), antennas are calibrated anew. To ensure system stability, it may also be useful to calibrate antennas again at 
the end of each measurement campaign.

Figure 6 Continuous measurement with a 2-GHz air-coupled (horn) antenna during and after warm-up (a);  
peak-to-peak amplitude of the reflection during and after warm-up (b)
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1.3.3 Calibration of the odometer

The odometer is calibrated by measuring a known distance accurately and regularly: at least every three months, 
and especially each time the vehicle is modified. Certain vehicle parameters (vehicle loading, tyre pressure, tyre 
wear, etc.) may indeed cause errors in the measurement of distance.

1.4 Performing measurements

When performing measurements in traffic, appropriate measures should be taken to guarantee the safety of road 
users, operators and radar equipment.

Preferably, no measurements are carried out during rainfall or on a wet road surface (stronger attenuation of the 
signal, higher surface reflection, and presence of moisture gradients which may prevent that layers are considered 
homogeneous). However, in some particular cases (e.g. when the aim is to detect deficiencies in a waterproofing 
sheet, or voids) the presence of water in the pavement may strengthen permittivity contrast with the surrounding 
material and, hence, increase the detectability of deficiencies.

Frost increases the depth of penetration and, therefore, does not hinder radar measurements. However, it should 
be avoided to carry out measurements when the structure may be partially frozen or thawed. The frost front may 
cause additional, artificially formed interfaces corresponding with permittivity changes in otherwise homogene-
ous layers. Moreover, a longer warm-up time might then be required (cf. Section 1.3.1).

Since mobile phones may cause significant electromagnetic interference, operators should preferably switch 
them off.

Ideally, all practical information with regard to the measurements (location, date, type of antennas, file names and 
folders, weather conditions, observations, operators, etc.) is registered in a log book. A minimum of information 
(location, date, antennas) should be mentioned in the file header.

The starting and end points of a measurement should be precisely indicated, either by means of a permanent 
landmark on the road (kilometre post, houses, etc.) or a marking with indelible paint. The point of reference on the 
vehicle should also be chosen, for instance the centre of the antenna, the front wheel of the vehicle or the driver’s 
seat. In the latter two cases, the distance between the point of reference and the centre of the antenna should be 
measured.

When collecting data, it is useful to insert marks on the radar profile when encountering landmarks or changes in 
the pavement structure (changes in the surface, a bridge, etc.). The corresponding observations are recorded in 
the log book. This operating mode is easier to apply when working with two operators.

Furthermore, it may prove useful to film the road surface and the antenna in order to facilitate the interpretation of 
the measurement data and the position of the identifying marks with respect to visible points of reference along 
the route.

Generally, measurements with horn antennas are carried out longitudinally, at the centre of a traffic lane. De-
pending upon the type of road, measurements are often repeated in the opposite direction of traffic and on each 
traffic lane. When lateral changes in the pavement structure are suspected, it may be useful to carry out various 
measurements on the same traffic lane with varying positions of the antenna. If possible, a few cross profiles are 
made either with a ground-coupled antenna or a horn antenna, depending upon the available space. Alternative-
ly, equipment with antenna arrays may be used. When combining GPR technology with other types of measure-
ment (coring, Falling Weight Deflectometer, etc.), all measurements should be carried out in the same axis.

Ground-coupled antennas may also be used to divide a zone of interest (longitudinal and cross sections) into grid 
cells the size of which depends on that of the anomaly to be detected. The antenna is then mounted on a cart with 
an odometer wheel and pushed along by the operator. In this way, the investigated zone can be imaged in three-D 
and the spatial dimensions of anomalies can be determined more accurately.

Ground-coupled antennas may also be towed by a slowly moving vehicle. In this way, the ground-antenna contact 
is maintained and a high number of traces can be recorded per metre.
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The orientation of the antenna may influence results, especially the visibility of linear reflectors such as reinforce-
ments. The antenna is more sensitive to reflectors that are parallel to the dipoles of the emitting antenna and the 
receiving antenna and, hence, perpendicular to the centre line of the antenna. In a classic investigation, the radar 
antenna will detect these reflectors more readily; they will then appear as hyperbolas. 

