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EDITORIAL

Welcome to Issue 2, Volume 1 of Ground Penetrating Radar, the international,
peer-refereed, open-access, academic journal designed to advance scientific

knowledge and foster innovative engineering solutions in the field of Ground

Penetrating Radar (GPR).

I wish to start this Editorial with many thanks to all colleagues who sent me warm
messages and congratulations after the publication of the inaugural journal issue, in
January of this year; also, I wish to express my deep gratitude to the Members of the
Editorial Board and to all contributing Authors who believe in this newborn journal

and have chosen Ground Penetrating Radar for the publication of their research works.

This issue comes later than expected, but with six interesting papers (see the Preface

for an introduction to the papers) and a series of good news.

The first news item is that a journal section entitled ‘News & Announcements’ is

inaugurated with this issue, dedicated to hosting the following content:

% Announcements regarding upcoming GPR-related academic activities, such
as conferences and conference sessions, workshops, training schools,
scientific contests and awards;

% Reviews of recent GPR-related books, submitted by their Authors and/or
Publishers;

¢ Selected advertisements.

If you are interested in contributing to this section of the journal, please contact the

editorial office at journal@gpradar.eu.

The second piece of news is that a Special Issue is being launched: the last issue of
Volume 1 (to be published in December 2018) will be a collection of extended papers
resuming contributions presented during the three days workshop ‘Applications of
Ground Penetrating Radar and related Science Management aspects’ held in Split
(Croatia), on 27-29 June 2018, in the framework of the 3™ International Conference
on Smart and Sustainable Technologies (SpliTech 2018). This Special Issue is being
edited by Prof. Dragan Poljak (University of Split, Croatia) and myself; submissions
are open to scientists and experts who participated in the workshop and their co-

Authors, only.

The third news is a scientific contest, open to Members of TU1208 GPR Association,
only. Among all papers submitted to Ground Penetrating Radar from 1 September 2018
to 20 April 2019, whose Corresponding Author is a Member of TU1208 GPR
Association at the time when the paper is submitted, the Editorial Board of the

journal will select: (i) the Best Paper having an early-career investigator as
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Corresponding Author, (ii) the Best Paper having a female scientist as
Corresponding Author, (iii) the Best Paper having a scientist from an Inclusiveness
Target Country as Corresponding Author. An early-career investigator is a scientist
who received his PhD degree since no more than eight years at the time when the
paper is submitted. Inclusiveness Target Countries currently are: Albania, Bosnia-
Herzegovina, Bulgaria, Cyprus, Czech Republic, Estonia, Croatia, Hungary,
Lithuania, Latvia, Luxembourg, Malta, Montenegro, Poland, Portugal, Romania,
Slovenia, Slovakia, the former Yugoslav Republic of Macedonia, Republic of Serbia
and Turkey. The Corresponding Authors of the awarded papers will receive award
certificates and TU1208 GPR Association will support their participation in the 10"
International Workshop on Advanced Ground Penetrating Radar (IWAGPR 2019,
Rome, Italy, 3-5 July 2019) by reimbursing their conference registration fee. This
contest is based on an idea proposed by Dr Pier Matteo Barone (American
University of Rome, Italy).

All Ground Penetrating Radar papers are processed and published in true open access,
free to both Authors and Readers, thanks to the generous support of TU1208 GPR
Association and to the voluntary efforts of the journal Editorial Board. This issue is
also supported by Adapis Georadar Teknik Ab (georadar.eu) and IDS Georadar
s.r.l. (idsgeoradar.com): I would like to thank both companies personally, as well as

on behalf of the journal Editorial Board, Authors and Readers.

Do you have suggestions to improve this journal? Would you like to leave a comment
or ask a question? We are looking forward to hearing from our Readers! Send us a
message at gpradar.eu/journal/contact.html or journal@gpradar.eu. Would you like to
guest edit a Special Issue for Ground Penetrating Radar? Send us a proposal! If you
wish to participate in the Editorial Board, please send us your motivation letter and

curriculum vitae.

We hope to receive several interesting papers in the upcoming weeks!

The Editor-in-Chief

Lara Pajewski
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PREFACE

I am delighted and honoured to introduce the second issue of the first volume of
Ground Penetrating Radar, which includes six papers authored by scientists from 13
institutes in 11 countries (Belgium, Croatia, Czech Republic, France, Italy, Poland,
Portugal, Serbia, Spain, Turkey, and United States of America).

The issue is opened with a paper entitled “GPR system performance compliance
according to COST Action TU1208 guidelines,” authored by myself, Milan
Vrtunski, Zeljko Bugarinovi¢, Aleksandar Risti¢, Miro Govedarica, Audrey van der
Wielen, Colette Grégoire, Carl Van Geem, Xavier Dérobert, Vladislav Borecky, Salih
Serkan Artagan, Simona Fontul, VAnia Marecos, and Sébastien Lambot. Four tests
are proposed, which can be carried out to evaluate the signal-to-noise ratio, short-
term stability, linearity in the time axis, and long-term stability of the Ground
Penetrating Radar (GPR) signal. The paper includes a thorough introduction to the
topic, a full description of the tests, as well as results obtained by executing the tests
on five pulsed control units and nine antennas with central frequencies from 400
MHz to 1.8 GHz. The performed measurements are not representative enough to
establish absolute thresholds for the tests; nonetheless, they provide useful indications
about values that one may obtain when testing GPR equipment, if the equipment is
working reasonably well. Also, by periodically repeating the tests on the same
equipment, it is possible to detect any significant shift from previously obtained
values, which may imply that the GPR unit or antenna under test is not working in a
normal or satisfactory manner. The Authors welcome any comments and suggestions
to improve the tests. Moreover, we hope that the tests will be executed by other
research teams, manufacturers and private end-users in the near future, on a wider
variety of control units and antennas, on both brand new and older equipment; by
sharing information about the obtained results, the GPR community can jointly
establish reasonable thresholds for the tests, which can help to distinguish between

equipment working properly and flawed equipment.

The second paper is entitled “Frequency domain deterministic-stochastic analysis
of the transient current induced along a ground penetrating radar dipole antenna
over a lossy half-space” and is authored by Anna Sugnjara, Dragan Poljak, Vicko
Dorié, Sébastien Lalléchére, Khalil El Khamlichi Drissi, Pierre Bonnet, and
Francgoise Paladian. This paper presents a stochastic analysis of the transient current
induced along a dipole antenna over a lossy half-space. The electromagnetic
formulation of the problem is based on the Pocklington’s integro-differential equation
in the frequency domain, which is solved by means of the Galerkin-Bubnov indirect

boundary element method; the transient solution is obtained by using the inverse fast
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Fourier transform. By exploiting the Stochastic Collocation technique, the Authors
investigate the variability of the current as a function of the soil permittivity, soil
conductivity, and dipole distance from the half-space. Beyond the specific simulation
case considered by the Authors, this paper represents a successful and valuable
example of application of the Stochastic Collocation method in the GPR field, which
may inspire other researchers to employ a similar approach in their simulations.
Indeed, in GPR electromagnetic modelling problems there often is uncertainty on the
input parameters, because some geometrical and/or physical properties of the
scenario may be partly or entirely unknown. In such cases, the simple but robust
Stochastic Collocation method can be effectively used to determine relevant statistics

about the GPR responses and to assess confidence intervals in the numerical results.

Still concerning GPR antennas and full-wave methods for the solution of
electromagnetic radiation and forward-scattering problems, the third paper is entitled
“Electromagnetic modelling and simulation of a high-frequency Ground
Penetrating Radar antenna over a concrete cell with steel rods;” it is authored by
Alessio Ventura and myself. In this work, a high-frequency GPR antenna placed over
a reinforced concrete cell is simulated by using the commercial software CST
Microwave Studio, which implements the Finite-Integration technique. This study
was mostly carried out during the Master thesis in Electronic Engineering of the first
Author, under my supervision. Geometrical and physical information about the
antenna was taken from the PhD thesis of Dr Craig Warren, where the same device
was experimentally characterized and numerically modelled by using the Finite-
Difference Time-Domain software GprMax3D; the reinforced concrete cell, instead,
is one of the reference simulation scenarios of COST (European Cooperation in
Science and Technology) Action TU1208 “Civil engineering applications of Ground
Penetrating Radar.” The paper comprises an explanation of how the CST model was
built, followed by results calculated with the antenna above the concrete structure;
comparisons with a simplified model, where the physical structure of the antenna is
not taken into account, are also presented. The significant differences between the
results of the realistic model and those of the simplified model confirm the
importance of including accurate models of the actual antennas in GPR simulations.
The results presented in the paper are available for download as ‘Supplementary
materials;” this gives me the opportunity to remind Readers that Ground Penctrating
Radar encourages scientists to publish methods and results in as much detail as
possible, as well as to enclose supplementary materials to their papers (e.g., data,

software, videos, presentations, and any other useful electronic files).

The three papers introduced above stem from COST Action TUI1208 “Civil
engineering applications of Ground Penetrating Radar.” COST is the longest-

running European framework supporting trans-national cooperation among

Open access | www.GPRadar.eu/journal Published in Rome, Italy
Volume 1 | Issue 2 | July 2018 v by TU1208 GPR Association



Ground Penetrating Radar
The first peer-reviewed scientific journal dedicated to GPR

researchers, engineers and scholars. COST Actions are bottom-up science and
technology networks where scientists, professionals and stakeholders can jointly
develop their own ideas; they are active through a range of networking tools, such as
workshops, conferences, training schools, short-term scientific missions, and
dissemination activities. COST Action TU1208 was running from 4 April 2013 to 3
October 2017; its main objective was to exchange and increase scientific-technical
knowledge and experience of GPR techniques in civil engineering, whilst promoting
a wider and more effective use of this safe and non-destructive method in the

monitoring of structures.

The journal issue continues with the paper entitled “GPR research in Wojanéw
railway tunnel, Sudetes mts., Poland,” authored by Adam Szynkiewicz. This is an
interesting and detailled case study, where a commercial GPR equipped with three
different antennas was used in the context of a geotechnical research carried out for
the purposes of designing the renovation of Wojanéw railway tunnel, in Poland.
GPR measurements were performed above and inside the tunnel, namely along the
ceiling of the tunnel, along the tunnel walls, and all along the tunnel floor (on the
railway tracks, as well as close to the tunnel walls). The central frequencies of the
three antennas were 100 MHz, 250 MHz, and 800 MHz. Most data were analysed in
a two-dimensional system; a preliminary analysis in a three-dimensional system was
attempted, too. The Author describes how the survey was carried out, how data were
processed and interpreted, and how the various antennas were able to provide
different kinds of information; the paper provides practical advice and useful
recommendations. We are very pleased to host this contribution on Ground Penctrating
Radar, because case studies dealing with the use of GPR in tunnels are not common
in the scientific literature (this is realistically due to the fact that GPR tunnel
inspections present considerable practical difficulties) and because of the

longstanding experience of the Author in the GPR field, which reflects in the paper.

The journal issue is concluded with two papers coming from an excellent research
team, where innovative solutions for suppressing clutter and reducing the
corresponding false alarms in Forward-Looking GPR (FLGPR) are presented and
validated on experimental data. The main focus is on the use of vehicle mounted
FLGPR, equipped with dual band array antennas, for the detection of buried

explosive threats, such as mines and improvised explosive devices.

The first paper of this pair is entitled “Model-based clutter reduction method for
forward looking Ground Penetrating Radar imaging” and is authored by Yukinori
Fuse, Borja Gonzalez-Valdes, Jose A. Martinez-Lorenzo, and Carey M. Rappaport.
A model-based clutter suppression image processing method, which uses a mask to
reduce clutter from the rough ground surface and from objects above the ground, is

described and tested. The proposed approach is able to clean the L-Band Synthetic
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Aperture Radar (SAR) image obtained by the FLGPR by employing a mixed binary
mask, which is produced from L-Band and X-band data; this mask covers only the
surface scatterer signals and excludes the signals generated by buried targets within
the masked covering area. A new simulated SAR image is created, by exploiting the
masked L-Band SAR image; the simulated image, due to the primary clutter objects,
is subtracted from the original image, thus providing a clutter-suppressed SAR image
without affecting the buried target signals. The performed tests show that the

application of the proposed method significantly reduces the false alarm rate.

The subsequent paper, which is the last contribution included in this journal issue, is
entitled “False alarm reduction by target tracking for Forward Looking Ground
Penetrating Radar” and is authored by Yukinori Fuse, Masoud Rostami, Borja
Gonzalez-Valdes, and Carey M. Rappaport. In this contribution, a target tracking
process is proposed, which can be applied to multiple clutter suppressed SAR images
to further reduce the false alarm rate. It is observed that underground objects tend to
scatter similarly for most stand-off distances and yield a consistent image,
independent of the platform position. Such image consistency from the buried targets
is a feature that is exploited to distinguish them from clutter objects. If the position of
the FLGPR antennas is accurately measured by Global Positioning System units,
while the radar system is moving, the position of the signals on the SAR image can be
compared in a selection of frames and the signals that remain at a given position,
which are indicative of stationary targets, can be identified, while the clutter signals
can be eliminated. Tests performed by the Authors show that false alarms are further

reduced by this approach and the detection performance of the radar is improved.

I wish to warmly thank all Authors of these six papers for choosing Ground Penetrating
Radar. 1 hope that their scientific efforts and their trust in this journal will be returned
back with an effective spreading of their researches. Many thanks also to all
researchers and experts involved into the revision process of the papers, for their

voluntary efforts.

I am grateful to TU1208 GPR Association (gpradar.eu/tul208), Adapis Georadar
Teknik Ab (georadar.eu), and IDS Georadar s.r.l. (idsgeoradar.com), for supporting
the publication of this issue, and to COST (cost.eu) for having funded and supported
the Action TU1208 (gpradar.eu).

The Editor-in-Chief

Lara Pajewski
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ABSTRACT

Ground Penetrating Radar (GPR) systems shall be periodically calibrated and
their performance verified, in accordance with the recommendations and
specifications of the manufacturer. Nevertheless, most GPR owners in Europe
employ their instrumentation for years without ever having it checked by the
manufacturer, unless major flaws or problems become evident, according to the
results of a survey carried out in the context of COST (European Cooperation in
Science and Technology) Action TU1208 “Civil engineering applications of
Ground Penetrating Radar.” The D6087-08 standard, emitted by the American
Society for Testing Materials (ASTM International), describes four procedures for
the calibration of GPR systems equipped with air-coupled antennas. After a
critical analysis of those procedures, four improved tests were proposed by a
team of Members of the COST Action TU1208, which can be carried out to
evaluate the signal-to-noise ratio, short-term stability, linearity in the time axis,
and long-term stability of the GPR signal. This paper includes a full description of
the proposed tests and presents the results obtained by scientists from Belgium,
Czech Republic, Portugal, and Serbia, who executed the tests on their GPR
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systems. Overall, five pulsed control units and nine antennas were tested (five
horn and four ground-coupled antennas, with central frequencies from 400 MHz
to 1.8 GHz). While the performed measurements are not representative enough to
establish absolute thresholds for the tests, they provide a valuable indication
about values that one could obtain when testing GPR equipment, if the equipment
is working reasonably well. Moreover, by periodically repeating the tests on the
same equipment, it is possible to detect any significant shift from previously
obtained values, which may imply that the GPR unit or antenna under test is not
working in a normal or satisfactory manner. We also believe that executing the
tests described in this paper is a useful exercise to gain awareness about the
behaviour of a GPR system, its accuracy and limits, and how to best utilize it.

