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Abstract — The main aim of the article is to demonstrate the
effectiveness of the use of ground penetrating radars to assess
various objects using the example of assessing the current state of
highways. The article uses the software developed by the authors
and the corresponding mathematical models. The analysis of the
results obtained is based on mathematical models that have proven
their effectiveness and is time-tested. It should be emphasised that
the main problem in assessing roads with non-rigid pavement is
associated with a change in the main parameters of the layers —
thickness and dielectric constant. Previously, we proposed a
scheme for the layer-by-layer determination of the values of the
relative permittivity and then - the subsequent determination of
the thickness of each layer, starting from the top layer and ending
with the base. The paper presents the results of experiments
actually carried out by the authors with various GPRs, which not
only have different values of the central frequency, but also have
significant design differences. In addition, the results of processing
real data using the software developed by the authors are
presented. As a result, an improved method of signal calibration
has been proposed, which makes it possible to increase the
reliability of assessing the thickness of road surfaces, as well as
other objects.

Keywords — asphalt, dielectric materials, ground penetrating
radar, impulse testing, nondestructive testing, ultra-wideband
technology.

I. INTRODUCTION

Ultra-wideband (UWB) ground penetrating radars (GPRs) are
widely used as an effective means for non-destructive testing
and remote sensing of natural environments and technical
structures [1], [2]. The progress in the use of georadars is based
on the solution of two main problems. The first problem is
associated with the development of technologies and the
improvement of the georadars themselves [3], [4]. The second
problem involves the development of methods and computer
tools for processing the results obtained [S5], [6]. The
increasingly intensive use of georadars for solving many
important problems in various branches of science has led to the
appearance of a significant number of publications. We will
consider only issues that are associated with the use of ultra-
wideband georadars to the problems of assessing the current
state of highways with non-rigid surfaces. We will also touch
upon the problems of predicting the degradation of the state of
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such roads. This is primarily due to the fact that for a road
engineer, the associated task of optimizing the allocation of
resources for the repair and maintenance of such roads is of great
importance. Unfortunately, these problems do not have an
unambiguous and relatively simple solution. Therefore, in this
article, we will focus on the previously proposed solutions for
improving the methods and computational algorithms for signal
processing. In this case, we will use the simplest model of a
lossless environment. In the presence of losses, one can use the
approach proposed in [7]. We also note that basically the
existing methods of processing radarograms are based on visual
processing by the operator [8], [9]. First of all, the disadvantages
are associated with the low productivity of the operator and, as
a consequence, with the high cost of such work. Also, with such
a processing scheme, the probability of operator errors is high,
for example, due to an incorrect estimate of the propagation
speed of the GPR signal, which depends on the value of the
relative permittivity. It is also important that if the relative
permittivity of the upper layer can be determined relatively
accurately, then for the lower layers errors will accumulate and
may eventually lead to incorrect results. Therefore, in this
article, the main attention is paid to improving the algorithms
previously developed by the authors for the layer-by-layer
determination of the values of the dielectric constant.

Thus, the key feature of this formulation of the problem is also
the use of the procedure for calibrating the signal emitted by the
GPR by measuring the reflection from a sheet of metal located
on the surface of the probed medium [10]. Due to the fact that
the properties of a real metal can differ significantly from the
properties of an ideally conducting metal, such a task also
requires careful verification and, if necessary, adjustments of
this procedure. Another problem is the limited sheet size. From
the point of view of the theory of electromagnetism, this leads to
the presence of repeated reflections, which can also lead to
distorted results. Another problem is the lack of rigorous
methods of the theory of diffraction, which would allow for
efficient numerical simulation of this process. Therefore, in this
article, the authors have proposed a combined technology. It
consists in carrying out laboratory and field experiments, the
subsequent processing of the results and the development of
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practical recommendations that allow increasing, first of all, the
reliability of the resulting estimates. We also emphasise that the
effectiveness of the proposed approach essentially depends on
the parameters and design features of the GPRs used. First of all,
this applies to the values of the centre frequency and some other
design features. Therefore, this article focuses primarily on the
proposed new signal calibration procedure and the
corresponding methods for interpreting the data obtained.

The scientific novelty of the article lies in the proposed new
technology for assessing the current state of roads with non-rigid
pavement and its practical implementation.

