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PREFACE
TO THE PROCEEDINGS OF THE SECOND GENERAL MEETING

COST ActTiON TU1208
“CIVIL ENGINEERING APPLICATIONS OF GROUND PENETRATING RADAR”

The Second General Meeting of the COST Action TUI1208 “Civil
Engineering Applications of Ground Penetrating Radar” was held in
Vienna, Austria, from 30 April to 2 May, 2014. The meeting was
organised jointly with the 2014 European Geosciences Union
General Assembly (EGU GA, www.egu2014.eu), the venue was the
Austria Center Vienna.

This special event closed the first year of the Action's activities and
overall it included: the GI3.1 Session “Civil Engineering Applications
of Ground Penetrating Radar” of the 2014 EGU GA, the Management
Committee (MC) Meeting, and the Meetings of the four Working
Groups (WGs) composing the general pattern of the scientific
programme of the Action. The agenda of the event was very rich,
with about 100 presentations. Several new and interesting results
were presented and discussed, which were obtained by the Action’s
Members during the first year of the Action’s lifetime. The main focus
was on innovative GPR technologies and methodologies, advanced
inspection strategies and practices, accurate electromagnetic
methods for the modelling of GPR scenarios, inversion and imaging
techniques, and data-processing algorithms. Further presentations
dealt with the applications of GPR outside from the civil engineering
field, as well as with the integration of GPR with other Non-
Destructive Testing (NDT) techniques.

The joint organisation of the Second General Meeting with the 2014
EGU GA was complicated, but our efforts were rewarded. The EGU
GA brought together 12.437 scientists from 106 countries, of which
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27% were students, studying all the Earth disciplines, planetary and
space sciences. Being open to such a wide scientific community, the
Second General Meeting gave huge visibility to COST and to the
Action TU1208, created new synergies and attracted new Members,
whilst providing a significant added value to the discussion of the
Action’s ongoing projects and results.

We were delighted by the participation to our meeting of Dr Diarmad
Campbell, Chair of the COST Action TU1206 “SUB-URBAN - A
European Network to Improve Understanding and Use of the Ground
Beneath our Cities.” Points of common interest between TU1206 and
TU1208 were identified and ideas for future cooperation were
Sfruitfully discussed. In particular, it was decided to organise together
a workshop on 3D Gelogical Modelling, to be held in Edinburgh, on
November 19-21, 2014. This event will aim to exchange progress,
problems and solutions to understand and communicate the 3D
composition and properties of the subsurface, in order to aid science-
based decision making.

The Proceedings of the Second General Meeting consist of five parts.

The first part collects contributions of general interest, including
reports on the COST Action TU1208, the COST Action TU1206, and
the COST initiatives for Early-Stage Researchers. This part of the
Proceedings also comprises three papers resuming noteworthy
training activities carried out by TU1208 Members: in Estonia, GPR
possibilities were shown to elementary-school children and citizens;
in the United Kingdom and France, practical training courses were
offered to GPR end-users.

The second part of the Proceedings focuses on the development of
innovative GPR systems, which is the main objective of WGI1. The
recent NeTTUN (Leading the Way in New Technology for the
Tunnelling Industry) and ORFEUS (Optimised Radar to Find Every
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Utility in the Street) FP7 projects are presented, where the use of
GPR was experimented in tunnelling works and in the installation of
pipes through horisontal directional drilling; both the projects
addressed the installation of GPR on the cutting head. Novel GPR
systems for the high-resolution inspection of walls and structures
are being developed by Action Members and the ongoing activities
are presented here. The improvement of GPR energetic properties
and the electromagnetic-field exposure of GPR users are being
studied. An in-depth comparison of results obtained by pulsed and
stepped-frequency radar systems is being performed; results are
being confronted in the time, frequency and wavelet domains.
Research activities are carried out within the Action, in order to
develop tools for accurate electromagnetic modelling of GPR
antennas in realistic environments. Finally, the first part of this
volume includes a contribution concerned with the importance of
accurate positioning in GPR surveys.

The third part of this volume collects contributions on the non-
invasive surveying, by using GPR, of pavements, bridges, tunnels,
railways and buildings; further contributions deal with the detection
of underground utilities and voids, as well as with the determination
by using GPR of the volumetric water content in structures,
substructures, foundations and soil. These are the main topics faced
by WG2 Members. For all the Projects included in WG2 of the COST
Action TU1208, the Project Leaders prepared reports, resuming the
progress of the scientific activities. Moreover, a number of new case
studies carried out by Action Members during the first year of the
Action, as a contribution to the various WG2 Projects, were presented
during the Second General Meeting and are resumed here.

The subsequent part of the Proceedings includes papers on the
development of advanced electromagnetic-modelling, imaging,
inversion and data-processing techniques for GPR (WGS3 topics). The
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part is opened with an introduction to inverse scattering and
processing of GPR data, followed by a paper about the finite-
difference time-domain modelling of the GPR signal based on data
obtained from other NDT methods as an approach to achieve a more
exhaustive interpretation of field data, and by a contribution about
the full-waveform inversion of GPR data for -civil-engineering
applications. Next, for all the Projects included in WG3 of the COST
Action TU1208, the Project Leaders prepared reports, resuming the
progress of the scientific activities. Further papers present more in
detail how Members from different Countries contributed to the WG3
Projects during the first year of the Action.

The last part of these Proceedings includes works focusing on the
applications of GPR outside from the civil-engineering area, as well
as on the integration of different technologies for non-destructive
investigations in ciwil and environmental engineering, archaeology,
coastal-region and industrial-site characterisation. This part of the
volume also comprises a report resuming the objectives and main
results of the COST Action SPLASHCOS - Submerged Prehistoric
Archaeology and Landscapes of the Continental Shelf; such Action
ended in 2013 and was focused on the preservation, managing and
dissemination of the archives of archaeological and palaeoclimatic
information locked up on the drowned prehistoric landscapes of the
European continental shelf.

We deeply thank COST for funding the COST Action TU1208, the
Second General Meeting, and the publication of this volume. We are
grateful to the COST Office for its constant and strong support to the
COST Action TU1208 during the first year of the Action's lifetime and
for exceptionally authorising the organisation of the Second General
Meeting inside the 2014 EGU GA. In particular, we would like to
thank Prof Tatiana Kovacikova, Head of Science Operations, our
previous and present Science Officers, Dr Thierry Goger and Dr



EU Cooperation in Science and Technology — Action TU1208 A t
“Civil Engineering Applications of Ground Penetrating Radar” v E D 5

Mickael Pero, and our Administrative Officer, Ms Carmencita
Malimban. A very special thank goes from the Chair of the Action to
Prof Cristina Pronello, Chair of the COST Transport and Urban
Development (TUD) Domain Committee (DC), for appreciating and
strongly supporting the idea of this meeting, for her help,
encouragement, inspiration, and for all her wise suggestions. We
would like to thank Prof Goran Mladenovic, DC Rapporteur for the
Action TU1208, for his guidance during this first year of the Action’s
lifetime. We also wish to thank Prof Walter Schmidt, President of the
EGU Division on Geosciences Instrumentation, for the time and
efforts spent for the organisation of the GI activities within the 2014
EGU GA, for having fulfilled our requests concerning the scheduling
of the GI3.1 oral and poster slots, and for his support to the
organisation of the EGU GA Splinter Meetings constituting our MC
and WG Meetings. Last but not least, we would like to greatly thank
all the TUI208 Members for their proactive and enthusiastic
participation to the Second General Meeting and for their continuous
efforts to make this COST Action a success.

We look forward to the next TU1208 event: the 15" International
Conference on Ground Penetrating Radar (GPR 2014), co-organised
by our Action along with the Université catholique de Louvain, to be
held in Brussels, Belgium, on June 30 — July 4, 2014.

Lara Pajewski, Chair of the COST Action TU1208
Andrea Benedetto, Editorial Coordinator of the COST Action TU1208
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FIRST-YEAR ACTIVITIES AND RESULTS OF THE COST ACTION TU1208
“CIVIL ENGINEERING APPLICATIONS OF GROUND PENETRATING RADAR”

Lara Pajewski (IT), Andrea Benedetto (IT),
Andreas Loizos (GR), Evert Slob (NL), Fabio Tosti (IT)
lara.pajewski@uniroma3.it

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-16933, 2014 and is available on www.egu2014.eu

Qutline

® WhatisCOST2 Whatisa COST Action?2

® TU1208: Basic Information, Objectives, Impact and Benefits
@ Participants

® Working Groups and Projects

| RS What is COST?

Meetings : ;
COST is the oldest and widest European

STSMs intergovernmental framework for transnational

Training School Cooperation in Science and Technology

Publications For 40 years COST has supported networking of
research activities across all its 35 Member
countries and beyond

Main Achievements

COST is open to all disciplines and all novel and
ground-breaking S&T ideas, and to all categories
of partners where mutual benefit is real

What is a COST Action?

COST does not fund research itself, but provides
support for networking activities carried out as
part of COSTActions.

COST Actions are pan-European, bottom-
up science and technology networks open to
researchers and industry or policy stakeholders.