Keyworps: Ground Penetrating Radar (GPR); Antennas; Calibration;
System performance compliance; Signal-to-noise ratio; Signal stability;
Signal linearity in the time axis.

1. INTRODUCTION

Early Ground Penetrating Radar (GPR) technology was relatively
primitive, data presentation was complex and interpretation of results
was a difficult task [1]. Over time, the GPR technology has improved in
terms of sensitivity, functional form, ease of use and information
presentation. Systems have become lighter, more portable and self-
contained; efficient data processing algorithms have been developed, the
interaction of electromagnetic waves with soil and targets is better
understood, and there is a stronger awareness of GPR limitations [2]-
[5]. As a consequence, the GPR technique is nowadays increasingly
used in a wide range of applications and is considered as a safe and
versatile method, which is capable to provide accurate and reliable
information in a fast and efficient way [6]-[11]. GPR surveys are
successfully conducted in various environments, under conditions that
may sometimes change on a daily basis in the context of long surveys.
Thanks to the continuing technology and methodology improvements, it
is expected that GPR will further advance in the coming years.

High precision and reliability in GPR measurements obviously
require systems with very high linearity and stability, generating very
low levels of disturbancies.

As is well known, the measurement accuracy is the closeness of
agreement between the measured quantity value and the true quantity
value of a measurand (e.g., the amplitude of the electric field as a
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function of time, in the GPR case); the sensitivity is a relation between
the indication of an instrument and the corresponding change in a
quantity being measured. Ideally, the accuracy and sensitivity of a GPR
should be constant over its full operating range; in practice, most
measurements involve some changes in accuracy and sensitivity and
this type of imperfection is referred as non-linearity of the equipment
(which is often emphasized at the extremes of the expected operating
range). Being aware of the linearity properties of a GPR and
understanding their impact on the measured values significantly aids
data interpretation and contributes to the effectiveness of a survey; if
the equipment demonstrates non-linearity, it may be not properly
calibrated in some portions of the operating range, or else some
components may be worn, or the signal-to-noise ratio (SNR) may be too
low.

Stability is the key to predictability: if the measuring process is
changing over time, the ability to use the gathered data for the
evaluation of electromagnetic and geometrical properties of media and
targets is diminished, and so is the capacity to use GPR results in
making decisions. Selectivity is defined as the instrument’s insensitivity
to changes in factors other than the actual measurand, for instance to
environmental factors (humidity, pressure, temperature); an instrument
with better selectivity guarantees a higher stability. There are many
further factors that may introduce instability in a GPR system, such as
internal and external electromagnetic noise, alterations of feeding
voltage, antenna shielding problems, mechanical vibrations, variations
of antenna matching due to permittivity and conductivity changes in
the surveyed media, and more; additionally, as in all electronic devices,
the GPR stability can worsen over time due to deterioration or ageing of
system components.

Noise is the unwanted electromagnetic energy that interferes with
the ability of the receiver to detect the useful signal. Noise is always
present in the environment and is also generated within the GPR
system. If the level of disturbancies generated by the radar is low, the
detection probability of small signals is enhanced [12]. The use of
appropriate signal processing procedures can improve the SNR in GPR
investigations [13]-[15].

To verify the performance compliance of GPR equipment, suitable

stability, linearity and SNR tests should be carried out on a regular
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basis and in a controlled environment, by following procedures that
should be standardized. However, few recognized international
standards exist in the area of GPR [16] and, to the best of our
knowledge, the calibration topic is covered only within one of them,
namely in the ASTM D6087 - 08(2015)el “Standard Test Method for
Evaluating Asphalt-Covered Concrete Bridge Decks Using Ground
Penetrating Radar” emitted by the American Society for Testing
Materials (ASTM International) [17]; therein, four procedures for testing
GPR systems equipped with air-coupled antennas are described.
Moreover, reliable GPR manufacturers shall suggest calibration and
verification procedures for the equipment they produce.

Besides the poor availability of standards in the field, the
importance of periodically testing and calibrating GPR instrumentation
is often underestimated in Europe, according to a survey conducted
during the Third General Meeting of COST Action TU1208 “Civil
engineering applications of Ground Penetrating Radar.” This event was
held in London, United Kingdom, on 4-6 March 2015, and was attended
by 90 participants from 29 countries, from academia and industry: in
addition to the only GPR manufacturer participating in the meeting,
just a researcher from France, a team of researchers from Belgium, and
another researcher from Belgium claimed to have experience on testing
the stability, linearity and SNR levels of GPR systems. In particular, the
researcher from France stated that in the scientific network of the
French Ministry of ecological and solidary transition (MTES), composed
by the Institut Francais des Sciences et Technologies des Transports, de
’Aménagement et des Réseaux (IFSTTAR, Nantes, France) and the
Centre d’¢tudes et d’expertise pour les risques, la mobilité,
l'environnement et l'aménagement (CEREMA, France), procedures
similar to those described in [17] had been executed various times
throughout the years, to test the equipment owned by the institute. The
research team from Université catholique de Louvain (UCL, Louvain-la-
Neuve, Belgium) reported about their studies on the topic, which were
published in [18], [19] and are resumed in the following paragraphs.
The researcher from the Belgian Road Research Centre (BRRC,
Brussels, Belgium) communicated that she executed the procedures of
[17] during her PhD thesis (see Appendix 5 of [20]); in particular, she
tested a commercial 2.3 GHz ground-coupled antenna, which did not
fulfill the thresholds set by the ASTM standard for the long term
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stability and signal to noise ratio, namely because of the short-term
noise in the acquired signal. Additionally, a Member from Spain
reported about research activities performed in the University of Vigo by
her colleagues [21], which are resumed in the following of this section,
too.

In [18], the stability over time and repeatability of a frequency-
domain and a time-domain GPR system were investigated. The
frequency-domain GPR was a combination of a vector network analyser
and an 800-5200 MHz horn antenna. The time-domain GPR was a
commercial control unit with a 900 MHz bow-tie antenna. Both GPR
systems were calibrated several times by performing measurements
with the antennas at different heights over a perfect electric conductor
(PEC) in the laboratory, as well as over a water layer. Further
measurements were performed over a thin water layer and a relatively
thick sandy soil layer, as validating media. The frequency-domain GPR
turned out to be relatively stable, while the time-domain GPR presented
a significant drift, which according to the authors can be accounted for
using corrections based on the air direct-coupling waves. Inversions for
the thin water layer and the sandy soil layer provided reliable results
and showed a high degree of repeatability for both radar systems.
Results presented in [18] also show that water- and PEC-based
calibrations provide very similar results for the GPR calibration
functions, with useful practical implications in case the calibration of a
low-frequency antenna is necessary and when a sufficiently large metal
plane is not available. Furthermore, the error on the calibration due to
inaccurate antenna heights over PEC (or water) yields significant
uncertainties on the inversion results for the horn antenna and smaller
uncertainties for the bow-tie antenna.

In [19], the time drift of a time-domain GPR with a 900 MHz
antenna was quantified over a certain time period (28 hours, non
consecutive but in identical situation) and the maximum observed time
drift was 0.0978 ns. As a second step of the study, the maximum time
and amplitude drift were characterized in the frequency domain, via the
calculation of a frequency-dependent ratio, to be multiplied by the
original spectrum of the signal in order to illustrate the effects of the
drift. Third step of the study was the quantification of the sensitivity of
soil characterization (by full-wave inversion) in response to a drift: the
overestimation of the dielectric permittivity reached 50% for low
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dielectric permittivity values, whereas the maximum underestimation
was 25% for high permittivity values, following a gradient. The error on
the estimation of the electric conductivity turned out to be much higher,
reaching an extreme of 105.4% for the lowest original values, with an
average of 102.5%. These results show that the inaccuracy of recorded
GPR data caused by drift phenomena, or more in general by the system
instability, can be disastrous for an inverse problem solution.

In [21], several tests were carried out in order to evaluate the
short-term and long-term amplitude and arrival-time stability of a time-
domain commercial GPR working with three different ground-coupled
antennas having central frequencies of 500, 800, and 1000 MHz. The
tests were taken and further developed from [22], where procedures for
the calibration of GPR equipment were presented; such procedures were
in turn taken from a Texas Department of Transportation report [23].
Actually, in [23] eight procedures to test the performance of GPR
systems were proposed. Four of them are based on the evaluation of the
GPR reflection from a large metal plate and allow measuring the noise-
to-signal ratio, the short-term signal stability, the amplitude of the so-
called ‘end reflection’ directly preceding the metal plate reflection
(caused by impedance mismatch at the end of the antenna, according to
[23]), and the variations in the time-calibration factor; another
procedure makes use of a non-reinforced concrete slab placed on top of
a metal plate and aims at measuring the signal penetration in concrete;
one more procedure, with the antenna pointed directly up into the air,
is to measure an “end reflection waveform” (superimposed on every
waveform collected by the system, according to [23]). Finally, two
procedures allow compensating the bouncing effects of air-coupled
antennas mounted on vehicles and evaluating the influence of vehicle
speed on GPR amplitudes.

Coming back to [21], inspiration concerning the warm-up time
before executing the tests was taken from [24] and the obtained data
were used to determine some parameters proposed in [25], as well. The
results of [21] show that, after a warm-up time of about 10 minutes, the
GPR system under test had high arrival time stability, ensuring correct
positioning of the recorded reflections in time. On the other hand, the
amplitude stability was not satisfactory; for practical purposes,
amplitude instability may cause significant errors in the estimation of
the electromagnetic properties of media (for example, when applying the
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procedures customarily used in road pavement investigations for the
estimation of the electromagnetic properties of road layers, where the
amplitude of the signal reflected by a particular layer is compared with
the amplitude of the signal reflected by a metal plate). As suggested in
[21], when accurate amplitude values are needed, it is safer to repeat
static measurements several times and take an average of the received
signals, in order to minimize the amplitude instability effects. All
stability tests of [21] were carried out in air and repeated in distilled
water; in the latter medium the amplitude stability was significantly
improved, which suggests that the examined antennas work better
when placed in contact with an absorbent medium having an
impedance different than the air (as is expected for ground-coupled
antennas).

Following the Third General Meeting, two Members of COST
Action TU1208 from Italy and United Kingdom analysed the ASTM SNR
test proposed in [17]. They considered a reduced Taylor's expansion up
to the second order of the expressions of SNR bias and variance; and,
they derived a formula for tuning the SNR threshold according to a fixed
target value of the GPR signal stability [26]. Moreover, they executed the
SNR test of [17] on a time-domain commercial GPR equipped with three
different horn antennas produced by the same manufacturer, having
central frequencies of 1 GHz, 2 GHz, and again 2 GHz, to investigate the
effects of the antenna frequency on the SNR [26]. While the authors of
the present paper appreciate the valuable efforts done in [26], it is the
opinion of the authors that the SNR test of [17] is inherently not correct,
for reasons explained in Sub-section 2.1 of the present paper.

Before introducing and describing the content of the present
paper, a few more studies available in the GPR literature are worth
being mentioned.

Various scientific-technical reports from the United States can be
found on the web, where the tests proposed in [17], [21] and [23] are
suggested; the report [27] is especially interesting and includes, in
Appendix B, the description of almost all tests of [21] and [23], plus a
procedure for evaluating the metal plate reflection symmetry. In [28] it
was recommended to calibrate GPR systems at least once per year,
based on the results of the tests described in [27].

In [29], the authors assessed the accuracy of GPR evaluations of
propagation velocity and two-way travel time. By using time picks from

Open access | www.GPRadar.eu/journal Published in Rome, Italy
Volume 1 | Issue 2 | July 2018 8 by TU1208 GPR Association

https://doi.org/10.26376/GPR2018007



Ground Penetrating Radar
The first peer-reviewed scientific journal dedicated to GPR

a common midpoint radargram recorded by a GPR equipped with a 200
MHz antenna, confidence limits of the order of 0.01 m/ns were found
for velocity estimates; the confidence limits for two-way travel time
estimates were of the order of 1 ns. In [30], the velocity inaccuracy level
found in [29] was translated to an uncertainty of 12% in the estimated
moisture content of a typical soil.

In the recently published paper [31], a new method for the
stability evaluation of GPR systems was proposed, based on statistics.
Four sets of experiments were carried out in an anechoic chamber and
on a sandbox, to compare the stability performances of a commercial
impulse GPR system with a 900 MHz ground-coupled antenna and a
stepped-frequency GPR system covering the 50 MHz - 4 GHz range,
based on a vector network analyser equipped with a pair of homemade
bow-tie antennas. The influence of the warm-up time, environmental
noise and antenna vibration on the GPR signal instability was
investigated. In agreement with [18], it was found that the GPR signal
recorded by the stepped-frequency GPR system was more stable than
the impulse GPR system (at a cost of a longer sweep time, hence a
slower survey speed). A warm-up time of several minutes turned out to
be enough for the impulse system, whereas the stepped-frequency
system needed no warm-up time (but only because it was warmed up
before the measurement, to perform a standard calibration of the vector
network analyser and coaxial cable). Environmental noise was found to
have a negligible influence on the stability performance of the impulse
system, probably because — in normal conditions — the environmental
noise is much weaker than the instantaneous electromagnetic power
radiated by a GPR. Mechanical vibrations, instead, were found to have a
severe impact on the GPR stability (in agreement with [27]): the
instability index was increased by more than one order of magnitude in
a vibrating condition, compared to a static condition; it is therefore very
important to undertake shock-proof measures when using a GPR
mounted on a vehicle. Finally, the instability index evaluated by
considering the direct wave, only, turned out to be similar to the
instability index evaluated by considering the reflection from a metal
plate; therefore, by wusing the index proposed in [31], a simple
measurement of the direct signal seems to be enough for the evaluation
of the instability of a GPR system (no need of using a metal plate).
However, it is the opinion of the authors of the present paper that the
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implementation of the test proposed in [31] may be too difficult for an
average GPR user lacking of a scientific background; to make that text
executable by everyone, the calculation of the instability index should
be incorporated in the GPR system software, which should also assist
the user in performing the test.