II. PROBLEM STATEMENT AND SOLUTION

Above, we have formulated the main goal of this article. It
consists in increasing the efficiency of the GPR application for
the tasks of assessing road surfaces taking into account the
antenna units used and data processing methods. Once again, we
note the importance of the problems that are associated with the
peculiarities of technologies for registration and processing of
the received initial data. The importance of these tasks is due to
the high cost of not only the construction of the road network,
but also the cost of their maintenance and repair. Therefore,
further, we will first of all focus on the most important aspects
of the identified problems.

We will start by setting the problem in general terms and then
consider specific results. In the general statement, the probing
problem can be divided into two basic parts.

The first part is an assessment of the parameters of asphalt
concrete layers. First of all, this refers to the determination of the
values of the relative permittivity and further recalculation of the
obtained values into other parameters. This is primarily the
thickness and density of the layers [11].

The second task is the detection, identification and
positioning of subsurface defects. The term “identification” will
denote the determination of the nature of defects, and
positioning is the determination of the direction of primarily
dangerous subsurface cracks [12] and delamination [11].

To solve the first problem, various approaches were
previously proposed. However, as mentioned above, these
approaches were mainly based on the visualization of images by
radargrams of subsequent processing of the resulting images. In
some cases, it was suggested to apply different filtering methods.
However, this approach has significant drawbacks. They are
primarily associated with the presence of a relationship between
various parameters. For example, the value of the relative
permittivity is associated with the speed of propagation of
electromagnetic waves in the medium [13]. Without taking into
account such a connection, it is impossible to speak about the
reliability of the estimates obtained. We have already spoken
about this above. Now we note that the speed of propagation of
electromagnetic waves depends from the point of view of
physics also on the degree of compaction of the layer material.
It also depends on the ratio of the various components in the
mixture. This is due to the fact that bitumen, crushed stone and
other components in the composition of the mixture have

different values of the relative permittivity. In certain situations,
air or even water may be present between the layers [14].

We also note that the previously proposed approaches based
on methods for solving inverse scattering problems in different
formulations [15] are, to a certain extent, an alternative to the
layer-by-layer reconstruction method proposed in [16]. To solve
the formulated problems, it is necessary to involve the
appropriate physical and mathematical models. On the one hand,
these models should take into account all the features of the
problem under consideration, and, on the other hand, provide a
set of simplifications that allow you to get a quick and effective
solution. Experimental studies, in particular, have shown that
even at the central GPR frequency up to 1.6 GHz, the roughness
of the outer boundary and inner boundaries between the layers
can be neglected [5], [16]. The simplest model in this case is a
plane-layered medium. Such a medium can contain
heterogeneities, for example, subsurface cracks, drainage pipes,
and some others. Earlier, we proposed data processing models
containing the following stages [17]:

e registration of the so-called direct antenna coupling signal,
in other words, the signal that entered the receiving antenna
bypassing the medium under study;

e registration of a signal that was reflected from a sheet of
metal; further, this signal would be used as a model of the
probing UWB pulse;

e travel over the structure under study and recording GPR
data sets. These datasets would then be used to obtain
processing results.

This article is also based on the analysis of two GPR samples.
The first sample is Odyag-1 (TRF-1) with a central frequency of
about 900 MHz. The second is Odyag-4.2 with a central
frequency of approximately 1.5-1.6 GHz. View of the devices
is shown in Figs. 1 and 2. The first GPR has a scheme with full
frequency independent electromagnetic decoupling, as
described in the patent [4].

~radiating
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Fig. 1. GPR TRF-1.

We have already said that we have previously proposed a
scheme for processing sounding data. This scheme is based on
the layer-by-layer determination of the values of the relative
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permittivity with the subsequent determination of the thickness
of the corresponding layer. The physical basis of this scheme is
formed by the well-known Fresnel formulas [13]. The use of
such a processing scheme assumes the division of the original
sounding signal into two mutually orthogonal parts
(components). In this case, for the component that is parallel to
the plane of polarization of the original signal, we will use the
notation || . Then, for the field component that is orthogonal to
the plane of polarization of the probe pulse, we will use the
notation | . Inthis case, the vector of the magnetic field strength
is determined by the equation (1) [13]:

HZ\/E-SXE, 1)
1

where s is a unit vector in the direction of wave propagation, H,
E are the values of the strengths of the magnetic and electric
fields, respectively.

RECEIVING ANTENNA §

Fig. 2. GPR Odyag-4.2.