When turning the antenna 90° to its main orientation, reflections from reinforcements are minimized. This may 
be useful for example when the GPR user is interested in collecting information on the bottom of concrete slabs 
rather than on reinforcements. 

This is illustrated in figure 7, which shows the same profile measured with the antenna in its main orientation and 
turned 90°, respectively. When the antenna is turned, the hyperbolas of the reinforcement at the bottom of the 
concrete slab are nearly invisible and, hence, the reflection from the bottom becomes more visible.

Figure 7 Comparison of profiles measured with a 2.6 GHz contact antenna in the main orientation (a) and turned 
90° (b), respectively

Measurement in the main orientation of the antenna

Linear reflector

Direction of measurement 

Rx Tx

Linear reflector

Direction of measurement 
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Measurement with antenna turned 90° (reversed polarization)

Bottom of concrete slab

Bottom of concrete slab
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Data processing procedure

2

The aim of data processing is to improve the quality of the recorded radar image and to highlight interesting re-
flectors against artefacts, resonance and noise. Classically, the procedure comprises the following stages:

- time-zero correction (vertical staggering of traces with a view to adjusting time-zero, so as to enable time-to-
depth conversion from an estimated speed in the material);

- the filtering out of low-frequency noise and horizontal resonance (horizontal or vertical high-pass filter, back-
ground removal);

- the filtering out of high-frequency noise (vertical low-pass filter, horizontal low-pass filter, stacking);
- the application of a gain function (amplifying a signal with depth).

Two additional stages may be included (not customary for pavement condition surveys):

- migration (removing diffraction hyperbolas and correcting inclined reflectors);
- deconvolution (improving resolution and removing multiple reflections (“multiples”)).

Recommendations for the choice of parameters are made below.

2.1 Time-zero correction

For some data processing stages, certain systems use an antenna calibration file (i.e., a special measurement on 
a metal surface or in air, depending upon the instructions). For instance, for GSSI horn antennas a calibration file 
(obtained on a metal plate at various distances from the antenna) is used to eliminate part of the resonances and 
to reset reflection from the road surface at zero (figure 8). The information from the file is used when analysing the 
speed of wave propagation.

When no calibration on a metal plate has been carried out, the reflection time on the surface can approximately 
be reset to zero by determining the main peak of the reflection. In that case, the signals are simply shifted in time, 
without eliminating the resonances in the antenna. 

With ground-coupled antennas, the time shift to be applied to the traces for time-zero correction is determined by 
the operator. As opposed to horn antennas, the first peak of the surface reflection is considered to be time-zero. 
However, this holds the risk that the depth of the interfaces may be considerably underestimated. Indeed, there 
actually is a superposition of various waves. We distinguish three major types. Firstly, a wave that propagates 
through the air, directly from one antenna to the other. Secondly, a wave that propagates through the air, but 

Figure 8 Profile measured with a 2-GHz air-coupled (horn) antenna before (a) and after (b) automatic time-zero cor-
rection. This operation makes it possible to restore the horizontal aspect of the surface and the subsurface 
layers, which was initially imaged very irregularly owing to the crossing of a kerb

a b



16

reflects on the surface before reaching the other antenna. Thirdly, a wave that propagates through the surface 
material. The sum of those components depends on several parameters (roughness of the surface, material, cart, 
etc.) that are hard to quantify.

Ideally, before or after radar measurements a measurement in air is carried out so as to obtain a reliable reference. 
For that purpose the antenna is placed far away of any reflector. Time-zero is then calculated by substracting the 
propagation time (in air) between the two antennas from the arrival time of the first peak. The distance between 
the emitting antenna and the receiving antenna is generally provided by the manufacturer.