In this context, the international group of TU1208 Members
authoring this paper focused on the standardised procedures described
in [17] and critically analysed them. After a series of exploratory
experiments carried out at the BRRC, with the aim of better
understanding the merits and limits of the ASTM tests, in-depth
discussions took place and four improved tests were defined as an
output of the 2017 Working Group Meeting “Guidelines for the use of
GPR in civil engineering” of COST Action TU1208, held at the COST
Association premises in Brussels, Belgium, on 9-13 January 2017. In
this paper, the four improved tests are presented (Section 2). They can
be used to test GPR systems equipped with both air-coupled and
ground-coupled antennas; and, they allow the quantitative
experimental evaluation of the SNR (Sub-Section 2.1), signal stability
over time (Sub-Section 2.2), signal linearity in the time axis (Sub-
Section 2.3), and signal long-term stability (Sub-Section 2.4). During
2017, the four improved test were executed by research teams from
Belgium (BRRC), Czech Republic (University of Pardubice, Pardubice),
Portugal (National Laboratory of Civil Engineering, LNEC, Lisbon), and
Serbia (Faculty of Technical Sciences of the University of Novi Sad, Novi
Sad), to verify the performances of five commercial impulse GPR control
units and nine commercial antennas with central frequencies ranging
from 400 MHz to 1.8 GHz (five horn and four ground-coupled
antennas); all the obtained results are reported and commented herein.
The tests and experimental results were presented at the Final
Conference of COST Action TU1208, held in Warsaw, Poland, on 25-27
September 2017 [32]; the results of measurements carried out in Serbia
were also presented at the 2018 European Geosciences Union General
Assembly (EGU GA), held in Vienna, Austria, on 8-13 April 2018, in the
framework of the session “COST Actions in Geosciences: breakthrough
ideas, research activities and results” [33].

The improved tests are being integrated in the guidelines for the
use of GPR in civil engineering proposed by the COST Action TU1208.
Given the afore-mentioned scarce availability of standards in the area of
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GPR and having observed the existence of inhomogeneous
recommendations and use practices in different countries, COST Action
TU1208 worked hard on leveraging the gaps and yielded three
guidelines for the use of GPR in some civil engineering tasks, plus a
volume of recommendations for a safe geophysical prospecting [34]. The
main focus of the three guidelines is on GPR road inspection, detection
and localization of utilities in urban areas, and assessment of concrete
structures (concrete bridges, tunnels and floors). As in all civil
engineering applications of GPR it is very important to be aware of the
stability, linearity and repeatability of the employed equipment, it was
decided to include the four improved GPR performance compliance tests
in the guidelines. Such guidelines are currently being refined and
finalized, before being published in open access on the website of the
Action (www.gpradar.eu).

We hope that the GPR performance compliance tests described in
this paper will be executed by other research teams, private end-users
and manufacturers, in the near future, on a wide variety of control
units and antennas, on both brand new and older equipment; by
sharing information about the obtained results, the GPR community
can establish reasonable thresholds for the tests, which will help to
distinguish between equipment working properly and flawed equipment
(so that, in case of flawed equipment, the manufacturer can be
contacted to check and possibly repair or calibrate the equipment). Our
plans for future work also include investigating how the results of the
proposed performance compliance tests translate into accuracy levels of
measured physical and geometrical quantities, in various applications
of the GPR technique.

2. TESTS

Four tests are proposed, which can be used to test GPR systems
equipped with both air-coupled and ground-coupled antennas. They
allow experimentally quantifying the SNR (Sub-Section 2.1), signal
stability over time (Sub-Section 2.2), signal linearity in the time axis
(Sub-Section 2.3), and signal long-term stability (Sub-Section 2.4).
These tests can be carried out to assess the performance of a GPR
system, in order to gain awareness about its accuracy and precision.
They provide a baseline for evaluating the performance of new GPR
equipment currently under development. It is also advised to
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periodically repeat the tests on the same equipment, to monitor its
performance over time and detect any significant shift from previously
obtained values, which may imply that the GPR control unit or antenna
under test is not working correctly. The tests proposed herein do not
have the ambition to become compulsory; if the user guide of a GPR
system includes tests proposed by the manufacturer, they take
preference over the procedures described herein.

In all the proposed tests the antenna is placed at a certain height
above a square metal plate, to enhance the amplitude of the reflected
signal and guarantee repeatability of the test; in this configuration, a
number of traces are recorded (see Figure 1, showing photos of the
experimental setup used in Serbia and Portugal).

Common parameters for all tests are:
* Warm-up time:

Non negligible variations of results can occur during operation, if the
GPR electronic components are not given the possibility to initially
reach a temperature that provides the overall system with suitable
stability and performance; based on experiments carried out by the
authors, the warm-up time should be at least 30 minutes, or according
to recommendations by the manufacturer.

* DMetal plate size:

Depends on the central frequency of the antenna and is given by:

L =D+ 2V5), (1)

where L is the minimum side length of the metal plate, D is the
maximum aperture dimension (for aperture antennas, such as horns) or
the maximum antenna dimension (for bow-tie and dipole antennas),
Lc=c/fc is the wavelength at the central frequency of the spectrum
emitted by the antenna, and c is the light velocity in the air. If the
antenna size is not known, then a pejorative assumption of D can be
made based on the size of the antenna box and any other useful
available information about antenna geometry and position inside the
box. A smaller metal plate may be used for tests presented in Sub-
sections 2.2-2.4, although not recommended; Eq. (1) has to be strictly
respected for the test presented in Sub-section 2.1 (unless information
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about the antenna beam width is available, which can make it possible
to use a smaller plate).

NEE

=

]

=
LY

FiGc. 1 - (a) Experimental setup for a 400 MHz ground-coupled antenna in a
laboratory of the Faculty of Technical Sciences, in the University of Novi Sad,
in Serbia. (b) Experimental setup for 1 GHz and 1.8 GHz air-coupled antennas
in a laboratory of the National Laboratory for Civil Engineering of Lisbon, in
Portugal.

2.1 Signal-to-Noise Ratio (Test 1)

In this test two series of measurements are carried out, at two different
distances between the metal plate and the antenna.

For the first series of measurements (see Figures 2(a) and Fig. 3):
- The distance between the metal plate and the antenna is hi = 2);

- The time window (TW) is at least twice the two-way travel time
from the antenna to the metal plate (TW > 8i./c).

— 100 waveforms are recorded.

- The average reflection amplitude <Amp>, that is the average peak-
to-peak amplitude of the first echo coming from the metal plate, is
evaluated.

In Figure 2(a), the sketch of the antenna is meant to represent the
set of receiving and transmitting antennas (nowadays, they almost
always are two distinct devices, which may be included in a common box
or in two separate boxes). The distance hi; guarantees that the first
reflection coming from the metal plate is well separated from the so-
called direct wave (as illustrated in Figure 3), which is the pulse
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travelling straight from the transmitting to receiving antenna (or, in horn
antennas, the pulse reflected at the bottom of the antenna); this claim is

D

D
antenna
—

h2=3 AC
h1=2 AC
metal plate metal plate
—
L L
(a) (b)

FIG. 2 — Sketches of the experimental setup for Test 1: (a) Measurement series
1; (b) Measurement series 2.

Amplitude

4, 4,
c c

direct wave \
first reflection
from metal plate

Ac
C

time window >

FIG. 3 - Sketch of a GPR trace, to illustrate the choice of geometrical
parameters, settings, and quantities to be evaluated, for measurement series 1
of Test 1.

based on the assumption that the pulse emitted by radar is 2i:/c long
(or shorter), as is customarily true for ultra wideband pulses popularly
used in GPR.
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For the second series of measurements (see Figures 2(b) and 4),
the same GPR settings as in the first series are used and, again, 100
waveforms are recorded. The antenna height and the evaluated quantity
are different:

- The distance between the metal plate and the antenna is ha = 3A;

- The suggested ‘relevant time window’ starts 2Ac/c after the
absolute maximum amplitude of the signal, and is 2)./c long.

- The average amplitude <A,>, that is the average peak-to-peak
noise amplitude over the ‘relevant time window’, is evaluated. Of
course noise has an irregular time shape and does not appear as a
series of pulses with peak-to-peak amplitudes, it is therefore
proposed to evaluate A, as the difference between the maximum
and minimum amplitudes of noise over the considered ‘relevant
time window’.

An indicator of the signal-to-noise ratio can finally be calculated,
by using the following formula:

_ (Amp>
SNR — W

(2)

The higher this quantity, the better the quality of the signal is. In
Section 3, examples of Isyr values obtained by the authors are reported
and commented on.

The suggested minimum L value, given by Eq. (1), is to make sure that
any unwanted reflection coming from outside the metal plate is received
after the metal plate echo when the antenna height is h: and after the
‘relevant time window’ when the antenna height is hz. Under the
simplified assumption of geometrical optics (i.e., by describing the
propagation of electromagnetic fields in terms of rays) and with reference
to the scheme in Figure 5(a): if L = D + 2v/51., the two-way travel time
from A to B is 6A¢/c, which is equal to the two-way travel time from B to
C plus the pulse time duration, 4A./c + 2Ac/c; this guarantees that
reflections coming from outside the metal plate do not affect the results
of measurement series 1. In Figure 5(b), the two-way travel time from A
to B is 2v/141./c ~ 7,48 1./c, which is longer than 6./ c; this guarantees
that reflections coming from outside the metal plate do not affect the
results of measurement series 2.
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FiG. 4 - Sketch of a GPR trace, to illustrate the choice of geometrical

parameters, settings, and quantities to be evaluated, for measurement series 2
of Test 1.
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F1G. 5 — Geometrical sketches to explain the choice of the metal plate size.
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By wusing a larger metal plate, with L =D+ 2V71,, both
measurement series 1 and 2 could be performed with the antenna at h»
from the metal plate (the values of Iz would be obviously lower,
because the peak-to-peak amplitude of the metal plate echo would be
smaller, due to the longer propagation path). As an enlargement of the
metal plate of L' — L = 0.824, may be an issue at low frequencies, it was
decided to propose a ‘more complicated’ test, with two separate series of
measurements, in order to keep the metal plate as small as possible.
Note also that, if information about the antenna beam width is available,
it may be possible to reduce the metal plate size accordingly.

The main differences between Test 1 and the SNR test for air-
launched antennas of [17] (paragraphs 6.2.1.1-6.2.1.3), as well as the
authors’ doubts about the validity of the test of [17], are now discussed.

In [17], it is recommended to position the antenna at a far field
distance above a square metal plate, where the far field distance is
defined as ‘approximately equal to the maximum dimension of the
antenna aperture (D)’; the recommended minimum side length of the
metal plate is 4D. The warm-up period is 20-min, or the time
recommended by the manufacturer. After warming up the GPR, 100
waveforms are recorded. For each waveform, the signal-to-noise ratio is
calculated as the ratio between the signal and noise levels; the signal
level is defined as the amplitude of the echo from the metal plate,
whereas the noise level is defined as the maximum amplitude occurring
after the metal plate reflection and up to the 50% of the time window
normally used with the antenna. Finally, the average signal-to-noise
value of the 100 waveforms is calculated and taken as the signal-to-
noise of the system. In [17], it is stated that this value should be greater
than or equal to 20 (+26.0 dB).

A first doubt is concerned with the far field distance definition
used in [17]. As is widely stated in the antenna literature, such
definition is adequate for measuring the properties of antennas with
D<), only, whereas for larger antennas the far field distance is
generally taken as 2D?/A.. For pyramidal horns, which are popular air-
launched solutions for GPR applications, a much longer distance than
2D?/Ac may be necessary to measure the far field antenna properties, due
to the large phase deviations across their apertures [35]. While the far
field distance is not correctly defined in [17], the opinion of the authors
is that the SNR is a quantity that can be measured in the near field, too,
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therefore the inaccurate definition taken for the far field distance does
not compromise the feasibility of the test. Nevertheless, at the suggested
distance between the metal plate and the antenna, the first metal plate
echo may arrive immediately after the direct wave if the pulse length is
2hk¢/c; in other words, unless the pulse emitted by the GPR is
significantly shorter than 2A:/c, the measured trace will consist of the
direct wave immediately followed by a sequence of multiple metal plate
reflections, with no possibility to measure noise levels in between the
echoes. It is the opinion of the authors that this is one of the main faults
of the SNR test of [17], which makes it inapplicable in most cases.

Another major problem of the SNR test of [17] is the indicated time
interval for the measurement of the noise level. As already mentioned,
the noise level is defined in [17] as the maximum amplitude after the
first metal plate reflection, up to 50% of the time window normally used
with the antenna. Provided that a ‘normally used time window’ is a
questionable concept, because the time window depends on the survey
objectives and on the electromagnetic properties of the investigated
materials, it is highly probable that this procedure leads to mistake the
maximum amplitude of the second reflection coming from the metal
plate as the level of noise. For example, in [26] the SNR test of [17] was
applied to a 1-GHz horn (A= 30 cm) and two 2-GHz horns (A= 15 cm).
Each antenna was tested at three different distances from the metal
plate: ha = 30 cm, hg = 40 cm and hc = 50 cm. Therefore, the two-way
travel time from the antenna to the metal plate and back to the antenna
was ta= 2 ns, tg # 2.7 ns and tc # 3.3 ns in the three cases, respectively.
The time window was set to 25 ns for the 1-GHz horn and to 15 ns for
the 2-GHz horns. The observation window for the evaluation of the noise
level started after the first metal plate echo and ended at 12.5 ns for the
1-GHz horn, at 7.5 ns for the 2-GHz horns. Accordingly, the second
reflection coming from the metal plate was always included in the noise
level observation window.

It is not clear whether [17] suggests to measure the maximum
absolute amplitude or the maximum peak-to-peak amplitude of signal
and noise. It is also noticed that the warm up period suggested in [17] is
shorter than the one proposed in this paper. Based on the results of the
tests carried out by the authors, 20 min does not seem enough for many
GPR systems to reach stability (see Sub-section 2.4); this is in
agreement with the ASTM D4748 - 10(2015) “Standard Test Method for
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Determining the Thickness of Bound Pavement Layers Using Short-
Pulse Radar” [36], where it is advised to warm up the GPR system prior
to a survey for a period recommended by the manufacturer, typically
between 30 minutes and 1 hour (paragraph 8.2). Finally, although the
SNR test of [17] is recommended for air-launched antennas, only, the
(faulty) procedure seems applicable to ground-coupled antennas, too,
once the practical problem of how to lift them is solved.