Every Action has a duration of four years and
requires the participation of researchers from at
least 5 COST member countries.
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COST Countries

W The 28 EU Member States

¥ EU Acceding & Candidate
Countries
» former Yugoslav Republic of
Macedonia
P Iceland
P Republic of Serbia
P Turkey

® Other Countries
» Bosnia and Herzegovina
» Norway
P Switzerland

COST Cooperating State
‘ m » Israel

CcoskE

EUROPEAN COOPERATION IN SCIENCE AND TECHNOLOGY

COST Action TU1208: Basic Infermation

@ Chair of the Action ® Vice-Chairof the Action
Lara Pajewski Andreas Loizos
“Roma Tre" University (IT) National Technical University of Athens (EL)

lara.pajewski@uniroma3.it ® DC Rapporteur

Goran Mladenovic

University of Belgrade (RS)

® Science and Administrative Officers
Mickael Pero and Carmencita Malimban
COST Office (BE)

@ Startdate-End date

4™ April 2013- 3% April 2017

www.GPRadar.eu www.cost.eu/domains_actions/tud/Actions/TU1208
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COST Action TU1208: Main Objective

® Exchange and increase scientific-technical knowledge and experience
of GPR techniques in Civil Engineering, simultanecusly promoting
throughout Eurcpe the effective use of this sofe and non-destructive
technique.

The COST Action TU1208 is establishing and sirengthening actiive links beiween
universifies, research institutes, companies and end wsers working in this field,
fostering andacceleratfing ifslong-term developmentin Europe.

COST Action TU1208: Background

® Areas to be addressed in orderto promote the GPR use in Civil Engineering:

1

Y :: ® Advancemeni of GPR sysiems: increase of sensitivity to
" “ enable usability in o wider range of conditions, increase of

| | amount and quality of collected data through the use of
| | arays of multi-requency multi-polarization sensors.

\
Identify and describe procedures and guidelines, outlining

I
| ® Improvement of EM meodeling/inversion/data-processing
4 i \ how GPR surveys should be conducted and what the quality
- |

techniques: characterze o prioi complex scenarios, ease
interpretation of results, improve quality of GPR images, shape
reconstruction and quantitative estimaticn of EM parameters

. level for the results should be.
o

I n ® |ntegration of GPR with other NDT techniques.
® Training of young researchers and end users.

11
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COST Action TU1208: Objectives

|. Highlight problems, merits and limits of curent GPR systems in CE applicaticns.

Il. Design and regiise innovaiive GPR systems.

ll. Develop innovative protocols and guidelines for an effective GPR use in CE
tasks © published in o handbock and constitute a basis for EU Standards.

IV. Improve EM medeling/inversion/data-processing metheds > freeware too

V. Comparisen with GPR technology and methodology used in different
applications, and integration with other NDT techniques for CE applications.

VI. Promotiocn of a more widespread, advanced and effective use of GPR in CE.

VIl. Organization of a high-level medular training program.

— Interaction with cther COST Actions; establishment of cooperation with

(@) @IEEE EAGE GPR I

ASSOCIATION

. Promotion of Early-Stage Researchers and of gender balance

COST Action TU1208: Impact and Benefits

Froma scientific point of view:

® Creation of an efficientinterink ameng EU Lab.
® Increase of knowledge in basic physics.

® Improvement of advanced GPR dato-processing algorithms yields benefits also
tc otherimaging techniques.

® Develcpment of new EM scatterng methods has implications in acoustics,
microwaves, optics, IT, clean-room moenitering, quality control of siicon wafers
manufacture, scattering microscopy in biclogy and materialscience.

12
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COST Action TU1208: Impact and Benefits

The R sfelsll impact is clear when considering the innovative GPR equipment
that will be designed, realised and tested

cieio and | economical J benefits derive from the wider and more
effective application of GPR that will take place thanks to the Action’s activifies.

Many structures/infrastructures are offected ol over Ewrope and throughout The worid, by
oiffused poor conalition which influenc es the safety of citizens. Where structural rehabilitation is

ineffective or cbsent, or sub-standord manogement pianning i cdopted and ineffective
trocitional Toois are used, the costof maintencnce dromaoticaily increases.

8 Other

65 MC Members & Substitute Members (kick-off: 41)
203 Working Group Members (kick-off:114)
99 Institutions (kick-off: 64)

18% women
32% ESRs

# Researchers from different scientific disciplines (civiland electronic
engineers, architects geophysics experts, archaeologists, ...)

e NDT equipment designersand producers

e End users from private companies

s Some public agencies

Such a high level ofinter-disciplinarity has a huge potential of

providing technological, scientific and socic-economic impacts.

13
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COST Action TUT1208: Working Groups

WG2

GPR Surveying of Pavements,
Bridges, Tunnels, Buidings—
Utility and Void Sensing

COST Action TU1208: Working Group |

® Chair: Guido Manacorda (IT)
IDS In neria dei Sistemi
WGI 989

Nowvel GPR Instrumeniofion ® Vice-Chair:Luca Gamma (CH)
Scuola Universitana Professionale
della Svizzera ltaliana

Project1.1 Design, redlization and optimizaticn of innovative GPR
equipment for the monitoring of critical transport
infrastructures (pavements, bridges and tunnels)

Project1.2 Development and definifion of advanced testing,
calibration and stability procedures and protocols, for
GPR equipment

Project1.3  Design, modelling and optimisation of GPR antennas

14



EU Cooperation in Science and Technology — Action TU1208

“Civil Engineering Applications of Ground Penetrating Radar” v E D E t

COST Action TU1208: Working Group 2

® Chair: Christina Plati (EL)

National Technical University Athens WG2
. . GPR Surveying of PFavements,
¢ Vice-Chair:Xavier Dercbert (FR) Bridges, Tunnels, Buldings—
IFSTTAR Uity and Void Sensing

Innovative inspection procedures for effective GPRsurveying of ...
Project2.1 ...criticaltransport infrastructures (pavements, bridgesand tunnels)
Project2.2 ...buildings
Project 2.3 ...underground utilities and voids, with a focus tourban areas
Project 2.4 ...construction materials and structures

Project 2.5 Determination, by using GPR, of the volumetric watercontentin
structures, sub-structures, foundations and soil

COST Action TU1208: Working Group 3

& Chair: Antonis Giannopoulos (UK)
University of Edinburgh

e Vice-Chair: Matteo Pastorino (IT)
University of Genoa

Project 3.1 Development of new methods for the solution of forward
electromagnetic scattenng problems by buried structures
Project 3.2 Development of new methods for the solution ofinverse
electromagnetic scattenng problems by buried structures
Project 3.3 Development of intrinsic models for describing near-field
antenna effects, including antenna-medium coupling, for
improved radardata processing using fullwave inversion
Project 3.4 Shape-reconstruction and quantitative estimation of
electromagnetic and physical properties from GPR data
Project 3.5 Develcpment of advanced data processing technigques

15
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COST Action TU1208: Working Group 4

® Chair: Immo Trinks (AT), Ludwig
Boltzmann Institute for Archaeclogical
Prospection and Virtual Archaeclogy
Vice-Chair: Mercedes Solla (ES),
University of Vigo

Project 4.1

Applications of GPR and other NDT methedsin
archaeological prospecting and cultural heritage diagnostics

Project4.2 Advancedapplication of GPR tothe localization and vital
signs detection of buried and trapped people
Project4.3 Applications of GPR in association with other NDTmethodsin
surveying of transport infrastructures
Project4.4 Applicationsof GPR in associationwith other NDTmethodsin
building assessment and in geological/gectechnical tasks
Project4.5 Develocpment of otheradvanced electric/electromagnetic
methods for inspection of construction materials/structures
Project4.6 Applicationsof GPR in association with cther NDT methedsin
the management and protection of waterrescurces
P Action TU1208
L N E D 5 I: Civil Engineering Applications of Ground Penetrating Radar

EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY

HOME ABOUT ACTIVITIES RESOURCES PECPLE LINKS MEMBERS AREA

Electromaghnetic Waves

www.GPRadar.eu Térget

16



EU Cooperation in Science and Technology — Action TU1208 A t
“Civil Engineering Applications of Ground Penetrating Radar” v E D E

COST Action TU1208: 1st General Meeting
22-24 July 2013, Rome, ltaly

MC + SG + WG1-WG2-WG3-WG4 Meetings

95 participants from 19 COST Countries
(30%women, 52% ESR)

® Main focus: state of the art and open problems in the fields of GPR
technologies and methodologies, inspection strategies and practices, EM
methods forthe modelling of GPR scenarics, GPR data processing.

® |nformation and ideas were shared with experts employing GPR in different
fields of application, or exploiting other NDT techniquesin civil engineering.