Figure 9 shows an example. The first peak measured with a 900-MHz antenna is visible at 3.5 ns. When measuring 
in air with the same antenne the arrival time is 2.8 ns. For the model in this example the distance between the an-
tennas in their box is 15 cm. Therefore, it may be assumed that the time difference between emitting and receiving 
the wave is equal to 0.5 ns. The chosen time-zero is then 2.3 ns, viz. more than 1 ns before the first peak appears 
in the measurements.

Figure 9 Comparison of a signal measured in air (a) to a signal measured on reinforced concrete (b).  
Estimate of the emitting time of the direct wave

a b

900 MHz 
Direct signal in air

Emitting time 𝑡�
Direct wave in air

900 MHz 
Signal measured on concrete

Surface wave measured on concrete
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2.2 Signal filtering

The most frequently used type of filter is the boxcar-type Finite Impulse Response Filter (FIR). A FIR filter is a rec-
tangular filter defined by high- and low-pass frequencies. The part of the spectrum between those two frequen-
cies does not vary. FIR filters are mainly used to limit clutter and interferences as much as possible and to enhance 
the readability of the signal without phase changes. They are comparable to the filters used during measurements 
(cf. Section 1.2.7) and allow to tune the imaged frequencies to the measured profiles. By way of example, it can be 
mentioned here that with the cut-off frequencies in table 9 the signal can be filtered in a very general way without 
eliminating significant useful signals.

As an example for the use of a FIR filter, figure 10 shows how measured hyperbolas can be intensified and low 
frequency clutter can be considerably reduced by applying a high-pass filter (2.3 GHz) on a signal from a 2.6-GHz  
antenna. In this example, a nearly invisible horizontal reflection at 3 ns to the right of the image thus became 
visible.

There are also Infinite Impulse Response Filters (IIR). IIR filters emit a signal that decreases exponentially without, 
however, descending to zero. Cut-off frequencies are defined horizontally in number of traces and vertically in 
frequency.

IIR filters may be used to eliminate local artefacts in the structure or those peculiar to the antenna. However, they 
may cause phase shifting of data or instability, and may erase local reflections. 

2-GHz horn antenna 

Boxcar: 
• high-pass frequency: 250 MHz;
• low-pass frequency: 5,000 MHz.

Possibly an interference filter supplied by the manufacturer.

1-GHz horn antenna 
Boxcar: 

• high-pass frequency: 250 MHz;
• low-pass frequency: 3,000 MHz.

400-MHz ground-coupled 
antenna 

Boxcar: 
• high-pass frequency: 100 MHz;
• low-pass firequency: 800 MHz.

200-MHz ground-coupled 
antenna

Boxcar: 
• high-pass frequency: 30 MHz;
• low-pass frequency: 400 MHz.

Table 9 Examples of cut-off frequencies for various types of antenna 

Horizontal reflector
2.6 GHz after FIR filtering

2.6 GHz before filtering

Figure 10 Effect of a FIR filter on a 2.6-GHz radar profile. By applying a high-pass filter, wide oscillations masking the 
signal completely can be reduced and the horizontal reflector becomes visible
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Background removal is actually a horizontal high-pass filter that is applied to eliminate horizontal resonances 
(especially for ground-coupled antennas). The filter is set by applying a parameter expressed in number of traces. 
The filter should be quite long and is chosen as a function of the number of recorded traces per metre. It eliminates 
the direct (horizontal) wave and accompanying resonances, but also all constant horizontal reflectors. Although it 
may be useful to improve imaging of local reflectors, it often leads to artefacts.

The operator may also carry out a measurement in air and deduct the measured trace from the radar data.

2.3 Gain function

A gain function is used to counterbalance the effects of an attenuated signal. The amplitude of a signal indeed 
decreases with propagation distance (spherical divergence) and the electric conductivity of the medium. The aim 
of using a gain function is to highlight interesting reflections while attenuating artefacts and internal resonances 
in the antenna.

With some software, a display gain can be applied. Signals are then amplified only during display.