2.2 Signal Stability (Test 2)

To test the signal stability, the same test configuration as in Test 1 is
used, with hi. The time window is at least twice the two-way travel time
from the antenna to the metal plate (TW > 8)\./c) and 100 traces at the
maximum data acquisition rate are recorded. An indicator of the signal
stability can be calculated by using the following formula:

IStability = (Amax — Amin)/Aavg (3)

where Amax is the maximum and Amin is the minimum peak-to-peak
amplitude of the metal plate reflection, selected among all 100 recorded
traces, and Aavg is the average peak-to-peak amplitude of the metal plate
reflection. The smaller the quantity Isqpiiey, the better is the stability of
the system. In Section 3, examples of Ig.qpir, values obtained by the
authors are reported and commented on.

The ASTM stability test is described in paragraphs 6.2.2.1-6.2.2.2
of [17]. The same test configuration as in the SNR ratio test is used; 100
traces are recorded at the maximum data acquisition rate and the signal
stability is calculated by using an equation similar to Eq. (2), where Aavg
is the average trace amplitude of all traces instead of the average peak-
to-peak amplitude of the metal plate reflection.

As far as the experimental set-up and GPR settings are concerned,
differences between the signal stability test proposed herein and the
ASTM stability test were already discussed in Section 2.1. For this test,
those differences are of minor importance because noise levels are not
measured. In the ASTM stability test it is not clear whether absolute
amplitudes or peak-to-peak amplitudes should be measured.

2.3 Linearity in the time axis (Test 3)

In Test 3, the same test configurations as in Test 1 are used.
Additionally, measurements in a third configuration are carried out, with
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hs = 2.5 1 ¢ (see Figure 6). The time window is at least twice the two-way
travel time from the antenna to the metal plate at the longest distance h»
(TW > 12kc/c). A single waveform is recorded per configuration. For
each configuration i (i = 1, 2, 3), corresponding to h;, the time delay At is
determined: this is defined as the difference between the absolute
maximum amplitude of the direct wave and the absolute maximum
amplitude of the echo coming from the metal plate. The following
absolute differences are then calculated: Ta1=|Ata — At1|; T31=| Atz — At1].
The corresponding speed factors Co1 and Cgz1 are calculated as:

(= (hz - h1)/T21 (4)

C31 = (hy — hy) /T34 (5

The relative variation in the measured speed can be finally evaluated, as
follows:

2|C21 - C31|

S = —_— 6

vrel 621 + C31 ( )

The smaller the quantity Sv,.; the better is the linearity of the system in

the time axis. In Section 3, examples of Sv,, values obtained by the
authors are reported and commented on.

While executing this test, a special attention must be paid to the
accuracy of height measurements and the horizontality of the antennas:
any error induces notable bias in the evaluation of Sv,,; (see the relevant
discussion in Section 3).

The original ASTM linearity test is described in paragraphs
6.2.3.1-6.2.3.2 of [17]. The same test configuration as in the SNR ratio
test is used, except that any reflecting object can replace the metal plate.
Measurements are performed at three different distances between the
antenna and reflector, which are defined as distances corresponding to
15%, 30% and 50% of the time window normally used with the system.
The variation in time calibration factor is calculated with a formula
similar to Eq. (6), without the modulus. Substantially, our test is the
same as in [17], but the metal plate is used as reflector, and the three
considered distances between the antenna and the reflector are different
than in [17].
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FI1G. 6 — Sketches of the experimental setup for Test 3, and GPR traces:
Measurement series 1; (b) Measurement series 2; (c) Measurement series 3.

(a)

2.4 Long-term stability (Test 4)

In Test 4, the same test configuration as in Test 1 is used, with hi. The
time window is at least twice the two-way travel time from the antenna
to the metal plate (TW > 8i./c). Every minute, for at least 120 minutes,
10 waveforms are recorded. Hence, at least 1200 traces are recorded in
total, and it is even better if traces are recorded for a longer time (e.g., a
time similar to the length of the longest surveys carried out with the
equipment under test). For each waveform w (w = 1, ... , T, being T the
total number of traces) the peak-to-peak amplitude Ay of the metal plate
first echo is determined. The sliding-average amplitudes My (q =1, ..., T
— (N - 1)) are then calculated, by using the following formula where the
suggested value for N is 10:

N-1
1
My = Au
j=0

The sliding-average amplitudes M, are then plotted against time
(or as a function of q). Realizing such a graph helps to gain awareness
about the behaviour over time of the GPR system at hand and allows
discovering how long is the warm-up time needed by the system. An

(7)
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example is presented in Figure 7 (data are from the BRRC): in this case,
waveforms were recorded for 180 minutes; it can be observed that about
30 min of warming up are necessary, moreover a drift occurring after
using the antenna for about 100 min can be noticed; Based on
preliminary tests carried out by the BRRC, the long-term stability of GPR
systems seems to be significantly affected by atmospheric conditions;
however, more tests are necessary to confirm this remark.

The long-term stability factor ILrstapiiy is defined as the maximum
between the following two quantities:

M —A
Q1 — MAX 1w (8)
Ay
and
M,,— A
Qz — | mllrz1 1w| (9)
1w

where Myax and M,;, are the maximum and minimum values of the
sliding-average amplitudes after the warm up and A,, is the first
(reference) trace after the warm up (note that Ain might be replaced by
M: in Equations (8) and (9), i.e., it makes sense as well to consider the
first sliding-average amplitude after the warm up as a reference, instead
of A1w). The smaller the long-term stability factor, the better is the long-
term stability of the system. In Section 3, examples of results obtained
by the authors are reported and commented on.

The original ASTM long-term stability test is slightly different and
is described in paragraph 6.2.4.1 of [17]. The same test configuration as
in the SNR test is used. The GPR is allowed to operate for 120 minutes
and a waveform every minute is recorded. The long-term stability factor
is calculated as the difference between the largest amplitude of metal
plate reflection measured between 20 and 120 minutes, and the
amplitude measured after 20 minutes, normalized to the amplitude
measured after 20 minutes. In the test proposed herein, the 20 minutes
time is replaced by the warm-up time (which can change significantly
among different systems), moreover a higher number of traces are
recorded and the concept of sliding-average amplitudes is used, because
usually amplitudes show large oscillations over a short time. The
amplitude of those short-term variations can be estimated from the
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FIG. 7 — Example of graph showing the values of sliding averages (M, against
time (dark blue line) and all the peak-to-peak amplitudes Aw (yellow line).

results of Test 2 and can rise up to 20% [20]; the BRRC reported them to
be up to 3%, with the antennas they tested in the framework of the
present research work.

3. RESULTS AND DISCUSSION

During 2017, the tests presented in Section 2 were executed in Belgium
(BRRC), Czech Republic (University of Pardubice, UP), Portugal (National
Laboratory of Civil Engineering, LNEC), and Serbia (Faculty of Technical
Sciences of the University of Novi Sad, FTS).

As is resumed in Table I, five commercial impulse control units
and nine commercial antennas were tested (five horn antennas and four
ground-coupled antennas). One of the FTS antennas was dual-frequency
and was tested as two individual antennas, with central frequencies of
400 MHz and 900 MHz. The BRRC and LNEC tested control units are
the same model (GSSI SIR 20) and both laboratories tested them with a
1 GHz horn manufactured by GSSI; it is therefore especially interesting
to compare the results obtained by BRRC and LNEC on the raw data
gathered with the 1 GHz antenna (note that 512 samples per trace were
recorded at BRRC, whereas 256 and 1024 samples per trace were
recorded at LNEC, with this antenna). All of the tested antennas are
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regularly used in fieldwork and none of them had showed signs of
malfunctioning before tests were performed.

Note that at LNEC only Tests 1 and 2 were carried out. Note also
that the UP team used a smaller metal plate than what is suggested in
the tests (see Eq. (1)). Moreover, the UP team carried out Test 3 at
different distances between antenna and metal plate than those
suggested in the tests (in particular, the UP values were hi=34 cm,
h>=68 cm and h3=113 cm); nonetheless, it was decided to include the UP
results in this paper.

All obtained results are summarized in Table II.

While performing the tests, it was observed that the maximum
amplitude of the direct wave is not always the absolute maximum
amplitude of the recorded trace: in most cases, the amplitude of the
metal plate reflection is indeed stronger (this is likely due to a reduction
of the direct wave implemented by the manufacturers in the tested GPR
systems). Furthermore, it was observed that the first collected sample
has always a random value, which can be larger than any reflection and
shall be discarded.

In Figure 8, results of Tests 1 and 2 obtained on raw and filtered
data are compared through histograms; only BRRC and LNEC results
are considered in this figure, because FTS and UP always worked with
raw data. In most cases, results obtained on filtered data are better than
those obtained on raw data. Results obtained for the 1 GHz BRRC
antenna are worse than results obtained for all other antennas,
including the identical 1 GHz antenna from LNEC, in both Tests 1 and
2, which is an alarm bell on the conditions of the antenna.

In Figure 9, results of Tests 1 and 2 obtained on raw data are
compared. Only three antennas show a SNR better than 20. For all
antennas, the indicator of the short-term signal stability is higher than
2.8%. Results obtained for the 0.9 GHz UP antenna are significantly
worse than results obtained for all other antennas, in both Tests 1 and
2; it is likely that this antenna is not working very well, however it has to
be kept in mind that the UP metal plate was too small and this reduces
the reliability of the UP results which could be affected by reflections
coming from the surrounding environment. The 2 GHz UP antenna
shows the highest SNR and not very good value of stability.
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TABLE I — TESTED ANTENNAS, SUMMARY.

Institution Tested GPR control units Performed Settings and Remarks
and antennas tests
Faculty of Control unit: GSSI SIR 3000 All tests - Side length of the
Technical G . metal reflector:
. round coupled antennas:
Sciences, GSSI 0.4 GHz 3.5m (0.4 GHz
Novi Sad, GSSI 0.9 GHz antenna) and 1.7 m (0.9
Serbia (FTS) GHz antenna).
The antennas were purchased - Samples per trace:
in 2003 (0.4 GHz) and 2009 512.
(0.9 GHz). A rough estimate - All tests were
for the number of working performed on raw data.
hours is 1000 h for the 0.4
GHz antenna and 600 h for
the 0.9 GHz antenna.
Belgium Road Control unit: GSSI SIR 20 All tests - Side length of the
Research Centre, H . metal reflector: 1.5 m
orn antennas:
Brussels, GSSI 1 GHz for both antennas.
Belgium (BRRC) GSSI 2 GHz —SIS;mples per trace:
All equipment was purchased - Tests were performed
in 2010. A rough estimate for on both raw and filtered
the working hours of the data. The applied filters
tested antennas is: 150 h for are:
the 1 GHz antenna, 500 h for - FIR BP 0.25-3 GHz;
the 2 GHz antenna. - FIR BP 0.25-5 GHz;
- GSSI NoiseFilter.
University of Control units: IDS RIS HiPave, All tests - Side length of the
Pardubice, IDS DAD MCH FastWave metal reflector: 1 m.
Pardub}ce, Czech Ground coupled antennas: - Samples per trace:
Republic (UP) IDS 0.4 GHz 512.
IDS 0.9 GHz - All tests performed on
Horn antennas: raw data.
IDS 2 GHz
All equipment was purchased
in 2013. A rough estimate for
the total working hours of the
tested equipment is 200 h.
National Control unit: GSSI SIR 20 Tests 1, 2 - Rectangular metal

Laboratory for
Civil Engineering,
Lisbon, Portugal
(LNEC)

Horn antennas:
GSSI 1 GHz
GSSI 1.8 GHz

Date of purchase and
estimation of working hours
not available.

reflector, 1 m x 2 m.

- Tests performed at
256 and 1024 samples
per trace with 1 GHz
horn, 512 and 1024
samples per trace with
1.8 GHz horn.

- Tests performed on
raw and filtered data.
The applied filters are:
-IIR 0.1-1 GHz;

- FIR 0.5-3 GHz;

-IIR 0.1-2 GHz;

- FIR 0.5-5 GHz.
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TABLE II - TEST RESULTS, SUMMARY.

PERTE. Pilter SR Signal Linearity in| Long Term
Stability time axis Stability
1 FTS 0.4 GHz Raw 10.58 7.91 5.18 2.44
2 FTS 0.9 GHz Raw 12.48 2.88 2.99 1.57
3 BRRC 1 GHz Raw 7.24 10.61 4.26 0.92
4 BRRC 1 GHz FIR 9.70 10.96 3.17 -
5 LNEC 1 GHz Raw 17.64 5.26 - -
6 LNEC 1 GHz FIR-IIR 20.35 2.81 - -
7 LNEC 1.8 GHz Raw 15.81 3.89 - -
8 LNEC 1.8 GHz FIR-IIR 28.07 1.59 - -
9 BRRC 2 GHz Raw 16.21 4.51 6.29 0.69
10 | BRRC 2 GHz FIR 17.45 3.10 3.91 -
11 |BRRC 2 GHz GSSI NF 22.00 2.54 4.56 0.65
12 |UP 0.4 GHz Raw 9.75 4.08 4.88 0.14
13 |UP 0.9 GHz Raw 1.19 15.89 3.39 0.63
14 |UP 2 GHz Raw 23.74 12.18 2.99 1.22

In Figure 10, results of Tests 3 and 4 obtained on raw data are
compared. Concerning the linearity in the time axis, the relative
variation in the measured speed is always higher than 2.9%. The long-
term stability factor is always lower than 3%; the results obtained for the
0.9 GHz UP antenna are worse than those obtained for the other
antennas, which may be due to the fact that the antenna is not working
well, or to the use of a small metal plate, or else to a scarce accuracy in
measuring the distances between metal plate and antenna. Actually, it
has been observed by the BRRC research team that results of Test 3 are
highly variable and strongly dependent on the laboratory precision; in
particular, an error of 1 mm in the measurement of the antenna position
can yield an error larger than 2% in the test results. Additionally, it may
be appropriate to modify the procedure of Test 3 and use mean values
calculated out of, e.g., 100 traces, instead of basing the evaluation of the
short-term stability on single waveforms, because of the significant
variation of the results that can be observed if measurements are

Open access | www.GPRadar.eu/journal Published in Rome, Italy
Volume 1 | Issue 2 | July 2018 26 by TU1208 GPR Association

https://doi.org/10.26376/GPR2018007



Ground Penetrating Radar
The first peer-reviewed scientific journal dedicated to GPR

Signal-to-noise ratio

28.07
25.88

22.00
20.35 20.36
17.45
9.70

BRRC1 BRRC1 LNEC1512 LNEC1512 [LNEC1 LNEC1 LNEC1.8 LNEC1.8 LNEC1.8 LNEC1.8 BRRC 2 BRRC 2 BRRC 2
1024 1024 256 256 1024 1024

(a)

Signal stability

10.96
4.41
3.18
| 7 7 | | 7 I I N

BRRC1 BRRC1 LNEC1512 LNEC1512 [INEC1 LNEC1 LNEC1.8 LNEC1.8 [LNEC1.8 [LNEC1.8 BRRC 2 BRRC2 BRRC 2
1024 1024 256 256 1024 1024

(b)

FIG. 8 - Results of Tests 1 (a) and 2 (b), raw and filtered data, BRRC and LNEC
only.