® Each Project Leader presented a state-of-the-art & open issuesreport

¢ 4 Keynote Talks: Dr. D.J. Daniels on GPR design challenges, Dr. E. Utsi on
EuroGPR activities, Prof. A. Giannopoulos on GPRMAX, Dr. |. Trinks on
archaelogical prospection at the Roman town of Carnuntum, AT

it il

TUD COST ACTION TU1208

COST ACTION TU1208

CIVIL ENGINEERING APPLICATIONS OF
GROUND PENETRATING RADAR

CIVIL ENGINEERING APPLICATIONS OF
GROUND PENETRATING RADAR

Insti ipants BOOKLET
Ro

CcoskE

[b1] Editors: L. Pajewski and A. Benedetto; [b2] Editors: L. Pajewski and A. Benedetto;
Publishing House: Aracne; Rome, July 2013;  Publishing House: Aracne; Rome, July 2013;
194 pp.; ISBN 978-88-548-6191-6 127 pp.; ISBN 978-88-548-6192-3

Available as free download on www.GPRadar.eu
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COST Action TU1208: 1st General Meeting
24-25 February 2014, Nanies, France

WG2- WG3 Meetings o
Half-Day Workshop on FDTD ?:4 pcfr’f_lcnpgg;ss from12 %%%TESR
Electromagnetic Modelling ountries ( LS )

* Main focus: inspection procedures for effective surveying of transport
infrastructures and buildings, mapping of underground utilities and voids in
urban areas, monitorng of construction materials; determination of water
content in structures, foundations and soil; advanced techniques for the
solution of EM near-field scattering problems; data-processing.

® Vist to IFSTTAR Geophysical Test Site &
Accelerated Pavement Testing facility.

® New Members presented their activities.
e ProjectReportsby Project Leaders.

® 2 Keynote Talks: Prof. A. Tzanis on
MATGPR, Dr. J. Poikajarvion Mara Nord.

COST Action TU1208: 2nd General Meeting
30 April— 2 May 2014, Vienna, Ausiria

30 April:
GI3.1 Session of EGU GA “Civil Engineering Applications of GPR"

1 May:
MC Meeting, WG1 and WG2Meetings

2 May:
WG3and WG4 Meetings

18
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Microwave Imaging and Diagnostics:
Theory, Techniques and Applications
24-28 March 2014, Madonna di Campiglio, IT —

Organised jointly with COST Action TD1301 Cost Acton TU1208

Development of a European-based Collaborative

Network fo Accelerate Technological, Clinical and
Commercialization Progress in the Area of Medical
Microwave Imaging and EU School of Antennas

Training School Report

Microwave Imaging and Diagnostics:
‘Theory, Techniques, and Applications

35 Trainees (28.6% women, 100% ESR), 8 Trainers,
6TU1208 + 6 TD1301 Grants

Beneficiary

Fabio Mangini, "La Sapienza" University, Rome, IT

Laurence Mertens, Université catholique de Louvain, Louvain-La-Neuve, BE

Iraklis Giannakis, The University of Edinburgh, Edinburgh, UK

Saba Adabi, “Roma Tre” University, Rome, IT

Albéric De Coster, Université catholique de Louvain, Louvain-La-Neuve, BE

March 2014 - 28 March 2014

Belén Larumbe Gonzalo, Public University of Navarra, Pamplona, ES s

Future Radar System: Radar2020 - 5-9 May 2014, Karlsruhe, Germany

Time | Monday, May 5. Tuesday, May 6. | Wed.day, May 7. | Thursday, May 8. | Friday, May 9.
08:30 - RCS Definitions Future Radar, UWB-Radar SAR Systems

2 Registration RCS of Targets OFDM-Radar, Basics SAR DBF, Interferr.
10:00 Wiesbeck Wiesbeck Yarovoy Younis
Break
10:30 - Intro. Overview, Radar Overview DSSS Coding Surface Pen. Radar Discission

4 Radar History, Pulse-Radear, Dig. Beamforming | GPR, TWR, ... ¥ 5
12:00 - - Yarovoy 10:30-11:30
Lunch 11:30 - 12:30

.20 _ | Prop. Phenom., CW-, FM-CW- MIMO Radar SAR Principles, anit
13:30 Polarimetry Radar, Coding Array Imaging SAR Processing, Exam 12:30-14:30
15:00 | wiesbeck Zwick Wiesbeck Younis
Break

5 : Exercise +

“ . | Radar Equation, Automotive Radar & Perform. Param.,
:‘I;gg Resolution,Accuracy | Virtual Drive Putomative Radar | SAR Modes,

B Wiesbeck Zwick Daimler, IHE Younis
17:15- | Exercise, Exercise, Exercise, Discussion
18:00 Discussion Dectesad Dinner 19:00

Organised jointly with the EU School of Antennas & EU Microwave Association

19



EU Cooperation in Science and Technology — Action TU1208
“Civil Engineering Applications of Ground Penetrating Radar”

COST Action TU

CccosE

208: Publicafions

EGU GA 2013 (Special Interest Paper)

Geophysical Resesich Abstracts 5-1\

Vol 15, EGU2013-13941. 2013
EGU General Assembly 2013
© Author(s) 2013. CC Atisbetion 30 License.

Civil of Ground P Radar: Research
Perspectives in COST Action TU1208
Lara Pk (1), Andrea Benedett (1), Andees Lok 2, Evert Sk 3, and Fabio oss (1)

(1) "Roma Tre” Unversity. Romse, ey, 2) National > hens Groeee,
Techaology. Delt.the Nethetands

IWAGPR 2013 (Invited)

Applications of Ground Penetrating Radar
in Civil Engineering — COST Action TU1208

Lara Pajewski’, Andres Benedetto', Xavier Derobert’, Antonis Giannopoulos’, Andreas Loizos',
i macorda’, Marian Marciniak, Christina Plati', Giuseppe Schettni', [mmo Trinks

Guido Mar

EGU GA 2014 (Special Interest Paper)

Geapysicn Resench Abics
oLl UG 2014 A
EGU ool sl 0.

4
© Author(s) 2014. CC Atibution 3.0 License.

COST Action TU1208 “Civil Engineering Applications of Ground
Penetrating Radar™: first-year activities and results

Lara Prjews
1) Roma T

ndrea Beandeto (1), Andreas.
iy, Rome, Tl (s ujenski e

2), Evert Slob (3). and Fabio Tost (1)
L et @ minon it

) I Technical o
Tochische Univrstit Delf. Delf, Netherlnds e lob @tudelfal)

EGU GA 2013

Geophysical Research Ahstracts

Vol. 15, EGU2013-14010, 2013

EGU General Assembly 2013

© Author(s) 2013, €C Attrbution 3.0 License.

of GPR in i and cultural heritage
diagnostics: Research Perspectives in COST Action TU1208
L i Sehetini (1), and

Rilevamento Fletromagsetico dell Anbicnce (IREA), Haly

NR) oo per i

EUMW 2013

Advanced Ground Penetrating Radar: open issues
and new research opportunities in Europe

Lara Pujewski and Andrea Benedetto
“Roma Tre” University, Departnucad of Engincering
Via Vito Voltern 62, 00146 Rome, lily
Tara pajenskiéruniroma3 it

GPR 2014 (Invited)

COST Action TU1208 “Civil Engineering
Applications of Ground Penetrating Radar:
results of the first year of activity”

L. Pajewski, A. Benedetto, A. Giannopoulos, S. Lambot. A. Loizos,
G. Manacorda, M. Marciniak, C. Plati, G. Schettini, and I. Trinks

COST Action TU1208: Publications

® 388 papers on peer-reviewed conference proceedings

@ 5 papers on international peer-reviewed scientific journals, 1 book chapter
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Time-table

Year 2

* Multidisciplinary and multinatfional application and comparison of GPR
equipment, inspection practice, EM and data-processing algorithms.

® Strong human exchange and sharing of resources: numercus Short-Term
Scientific Missions.

Year3

® Outline and test of innovative inspection procedures, on the basis of the
activity carried out during the previcusyears.

o Codification and development of new EM algorithms and of new methods
for an effective dota-processing.

e Assessment fordesign of novel GPR equipment and prototype realization.

# Short-Term Scientific Missions!

Time-table

Year4

® Criticalstudy and review of results cbtained during preceding years.

® Coordination and elaboration of a handbook with protocolk and
guidelines at EU level.

# Optimization of the new EM and dato-processing codes. Realization of
graphical user interface and manuals. Releasing freeware software for the
benefit of GPR community.

® Test and optimization of the new GPR equipment.

® Short-Term Scientific Missions!
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[ T PA—
) o Sub-Urban
The importance of the ground beneath cities in [~
ensuring their sustainability is often poorly

recognised, and provision is often rudimentary...

E18 Bjorvika. Etappe 2
Dronmng Eufemias gate

| Y P
Sub-Urban

ACTION’'S Aims

To provide those who manage and develop cities
with knowledge, understanding, and tools that will
enable them to:

* maximise economic, social and environmental
benefits of their subsurface resources

* recognise, and manage responsibly, conflicting
demands placed on the subsurface of our cities

» safeguard, through informed stewardship,
subsurface ecosystem services on which cities
depend and so their sustainability
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The main objectives:

1. Co-ordinate cross-disciplinary
research on the subsurface in
European GSOs, Universities, and
Institutions

2. Share across Europe, and beyond,
techniques, methodologies, and
subsurface knowledge to build
critical mass of providers/users

3. Inform and Empower policy and
decision makers about urban
subsurface, provide them with tools
and basis to make informed
decisions

4. Make subsurface knowledge
complementary to, and
interoperable with, current above-
ground 3D city modelling to

Key As p iration broaden its relevance and impact

(economic, environmental and
social)

........