A gain function is actually a time function (constant, linear or exponential) that is defined by one or more points, 
by which each trace is multiplied. A linear or exponential gain function counterbalances attenuation due to the 
propagation distance and attenuation in the medium. With an exponential gain function, the end of the signal can 
be amplified even more. 

Automatic Gain Control (AGC) amplifies low-amplitude parts of the signal and attenuates stronger parts. To calcu-
late the gain, the operator enters the number of points (calculated gain along the trace) and the number of scans 
to be considered.

2.4 Migration

On a radar profile, local reflectors that are small in proportion to the wavelength of the signal (e.g. reinforcement, 
void, irregularity in an interface) are imaged as hyperbolas. Migration is an image processing technique aiming at 
concentrating the energy of those hyperbolas at their top (figure 11). Local reflectors are then imaged as points 
instead of hyperbolas, resulting in spatially more realistic images. Migration is an indispensable tool for three-D 
reconstruction of a measured signal. The technique also makes it possible to highlight events masked by hyper-
bolas or to correct reflector slopes.

To be efficient, migration must be applied after time-zero correction. The calculation of migration is linked with 
the speed of waves in the surface medium. When the estimated speed is lower than real speed, hyperbolas are 
attenuated but they remain visible. When the estimated speed is overrated, hyperbolas are reversed. In a medium 
with many hyperbolas (e.g. reinforced concrete) migration can be used to estimate the speed in the material and, 
hence, the depth of reinforcements in the structure.

2.5 Post-processing stacking

Stacking is a technique to improve the signal-to-noise ratio by calculating an average trace from a given number 
of traces. The technique also performs horizontal smoothing, but then certain local targets may be lost. In some 
software the number of traces after stacking is reduced, unless stretching is applied. A value of 8 is commonly 
used.

2.6 Stretching

Stretching is a technique to add traces by interpolating between two adjacent traces. It is sometimes used to  
enhance the visibility of horizontal scans (horizontal scans are a kind of digital zoom on a horizontal image). How-
ever, stretching is not recommended as it adds non-measured information that is based merely on the interpola-
tion hypothesis.
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2.7 Imaging/Colour scale

The choice of the type of imaging is essential to improve the readability of the radar profile. It is recommended to 
use LineScan imaging. This technique generates a cross-sectional image of the subsurface in the form of coloured 
or grey-scale strips (different from wiggle imaging) showing the amplitude of the radar signal. A sequence of grey 
shades (from black through grey to white) gives representative echo results and remains readable on a mono-
chrome printout. For some data, other colour scales may be useful by efficiently contrasting certain amplitudes. 
However, artificial changes may then appear, resulting in erroneous conclusions (distortion of the colour scale). 
Therefore, the operator should try the various solutions in advance.

Original signal (2.6 GHz)

Signal after migration (12.2 cm/ns) – Overestimated  speed

Signal after migration (8.2 cm/ns) – Underestimated speed

Signal after migration (10.2 cm/ns)

Figure 11 Migration of a radar signal measured on a reinforced concrete slab and influence of the chosen speed
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Figure 12 Radar profile in the form of a grey scale (a) and a colour scale (b) 
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2.8 Time-to-depth conversion

When time-zero has been adjusted and the average speed of wave propagation in the medium is known, a  
(generally approximate) time-to-depth conversion can be carried out. 

There are various methods to determine the speed of propagation (or “velocity”) in a medium, viz.

- it can be estimated from the characteristic values of materials (table 1, p. 4). The velocity, 𝑣 (in cm/ns), is 
calculated from the permittivity value, 𝜀’�, using the equation:

 This is a rough estimation, because the permittivity of road construction materials depends on the moisture 
and the percentage of voids in the medium.