For further progress, it is necessary to concretize the model in
more detail. Most often for processing in this case, the division
of the plane wave incident on the structure under study is used
[1], [2]. In a general case, this model also allows one to consider
the phenomenon of depolarization. Obviously, this phenomenon
does not occur in a homogeneous flat-layered medium; such a
phenomenon arises only in the presence of inhomogeneities.
This is a convenient indicator of the presence, including of
subsurface inhomogeneities. Therefore, we now write [13] in the
form:
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The main idea of such an approach is based on the application
of two integral transforms to the analysis of impulse signals.
These transforms are: Hilbert transform [17] and the related
concept of an analytical signal, as well as another integral
transform proposed in [18].

The Hilbert transform is based on the procedure for
calculating the so-called orthogonal signal complement s(¢) :

o0

Son (1) = [0 %dr. ©6)

From (6) it follows that the Hilbert transform is essentially the
result of the convolution of the signal s(#) and function
h(t) =1/(m-t). Note also that, in fact, the Hilbert transform is
the impulse response of the linear filter at the output of which
the orthogonal complement is formed. Therefore, a filter with a
corresponding impulse response of the form 4(¢) =1/(n-7) is
usually called a Hilbert filter. It is customary to write the Hilbert
transform in the frequency domain in the following form (7):

$on (0) = H ()5 (0). )

The properties of the Hilbert transform analysis shows that in
fact the Hilbert transform performs the functions of an ideal
phase shifter. Another feature of the Hilbert transform is that it
removes the DC component of the signal. The second
transformation, which was proposed in [18] and then modified
in [17], is based on a single signal integration procedure with a
variable upper limit. The purpose of this transformation is to
locate the zeros of the corresponding function. The basis of this
approach is based on the assumption that in the case of an ideal
signal representing a Gaussian function, the resulting function
will be described by an expression of the form:

S(t) = exp[—%}. (3)

On the other hand, it is obvious that in this case the first
derivative of such a signal is represented by the formula:

S'(t) =—texp (%J . 9)
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For clarity, Fig. 3 shows the three graphs. The first graph is a
graph of a signal that was virtually created using the GeoVizy
software. The second graph is the Hilbert transform from the
synthesized signal. Finally, the third signal is the result of a
single integration with a variable upper limit [17]. As mentioned
above, the second and third signals differ in that one signal
(Hilbert transform) has a maximum at the maximum of the
original signal, and the second transform has a zero value at the
same point. In this way, more reliable signal processing is
achieved. The value of the integral transformation with a
variable upper limit is calculated by the formula:

2
S(t) = 4 -exp[—M %J (10)

where: 4, =1, and the M parameter provides a maximum at
1.7 ns on the graph.

— Hilbert transform

upper layer. In this case, the GeoVizy software operates in a
semi-automatic mode. The results of the initial processing step
are shown in Fig. 5.
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Fig. 4. Processing results of Fig. 3 signals.

First, we note that the processes of layer-by-layer
determination of the relative permittivity are associated with the
subsequent determination of the thickness values. This is another
advantage of the proposed method. In other words, the values of
the relative permittivity determined using the proposed method
make it possible to estimate some other parameters, for example,
the density associated with the destruction of the layer material.
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Fig. 3. Signal diagrams in a model experiment (synthesized data).

The modelled structure (construction) consists of three layers
and a semi-infinite substrate. The thickness values of the layers
from top to bottom are 6, 10 and 20 cm. The substrate is semi-
infinite. The values of the relative permittivity in this simulation
are equal to: 6.8; 2.5; 3.3; 2.4. Fig. 4 demonstrates the results of
processing the obtained data.

It can be seen that the values of the relative dielectric constant
of the two upper layers are precisely matched, and of the two
lower layers — with very high accuracy. The values of the layer
thicknesses are also determined with high accuracy, which
allows us to tell about the efficiency of the numerical simulation
procedure. Fig. 4 also shows some results of the analysis of
experimental data obtained with the Odyag-4.2 GPR. The
structure under study consists of three layers. The first layer of
asphalt concrete is 5-6 cm thick. The second layer is sand
approximately 10 cm thick, and the third layer consists of loam
approximately 20 cm thick. We emphasise once again that we
have previously proposed a method for the layer-by-layer
determination of the relative permittivity and the subsequent
restoration of the values of the layer thickness, starting from the
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Fig. 5. Results using GPR Odyag-4.2 (experimental datasets).