Transform relationships between experts who
develop urban subsurface knowledge and those who
can benefit most from it - urban decision makers,
practitioners and the wider research community
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Urban|
- n
Approach Suby

* Establish state-of-the-art in urban subsurface knowledge:
data acquisition, subsurface modelling, subsurface planning
(WG1 - City-partner focus, case studies, multi-scalar)

* |dentify/develop good practice, address gaps and develop a
‘Toolbox' of guidance for key subsurface issues (Data
availability, monitoring, 3D/4D modelling /linkage workflows,
knowledge delivery)

(WG2 - Multiple Process-related Subprojects)

* Trial, refine, and rollout toolbox, in and beyond Europe for use
in policy, planning, practice
(WG3 - City-partner led)

* Develop Data and Knowledge-based Virtuous Circles involving
Practitioners, City-partners, Geological Survey Organisations,
and other Researchers (WG4)

| 7 PLE—
. . . -Urban
Implementation of scientific work plan Bub-
Year 1 Year 2 Year 3 Year 4
Milestones
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Sub-Urban
Current State of Urban Sub-Surface —)
Knowledge, Needs and Aims - WGH1
Economic
Environmental
&Social Impact
Relevanceto | ---- > ST
Decision-makers
Dacision support
ToolKit
TIRARANNN
| Influence decisions |
IR~ * Wider model |
| Attibute and tinkage >
cooaee e CityGML )
| Buldknowledge  4Dend  Envioomentsl X
;. _________ 30 modals Urnmalnly mr JSuDs g'
______ > N e F":m'l? Groundwater =armage T
Beting meps Geothermal Cortamination |
nd deta sets Geotechnical Resole :
| 7 PAE—
Sub-Urban
—

WG1 Task

» 10 key city studies in progress

» Assess, review and collate
- current capabilities in managing / modelling subsurface
data in an urban context
- related needs of decision-makers

= covering
« legislation
» methodologies, technologies
« interactions between GSOs, researchers and decision-
makers
« EU directives and design codes
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Scope of Toolbox WG2

Specifications

Online capture

Data Data management

Data delivery

Data re-use

Workflows for main modelling software and city scenarios

3D Model Deterministic modelling

Stochastic modelling

Model uncertainty

Physical properties e.g. hydraulic conductivity, aquifers

Knowledge Chemical properties
Development
Groundwater, historical & predictive time series models for
aquifer protection, sustainable drainage, climate-change effects
City case-studies
K led
noI\}v cage Visualisation
se
Monitoring
Building Information modelling (BIM) and CityGML
Buried infrastructure, Archaeological/cultural assets
Volumetric planning
Ecosystem services stewardship
Knowledge Aquifer vulnerability /groundwater protection
delivery and Thermal and other mineral resource extraction and storage
integration

Ground stability and foundation conditions

Risk management in development/construction

Protection of cultural heritage

Hazard identification and risk management

Burial of services and development of subsurface infrastructure,
including underground transport, storage and waste disposal
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Glasgow 3D subsurface geological

modelling

variety of methods and software

(including combined workflows)

depending on local geology and
information available

Gocad - surfaces

rficial deposits 1@_

2 ‘\‘.'1 -’ E
2 R

Central Glasgow supe
v@;‘ L e

..
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GSI3D Modelling process /CUSp

Calculated model

a

VINGRT Al rghts reservec g

GPR —to assess sites for development 'Su=b-ursaﬂ

1. Build 3d model of site

2. Characterise internal
structure of landform
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Building 3D models from GPR data Sub.Urban|
N —

1. Fence network

Superficial deposits stratigraphic units

Lithological
variationin
superficial
deposits

Paisiey Clay
Member

Brdggeton Sand
Momber

Ross Sand Member

Broomhouse Sand
and Geavel Member

CccosE

2. Pick key horizons

3. Interpolate surfaces

Law Sand and
Geavel Member
Stathkelvin Clay
and Sit Member
Gourock Sand
Member

Least amenable to
deterministic
subdivision, and data
rarely adequate for
meaningful stochastic
modelling
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_Urba
Netherlands 3D Stochastic Buby TR0

Modelling Workflow
The GeoTOP workflow

Lithostratigraphical 2D Interpolation of 3D Interpolation of
interpretation stratigraphical lithoclass within
of 46,000 boreholes surfaces each stratigraphical unit
~— 7
~
Stochastic simulation techniques allow
quantification of uncertainties
-~
Ccost
Probabilitymaps |~ _—— =
= -

WNSAC Al nghts reseroec
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Groundhog Web/Mobile tools for virtualg?réan’

cross-sections/boreholes

www.bgs.ac.uk/services/3Dgeology/virtualBoreholeViewer.html|

Model Linkages — sub rban
Static to Dynamic / Predictive
Geology T —— Semi-distributed
model - B vos B o model
g g

Hydrogeology: The meeting of two models

parameterise: engineering properties, geochemistry,
thermal properties, sustainable drainage, archaeological
assets, buried infrastructure etc
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Model Linkage - Hamburg Sub-Urban
—

New conurbation-scale SPRING groundwater model by Hamburg Geological
Survey and Hamburg Wasserto assessnew private abstraction licenses etc...

Srominienveria in den UBKS (Fordermengenerhohung von Moors)
3 - F S

F odermaangen von Privanen ma e LS Fondarmangen von Privines s den LB

T Hew oMo w Mot £ TG 1 Sa e W Hew oMo »

v P o w Procke & Gamtie 032 Mo o S o w Prockr & Gamtie 032 Mo

e 0.0 Mo Deutache Cangt 063 Mo ] 020 e Deutache Cangt 063 Mo =
oo 085 Mo

¥ tmdermaren der HOWY s Gon UBKS ¥ tmdermargen der HOWY st Gon UBKS.

Bovetes 230 Mo & No_aten 226 o = Bostetes 230Me » Nougraten 224 Mo »

The Special Game — Interactive Subsurface Planning
Tool to improve sustainable design through careful
consideration of all interests (Rotterdam)
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Develop National Virtuous Circles Sub- rban

3D models
developed, 3D models
updated by used for
GSOs & decision
Researchers making by
& City-
deliver to . Partners,
City-Partners D NG Consultants
KNOWLEDGE
EXCHANGE
3" Party
3% party data
data acquired —
capture for channell
re-use by through
GSOs City-
Partners

Action
Structure

< SUB-URBAN links cities and
organisations - not only individuals

<~ Cities are key partners- supported
by GSO’s and research partners

i/

WNSAC Al rghts reseroec
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April 2014  sub-Urban
23 Parties
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:kc:r spplicalion im pescaa
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v/ Sub-Urban
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g .
Tallinn ® St Petersburg
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> PENSES partners, 2 more
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possible
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Strong ity-partner Growth
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Potential outcomes Sub-Urban

Significant Progress towards:

* Transform relationships between National Geological Survey

Organisations (GSOs) / researchers - and City-partners /
practitioners — raise profile of the urban subsurface

Europe-wide and International roll-out of Good Practice
Guidance (basis for future standards) to develop critical mass of
users trained in developing subsurface knowledge (GSOs/
researchers), and its improved understanding and use (City-
partners and Practitioners in policy, planning and construction
project delivery)

-~
Ccost

Potential outcomes — Scientific Impacts

™ SENCE AN

| 7 PAE—
Sub-Urban
—

Improve 3D/4D modelling practice (static and dynamic). ..

Integration of deterministic and stochastic modelling and
express model uncertainty

Model linkage for improved predictive/dynamic models
(groundwater, thermal etc.)

Integration of urban subsurface and above ground 3D/4D
modelling, including anthropogenic deposits

National and European exemplars of urban 3D/4D
subsurface modelling, and a critical mass of providers

-~
Ccost
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7 P —
Potential outcomes — Economic Impacts ~ SubsUrban

Improve data and knowledge access, sharing and re-use by

practitioners and city-partners to:

- Recognise, manage and avoid potential conflicts in use of the
subsurface

- Assist project planning and delivery (using Building
Information Modelling (BIMs))

... All improving project efficiencies, and reducing economic

loss and project delay due to the chronic construction industry

malaise of unforeseen ground conditions

Ccost

Pt

Potential outcomes — Social Impacts ~ SubsUr2

(

Improve:

- Stewardship and use of urban subsurface resources (groundwater,
heat, space, materials)

- Opportunities for sustainable use of subsurface resources, e.g. low-
carbon renewable shallow ground source heat, energy storage...

- Safeguarding of groundwater resources, flood risk management,
SuDS etc

Make a difference to our cities

-~
Scost
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“SHOWING GPR POSSIBILITIES TO ELEMENTARY-SCHOOL CHILDREN
AND CITIZENS IN ESTONIA”

Hannes Tonisson (EE), Kaarel Orviku (EE)
Hannes.tonisson@tlu.ee

Abstract

Ground Penetrating Radar (GPR) profiling is not very commonly used non-
destructive (NDT) geophysical technology in Estonia. It is mostly used by
the university researchers in the fields of geology, archaeology, ecology,
etc. There are at least two GPR systems in Estonia, and both of them are
owned by research groups at the universities. However, both groups have
recently been involved in several projects ordered by private enterprises or
public authorities. Therefore, an increasing interest in the use of GPR in
private and public sectors has recently been arisen. Such phenomenon is
most probably the result of an active educational and promotional work
carried out by the researchers from the Institute of Ecology at Tallinn
University. A number of lectures in secondary schools, practical workshops
in the city centre during the Researchers Night, lectures in summer schools
and short lectures on TV have all increased public awareness on the
possibilities of GPR.