- in the presence of local reflectors, it can be estimated from the shape of the hyperbolas and the migration 
of the signal (figure 11, p.19);

- in the case of horn antennas, it can be estimated from the amplitude of the surface reflection (appendix I). 
This kind of estimation is only possible when the antenna was calibrated on a metal surface during measure-
ments. The estimation is less accurate with each additional layer considered. The infrastructure module of 
GSSI’s processing software RADAN can be used for making such estimations;

- it can be estimated from local measurements by coring. In order to limit uncertainties in the location of the 
core sample, coring should be performed in a representative part of the investigated zone, with few lateral 
variations (such that uncertainties in the precise location of the core sample do not affect the interpretation 
of the radar signals).

Calibration by coring is the most precise method. However, core samples give only localized information on the 
properties of the materials. Moreover, the number of samples is often limited since coring causes traffic disrup-
tion and damage to the road surface, and is also rather expensive. Ideally, coring is combined with the second  
method, with which lateral variations in permittivity can be detected and the appropriate location for core sam-
pling can be determined more accurately.

Specific data collection methods also make it possible to estimate speed. In the case of separate emitting and 
receiving antennas, so-called Common Midpoint measurements (CMP) provide information on the speed in a 
medium. For such measurements the distance between the two antennas is gradually increased, starting from 
zero (figure 13). A horizontal reflector is imaged on the radar profile as a hyperbola with an equation depending 
upon the speed in the layer. While this method gives reliable results for the first layer, results become less accurate 
with each additional layer considered. Advanced calculation models then have to be used for estimating speeds 
in under lying layers.

�=
�

 
ε′�

where 𝑐 = speed of light (i.e., 30 cm/ns).
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Figure 13 Schematic drawing of CMP 
measurements: set-up (a);  
paths of the major waves (b); 
corresponding measurement 
times (c)  
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Appendix I
Estimating layer thickness from reflection amplitude 
and propagation time

In this appendix a method is presented to estimate the permittivity of the surface material and possibly of un-
derlying layers from the reflection amplitude of the various interfaces measured with a horn antenna. This non- 
destructive procedure can be applied in each measuring point and enables to detect variations (moisture, insuffi-
cient compaction) in a seemingly homogeneous material.

Preliminary calibration on a metal plate is required. Since permittivity is estimated from the surface reflection, the 
described method only applies when the surface material is sufficiently thick to isolate this reflection. The required 
minimum thickness is about half the wavelength. For a 2-GHz antenna a thickness of 4 cm is considered sufficient, 
depending upon the permittivity of the material. The estimated surface speed is only valid for the entire layer 
when the layer presents homogeneous properties over its full thickness. In the presence of a gradient (e.g. when 
the surface is drying), the thicknesses calculated from the surface reflection will not correspond with the actual 
thicknesses.

Strictly speaking, the proposed method is only applicable to the first layer. By making hypotheses, it may be ex-
tended to the underlying layers. However, those hypotheses may adversely affect  the accuracy of the results.

I.1 General principle

The reflection coefficient is the portion of the energy from an electromagnetic wave that is reflected when hitting 
an interface. This coefficient depends on the angle of incidence and the permittivity contrast between the two 
materials. For inspections with a horn antenna, the angle of incidence is considered to be 90° and the permittivity 
of the material of the overlying layer (air) is known. The permittivity of the surface material can thus be determined 
from the surface reflection coefficient.

In practice, this reflection coefficient is estimated by comparing each measurement with a measurement that was 
carried out under similar conditions (elevation, filters) on a metal plate, which is a perfect reflector. The measure-
ments on the metal plate are carried out during calibration before or after on-site measurements.

I.2 Calibration procedure

The antenna is attached to the probe vehicle and the same input parameters as for the actual measurements are 
entered. A continuous data collection process is then started. The operator steps onto the probe vehicle while 
jolting it in order to generate a vertical oscillation of the antenna (figure 14 (a)). The aim is to perform reference 
measurements for all ground-antenna distances that may occur during measurements (figure 14 (b)).