Note that an additional result of this article is the application
of a new calibration procedure. This procedure is used to
determine the shape and parameters of the probing pulse. It
involves measuring the reflection from a sheet of metal that is
placed on the surface of the test medium. As our experiments
with various designs of GPR have shown, when using a
rectangular sheet of metal, reflection from the boundaries of the
metal can occur several times. Moreover, reflections from
different boundaries can overlap and further increase their
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mutual influence. As a result, incorrect reflections can occur,
which can be superimposed on reflections from layer
boundaries. To reduce the influence of this phenomenon, we
proposed the option of using a sheet of metal with a star-shaped
edge.

Also note that not only the calibration procedure, but also the
actual process of sensing road structures using the UWB GPR
has a complex character. This is primarily due to the
imperfection of the models used. Attempts to apply numerical
methods, such as the finite difference time domain method
(FDTD) and others, not only require a significant amount of
computer time, but also do not provide a sufficient degree of
reliability of the results obtained. In this sense, the approach we
propose is optimal for solving the problems of non-destructive
testing of non-rigid road pavements.

Fig. 6 demonstrates the original view of the graphs of the
signal reflected from the metal and the signal reflected from the
investigated road. A laboratory design was used to obtain these
data. It was created to test the accuracy and reliability of the
estimates. The graph also shows the so-called jitter effect caused
by a slight instability of the GPR parameters. To correct this and
other effects that hinder the correct processing in the GeoVizy
software, signal shift functions are provided. The corresponding
result is shown in Fig. 7.

2
g
AR AR AAAS ARART RARET SRR RARET SARAN SRARFARARTS

TIME. ns
Fig. 6. Graphs of signals with noise and distortion.

Let us emphasise again that the results presented in Figs. 4-7
were obtained in semi-automatic processing mode. The use of
this mode prompts the operator only to select the signal
evaluation criterion — by the maximum or by the minimum
value. Further, the operator is required to indicate the signal
numbers from 3 to 7. The first two signals reflected from the
metal and reflected from the structure are generated
automatically. All other actions of the GeoVizy software are
performed independently.

Finally, Fig. 8 shows the results of data processing using the
Odyag-4.2 GPR.

The results of processing the sounding data in the semi-
automatic mode indicate the high efficiency of the proposed
approach to the analysis of the processing of the obtained data.
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Fig. 7. First stage processing results.
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Fig. 8. Results of processing the data obtained in the laboratory using the
Odyag-4.2 GPR.
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All thickness values determined in semi-automatic mode
correspond to the actual data. Small deviations are most likely
caused by the presence of uneven boundaries. We also
emphasise once again that certain values of the dielectric
constant can be an important indicator of the state of the
pavement layers. They can be used by the road engineer both in
a stand-alone data system for the process of assessing the current
state of the pavement, and for calculating the cost of
maintenance and repair activity.

III. CONCLUSION

1. The analysis of the capabilities of two modern GPRs,
namely, Odyag-1 (TRF-1) and Odyag-4.2, carried out in the
article, is based on the use of modern signal processing
methods. These are the Hilbert transform and the single
integration procedure with a variable upper limit. As a
result, methods for processing pulsed UWB GPR signals
have been proposed, which take into account the design
features of ground penetrating radars, and are also focused
primarily on increasing the reliability of processing results.
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The review of the literature carried out in the work showed
the high potential of using modern pulsed georadar. It
consists not only in solving important practical problems of
assessing the current state of non-rigid pavement structures.
Another direction of using GPR can be the assessment of
the current state of other important critical infrastructure
facilities, such as bridges and other building structures.

In terms of the practical implementation of pulsed GPR for
solving urgent problems of non-destructive testing of road
pavements, it is also necessary to note the high efficiency of
the proposed methods and software. This efficiency is based
on the low cost of using the UWB GPR and the relatively
high reliability of the results obtained. It should also be
noted that a combined approach is also possible, which
involves the use of a coring procedure, as well as the use of
other means of assessing the condition of the road
pavement. One such popular tool is the falling weight
deflectometer (FWD). FWD is a testing device used by civil
engineers to evaluate the physical properties of pavement in
highways, local roads, airport pavements, harbour areas,
and railway tracks.

Thus, it can be argued that the formulation of the problem
proposed in the article, together with the results of
theoretical analysis and numerical modelling, first of all,
increased the reliability of the process of non-destructive
testing of highways using modern UWB GPRs. We also
considered the details of the proposed computational
algorithms only in the most general form, without detailing.
Unfortunately, we were not able to fully reflect all the
features of the process of obtaining primary sounding data
and all processing details. However, we hope to pay more
attention to these issues in our subsequent publications.
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