1. INTRODUCTION

This paper introduces educational and promotional activities carried out
by the researchers from the Institute of Ecology, Tallinn University.

A senior member of the coastal research group started to use GPR
already over 20 years ago. The older GPR devices were rather heavy (had
to be carried by car), limiting the use of them. A lightweight GPR system,
SIR-3000 manufactured by GSSI, was bought in 2011. Small size, light
weight and long-lasting batteries allowed us to use it practically
everywhere. The workload of the new GPR system in our coastal research
group was not that high, and it was reasonable to use the machinery for
other purposes as well. We discovered several geology-related works
carried out by public or private companies that were often done using
destructive methods. It was obvious that most of the geological
investigations (digging, drilling, etc.) could have been done using GPR as
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a non-destructive method. We witnessed several cases of unnecessary
spending. Therefore, we hoped to increase the efficiency of the Estonian
economy by educating various age and interest groups.

The following Sections present some descriptions and principles of our
educational work among different age and interest groups in Estonia.
These activities also helped us to obtain more experience in various
geological conditions and to promote our services.

2. GPR LESSONS IN SECONDARY SCHOOLS

The first steps were relatively easy. Tallinn University is one of the
leaders in the field of teacher education and training in Estonia. Many
young teachers of geography, biology and natural sciences in schools
have recently graduated from our university. We offered them an
opportunity to take GPR lessons for the pupils of their schools. The
interest in the lessons was enormous. We had to select a few schools
from different regions of Estonia and plan the routes of the lectures,
combining them with our fieldworks after or before the lessons (most of
the lectures were delivered in the vicinity of our study areas). The
lectures were free of charge and we just asked the schools to organize
accommodation for us if needed (for the more remote places). We were
finally able to visit 10 schools in different regions of Estonia. We mostly
expected the pupils from grades 6 to 9. However, even some high
schoolers attended the lessons. The groups usually consisted of 10 and
20 pupils.

Our lesson was simple. The first 15 minutes was a lecture where we
described the main principles of the GPR system and demonstrated a
few examples of GPR pictures (pipes, cables, caves, buried
treasures/artificial objects, etc.). The short theoretical lecture helped the
pupils to understand the GPR images better. The following 30 minutes
were used for practical work. We walked around the school territory and
searched for buried artificial objects using GPR. The locations of heating
pipes, power cables and many other objects were marked on the ground
using wooden sticks on the grass or chalk on the asphalt. Finally, the
pupils could draw the basic schemes of the utilities located on the
territories of their schools. Moreover, in one school we found the ruins
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of the old school house (nearly 100 years old). The most interesting
finding was a cave described in an old legend. We were the first ones
who found it and may confirm that the old legend is actually a true story
(Figure 1a, b).

It came out during our lessons that the younger the pupils were the
more enthusiastically they took part in the GPR activities. Therefore, we
decided to give one lesson also for the pupils of grades 1 and 2. We
decided to skip the lecture part and carry out the entire lesson on the
beach. We buried a few “treasures” in the sand to make the study more
attractive. Moreover, several simple skills were needed to reach the final
“treasure (initial finding was just the first clue to the real treasure),”
including the use of compass, reading the distance from the measuring
tape, etc (Figure 2a, b, c, d). Finally, we may conclude that the lesson for
such young pupils was a huge success. They were really enthusiastic
and proud to find the “treasure (candies, some lemonade and a book for
the school library),” and to hand over the book to the school library. The
lesson needed a little more preparatory work but the final outcome was
worth it. We also discovered (from the feedback) that the parents of the
pupils were very well informed (by their children after the lesson) on
what GPR is and how it could be used in different tasks.

VMU ki
SRORIRETF

FI1G. 1 - GPR lessons at schools. The pupils were intensively working in
the school’s parking lot (left); An old legend describing secret caves from
the local church to manor was confirmed (right)!?
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FIG. 2 — Second grade pupils in Tallinn. Reading their research task (top
left), searching the “treasure” from the beach sand (top right), using
some additional tools (lower left) and finally, the treasure was found
(lower right).

3. INVESTIGATIONS DURING THE RESEARCHERS NIGHT

We were discovered by several interest groups as a result of our lessons
in schools, and we were invited to present our equipment in the frames
of the Estonian Researchers Night held in the city centre of Tallinn.
Several researchers were demonstrating their studies, new equipment
and the most recent research findings. Hundreds of people came by and
got their first impressions on what GPR was and how it could be used.
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Luckily, the event took place on the Freedom Square of Tallinn. This
square was established on top of the ruins of the old medieval city wall.
Our working group was involved in the mapping procedure of the ruins.
That gave us the opportunity to demonstrate how these old walls looked
like on the GPR screen (Figure 3a, b). The audience was rather diverse —
from kids to retired citizens.

FI1G. 3 - Researchers Night was organized in the city centre of Tallinn.
GPR was demonstrated and tested among other activities (left); C) the
ruins of the buried medieval city walls were demonstrated (right).

4. JOINT FIELDWORKS WITH ARCHAEOLOGISTS AND TV CREW

The previous educational work has brought us in contact with a lot of
different interest groups and several job offers. However, we are a
research institution and our first aim is to contribute to scientific
activities. Therefore, we contacted the archaeologists from our own
university. They had preliminary information about a buried Viking ship
near Salme village on Saaremaa Island. The site was investigated using
an older version of GPR and the Viking ship was found (Figure 4 a, b, c,
d). It appeared that a pile of stones placed on top of the buried ship gave
the strongest signal and helped us to locate this object. The whole
investigation process was filmed by the archaeology students (Figure 4a).
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The final movie was meant for educational purpose for the (archaeology)
students, which was another educational outcome of our activities.

Ty

FIG. 4 - Searching for ancient Viking ship on Saaremaa Island. A
special movie was designed for educational purposes (top left), search is
in progress (top right), ship was found (lower left) and archaeologists
expose the ship remains (lower right).

5. 1-MINUTE LECTURES ON NATIONAL TV CHANNEL

Our final and maybe the most notable educational and also a little bit
promotional product is one minute lecture of GPR. Tallinn University is
involved in the project called “one minute lectures.” These are short,
easy to understand and high-quality lectures introducing scientific
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problems or new scientific methods/equipment. The lecture is on air on
the biggest national TV channel and the lecture with longer introduction
remains visible on the webpage of our national TV channel - Estonian
TV. Finally, it helps us to reach every Estonian’s home. Our lecture will
be (currently in Estonian only) available with English subtitles as well
(http:/ /teadus.err.ee/v/uhe_minuti_loeng/46de5675-c067-4552-b36d-
4912a821887a).

6. CONCLUSIONS

We were facing a situation where only very few people in Estonia knew
what GPR was and how it could be used in different fields of activity. It
was just a few years ago. Fortunately, we were able to spread the
knowledge to a significant number of people without the need of
additional GPR-related projects or funding. We hope that our
promotional work has raised awareness of the Estonian companies
about the possibilities of using GPR in more efficient business activity.
Moreover, GPR profiling is an environment-friendly non-destructive
method of investigation.
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“A Two-DAY GPR TRAINING COURSE
IN THE UNIVERSITY OF GREENWICH, UNITED KINGDOM”

Amir Alani (UK), Kevin Banks (UK)
amir.alani@uwl.ac.uk

Abstract

To provide specialist and focused training in supporting GPR users (with
different capabilities and backgrounds), in partnership with industry (Blue
Hat Training), the University of Greenwich has developed a tailor-made
GPR training programme in the form of a two day course consisting of
presentation, discussion, coaching and practical outdoor tuition, using the
university’s own GPR equipment. The focus of this training is to underpin
and enhance the understanding of attendees of the applications of GPR in
the identification of utilities and associated fields.

1. INTRODUCTION

Since the release of the Mala Easy Locator in 2002, GPR (Ground
Penetrating Radar) has been introduced to the mass market as an
affordable and easy to use device. This market has continued to grow
significantly year on year as other manufacturers have released their
own variations of the entry level and easy to use GPR system.

The Easy Locator is a single channel GPR which allows the user to detect
and identify features on-site. In 2007 the entry level radar took another
step forward when IDS launched the Detector Duo, the world’s first dual
channel, easy use GPR, which expanded the capability of on-site
detection equipment to a new level.

Now, most manufacturers have released or are in the development of a
dual frequency, on site detection GPR system.

The ease of use of the entry level GPR has resulted in a dramatic decline
in the average level of education of the operator of the equipment. In the
past the user would have had to be a geotechnical or geophysical
engineer, having completed a university degree, but now the user could
be any person with a basic education.

Over recent years, the most significant growth application for GPR has
been for the purpose of utility detection. This has been driven by the
availability of affordable and easy to use equipment, and the fact that
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the shape of a utility when it is depicted on the GPR display is relatively
easy for most users to learn to recognise. GPR solves a problem which
currently cannot be solved in any other way: the detection of nonmetallic
utilities such as gas pipes.

Despite this, a GPR operator requires training and experience to get the
best out of their equipment and many operators lack this.

Now, there is a significant and growing number of GPR users who are
not highly educated in radar principles or signal processing, but who are
utilising GPR on a regular basis for the purpose of utility detection. In
many cases they have received little training and may be skeptical of the
capabilities of their equipment. Some operators only use GPR at its
minimum capability, simply to comply with regulations or as a result of
a lack of knowledge and understanding of the extent of GPR
applications. This in turn often results in inadequate outcomes.