For each arrival time of the reflection, an average trace is calculated (figure 14 (c)). Its peak-to-peak amplitude, 
������, is assumed to be the reflection amplitude on the perfect reflector. The peak-to-peak amplitude is measured 
on the main peak of the reflection and the opposite peak preceding it. In this way, the influence of other reflectors 
near the surface is limited and the measured amplitude automatically corresponds with the same reflection peak.
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I.3 Estimating the properties of the first layer

After the measurements on the pavement, the amplitude of surface reflection, ��, is estimated for each trace and 
compared to that measured on a metal plate, for the same arrival time (������) (figure 15). The reflection coefficient, 
𝑅�, is then found by multiplying the quotient by -1, to account for the phase change generated by the reflection 
from the metal.

From the surface reflection coefficient, 𝑅�, the relative dielectric permittivity of the surface, 𝜀’��, is calculated using 
equation (2) (Al-Qadi and Lahouar, 2005, and Lambot et al., 2006):

In this relation, the angle of incidence of the wave on the surface is considered to be 90°. This is valid for horn 
antennas, since the distance between the emitting antenna and the receiving antenna can be neglected with 
respect to the elevation of the antenna. This method can be used to derive a speed from each measurement, pro-
vided the corresponding ground-antenna distance was measured during calibration.

The speed in the first layer, ��, is then calculated using (3):
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Figure 15 Comparison of a measured trace to the trace with the same reflec-
tion arrival time in the calibration file
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where 𝑐 = speed of light (i.e., 30 cm/ns).
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Figure 14 Performing a calibration (a); profile measured during calibration (b); resulting calibration file (c)
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The thickness of the layer, 𝑑�, can be estimated by entering the measured time (𝑡�) of propagation in the layer in 
equation (4). The reflection is visible when the permittivity contrast between the two materials is sufficient.

 

I.4 Estimating the properties of the second layer

The permittivity of the second layer can be estimated from the amplitude of the reflection from the interface 
between the first and the second layer. In many cases this amplitude cannot be measured directly on the radar 
image, as it is affected by the reflection from the surface. To isolate the second reflection, it is possible to substract 
the amplitude of the direct wave from the measurement. For that purpose, the surface reflection can be estimated 
by multiplying the corresponding calibration measurement by the measured reflection coefficient, 𝑅� (figure 16). 
The maximum of the resulting signal then corresponds to the main peak of the reflection from the bottom of the 
first layer measured at time 𝑡�, from which it is possible to estimate the peak-to-peak amplitude of the reflection 
from that interface.

The dispersion of waves in the antenna and the material may substantially change the shape of the measured 
wavelets. The greatest amplitude peak may, therefore, not correspond to the main peak sought. The resulting error 
is great, as the wrongly selected peak generally precedes or follows the main peak and therefore has an opposite 
sign. The error committed in estimating speed will consequently be very great. To minimize errors, the signal must 
be pre-processed before the maximum is sought, by substracting the preceding and following peak amplitudes 
from each point. In this way, only peaks surrounded by peaks with opposite signs are considered.

Using �� and 𝑡� as input parameters, it is possible to estimate the permittivity of the second layer, 𝜀’��  
(Al-Qadi and Lahouar, 2005):

This conductivity cannot be calculated from the measured traces and has to be estimated by the user. A value of 
10-3 S/m can be safely adopted to avoid overestimating the conductivity of dry road materials.
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Figure 16 Highlighting of the reflection from the bottom of the first layer, by  
substracting the calibration trace plotted to scale from the measurement
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η₀ = impedance of vacuum (η₀≈120π);
𝑐 = speed of light (i.e., 30 cm/ns);
σ₁ = conductivity of the first material.

(4)

(5)
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The permittivity of the second layer can then be used to determine the speed in the layer through (3) and its thick-
ness through (4), while recording the arrival time, 𝑡�, of the reflection from the bottom of that layer.

In addition to conductivity, the estimation of 𝜀’�� from (5) is affected by errors in the estimates of 𝜀’�� and 𝑡�.  
Moreover, geometric attenuation is neglected.