3.10
— 254 -

repeatedly carried out as suggested in Sub-section 2.3. In particular, the
BRRC research team reported that, for a given configuration, the relative
variation in the measured speed changed from 0.9% to 17.6%, by
repeating the evaluation many times. And so, the BRRC results of Test 3
presented in this paper make already use of mean values calculated out
of 100 traces, instead of making use of values calculated out of single
traces.
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FIG. 9 - Results of Tests 1 (a) and 2 (b), raw data only.

Finally, with reference to Test 4, in Figure 11 the sliding averages (M)
are plotted as a function of time for the 2 GHz antenna owned by the
BRRC; results in Figure 11(a) were obtained with cold weather and
results in (b) were obtained with warm weather. It therefore seems that
the results of the tests (and the behaviour of GPR equipment) are
strongly affected by the atmospheric conditions; however, more
experiments are necessary to confirm this remark and be sure that the
weather is the origin of the observed differences.
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Linearity in the time axis
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Long-term stability
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(b)
FIG. 10 - Results of Tests 3 (a) and 4 (b), raw data only.

4. CONCLUSIONS

This paper deals with the design and execution of new experimental
tests for assessing the performances of Ground Penetrating Radar (GPR)
equipment. After a literature review and a critical analysis of the
D6087-08 standard emitted by the American Society for Testing
Materials (ASTM International), where typical procedures for the
calibration of GPR systems with air-coupled antennas are described,
four improved tests were proposed by a team of Members of COST
(European Cooperation in Science and Technology) Action TU1208 “Civil
engineering applications of Ground Penetrating Radar.” These four tests
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Fig. 11 - Test 4, sliding averages of the metal plate reflection peak-to-peak
amplitudes (M) against time. (a) Results obtained in cold weather; (b) Results
obtained in warm weather.
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can be carried out to evaluate the signal-to-noise ratio (SNR, Test 1),
short-term stability (Test 2), linearity in the time axis (Test 3), and long-
term stability of the GPR signal (Test 4); all tests make use of a metal
plate and the GPR antenna has to be lifted over it.

Our intention was to keep the procedures simple: we are aware
that more accurate tests could be conceived and proposed, however our
twofold goal was to propose reliable tests and to foster greater
awareness in GPR users of the importance of regularly testing control
unit and antennas. Simple procedures ensure that users without a
strong scientific background can correctly perform the tests, whereas
sophisticated procedures would probably discourage them or be
improperly applied.

The paper includes a full description of the four proposed
procedures followed by results obtained by research teams from
Belgium, Czech Republic, Portugal and Serbia, who performed the tests
on commercial GPR systems they own and regularly use in fieldworks.
Overall, five pulsed control units and nine antennas were tested (five
horn and four ground-coupled antennas, with central frequencies
ranging from 400 MHz to 1.8 GHz).

Only three antennas turned out to have a signal-to-noise ratio
better than 20. For all antennas, the indicator of the short-term signal
stability was higher than 2.8%. Regarding the linearity in the time axis,
the relative variation in the measured speed was always higher than
2.9%; in this test, it is crucial to accurately measure the distance
between antenna and metal plate and to position the antenna aperture
or plane parallel to the ground. The long-term stability factor was
always lower than 3%.

The obtained results seem to be fairly consistent: antennas
performing well in one test, usually yield good results also in the other
tests. The results suggest a malfunctioning of one of the antennas,
which performed worse than the other antennas in three tests over four;
the low performances of this antennas might be also due to a poor
laboratory accuracy in performing the tests and to the metal plate used,
which was smaller than suggested.

Based on our tests, a warm-up time of at least 30 min is advised
before starting a survey. Our results also suggest that the behaviour of
GPR systems may be strongly dependent on atmospheric conditions
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(different results were obtained in cold and warm weather), however
more experiments are necessary to confirm this observation and better
understand the relation between weather and GPR long-term stability.

While the results presented herein are not representative enough
to establish absolute thresholds for the tests, they provide a valuable
indication about values that one can obtain when testing GPR
equipment. At present, we may say that a SNR indicator of at least 10
(20 dB) should be probably obtained when performing Test 1, if the
antenna is working well. Reasonably good values of the signal stability
indicator (Test 2) should not be larger than 8%. Concerning the linearity
in the time axis, the indicator of Test 3 should not be larger than 6.5%.
Finally, the long-term signal stability indicator of Test 4 should not be
larger than 2.5%. Though reliable thresholds are not yet established, by
periodically repeating the tests on the same equipment it is possible to
detect shifts from previously obtained values, which may imply that the
GPR under test is not working in normal or satisfactory manner.
Moreover, the execution of the tests gives stronger awareness about the
behaviour and limits of the owned GPR systems.

We hope that other research teams, GPR experts and
manufacturers will execute the tests in the near future, on a wider
variety of control units and antennas, on both brand new and older
equipment, and share the results with the GPR community. In this way,
reliable thresholds for the tests can be jointly established and maybe
the procedures can be refined and upgraded. It will also be very
interesting to investigate how the results of the proposed tests translate
into accuracy levels of measured physical and geometrical quantities, in
the various applications of the GPR technique. This will allow
determining application-specific thresholds, instead of absolute
thresholds, as well as thresholds associated with desired accuracy
levels of the results.
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ABSTRACT

This paper deals with the stochastic analysis of transient current induced along
a ground penetrating radar (GPR) antenna. The antenna is modelled as a
horizontal dipole and is placed over a lossy half-space. The electromagnetic
formulation of the problem is based on the Pocklington’s integro-differential
equation in the frequency domain, which is solved by means of the Galerkin-
Bubnov indirect boundary element method. The transient solution is obtained by
using the inverse fast Fourier transform. The paper aims to investigate the
variability of the current due to key uncertain parameters, such as the soil
permittivity and conductivity, and the wire distance from the half-space.
Stochastic assumptions are incorporated in the model by means of the stochastic
collocation technique. Computational examples present the mean value of current
distributed along the wire with the confidence margins. Sensitivity analysis is
obtained, i.e., the uncertainty in the output is apportioned to different sources of
uncertainty in the model input thus giving a better insight into model reliability.

Keyworps: Ground Penetrating Radar (GPR); Electromagnetic
modelling; Galerkin-Bubnov indirect boundary element method,;
Stochastic collocation technique; Antennas; Lossy half-space.

1. INTRODUCTION

Ground penetrating radar (GPR) is wused in civil engineering,
archaeology, and many other areas. GPR antennas are moved over the
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surface of the inspected soil or structure, while emitting and receiving
electromagnetic (EM) waves. In order to extract accurate and useful
information from the received EM field, it is important to have as much
a priori information as possible [1]. Such information includes a good
understanding of the electromagnetic properties of the involved media
and used antennas [2]. However, the knowledge about these properties
is inevitably stochastic in its nature.

Many researchers have studied the EM behaviour of GPR
antennas, by using different techniques that can be classified in two
main categories: frequency domain (FD) [3] and time domain (TD) [4]-
[10] techniques. A stochastic analysis of the transient response of a
GPR antenna has been presented in [11]-[13]. In [11] the unknown
current along the wire above the lossy-half space is governed by the
space-time Hallen integral equation. The deterministic solution is
featured by GB-IBEM method. The stochastic response is obtained with
respect to uncertain antenna position (height) and uncertain ground
conductivity. The work done in [12] and [13] present the stochastic
current response for the wire buried in the lossy ground which may be
found useful not only in GPR purposes but in other areas, for example
in the design of lighting protection for electrical settlements.

As a counterpoise to time domain analysis, the stochastic
analysis of frequency domain response is presented in the present
paper. Stochastic Collocation (SC) method is combined with a direct EM
solver to assess the variability of the current induced on a GPR dipole
antenna, due to the uncertain nature of the soil and antenna height.
The dipole is assumed to be thin and is placed above a lossy half-space,
with its axis parallel to the air-soil interface: such simple geometry is
especially convenient for testing new computational approaches and
methods. The formulation of the problem, implemented in our
deterministic EM solver, is based on a FD solution of Pocklington's
integro-differential equation, by means of Galerkin-Bubnov Indirect
Boundary Element Method (GB-IBEM) [3]; the transient response is
then obtained via inverse Fast Fourier's transform [14].

The paper is organized as follows. Section 2 outlines the employed
FD integral equation approach and related numerical solution (Sub-
section 2.1); the theoretical basis of the Stochastic Collocation method
are also presented (Sub-section 2.2). Section 3 brings computational
examples, while in Section 4 general conclusions are given.
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2. ELECTROMAGNETIC MODELLING METHOD
2.1 Deterministic frequency-domain analysis

The geometry of interest is a straight, thin and horizontal dipole placed
at height h above a lossy half-space (see Figure 1). The wire is
considered as a perfect conductor, with a voltage source applied to the
gap in the centre of the antenna. The source has a Gaussian shaped
waveform.

The current induced along the wire is governed by the
Pocklington's integro-differential equation in the frequency domain [3].
Such equation is derived by enforcing the interface conditions for the
tangential components of the electric field at the wire surface:

Ex . (Eexc + Esct) =0 (1)

where &, is the unit vector, the excitation field E®* is composed by the
incident field E™ and the field reflected from the ground Eref:

Eexc — Finc  Fref 2)
The scattered electric field is given as:
Esct = —jwA — Vg (3)

where 4 represents the magnetic vector potential, ¢ is the electric scalar
potential and w is angular frequency, w=2xf. According to the thin wire
approximation, only the axial component of the magnetic vector
potential exists, therefore Equation (3) becomes [3]:

. dp
ESt = —jwA, — F (4)

The axial component of the magnetic vector potential and the electric
scalar potential are given by:

L/2
‘Ll ! ! ! 5
A, =— 1(x")g(x,x")dx (5)
4T
-L/2
and
L/2
0= [ ZE g ayar )
X) = —- X, X X
¢ JjATwe, ax I
-L/2
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Fi1Gg. 1 - A GPR dipole antenna horizontally placed above a lossy half-space.

respectively. The induced current along the wire is represented by I(x’),
while g(x,x") denotes the total Green function [3]:

g, x") = go(x,x") — Rrugi(x,x") (7)

where g,(x,x") is the free space Green function:

e~ JkoRo g
gole ) = —- ®)
and g;(x,x") arises from the image theory:
e_jkORi
i) = — ©)

The distance from the source point on the wire, or its image in the
ground, to the observation point is denoted by R, and R;, respectively.
The influence of the lossy half-space is taken into account by means of
the reflection coefficient Ry, which for a transverse magnetic
polarisation is given by:

n cos — Jn — (sinv)?
Ry = - (10)
n cosV + n — (sinV)?
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where n stands for the refraction index and 6 is the incident angle:

n=.¢& —jo/(we) 0 = arctan [|x — x'|/(2h)] (11)

Inserting Equations (4)-(7) in (2) leads to Pocklington's integro-
differential equation for the unknown current induced along the wire
axis [3]:

: L/2 1 9 L/2 al(x'
]ﬂf I(x")g(x,x")dx" + — f (x,)
-L/2 ox

Eexc — e
x A )y, jAmwe, 0x

g(x, x")dx' (12)

The unknown current is calculated via GB-IBEM. More details can
be found elsewhere, e.g. in [3]. In order to obtain the transient response,
the solution is then transformed to the TD. First, the current is
calculated for the specified frequency range, thus obtaining the transfer
function of a system H( f) in the FD. Then, H( f) is multiplied by the
spectrum of the Gaussian pulse given by [11]:

V() = Vo VTt e (o) gmsensty (13)

where V, is the amplitude, t, is the time delay of the Gaussian pulse and
ty is the half-width of the Gaussian pulse in the TD. Finally, the
frequency response is transformed to the TD by using the inverse fast
Fourier transform. For this purpose, the Matlab function “ifft” is used
[14], [15].

2.2 Stochastic collocation technique

Stochastic studies, in general, are carried out in two steps [16]. The
first step implies the definition of random input data of the given model,
input random variables (RV) are statistically described by assigning the
corresponding statistical distributions. The second step is to solve a
stochastic numerical or analytical model to obtain the statistical
description of the output value of interest.

The SC method has been widely used in recent stochastic EM
computations: the main advantages are its non-intrusive nature and
simplicity. A theoretical background of this approach can be found in
[17], for the sake of completeness some basics are given in this section.

The fundamental principle of the SC method is the polynomial

approximation of the considered output Y for N uncertain input
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parameters (N is defined as random dimension of the problem). The
random input parameter Zis given as [17]:

Z=272+1 (14)
where Z° is the initial value and # is a random variable with a statistical

distribution. The output of interest Y is expanded over a stochastic
space by using the Lagrangian basis functions:

Nsc
V(%0 = ) KL (15)
i=1
where L;(t) is the Lagrangian basis function given by:
N
SC t . t)
Li(t) = 1_[ (16)
j= 1]¢1 ti

and t; is i-th collocation point, also called sigma point. The reasons for
choosing the Lagrange polynomials as basis function come from its
property L;(t)) =6;; leading to: Y;(Z°) =Y(Z%¢t) [17]. Following the
definition for the statistical moments, the expected value of the output
Y of interest can be calculated as:

Nsc
V(2% 0) = Y K@) w, (17)
i=1
and the variance is:
Nsc
Var[Y(Z%t)] = o2 = ZWiYiZ —(Y)? (18)
i=0

where w; denotes the weight given by:

w; = f L;(t) pdf(t)dt (19)
D

for the input RV with the probability density function pdf(t). The order
of the approximation depends on number of sigma points, Nsc. A higher
Nsc implies a better approximation, but at the cost of computational
effort. The dimensionality of the problem can be increased to the
desired extent. In this paper higher dimensions are included via the
tensor product rule. Therefore the number of required deterministic
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simulations is given as (Nsc)V. However, the SC technique suffers from
the “curse of dimensionality;” hence, the computation for a very high
number of input RVs by using the tensor product is not practical.

The SC method provides means for performing a Sensitivity
Analysis (SA) of a given model. In this paper, the variance based
sensitivity analysis is used [17]. This approach is part of a more general
Global Sensitivity Analysis (GSA) method [18], which provides the
means for estimating the influence of a collection of random inputs on
the output of interest. In this paper, for a random dimension N = 3, the
impact factor of each random input variable is obtained as:

I; = Var(E; RV;)/Var(E) (20)

where i = 1, 2, 3. This expression corresponds to the first order Sobol
like indices [18]. The impact of the collection of input RVs is given as:

Iy = Var(E; RV, RV, )/Var(E) (21)

where j =1, 2, 3 and k = 1, 2, 3, j#k. The measure of mutual interaction
of each combination of random input variables is defined through
higher order indices. For example, second order indices are obtained by
combining Equations (21) and (22). More details are found in [18].