In order to address this shortfall, in partnership with industry (Blue Hat
Training), the University of Greenwich is offering GPR training in the
form of a two day course consisting of presentation, discussion, coaching
and practical outdoor tuition, using the university’s available facilities
and infrastructure.

2. COURSE CONTENT

The formal aspect of training (lectures) explains the principles of a GPR
system, outlining the system’s operation, control and referencing as well
as data processing (basic and intermediate). For example, the material
presented explains why a hyperbola looks the way it does, elaborating
upon factors affecting GPR reflections and why and how these influence
the results (outcome). This new knowledge and understanding is then
applied in the discussion and coaching part of the course.

The course then moves from formal presentation to discussion about the
capabilities and limitations of a GPR system, covering what can and
cannot be identified in terms of targets as well as characteristics of
different targets and their configurations within the processed data.

The discussions then lead into the coaching sessions, using the
university’s GPR system and facilities. This provides ample opportunity
to trainees to underpin the principles of what they have been taught in
class with reality. This involves the location and identification of several
targets around the university campus. As a former naval base, the
University of Greenwich Medway Campus is ideal for this purpose,
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having a diverse spread of utilities and ground conditions dispersed
around the site.

After successfully coaching the operators to locate and identify targets,
the final part of the course is outdoor tuition: how to perform and
operate GPR in application to the utility survey in accordance with TSA
(The Survey Association in the UK) guidelines, level 4. Utilising the
standard grid system and soft chalk for an on-site mark out survey, the
trainees will comprehensively scan the ground to map all the utilities in
a given location.

In order to ensure that all participants get sufficient time with the
equipment, course numbers are limited to eight trainees and
approximately one day of the course is spent outdoors.

In the latter part of the training, trainees are examined and graded;
certificates and performance reports are subsequently issued to their
employers.

The idea for GPR training was first conceived in September 2013 and it
has taken over six months of course and facility preparation including
multiple visits and meetings with Blue Hat and mapping the
underground features of all of the training areas in the university to
prepare the coaching routes and survey sites.

The main feature of this training can be summarised as a unique and
hands-on opportunity for GPR users to enhance their understanding of
the system’s operations and applications. This has led to a well
balanced and highly appreciated course by trainees in terms of the
emphasis on practical experience and understanding gained.

The course covers a variety of content including recognising different
targets such as the examples in Figures 1 and 2. In Table I, the
approximate GPR penetration depth is reported, for different materials.
In Figure 4, the course flyer is shown.

The first GPR training course was successfully completed in April 2014
for a number of trainees, with excellent feedback from participants.
Bookings are already in place for repeat courses in May, June and July.

ACKNOWLEDGEMENT

The authors acknowledge the COST Action TU1208 “Civil Engineering
Applications of Ground Penetrating Radar”, supporting this work.

46



EU Cooperation in Science and Technology — Action TU1208 A
“Civil Engineering Applications of Ground Penetrating Radar” v E D E

Fi1G. 1 - Manhole Cover FIG. 2 - Electricity Cable

Granite ) 3.5m

Asphalt 6 3m
Sand 7 3m
Soil 9 2.5m

Concrete 12 2 m
Clay 20 1m

TAB. I - Approximate Penetration Depth by Material
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Medway Campus
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GPR Masterclass

GPR for Utilities (2 day course)

University of Greenwich (Medway Campus)

Course Details Course Structure

«2 full days Introduction to Radar

* Basic radar principals ¢ How does radar work

* Medway Campus

Introduction to GPR

* Written & practical * Applying radar principals * What effects the quality of
assessment to GPR the data

«Graded Certificate issued * How does GPR work . Ufnggr;tandlng the limitations

by the University X . ©

GPR interpretation

*Over 1 full day of practical » Examples of real data * Applying GPR principles to data

putdookdition How to set up a GPR survey

¢ Suitable for both operators Practical outdoor tuition

& managers Written & practical assessment

Book Course

To book a place on this course
or find out more information;

t- 05603 412654
e - sales@bluehatservices.co.uk

Course runs every 2 months throughout
the year. (subject to change)

FIG. 4 - Training course Advertising Flyer
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“COST INITIATIVES FOR EARLY-STAGE RESEARCHERS:
SHORT-TERM SCIENTIFIC MISSIONS, TRAINING SCHOOLS, CONFERENCE
GRANTS, AND TARGETED NETWORK TN1301 (SCI-GENERATION)”

Marian Marciniak (PL), Lara Pajewski (IT)
lara.pajewski@uniroma3.it, m.marciniak@itl. waw. pl

Abstract

Supporting Early-Stage Researchers (ESRs) to develop independent careers
and to establish their first research group under their own responsibility is
a strategic priority for COST [1].

For COST, the definition of ESR is based on the time that elapses between
the date of the PhD (or equivalent experience) and the date of involvement
in a COST Action. If this time span is less than 8 years, a person fits the
definition; of course, periods of career’s leave have to be added to the
mentioned time span.

In this work, four COST instruments, particularly interesting for ESRs, are
presented: Short-Term Scientific Missions (STSMs), Training Schools (TS),
Conference Grants, and the Targeted Network TN1301. ESRs willing to
receive more information are strongly encouraged to take contact with the
Action Chair and the Action STSM Manager.

1. SHORT-TERM SCIENTIFIC MISSIONS

Short Term Scientific Missions (STSM) are aimed at supporting
individual mobility, strengthening networks and fostering collaborations.
They allow scientists to visit an institution or laboratory in another
COST Country participating to the Action, or in an approved Near
Neighbour Country (NNC) institution, or else in an approved IPC
institution. A STSM should specifically contribute to the scientific
objectives of the Action offering the grant, while at the same time
allowing applicants to learn new techniques or gain access to specific
instruments and/or methods not available in their own institutions.

The evaluation of STSM applications is performed by the Management
Committee (MC) of the Action providing the grant; the MC of the COST
Action TU1208 formally delegated the evaluation of STSM applications to
the Action Chair and the STSM Manager. The selection of applicants is
based on the scientific scope of the STSM application, that must be in
line with the Action objectives, and on the applicant CV. Geographical
and gender balance issues are taken into consideration as well.
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STSM applicants must be engaged in a research programme as a
postgraduate student or postdoctoral fellow, or be employed by or
officially affiliated to an institution or legal entity. This institution is
considered as the Home institution. Institutions may be public or private
entities.

Standard STSMs need to take place according to the following rules:

1. Be a minimum duration of 5 days;

2. Be a maximum duration of 90 days;

3. Carried out in their entirety within a single grant period and within
the Action’s lifetime.

ESRs may extend the duration of the STSM beyond the 90 days (the
maximum allowed duration is 180 days), in well justified cases. The
justifications are to be documented in the approval of the STSM.

A STSM grant is a fixed contribution, based on the budget requested by
the applicant and on the evaluation of the application by the MC Chair
and STSM Manager. The aim of the grant is to support the costs
associated with the exchange visit. It will not necessarily cover all
expenses and has to be intended as a contribution to the travel and
subsistence costs of the participant. A maximum of EUR 2500,00 in
total can be afforded to the grantee, in case of a standard STSM. For an
ESR STSM lasting more than 91 days, instead, the maximum grant is
EUR 3500,00.

More detailled information on STSMs can be found in [2], Section 6.

During Year 1 of the Action TU1208, 4 STSMs were funded and
successfully carried out; 100% of the granted scientists were ESRs or
PhD Students and perfect gender balance was achieved.

A. Granted ESR: Dr. Lara Pajewski, IT - Host: Dr. Antonis Giannopoulos,
UK

STSM Title: Electromagnetic modelling of Ground Penetrating Radar
responses to complex targets

Dates: from 21 October 2013 to 20 December 2013 - Location:
University of Edinburgh, School of Engineering, Edinburgh, United
Kingdom

B. Granted PhD Student: Philippe De Smedt, BE - Host: Dr. Wolfgang
Neubauer, AT

STSM Title: Reconstructing prehistoric environments at Stonehenge with
multiple electromagnetic survey methods
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Dates: from 1 February 2014 to 31 March 2014 - Location: Ludwig
Boltzmann Institute for Archaeological Prospection and Virtual
Archaeology, Vienna, Austria

C. Granted ESR: Dr. Sonia Santos Assuncao, ES - Host: Klisthenis
Dimitriadis, EL

STSM Title: The preservation of the Tholos Tomb of Acharnon

Dates: from 15 January 2014 to 15 February 2014 - Location:
GEOSERVICE, Athens, Greece

D. Granted PhD Student: Iraklis Giannakis, UK - Host: Dr. Lara
Pajewski, IT

STSM Title: Numerical modelling of Ground-Penetrating Radar antennas
Dates: from 15 January 2014 to 21 March 2014 - Location: Roma Tre
University, Rome, Italy.

Carrying out a STSM is a very positive and fruitful experience, both from
the personal and the professional point of view. ESRs participating to the
COST Action TU1208 are strongly encouraged to apply for a STSM grant!