The suggested method can be extended to all underlying layers (Al-Qadi and Lahouar, 2005), but the results can 
only be less accurate with each additional layer considered, because of the accumulation of errors and the succes-
sive approximations that have to be made.
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II.1 Aim

There are various reasons for determining homogeneous zones in a radar profile, viz.:

- as part of a preliminary study for road recycling, to determine the quantity of materials to be recycled or 
detect buried utilities or other materials that cannot be recycled or must be recycled separately;

- to estimate layer thicknesses and, hence, to determine the remaining bearing capacity of a pavement (com-
bined with deflection measurements with the Falling Weight Deflectometer (FWD) or Curviameter), or to 
verify layer thicknesses upon the completion of road works;

-  to detect deficiencies and moist, polluted or damaged zones.

For those purposes, radar measurements are often combined with local core sampling. The radar signal is then 
used as a means to determine the locations for core sampling (or test trenches) as accurately as possible. One 
single core sampling or test trench per homogeneous zone is sufficient. Radar measurements are also carried out 
prior to FWD measurements, in order to determine the optimum locations for those measurements.

II.2 Length of homogeneous zones

The length of a homogeneous zone depends upon the aim of the radar measurements, the surveyed road length 
and the required accuracy. It varies depending on whether a road section of several kilometres (e.g. in case of 
measurements on a primary road network) or of a few hundreds or tens of metres is investigated. It must not be 
too short in proportion to the surveyed road length. Therefore, it is useful to determine the minimum length for 
each application. When radar measurements are to be correlated with local deflection measurements such as 
FWD measurements, the user should determine the minimum length of homogeneous zones as a function of the 
frequency of the deflection measurements.

A homogeneous zone may be interrupted by a transition zone (e.g. a buried utility or a repair), which may be local 
or have a certain length. Rather than determining three separate zones, the section is then considered as a “homo-
geneous zone with a local variation”.

Figures 17 and 18 illustrate the concept of length in that context. When detailed information on a road section is 
required for a given application, situations as illustrated in figure 17 are sought. An irregular zone only 10 m long 
is then a significant local situation. In such cases, homogeneous zones with a rather short length will have to be 
determined.

In cases as illustrated on figure 18, an irregular zone 100 m long is a relatively short interruption in the structural 
homogeneity of a pavement before and after the event. When information on the total performance of a pavement 
structure is required (e.g. in combination with deflection measurements), the 100-m zone will be investigated  
as an exceptional local situation in an otherwise homogeneous zone. In such cases, homogeneous zones with a 
greater length (often a few hundreds of metres) will have to be determined.
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II.3 Determining homogeneous zones

Generally, homogeneous zones are determined by the operator after completion of the measurements. This is 
done by combining visual on-site observations during the measurements (type of pavement, deficiencies, etc.) 
with a longitudinal visual inspection of the radar profile.

Several factors may play a role when determining homogeneous zones, viz.:

- the number of visible interfaces;
- their depths in the structure;
- the amplitude and polarity of the reflection from each interface;
- the signal-to-noise ratio.

Figure 19 (p. 30) shows an example of a relatively short road section (130 m) with five zones (some separated 
by transition zones) that can be considered as homogeneous, as measured in the rue de la Limite at Ottignies 
(Belgium).

Figure 20 (p. 30) shows an example of a change in amplitude and polarity for the main reflection at approximately 
5 ns, measured in the avenue des Combattants at Ottignies. The polarity change, which only occurred in zone 2, 
points to a significant change in the material on that spot.

Figure 17  Homogeneous zone with an irregular zone 10 m long

10 m

Figure 18 Homogeneous zone with an irregular zone 100 m long

100 m
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For horn antennas, two extra parameters may be taken into account when determining homogeneous zones:

- the amplitude of the surface reflection;
- the amplitude of antenna movements with respect to the ground surface.