3. COMPUTATIONAL EXAMPLES

A horizontal dipole antenna, with length L=1 m and radius a= 6.74
mm, is placed above a lossy half-space. Both L and a are considered as
deterministic parameters. Three parameters are modelled as random
input variables, with uniform distributions: the antenna height (i.e., its
distance from the air-soil interface) h ~ U (12,18) cm, the soil relative
permittivity €.~ U (14, 18), and the soil conductivity o~ U (0.1,9.9) mS/m.
The considered type of soil is an average one and the ranges of expected
permittivity and conductivity values are taken from [1]. The output of
interest is the transient current in the centre of the wire. The frequency
range for the transfer function H( f) is 10 Hz - 28.64 GHz. For the
Gaussian pulse of Equation (13): V, =1V, t, = 143 ns, and t,, = 2/3 ns.

In order to investigate to which extent the three random input
variables impact the output of interest, all possible combinations of
input RVs are taken into account, starting from three univariate cases
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where N= 1, then considering all bivariate cases with N = 2, and finally
studying the multivariate case with random dimension N= 3. The
variance-based approach is used to obtain the Sensitivity Analysis (SA)
of the presented stochastic model. The experimental design (ED) is
built for 3 and 5 SC points, thus implying 33 + 53 = 152 different
deterministic simulations. The complete stochastic analysis is done as
a post processing of results obtained for the defined ED, by using
equations similar to (17) and (18). The execution time of a single
deterministic simulation is 17.78 minutes on ASUS PC with i5-5200
CPU and 2.20 GHz processor, which is impractical for traditional Monte
Carlo simulations. In order to ensure good convergence with Monte
Carlo approach, at least 10,000 — 100,000 simulations are necessary.
On the other hand, according to the literature, the SC method with far
less simulations is proven to have good convergence, especially for
small number of input RVs, which is the case in this computational
setup [11], [12], [16], [17].

Figure 2(a) exhibits the mean trend of the transient current at the
centre of the wire, when all three input variables are random (N=3). The
results are presented for SC simulations with 3 and 5 sigma points. The
crude estimate of confidence intervals is given as the mean + 3
standard deviations. It is apparent that throughout the whole time
interval the standard deviation of the current is not large. The
confidence interval is almost negligible for the early time response: in
the beginning of the simulation only the peaks exhibit a noticeable
deviation from the mean trend. In the later time instances the deviation
around the mean trend becomes larger and more or less uniform.

Figure 2(b) shows the subsequent time interval, from 15 ns to
about 30 ns, for the same case study; from this plot, the convergence
and accuracy of the stochastic approach can be appreciated. The
results for 3 and 5 sigma points show a satisfactory agreement. This
proves that, in order to access second order statistics (mean and
standard deviation) for the current in the middle of the wire with three
random input variables (&, o, and h) only 3 sigma points are required,
i.e., 27 deterministic simulations. In the case of univariate scenario,
when only ¢ is random, 5 sigma points were necessary; however, as it is
going to be demonstrated later, the influence of this variable on the
current is very small.
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FI1G. 2 — Statistics of the current at the centre of wire, for the multivariate test
case: (I) is the stochastic expected value and std is the standard deviation: (a)
Focus on interval 0-1.5 s (b) Focus on the time interval 15-30 ns.

The impact factors of each random input, calculated by using
Equation (20), are shown in Figure 3. Throughout the whole simulation
interval the height of the antenna has the highest impact. The influence
of the first random variable, &, cannot be ignored in the time instants
where the current reaches its local minimum and maximum values.
The overall influence of soil conductivity is small.

The impact factor of the combinations of input variables obtained
from Equation (21) is depicted in Figure 4. The domination of the
antenna height is obvious. The interactions of RVs have negligible
impact on the total variation of the current.
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FIG. 4 — Impact factor of combinations of input random variables: RViay =
[er, 6], RV13 = [&r, h], RV23 =[o, h].

4. CONCLUSIONS

This contribution presents a frequency domain stochastic-deterministic
analysis of the current induced on a GPR dipole antenna placed above
a lossy half-space. The current is governed by Pocklington’s integro-
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differential equation in frequency domain, which is solved by means of
Galerkin-Bubnov Indirect Boundary Element Method. The transient
response is obtained by using inverse fast Fourier transform. The
deterministic model is combined with Stochastic Collocation (SC)
method in order to investigate to which extent random input
parameters influence the induced current. Three input parameters are
assumed to be uncertain: the permittivity and electrical conductivity of
soil, and the wire distance from the soil, all following the prescribed
uniform distributions. SC method showed a quick convergence in the
calculation of stochastic moments, especially for the mean value. The
obtained numerical results demonstrate that the variation of the wire
height has the highest overall impact on the current distribution, for
the considered average soil type.

The calculation of the current induced along the wire is the first
step in analysing the electromagnetic behaviour of a GPR antenna and
thus its scattered field. The stochastic approach in electromagnetic
modelling is a natural and useful extension, arising from the inherent
uncertainty of the parameters that belong to such environment. SC, in
combination with existing deterministic models, is a powerful tool for
the calculation of necessary statistics of the outputs of interest and
allows a better understanding of the electromagnetic behaviour of a
GPR system.
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APPENDIX

Galerkin-Bubnov indirect boundary element solution of Pocklington
integral equation

An operator form of Pocklington integro-differential equation (12) can be, for
convenience, symbolically written as:

KI=E (A1)
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where K is a linear operator and [ is the unknown function to be found for a
given excitation E.

The unknown current is expanded into a finite sum of linearly
independent basis functions {fj} with unknown complex coefficients «;:

n

F=h ) af (A2)

i=1

Substituting (A2) into (A1) yields:

n
K= InZ @K f, = E, = p, (E) (A3)
i=1

where p,(E) is called projection operator [19]. Now the residual R, is formed as
follows:

R,=KI,—E=p,(E)—E (A4)

In accordance to the definition of the scalar product of functions in
Hilbert function space, the error R, is weighted to zero with respect to certain
weighting functions {Wj}, i.e.:

<R, ,W;>=0; j=1,2,..n (A5)

where the expression in brackets stands for a scalar product of functions
given by:

<Ry, W; > = f R W[ d2 (A6)
0
where Q denotes the actual calculation domain. As the operator K is linear, a
system of linear equations is obtained by choosing W; = f;, which implies the
Galerkin-Bubnov procedure. Thus, the following equation can be written:

n

Y <Kfify>=<Ef>j=12..n (A7)

i=1
Equation (A7) is the strong Galerkin-Bubnov formulation of Pocklington
integral equation (12). By using the integral equation kernel symmetry, by
taking into account Dirichlet boundary conditions for the current at the free
ends of the dipole, and after integration by parts, Equation (A7) becomes:
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n

1 Ldfi(x) rdfi(x) ) ,
Z aij41rs {fo g(x, x")dxdx

e dx J, dx

L L L
+k2f0 f]-(x)f0 fix)g(x, x"dxdx' + -fo fj(X)ZS(x)dx} (A8)

L
= f EZC()fi(x)dx, j=1,2,..n
0

For the case of lossless conductors, Z;=0. Equation (A8) represents the
weak Galerkin-Bubnov formulation of the integral equation of (12). The
resulting system of algebraic equations arising from the boundary element
discretization of (A8) is given by [19]:

M
Zi{i={v}, j=12.M (A9)
j=1

where [Z];; is the local matrix representing the interaction of the i-th source
boundary element with the j-th observation boundary element:

[Z];i

(f {D}; | D} g(x,x)dx dx’'
Ay Al

- 4jrwe

e f oy [ A7 9o x) dxdx’ (A10)
Alj

Al

+ [z
Al]'

The vector {I} contains the unknown coefficients of the solution and
represents the local voltage vector. The matrices {f} and {f'} contain the
shape functions, {D} and {D'} contain their derivatives, M is the total number
of line segments, and Al;, Al; are the widths of the i-th, j-th segments.
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ELECTROMAGNETIC MODELLING AND SIMULATION
OF A HIGH-FREQUENCY GROUND-PENETRATING RADAR ANTENNA
OVER A CONCRETE CELL WITH STEEL RODS

ALESSIO VENTURA (CORRESPONDING AUTHOR) & LARA PAJEWSKI

DEPARTMENT OF INFORMATION ENGINEERING, ELECTRONICS AND TELECOMMUNICATIONS,
SAPIENZA UNIVERSITY OF ROME, ROME, ITALY
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ABSTRACT

This work focuses on the electromagnetic modelling and simulation of a high-
frequency Ground-Penetrating Radar (GPR) antenna over a concrete cell with
reinforcing elements. The development of realistic electromagnetic models of GPR
antennas is crucial for accurately predicting GPR responses and for designing
new antennas. We used commercial software implementing the Finite-Integration
technique (CST Microwave Studio) to create a model that is representative of a
1.5 GHz Geophysical Survey Systems, Inc. antenna, by exploiting information
published in the literature (namely, in the PhD Thesis of Dr Craig Warren); our
CST model was validated, in a previous work, by comparisons with Finite-
Difference Time-Domain results and with experimental data, with very good
agreement, showing that the software we used is suitable for the simulation of
antennas in the presence of targets in the near field. In the current paper, we
firstly describe in detail how the CST model of the antenna was implemented;
subsequently, we present new results calculated with the antenna over a
reinforced-concrete cell. Such cell is one of the reference scenarios included in
the Open Database of Radargrams of COST Action TU1208 “Civil engineering
applications of Ground Penetrating Radar” and hosts five circular-section steel
rods, having different diameters, embedded at different depths into the concrete.
Comparisons with a simpler model, where the physical structure of the antenna
is not taken into account, are carried out; the significant differences between the
results of the realistic model and the results of the simplified model confirm the
importance of including accurate models of the actual antennas in GPR
simulations; they also emphasize how salient it is to remove antenna effects as a
pre-processing step of experimental GPR data. The simulation results of the
antenna over the concrete cell presented in this paper are attached to the paper
as ‘Supplementary materials.’

Keyworps: Ground Penetrating Radar (GPR); Electromagnetic
modelling; Finite-Integration technique (FIT); Antennas; TU1208 Open
Database of Radargrams; concrete.
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1. INTRODUCTION

Electromagnetic simulations of Ground Penetrating Radar (GPR) [1]
scenarios including realistic models of the antennas are not yet
common. Accurate models of GPR antennas have been only occasionally
developed during the past two decades [2]-[9]; rarely, they have been
combined with realistic models of complex environments [10]. In most
cases, GPR electromagnetic simulations use hertzian dipoles or lines of
current to represent the transmitting antennas; the physical structure
of the receiving antennas is usually not included in the models and the
electric field impinging on the receivers is calculated [11]-[16]. This
simplified approach is customarily adopted because easier to implement
and computationally cheaper; in fact, nowadays running realistic
models of GPR scenarios is still a challenging task, notwithstanding
computing power is increasing and becoming more accessible.

In this paper, we employed commercial software implementing the
Finite-Integration technique (FIT) [17] (CST Microwave Studio) for
modelling and simulating an antenna representative of a widely used
high-frequency commercial device manufactured by Geophysical Survey
Systems, Inc. (GSSI). All necessary information about the antenna was
taken from Dr Craig Warren’s PhD Thesis [6], where the freeware tool
GprMax3D [18] was used to develop a Finite-Difference Time-Domain
(FDTD) model of the same antenna. It has to be noted that, in [6] and
here, the numerical model does not exactly replicate the commercial
antenna because the electromagnetic properties of some antenna
materials are unknown, due to commercial sensitivity; the undisclosed
values were estimated in [6] (the match between the real and synthetic
crosstalk responses of the antenna in free-space was maximized, by
using Taguchi's optimisation method). It is also worth mentioning that
the FDTD model developed in [6] is currently included in the library of
antennas of the open-source software gprMax [19, 20], therefore gprMax
users can easily include this antenna into their simulations without
having to build it step-by-step. The CST model that we developed was
successfully validated via comparisons with synthetic and experimental
data available in [6], in cooperation with colleagues from The University
of Edinburgh (United Kingdom); such data were obtained with the
antenna immersed in free space and in lossy dielectric environments,
with and without a circular-section metallic target and some results of
the performed comparisons were presented in a conference paper [21].
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In Section 2 of the present paper, we describe in detail how we
developed the CST Microwave Studio model of the antenna; this
information was not included in [21]. Then, in Section 3, we present
new results that we obtained by simulating the antenna over a
reinforced-concrete cell. Such cell is one of the reference scenarios
included in the Open Database of Radargrams of COST Action TU1208
[22] and hosts a series of five circular-section steel rods, having
different diameters and/or embedded at different depths into the
concrete [23]. We compare results obtained by using the realistic CST
antenna model, and results obtained by representing the transmitting
antenna with a line of current and by neglecting the physical structure
of the receiving antenna. The aim of this comparison is to confirm and
further highlight the importance of including realistic models of the
actual antennas in GPR simulations, whenever the objective of the
simulations is to accurately replicate a real GPR response, or to exploit
the simulation results into an inversion process. Moreover, the
comparisons presented in this paper emphasize once more how strong
are antenna effects, and therefore, how salient it is to develop methods
for removing them as a pre-processing step of GPR data. The results of
our simulations are attached to the paper as ‘Supplementary materials.’

3. BUILDING THE CST MICROWAVE STUDIO MODEL OF THE ANTENNA

We used CST Microwave Studio to simulate an antenna representative
of the 1.5 GHz (Model 5100) device manufactured by GSSI, which is a
high-frequency high-resolution antenna using bowties as transmitting
and receiving elements. As already mentioned in the Introduction, all
information about the electromagnetic and geometrical properties of the
antenna was taken from Dr Craig Warren’s PhD Thesis [6].

The bowtie is a compact, light and cheap to produce broadband
antenna, which is very often used in GPR systems [24]. The bowtie size
and flare angle are critical to the performance of the antenna. The
bowties simulated in this paper have a flare angle of 76°, with
rectangular patches added to their open ends (these extensions
introduce a delay in the signal path and create destructive interference
patterns that reduce unwanted resonance phenomena); the triangle
base and height are 22 mm and 15 mm long, respectively; the size of
the additional rectangular patches is 22 mm x 14 mm (see Figure 1).
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FI1G. 1 — Geometrical sketch of the simulated bowties.