2. TRAINING SCHOOLS

Training Schools (TSs) aim at widening, broadening and sharing
knowledge relevant to the Action’s objectives, through the delivery of
intensive training on a new and emerging subject. They can offer
familiarisation with unique equipment or expertise that are typically to
the benefit of ESR, although not exclusively. They are not intended to
provide general training or education.

COST support covers the organisation costs of TSs, as well as the
participation of trainees (by assigning grants) and trainers (by
reimbursing travel, accommodation and meal expenses).

More detailled information on TSs can be found in [2], Section 7.

During Year 1 of the Action TU1208, 2 TSs were organized; 100% of the
granted scientists were ESRs or PhD Students, with a perfect gender
balance among them.

A. The first TS focused on “Microwave Imaging and Diagnostics: Theory,
Techniques, Applications.” It was held in Madonna di Campiglio, Italy,
on March 24-28, 2014. It was co-organised by the Action TU1208, the
Action TD1301 “Development of a European-based Collaborative
Network to Accelerate Technological, Clinical and Commercialisation
Progress in the Area of Medical Microwave Imaging,” and the European
School of Antennas (ESoA).
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B. The second TS covered the state of the art and new trends on radar
technologies: “Future Radar Systems: Radar2020.” It was held in the
Karlsruhe Institute of Technology, in Karlsruhe, Germany, on May 5-9,
2014. This school was co-organised by the Action TU1208, the ESoA,
and the European Microwave Association (EuMA).

The next planned TU1208 schools will be:

C. A TS on “Civil Engineering Applications of Ground Penetrating Radar,”
to be held in the School of Engineering of the Univerity of Pisa and in
IDS Ingegneria dei Sistemi, on September 22-25, 2014. This school will
be fully organised by the Action TU1208.

D. A TS on “Ultra Wide-Band Antennas, Technologies and Applications,”
to be held in Karlsruhe on April 20-24, 2015. This school will be co-
organised by the Action TU1208, the ESoA and the European
Association on Antennas and Propagation (EurAAP).

Note that scientists can attend a TS (and possibly receive a grant) even if
they aren’t involved in the Action organising it. ESRs participating to the
Action TU1208 are strongly encouraged to participate to the TU1208
schools as well as to check the websites of the other running Actions, in
order to find out whether schools of their interest are going to be
organised in the next future.

3. CONFERENCE GRANTS

Each COST Scientific Domain offers to ESRs 3 supporting grants per
year (max. 3000 € each), to participate in an international conference
outside of the COST Action activities.

In order to be eligible for this grant, an accepted oral contribution is
required. The grant can be used to cover travel and subsistence costs,
conference fees, and the costs of conference workshops. A written
application has to be submitted through the Action Chair to the COST
Office. The application must contain the personal data and curriculum
vitae of the applicant, a short description of the involvement in the COST
Action, information on the conference to which the applicant wishes to
participate, a copy of the abstract/paper submitted to the conference
and a proof of acceptance of this contribution by the conference, and
finally the amount of the support needed.

There is a call for Conference Grants three times per year. Each time a
grant per Scientific Domain is assigned.

More information on COST Conference Grant can be found in [3].

The ESRs participating to the COST Action TU1208 are strongly
encouraged to apply.
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4. TARGETED NETWORK TN1301

COST Targeted Networks are CSO (Committee of Senior Officials)-driven
Actions, aiming to strengthen the role that COST plays in a given policy
domain (inclusiveness, early-stage researchers' involvement, gender
balance, international cooperation), stimulate the strategic development
of future-oriented societal challenges, and contribute to EU2020 policy
goals [4].

There are currently three COST Targeted Networks, running since 2012:

e TN1201 - genderSTE (Gender, Science, Technology and
Environment), started in November 2012 and ending in November
2016;

e TN1301 - Sci-GENERATION (Next Generation of Young

Scientist: Towards a Contemporary Spirit of R&Il), started in
November 2013 and ending in November 2017;

e TN1302 - BESTPRAC (The Voice of Research Administrators -
Building a Network of Administrative Excellence), started in
October 2013 and ending in October 2017.

Anyone interested in joining a Targeted Network is invited to contact the
Action Chair and, subsequently, the COST National Coordinator.

In this paper, we wish to focus on the TN1301, exclusively dedicated to
excellent next-generation scientists in order to help them dealing with
the limitation and obstacles they run across on a daily basis, as they
strive towards an outstanding research career.

The Targeted Network Sci-GENERATION aims at elaborating
contemporary scientific thought and thereby disseminating a new spirit
of research and innovation in Europe, at enhancing career perspectives
for young researchers in public research centres and wuniversities
(particularly from less research-intensive countries), at promoting new
and emergent research topics as well as research methods and
organization, and at improving synergy and avoid duplication of efforts
between organisations, universities and other EU platforms.

The network is structured in 4 Working Groups (WGs). WG1 aims to
propose measures for countries with fewer opportunities for next
generation researchers to increase the visibility, inclusivity and success
of their excellent young European researchers and research teams. WG2
fosters continuity in funding opportunities and career perspectives, as a
result of combined national and European funding schemes. WG3 deals
with promoting new and emergent research topics, as well as research
methods and organisation. Finally, WG4 is concerned with producing a
mapping of EU Science policies, initiatives and associations.
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The ESRs participating to the COST Action TU1208 are strongly
encouraged to read more about the TN1301 on www.scigeneration.eu.

4. CONCLUSIONS

Excellent young researchers in many European countries lack the
visibility and administrative or organisational support crucial for
developing their scientific career. This applies particularly to certain
countries within Southern and Eastern Europe, where working
conditions or a hierarchical mentality have often motivated qualified
young researchers to emigrate to Northern-Western Europe or overseas.
For COST, supporting ESRs to develop independent careers, to establish
their first research group under their own responsibility, and to network
with colleagues in different countries, is a strategic priority, which is
effectively and concretely pursued.

The COST Targeted Network Sci-GENERATION, together with interesting
COST networking tools as Short-Term Scientific Missions, Training
Schools and Conference Grants were presented in this paper.
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WORKING GROUP 1

Novel GPR instrumentation
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KEYNOTE TALK 1 - “NETTUN AND ORFEUS PROJECTS”

Guido Manacorda (IT) - g.manacorda@idscorporation.com

The NeTTUN (Leading the Way in New Technology for the Tunnelling
Industry) project has received funding from the European Union’s
Seventh Framework Programme for research, technological development
and demonstration, under grant agreement no. 280712 -
www.nettun.org (September 2012 - March 2017). The ORFEUS
(Optimised Radar to Find Every Utility in the Street) project has received
funding from the European Union’s Seventh Framework Programme for
research, technological development and demonstration, under grant
agreement no. 308356 — www.orfeus.org (October 2012 — March 2015)

NeTTUN addresses tunnelling works, ORFEUS the installation of pipes
with horisontal directional drilling (HDD). Both applications rely upon
data collected from the surface, the scenarios are different but danger is
the same: “blind” digging is anyway a risk! GPR has been experimented
in both these applications, but not concurrently with digging. When
used from the surface, the GPR detection range is limited. Both NeTTUN
and ORFEUS address the installation of GPR on the cutting head in a
very harsh environment. Automatic detection is also required.

TU1208 Cost Action

EGU 2014 Wien
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Ground prediction ahead the Tunnel Boring Machine (TBM):

* No existing system capable of reasonable performance in soft ground
TBMs —> e.g. seismic systems not applicable through segmental
lining.

* Data acquisition mainly
implemented during mainte-
nance periods, e.g. on a
weekly basis - very long
penetration range required,
currently not achievable.

* Systems require expert
knowledge for data/image
interpretation 2> a slow
process, providing results
many hours after collecting
the data.

Risks for the TBM operation
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The NeTTUN approach:

. Advanced multi-sensor configuration (based on different and
complementary methods).

. Integrated inside the TBM (for a fast, frequent and effective look
ahead during boring).

. Modular (can be expanded).

. Four partners involved in the development of the GPR to be
installed on the cutting head of a TBM and capable of providing an
accurate and detailled image of the ground in front of the TBM.

T 1DS fupert %

NHI arove INGEGNERIA DEI SISTEMI
. The system will be equipped with two set of antennas, combining
long range and high resolution (multi-frequency approach).
. Data will be delivered to the data fusion system and merged to

those provided by seismic, to produce an easy-to-interpret output.

TU1208 Cost Action™

EGU 2014 Wien
€ )ORFEUS

Objectives Key figures

* Unresolved technical issues from the .
previous research (optimum antenna

configuration, effective data processing

11 partners
* 7 countries

algorithms, ruggedisation, data * 3.5 M€ budget
communication link) * 2.5 M€ EC funding
« Extensive testingand validation * More than 10 000 hours in
* Exploitation of the final product Field demonstration

» __Extendsover 2.5 years
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Method of HDD drilling
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“Civil Engineering Applications of Ground Penetrating Radar”

System flow diagram:

o) [
x Z i
£
- Y,
Ethernet link

Data presentation

Bemen @ 000 OO0 O
o | [FT 600000 0

oo

AR

ie

ACKNOWLEDGEMENT - The author acknowledges the COST Action
TU1208 “Civil Engineering Applications of GPR”.