The second parameter enables zones in poor condition (with numerous potholes or local repairs) to be distin-
guished from more recently constructed zones or zones in good condition. This is illustrated in figure 21, where 
the oscillation amplitude of the antenna with respect to the ground surface is greater in zones 1 and 3 than in 
zones 2 and 4. It also illustrates that the surface speed (automatically calculated from the amplitude of surface 
reflection) differs significantly in the various homogeneous zones, thus making them easily distinguishable.

Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

Figure 19 Example of a local road (rue de la Limite at Ottignies) with several homogeneous zones

Figure 20 Example of a road section with a homogeneous zone (zone 2) in which a polarity change occurred  
(avenue des Combattants at Ottignies)

Figure 21 Example of a radar signal on which the various homogeneous zones can be deduced from the surface 
speed (calculated from the amplitude of surface reflection)
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It should be noted that the depths of the interfaces in a homogeneous zone may vary. Changes in the properties 
of the material or in actual layer thicknesses may indeed occur, even in a road section that should be homogene-
ous according to contract specifications. GPR measurements are actually used to consider varying thicknesses in 
backcalculating road pavements or in determining locations for core sampling (to be chosen in a zone without 
variations, so that small location errors do not affect the interpretation of the measurements). In such cases, only 
abrupt or considerable thickness variations are taken into account for the determination of homogeneous zones.

When GPR measurements are used to determine quantities of materials available for recycling, the thickness that 
can be removed in each homogeneous zone has to be estimated. Furthermore, the presence and location of 
reflectors in the surveyed zone need to be detected, so as to avoid damaging them (or construction machines) 
during works.

Finally, when the aim of GPR measurements is to detect damaged zones, a slightly different procedure is to be ap-
plied. In a supposedly homogeneous zone, signal variations are sought for so as to verify variations in the depths 
of interfaces which may be related to layer thickness but also to the quality or moisture content of materials 
(slowing down the propagation and indicating a “false” excess thickness). Figure 22 gives an example of a signal 
variation showing a local deflection in an interface, caused by the presence of a moist zone.

When looking for damaged zones, local amplitude and polarity changes should also be observed. Figure 23 shows 
an example of how variations in the amplitude of reflections from the bottom of a reinforced concrete slab indi-
cate the size and location of a void. The local reflections at regular intervals  are due to  concrete reinforcement.

Figure 22 Radar signal (400 MHz) showing a thickness variation in the surface material, caused by the presence of a 
moist zone

Figure 23 Radar signal (2.6 GHz) revealing the presence of a void under a concrete slab

Moist zone

Void under concrete slab
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BRRC Method of Measurement – ME 91/16 – 2016

Methodologies for the Use of Ground-Penetrating Radar in Pavement Condition Surveys / Belgian Road  
Research Centre.

- Brussels : BRRC, 2016.
- 40 p.
- (BRRC Method of Measurement ; 91).

Ground-Penetrating Radar (GPR) is a non-destructive geophysical technique to detect subsurface changes 
in pavements. After adequate processing and meticulous interpretation of the collected data, the technique 
enables to detect deficiencies (voids, insufficient bond between layers), buried utilities (cables, conduits, 
pipes) and reinforcements, or to determine homogeneous zones and appropriate locations for core sam-
pling or test trenches. In combination with deflection measurements and core sampling, GPR allows to esti-
mate the thickness and spatial distribution of pavement layers more accurately and, hence, to obtain more 
reliable moduli from backcalculations. However, choosing the appropriate type of GPR system and operat-
ing it require a certain amount of knowledge, experience and skills.
Using its experience from measurements performed on roads and, under controlled conditions, on its indoor 
test site at Wavre, BRRC has prepared this publication as a practical guideline and useful instrument for GPR 
users. It makes recommendations for the choice of equipment as well as for the collecting, processing and 
interpreting of data. The measurement procedure is described in chapter I; the data procession procedure is 
presented in chapter II. Additionally, the procedure for estimating layer thickness from reflection amplitude 
and propagation time is explained in appendix I, whilst the procedure for determining homogeneous zones 
is discussed in appendix II.
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