The simulated bowties are etched from 1-mm thick copper onto
Printed Circuit Boards (PCB); they are enclosed in glass fibre boxes and
then in rectangular metal boxes, which act as shields (shields are
important to prevent electromagnetic emissions from the antenna
interfering with surrounding electronic equipment, as well as to reduce
the exposure of the human operator to the electromagnetic fields).
Open-cell carbon-loaded foam is used, which acts as a broadband
electromagnetic absorber to reduce unwanted resonance in the cavities
behind the transmitting and receiving bowties. Some components of the
GSSI antenna are made from plastics: in particular, the enclosure of
the overall antenna is made of polypropylene (PP) and the 2-mm thick
skid plate is made of High-Density Polyethylene (HDPE) (the skid plate
is a replaceable component designed to protect the base of the antenna
from damage).

In CST Microwave Studio, we modelled the shields and any other
metallic components as perfectly conducting (PEC), apart from the
bowties. Indeed, for the copper bowties we assumed a constant relative
permittivity ecopper = 1 and a conductivity Ocopper = 59.6 10 S/m (same as
in [6]).
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For the plastics, all values were taken from [6]. In particular, for
the HDPE skid plates, for the PP case, and for the glass fibre of the
PCB, the following constant relative permittivity values were used:
enppe = 2.35, epp = 2.26, and epcs = 3, respectively; moreover, losses were
neglected (ouppe = opp= opec = 0). The electromagnetic properties of the
absorbers are unknown, for commercial reasons; the following values
were estimated in [6] via comparisons between experimental and
synthetic results: €aps = 6.49 and oaps = 0.252 S/m. We used the same
values in our CST models.

In Figure 2, geometrical sketches are reported, to better clarify the
geometry of the modelled device and the size of all its parts (such
sketches are generated by the computer-aided drafting tool of CST); a
photo of the real antenna can be found in Fig. 24 of [0].

In the real antenna, the transmitter and receiver bowties are
connected to circuits that generate the input pulses and process the
received signals. The physical electronic components of these circuits
were not modelled in [6] and also here, for two reasons: because the
circuit design and components properties are unknown; and, because
to accurately model components of that size a sub-millimetre mesh
should be used, which would increase the computational requirements.
In CST, for the receiver circuitry of both antennas we used a lumped
resistance in the gap between the receiver bowtie arms. The software
offers the possibility to insert simple electronic components in the
model, called TLumped Network Elements’ (LEMs). Three different
circuits can be used: RLC-Serial, RLC-Parallel and Diode: see Figure
3(a)-(c). Obviously, it is possible to model sub-circuits of these RLC
circuits by setting one or more components to O (this removes the
respective components from the circuit). In [6], resistance components
were modelled by specifying the corresponding conductivity of a single-
cell edge. Although we adopted in our models the same value as in [6]
for the resistance at the receiver, i.e., Rrx = 925 Q, it has to be kept in
mind that the resistance is modelled differently in GprMax3D and CST,
which may cause small differences in the results. For what concerns
the feeding, CST provides three different source elements to excite a
model: ‘waveguide ports’, ‘plane waves’, and ‘discrete ports’ (‘edge’ and
‘face’). We opted for a discrete face port to simulate a lumped element
source. Three different discrete face ports are available in CST, where
the excitation is considered as a voltage, as current source, or as an
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(d)

(b)

(c) (H

FIG. 2 — Geometrical sketches of antenna parts: (a) PP enclosure (170 mm x
107 mm x 43 mm; the PP thickness is 2 mm) and metal shielding structure
(120 mm x 103 mm x 27 mm; PEC thickness is 2 mm); (b) PP enclosure, metal
shielding structure and two glass fibre boxes (57 mm x 99 mm x 24 mm; the
glass fibre thickness is 3 mm); (¢) PP enclosure, metal shielding structure,
glass fibre boxes and microwave absorbers (51 mm x 93 mm x 23 mm), on
which the antennas sketched in Figure 1 are finally placed; (d) PP enclosure
and metal shielding structure; (e) PP enclosure, metal shielding structure,
glass fibre boxes and microwave absorbers; (f) the whole antenna structure,
with bowties embedded in PCB.
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FiG. 3 - (a)-(c) Lumped Network Elements available in CST; (d): Equivalent
circuit of the CST S-parameter discrete face port.

impedance element that also absorbs some power and enables S-
parameter calculation; we used the latter, which equivalent circuit is
shown in Figure 3(d). The resistance at the drive point was Rrx = 10 kQ,
whereas in [6] the optimized value of the drive-point resistance was 4 Q
because a different feeding model was used (with series instead of
parallel resistance). We estimated the best value of our resistance in an
empiric way: we performed several simulations and compared the CST
crosstalk response of the antenna in a vacuum with the GprMax3D
response taken from [6]; then, we adopted the resistance value that
provided the best agreement.
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Concerning the shape and frequency content of the emitted pulse,
those used by GSSI are unknown parameters; in [6], it was decided to
use a Gaussian pulse because this is a common choice in GPR
simulations. The expression of the Gaussian pulse of unit amplitude is:

Ve () = exp[—2m?f2(t — 1/)?] (1)

where f is the pulse centre frequency and t is the time. The first
derivative with respect to time of the Gaussian pulse is often used in
GPR simulations, too:

Vpe(t) = —4m?f2exp[—2m f2(t — 1/)?1(t — 1/f) (2)

A centre frequency equal to 1.71 GHz (different than the frequency
stated by the manufacturer) was identified in [6] by measuring the
crosstalk response of the real antenna. With this value of the centre
frequency, the amplitude of the pulses (1) and (2) is plotted versus time
in Figure 4(a); the spectral content of the pulses is shown in Figure
4(b). By comparing the time shape of the Gaussian pulse with the
curves in Figure 3 of [21], it is already clear that the antenna structure
has a strong influence on the signal recorded by a GPR. For all results
presented in the following Section, the emitted pulse shape was
Gaussian and the centre frequency was 1.71 GHz.

3. NUMERICAL RESULTS

The CST model that we developed was validated via comparisons with
synthetic and experimental data available in [6], in cooperation with our
colleagues from The University of Edinburgh; the considered data were
obtained with the antenna in free space and over lossy half-spaces
(emulsions), with and without a circular-section metallic target; the
achieved agreement was very good and some comparisons were
presented in the conference paper [21].

In this Section, we present new results obtained by simulating the
antenna over a reinforced-concrete cell hosting five circular-section
steel rods with different diameters and/or burial depths. This cell was
first proposed in [23] and its cross-section is shown in Figure 5. In the
simulations, the relative permittivity of concrete is 6 and its
conductivity is 0.01 S/m; the relative permittivity of the compacted fill
is 16 and its conductivity is 0.005 S/m; the circular-section cylinders
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embedded in concrete are assumed to be PEC. Results are calculated in
five different positions, namely with the center of the overall antenna
above the axes of the five targets; the bowtie axes are always parallel to
the axes of the cylinders.

We also used GprMax2D to implement and execute a simplified
two-dimensional model of the same scenario, where the transmitting
antenna is represented by a line source, the receiving antenna is not
modelled, and the electric field impinging on the receiver is calculated.
As already mentioned in the Introduction, this kind of simplified
simulation is most often found in the GPR scientific literature, because
easier to implement and less demanding from a computational point of
view than the simulation of a realistic three-dimensional model.

In Figure 6, the amplitude of the signal received by the GPR is
plotted as a function of time when the antenna is positioned above the
cylinder having a 2-cm diameter and buried at 6 cm from the air-
concrete interface (i.e., the first cylinder starting from the left in Figure
5); CST results for the realistic model and GprMax2D results for the
simplified model are shown, and both curves have been normalized to
their absolute maximum value for a better readability of the
comparison. In Figure 7, the same is shown when the antenna is above
the cylinder having a 2-cm diameter and buried at 9 cm from the air-
concrete interface (i.e., the second cylinder starting from the left in
Figure 5). Analogously, in Figure 8 the same is shown when the
antenna is above the cylinder having a 2-cm diameter and buried at 12
cm from the air-concrete interface (i.e., the third cylinder starting from
the left in Figure 5). In Figure 9, the same is shown when the antenna is
above the cylinder having a 1-cm diameter and buried at 9 cm from the
air-concrete interface (i.e., the fourth cylinder starting from the left in
Figure 5). And, in Figure 10 the same is shown when the antenna is
above the largest cylinder having a 3 cm diameter and buried at 9 cm
from the air-concrete interface (i.e., the fifth and last cylinder starting
from the left in Figure 5).

To ease the Reader’s comprehension and interpretation of the
curves presented in Figures 6-10, in Figure 11 a synthetic B-Scan is
reported, which was obtained by moving the antenna above the entire
concrete cell, with a 5 mm spatial step (this B-Scan was calculated by
using GprMax2D, for the simplified model).
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sided spectrum of the pulses (1) and (2) (a.u.). In the simulations presented in
this paper, a Gaussian pulse is used.
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FIG. 5 — Geometry of the concrete cell proposed in [23].

Open access | www.GPRadar.eu/journal Published in Rome, Italy
Volume 1 | Issue 2 | July 2018 61 by TU1208 GPR Association

https://doi.org/10.26376/GPR2018009



Ground Penetrating Radar

The first peer-reviewed scientific journal dedicated to GPR

I I
—— CST, Realistic antenna model

— — GprMax2D, Simplified antenna model (line source)

f
| I
|
i
0.6~ |
|
0.4 [ ‘\ 1
I
3 0.2\~ “ ,\ |
% OJ v‘\ /\\ ’)/‘.‘ _— // \\'\ . \\//\ - |
‘. Pt N 1“1‘ M ‘ N/ /
02F ‘\‘\\ !J \ “‘J \‘ / \\/
‘.\r\\ | \\/, \ /
-0.4 — / \ / |
| v
0.6 \J -
%0 1 2 3 t[zs] S 6 7 8

FiG. 6 — Amplitude of the signal received by the GPR, normalized to its
absolute maximum value, as a function of time; the antenna is positioned
above the cylinder having a 2-cm diameter and buried at 6 cm from the air-

concrete interface.

1 ;\ ‘ I I ; CST, Reaustig ar:@nna model : )
08l yl — — GprMax2D, Simplified antenna model (line source)_
\
0.6— ‘ -
I /\
T A - /f\\ |
! \ | /
0.2 I [\ ’ | \\ | i
ST VA A A~ )
3 olb— | \ f,\ N // \\\\ [ \\, AN R x (“/,—-—%ﬁl
z ! PN 1 |1 /\[/ \ \ }v’// e ‘/‘ - - N—
l‘\\ 7 \ "J/ \ / ‘\ b \ / \ / /
02 | \ f / -
| X ‘\\ / \ / \\// J VARY
04 K \ \J, \ / _
| ‘
os- || ! ]
|
osh \\ / _
1 L\ I \ I ! ! !
0 1 2 3 4 5 6 7 8
t [ns]

FIG. 7 — Same

as in Fig. 6, when the antenna is positioned above the cylinder

having a 2-cm diameter and buried at 9 cm from the air-concrete interface.
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FIG. 9 — Same as in Fig. 6, when the antenna is positioned above the cylinder
having a 1-cm diameter and buried at 9 cm from the air-concrete interface.
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FIG. 10 — Same as in Fig. 6, when the antenna is positioned above the cylinder
having a 3-cm diameter and buried at 9 cm from the air-concrete interface.
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FiG. 11 - B-Scan obtained by moving the GPR antenna above the entire

concrete cell, with a 5 mm spatial step (GprMax2D results for the simplified
model).

Open access | www.GPRadar.eu/journal Published in Rome, Italy
Volume 1 | Issue 2 | July 2018 64 by TU1208 GPR Association

https://doi.org/10.26376/GPR2018009



Ground Penetrating Radar
The first peer-reviewed scientific journal dedicated to GPR

From Figures 6-10, it is apparent that the differences between the
simulation results of the realistic model and those of the simplified
model are significant. It can be noticed that, in many cases, the arrival
time of echoes coming from the targets are in good agreement (the worst
agreement is in Figure 8, when the antennas are in the middle of the
scenario and the electromagnetic interactions between the targets are
stronger). The amplitude and shape of the various echoes, instead, are
highly different for the two models.

The presented comparisons confirm that for an accurate
simulation of GPR scenarios (i.e., for obtaining a synthetic response
close to the real one) it is crucial to develop detailled and unidealized
models, not only of the environment (surveyed ground or structure and
targets) but also of the antennas, which makes absolutely sense,
because the antennas strongly affect the responses recorded by the
radar.

Furthermore, the comparisons shown in this paper emphasize
how salient it is to filter out the antenna effects as a pre-processing step
of GPR data, whenever GPR data wish to be used not only for estimating
the depth of interfaces and targets (from the arrival instants of the
relevant echoes) but also for assessing other geometrical and physical
properties, such as the size and relative permittivity of targets (by
analyzing the amplitude and shape of the various echoes) [25], [26].
Prominent efforts are being done in this sense; a Belgian research team
recently developed a novel approach for the removal of antenna effects
[27], [28], which allows filtering out the antenna multiple internal
reflections, the antenna-medium ringing, and the antenna height
variation effects from GPR data acquired in near-field conditions above
a locally multilayered medium.

4. CONCLUSIONS

Realistic models of Ground-Penetrating Radar (GPR) antennas in
complex environments are not common in the scientific literature. In
this paper, a full-wave electromagnetic model of a high-frequency GPR
antenna over a concrete cell with reinforcing elements was implemented
by using the commercial software CST Microwave Studio, which makes
use of the Finite-Integration technique. The simulated antenna is
representative of a 1.5 GHz device manufactured by Geophysical Survey
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Systems, Inc. All information to build the antenna model was taken
from the PhD thesis of Dr Craig Warren [6], where the same device was
simulated for the first time by using the well-known Finite-Difference
Time-Domain software GprMax3D; our exercise was possible because
[6] is very clearly written and all steps are explained in an exhaustive
way. The simulated concrete cell with reinforcing elements is one of the
reference scenarios included in the Open Database of Radargrams of
COST Action TU1208 “Civil engineering applications of Ground
Penetrating Radar” and hosts five circular-section steel rods, having
different diameters, embedded at different depths into the concrete [23].

In Section 2 of this paper, the implementation of the CST
Microwave Studio antenna model was described in detail.

In Section 3, new results calculated with the antenna over the
above-mentioned concrete cell were presented. Comparisons with a
simpler model, where the physical structure of the antenna was not
taken into account, were carried out. The aim of such comparisons was
to confirm and further highlight the importance of including realistic
models of the actual antennas in GPR simulations, whenever the
objective of the simulations is to replicate the real GPR response or to
exploit the forward-scattering results into an inversion process. This is
especially true when GPR is used for locating and identifying shallow
targets in a heterogeneous environment (e.g., landmines in the soil) or
multiple closely separated targets embedded at a limited depth in a
structure (e.g., reinforcing elements, voids and cracks in concrete). For
such applications, high-frequency antennas are used, to achieve
sufficient resolution; the responses from the sought targets arrive at the
receiving antenna very soon and are often superimposed between each
other, moreover strong electromagnetic interactions between targets, as
well as between antennas and targets, take place (therefore, the
recorded responses strongly depend on the properties of the
transmitting and receiving antennas). The comparisons presented in
this paper are also a reminder of how salient it is to remove antenna
effects as a pre-processing step of GPR data; additionally, they show
how the simulation of simplified models can be useful to aid the
interpretation of experimental responses (and of synthetic responses
generated by executing more complex models).

An archive containing the results of the simulations of the
antenna over the reinforced concrete cell are attached to this paper as
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‘Supplementary materials’. Reproducing these results may be a useful
exercise for a University student who wishes to learn how to use an
electromagnetic simulator; actually, the work presented herein was
mostly developed during the Master thesis in Electronic Engineering of
the first author, under the supervision of the second author.
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GPR RESEARCH IN WOJANOW RAILWAY TUNNEL,
SUDETES MTS., POLAND

ADAM SZYNKIEWICZ

KART-GEO, WROCLAW, POLAND, ADAM.SZYNKIEWICZ@GMAIL.COM

ABSTRACT

In the area of Wojanéw raillway tunnel (Sudetes Mts., Poland), Ground
Penetratind Radar (GPR) was employed in the context of a geotechnical research
for the purposes of designing the tunnel renovation. Various antennas were
used, with 100 MHz, 250 MHz, and 800 MHz central frequencies. The sections
recorded above the tunnel with 100 MHz antennas allowed estimating at what
distance from the tunnel casing, behind the housing, there is a solid rock. The
cross-sections recorded with 250 MHz antennas allowed figuring out the
structure of the ground behind the tunnel casing. The analysis of data obtained
with 800 MHz antennas made it possible to precisely determine the condition of
the tunnel casing and of the casing reinforcement zone. An attempt was also
made to analyse GPR data in a three-dimensional system, to study the general

state of the ground behind the tunnel casing; the analysis indicated loosening
rocks and empty spaces behind the tunnel casing.

Kevyworbs: Ground Penetrating Radar (GPR); Civil engineering; Railway
tunnel.

1. INTRODUCTION

Ground-penetrating radar (GPR) is a safe and valuable method for the
non-destructive testing of transport infrastructures, including tunnels
[1], [2]. In the scientific literature, several works address the successful
use of GPR for the assessment of roads and bridges, whereas a rather
limited number of case studies deal with the use of this technique for
the investigation of tunnels [3]-[23]. This is probably due to the fact
that tunnel inspections present considerable practical difficulties,
compared to roads and bridges, therefore they are less frequent. The
objectives of this paper are to present the results of a GPR survey
carried out in Wojanow railway tunnel, in Poland, and to provide
practical guidelines for GPR inspection of tunnels.
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Location of Wojanow railway tunnel

Wojanow railway tunnel is located in the Sudetes Mts., in the south
west of Poland, about 15 km east of Jelenia Gora.

The tunnel is carved in granite and is located at an altitude of
about 376 m above sea level, about 30 m below the ridge of the tunnel
mountain and about 20 m above the water level in the Bobr river. The
water level in the Bobr river is at an average height of about 356 m
above sea level.

Wojanow railway tunnel was built in 1867. The length of the
tunnel is 293.15 m, the vertical height is 6.82-7.22 m, and the
maximum horizontal width of the tunnel is 7.09-7.38 m. The walls of
the tunnel are enclosed with granite blocks, which dimensions are: 1-
0.35 m x 0.4-0.6 m. The granite housing blocks have a weight of 600-
1200 kg. Eastern and Western tunnel entrances (E and W inlet to the
tunnel) are enclosed with stone portals made of granite blocks.

After 150 years of operation and progressing degradation, this
tunnel requires renovation and protection. In the tunnel housing there
are numerous cracks and displacements of the rock blocks of the
casing. In the ceiling of the tunnel there are numerous gaps between
the housing blocks. Recently, wooden wedges have been torn into these
gaps to prevent block housing from falling out. On the ceiling and side
walls there are numerous places of slow water outflow and precipitation
of calcium carbonate (CaCOs speleothems). In the eastern part of the
tunnel, water flows out from the gaps between the housing blocks in the
form of a stream.

Geological situation

Wojanow railway tunnel was forged in granite rocks of the Upper
Carboniferous [24]-[26]. This granite is coarse-grained, cracked and cut
with quartz veins and veins of aplite. There are cracks in the granite,
inclined towards the south. In the south-eastern part of the tunnel
mountain, there is an old mining tunnel (about 200 m long) where
vertical veins of quartz and aplite, running NE-SW, have been found. In
the outcrops, occurring near the western outlet of the tunnel,
dislocations of rocks in direction NW-SE and discharges towards the
south were observed.
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Horizontal geological drilling in the tunnel

In the walls of Wojanow tunnel, fifteen horizontal geological drillings
were drilled to a depth of 2-4 m (Figure 1). Nine holes were made in the
northern wall of the tunnel (from the T1 side) and six in the southern
wall of the tunnel (from the T2 side). Geological drilling holes (indicated
by “otw.” in Figure 1) were made in the walls at a height of 1, 2, and 3
m above the floor (for borehole locations, see also Figure 2). The drilling
shows that the granite blocks of the tunnel casing have a thickness of
30-55 cm. Behind the housing there is a strengthening zone (concrete,
cement), which has a thickness up to 1.1 m (in some places up to 2 m).
From 0.7 to 4.5 m there are granite debris, gravels and sands. Behind
the casing of the tunnel, at a distance of 2-4 m, there is weathered
granite, heavily cracked granite, or hard granite with rare cracks.
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FiGg. 1 - Lithology information about Wojanéw tunnel, obtained by drilling its
walls. Legend: 1 — housing made of granite rock block; 2a - concrete,
cementation zone; 2b — granite weathering (gravel) plus granite fragments; 2c —
gravel and sand; 3 — weathered granite; 4 — granite strongly cracked; 5 — solid
granite (rare cracks); 6 — aplit.
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FI1G. 2 — Scheme illustrating the GPR cross-section and borehole locations in
Wojanéw tunnel. Legend: 1) Tracks; 2) Horizontal boreholes; 3) Horizontal GPR
cross-sections; 4) Vertical GPR cross-sections on the northern wall (800 MHz
antenna); 5) GPR cross-section on the celling (800 MHz antenna).

Water in the area of the tunnel

The scheme of basic hydraulic properties for areas of occurrence of
crystalline rocks [27] was used to visualize groundwater in the area of
the tunnel. There are three aquifers (see Figure 3):

* Zone I - A weathering cover with variable thickness, high water
capacity and low water conductivity. This is the zone that affects
most the eastern and western inlets of the tunnel.

* Zone II - A densely fractured rock mass with high conductivity
and low capacity.

* Zone III - A zone of deep circulatory pathways, which includes
cracks accompanying fault zones, with the lowest capacity and
hydraulic conductivity.
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FI1G. 3 - Occurrence of groundwater in Wojanéw tunnel region, in areas of
igneous and metamorphic rocks with low porosity but relatively high fissures,
with reference to the geological and topographic situation of the tunnel.
Legend: 1) Weathering cover; 2) Weathered and strongly cracked granite; 3)
Cracked granite; 4) Fault zone. Symbols: m - thickness of the wet zone, n -
effective porosity, k - filtration coefficient, p - gravitational drainage.

2. METHODOLOGY OF GPR RESEARCH

GPR data collection

GPR research was carried out for the purposes of designing the tunnel
renovation. To facilitate the description of research results and the
identification of rock mass variability occurring behind the housing, the
entire length of the tunnel (from the eastern portal towards the western
portal) was divided into sections denominated as follows: from (T1)A to
(T1)F and from (T2)A to (T2)F (see again Figure 2; note that the
kilometers of the railway route are also reported in the scheme).

GPR measurements were carried out at night, when there was no
train movement and it was possible to switch off the electricity in the
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electric traction. To work at the tunnel ceiling, a train was used which
is normally employed to repair the electric traction. All tests were made
with antennas facing the tunnel walls (Figure 4). Shielded antennas
were used, with three central frequencies: 100, 250, and 800 MHz.

The following cross-sections were recorded with the use of 100
MHz antennas: over the tunnel, along the walls of the tunnel at a height
of 1 m, and on the bottom of the tunnel (between the rails of railway
tracks). The following cross-sections were recorded with the use of 250
MHz antennas: along the walls of the tunnel, at heights of 1 meter and
2 meter, along the tunnel bottom and along the base of the walls of the
tunnel casing. Finally, cross-sections with the use of 800 MHz antennas
were recorded along the tunnel walls, at heights of 1, 2, 3.5, and 5 m,
as well as along the ceiling of the tunnel (see Figures 2 and 5).

Methodology for GPR data interpretation

Various color palettes and customary filter combinations were used to
analyze GPR data. In Figure 6, an example of processed radargram is
presented; this is a fragment of a cross-section recorded with 800 MHz
antennas along the north wall, at 1 m height (the (T1) 800_1m cross-
section). By using suitable filters, it was possible to improve the
visualization of the gaps in the tunnel casing (radargram A in Figure 6)
and of the housing blocks (part B in Figure 6). The calibration of the
GPR radargram depth scale was made on the basis of drilling (Figure 7).

After selecting the color palette, applying filters, calibrating the
depth scale, and obtaining a more readable image of the GPR data, the
geological interpretation started. On the various GPR sections, the
following lithological assemblies were distinguished: housing made of
granite rock blocks; concrete and cementation zone; granite weathering
(gravel) with granite fragments; weathered granite; strongly cracked
granite; solid granite with rare cracks. An example is presented in
Figure 8, where the following features are also shown: control points;
niches in the tunnel walls; locations of drilling holes; housing border
(housing blocks); boundary of cementing/concreting zone; boundaries
between housing blocks together with cementation and clastic pieces
behind the housing; boundary between mashing (weathered) and
cracked, weathered granite rocks; detected anomalies. This approach
was applied to all GPR cross-sections and a series of images were
created.
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FIG. 4 — GPR research in Wojanéw tunnel: 800 MHz antennas directed towards
the ceiling of the tunnel housing.
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FIG. 5 — Location of GPR sections in Wojanéw tunnel (schematic sketch).
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FI1G. 7 — Depth-scale calibration and interpretation of GPR data, by exploiting
two geological horizontal drillings in the northern wall of the tunnel, namely
drillings (T1)otw.1 and (T1)otw.21. The GPR radargram is (T'1)800MHz-vertical,
at 560 m. The legend used for the lithology is the same as in Figure 1.

As expected, GPR cross-sections give information about the
ground structures until different depths, when antennas working at
different frequencies are used. In particular, the 100 MHz antennas
allow reaching a depth of about 21-60 m from the ground surface; the
250 MHz antennas provide information up to about 7-9 m from the
tunnel wall; and, the 800 MHz antennas allow reaching a depth of
about 4 m from the wall surface of the tunnel. On two-dimensional GPR
cross-sections, the depth error has been estimated as follows:
approximately £ 1 m with the 100 MHz antennas, * 0.5 m with the 250
MHz antennas, and £ 0.1 m with the 800 MHz antennas. On the GPR
sections, the cementation zone cannot be distinguished from the
weathering; this is probably due to the almost 100-year impact of
destructive processes on the structure of the tunnel and on the rocks
surrounding the tunnel.

3. RESULTS

From GPR tests carried out on the surface of the terrain over the tunnel
it follows that behind the tunnel casing there is a zone of debris and
rubble reaching up to a depth of about 5 m; see Figures 9 and 10 (the
rubble and debris region is indicated with 2 in Figure 10). Behind, there
is a zone of crumbled (and possibly weathered) granite that reaches
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Fi1G. 8 — Comparison of GPR data obtained with different antennas (100 MHz,
250 MHz, 800 MHz) over a fragment of the southern wall of the tunnel (unit
(T2)A). Cross-sections obtained at 1 m height from the floor of the tunnel. The
legend used for the lithology is the same as in Figure 1.

north and south up to about 15 m from the tunnel's axis (indicated
with 3 in Figure 10). It was also pointed out that on all cross-sections
(made over the tunnel) there are characteristic structures of ground
subsidence (4 in Fig. 10).
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FIG. 10 - GPR Cross-section No. 1 (100 MHz), above the tunnel. Geological
interpretation: 1) Tunnel, 2) Destroyed rock mass, sprinkle, weathered rocks;
3) Granite strongly cracked, weathered; 4) Ground subsidence zone above the
tunnel ceiling.
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An exemplary fragment of a GPR cross-section recorded on the
tunnel ceiling is presented in Figure 11 and clearly shows the condition
of the ceiling. It is apparent that the housing blocks moved against each
other, with a tendency to fall into the tunnel interior (1 in radargram A,
in Figure 11). The cementing zone behind the casing in some places
may be up to 1 m thick (2a in radargrams A and B, in Figure 11), and
the rocks are crushed after it (2b in radargrams A and B, in Figure 11).
The loss of housing blocks inside the tunnel is also confirmed by visual
observations of the tunnel walls. In order to temporarily stop the
movements of the housing blocks, suitable wooden wedges have been
hammered into the interstices between the blocks (Figure 12).

Figures 13, 14 and 15 resume the results obtained by inspecting
with GPR the north tunnel wall, at the T1 track and at a height of 1 m
from the tunnel floor. In particular, results in Figure 13 were recorded
by using the 100 MHz antennas; in Figure 14, results obtained with the
250 MHz antennas are presented; and, in Figure 15 results of
investigations conducted with the 800 MHz antennas are shown.

The data obtained by using 100 MHz antennas allow to recognize
only the boundaries between weathering and crumbling rocks (3/4 in
Figure 13) and between crushed rocks and hard rocks (4/5 in Figure
13). This means that, with the help of 100 MHz antennas, the distance
from the case to the hard rocks can be determined (5 in Figure 13) and
the remaining boundaries are very poorly legible. These data do not
provide information on the condition of the tunnel housing.

The results of the 250 MHz antenna tests allow to recognize only
the boundary between weathered and weathered rocks (2/3 in Figure
14) and the boundary between weathered granites and strongly cracked
rocks (3/4 in Figure 14). The cementation zone (2a in Figure 14) is
barely visible, and the tunnel casing (1 in Figure 14) is poorly visible.

Finally, the data obtained by using the 800 MHz antennas clearly
reveal the condition of the tunnel casing (1 in Figure 15), the cementing
zone (2a in Figure 15), as well as the zone of weathered, gravel-sandy
fillings (2b in Figure 15). The remaining boundaries are very poorly
legible. A thorough analysis of data obtained from the 800 MHz
antennas allows to visualize the gap widths in the tunnel casing (e.g.,
radargram A in Figure 6) and to illustrate the state of the tunnel casing
blocks (e.g., radargram B in Figure 6).
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