61



EU Cooperation in Science and Technology — Action TU1208 A t
“Civil Engineering Applications of Ground Penetrating Radar” v E D E
“A GPR SYSTEM FOR THE HIGH-RESOLUTION INSPECTION OF WALLS AND
STRUCTURES” (CONTRIBUTION TO PROJECT 1.1)

Guido Manacorda (IT), Alessandro Simi (IT), Giorgio Barsacchi (IT)
g.manacorda@idscorporation.com

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-16422, 2014 and is available on www.egu2014.eu

DS

INGEGNERIA DEI SISTEM

EGU 2014 Wien &
Second General Meeting of COST Action TU1208

NDI of Concrete and GPR

& GPR can be used for
= Locating reinforced bars in walls, pavements and ceilings

= Assessing the condition of concrete (rebars corrosion,
delamination, etc.)

= Measuring the concrete overlay and the concrete thickness

Detection of dielectric ducts can be problematic

&l GPR cannot provide an accurate estimation of rebars’
diameter

Requirements for the GPR

* GPR antennacenter frequency > 1 GHz
(resolution, investigation depth)
* Low clutter profile
— horizontal ringing bands
— multiple reflections from layers
— hyperbolas extending far from the target
— ringing from metal directly on the surface
* Immunity from external noise (dynamicrange)
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New Design Requirements

Bandwidth > 2 GHz

cm)

High Resolution

Center frequency > 2 GHz (tp,e<500 psec)

Dynamic range > 70dB (penetration range > 30

Antenna feeding pulse

* The step recovery
diode generates a very
fast transient pulse
moving from
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Antenna radiated pulse

* The radiatingdipoleis not a pure resistive load
over the whole transmission band
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* The correct matching between the fadi'ating
dipole and the Tx is a key task during the design
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The receiver

The receiver holds a voltage from a high frequency
waveform long enough for an ADC sample to be done.
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Receiver bandwidth and dynamic range are the key
tasksin the design

Main achievements

* Increased transmitter performance reducing
pulsewidth (~0.3 ns)

* Improvement of receiver bandwidth extending it
up to5 GHz

* Main benefit: higher frequency = higher
resolution

* In range resolution: < 1 cm (resolution of TRHF
~ 1.6 cm)
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Bench test -1

Data collection
over concrete slab
(no background
removal, ungained
data)

Deeh (o

New antenna

X jr] X bl

Bench test -2

Data collection over concrete floor

New antenna

* The novel GPR antenna has been found capable
of providing a very clear image of the concrete
internal structure

— Higher resolution
— Reduced blind area
— Enlarged dynamic range

* Thiswas achieved by a proper design of the
transmitter and receiver electronics and solving
several issues

ACKNOWLEDGEMENT - The authors acknowledge the COST Action
TU1208 “Civil Engineering Applications of GPR”.
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“THE NEGLECTED EXACTNESS”
EXACT POSITIONING OF MOBILE GPR APPLICATIONS

Jorg Endom (DE)
Joerg.Endom@dmt.de

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-4350, 2014 and is available on www.egu2014.eu

Common Geophysical Survey

Measuring Tape, Rope, Ranging Pole
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High precision GPS = DGPS
- mobile rover unit
- correction signal from fixed base unit
or correction service
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GPR control
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GPS antenna

Reference

GPS antenna
‘.

Real-tlme comection % ")4)1**

GPR antennae

Transmitting ';
radio modem ¥

360° prism

8 Receivin
4 radio mo
NS
k\ NN

Sled e mounted
GPR antennae

(from Borner, U., PHD thesis, 2010)
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Observed Errors:

* GPS quality changes during survey = loss of precision.

* GPS latency is significant even at walking speed, and variable. It
depends on hardware, firmware and settings, and produces errors
ranging from 0.5 m (walking) to 30 m (high speed).

* GPS post-processing is not time consistent (trimble).

The GPS problems:

GPS signalwith
poor quality/precision
dueto tree shading

NMEA strings are
stillvalid but
accuracy is poor

®8 S5 Variable GPS latency at
o % same bridge deck from
® 20 surveys within 3 days
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Raw array data showing shift

Shift corrected data

Correct alginment of swaths at
man hole — but wrong position
at start end end

DGPS survey with local base and post-processing produces a time lag of
1 s (trimble hardware and software).

There is no sufficient QC during the survey, without a GPS handheld
attached.
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The total station problems:

. Meandering of survey line — dashed
line marks estimated pipe axis

Full GPS track

Interpretatigﬁk reen), southbound (blue)
profile direction and for all points. Zick-zack is due to latency.
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Available solutions for GPR
Mala /IDS standard / S&S

= NMEA input from surveying system (true or pseudo

NMEA) to GPR interface (Laptop, Handheld,...) using serial
connection

* GPR Markerare setwhen NMEA data arrive at interface or
data stream from interface is stored for each trace

= Latency of survey systemis transferred to GPR data
= No QC for coordinates IDS advanced / GSSI

= NMEA input from GPS surveying system to GPR interface
using serial connection

* Time synchronisation (UTC) either storing starttime in
header (GSSI) orvia PPS cable link to GPS (IDS)

* GPR Markerare setwhen NMEA data arrive at interface
(IDS) or data stream from interface is stored at defined
marker position (GSSI)

= Merging of data and coordinates in radar processing

What dO we need 2 = Stationary start necessary for GSSI, IDS no limitations

=*No full QC for coordinates

= Standard protocol and interface for time synchronising of
GPR (or geophysical devices) and surveying units

= Display of coordinate QC within GPR collection software
providing information on quality and precision

= If postprocessing of survey data is required, time
synchronisation must be preserved during processing

= Option for including ground control points for correction
and validation of coordinates (not only at start/ stop)

= GIS / CAD orientated software for processing /
interpretation
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“IMPROVEMENT OF THE ENERGETIC PROPERTIES OF THE GPR”
(CONTRIBUTION TO PROJECT 1.1)

Gennadiy P. Pochanin (UA), Vadim P. Ruban (UA), Pavlo V. Kholod (UA),
Alexander A. Shuba (UA), Alexander G. Pochanin (UA), Alexander A.
Orlenko (UA) - gpp_15@ukr.net

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-16928, 2014 and is available on www.egu2014.eu.

“COMPARISON OF PULSE AND SFCW GPR
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Abstract

This paper aims at investigating two aspects: first, the evaluation of
electromagnetic radiation intensity to which humans operating with ground
penetrating radar are exposed; the second topic is to investigate effects of
electromagnetic interferences of specific devices, such as cellular phones,
and transceivers built on the IEEE 802.15.4 MAC/PHY layers.

1. INTRODUCTION

GPR systems operate from 10 MHz up to 5 GHz, with about a decade of
bandwidth within that range, so placing themselves into the most
extreme class of ultra-wideband (UWB) radars. In order to evaluate the
electromagnetic emissions, comparing them to the limits that now exist
in a number of jurisdictions, recent studies have focused on the basic
steps needed to translate UWB GPR’s results into regulatory parameters
[1]. When analyzing a GPR we need to distinguish two functional
aspects: operation as intentional radiator, and Electromagnetic
Compatibility (EMC) requirements which equipment must satisfy. As
deliberate radio frequency radiator, it can be assimilated to a Short
Range Device (SRD), such as movement detectors and metal detectors,
covered by the R&TTE Directive of European Commission [2]. Regarding
EMC issues, emission requirements of equipment are defined by “Comité
international spécial des perturbations radioélectriques” (CISPR) [3], and
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those of immunity by the International Electrotechnical Commission
(IEC) committees. European Telecommunications Standards Institute
(ETSI) published standards on compatibility, and ground- and wall-
probing radar applications, approved by the European National
Standards Organizations in form of European Norm (EN). Specifically,
ETSI Standard EN-302066-1 V1.2.1 [4] defines technical characteristics,
and test methods, whereas ETSI Standard EN-302066-2 V1.2.1 [5]
harmonizes requirements of an article of R&TTE Directive.

This work presents experimental test implementations for verifying how
mobile phones and other common sources of possible interference can
contaminate GPR data, and how to post-process the data in order to
filter such interference effects. Among the interfering devices, XBee
transceivers, based on IEEE 802.15.4 standard, are considered, since
participants of Project 4.2 intend to combine them with a GPR, mounted
on Unmanned Aerial Vehicle (UAV), for wireless communication of the
detection and localisation of people buried under avalanche.

Considering that GPR systems:

* are not operated for extended duration and their mean radiated
power is very low;

* are often used in areas where the density of population is low;

* are designed to radiate energy into the ground, where it is quickly
absorbed (Fig. 1);

* are often equipped with a shut-off switch that automatically stops
the radiation when the radar is lifted from the ground surface, or
is not operated in the proper position;

interference is very rare and the human health protection issue is
ignored. Nevertheless, when GPR application is exactly the people
detection, this issue cannot be overlooked. Therefore, another focus of
the work is to quantify the exposure of GPR operators to electromagnetic
waves emitted by the radar, for human health protection.

2

A

Fig. 1: GPR radiates energy into the ground normally with
reduced back-propagation toward operator.
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2. EM EXPOSURE OF GPR OPERATORS

Figure 2 shows the devices under test: the SIR2000, a GPR model by
Geophysical Survey Systems, Inc. (GSSI), and the SUB-ECHO HBD 300
antenna by Radarteam Sweden AB factory.

SIR2000 is a single channel general-purpose system requiring a 12 V DC
power input at 3 A. It can be used with antennas from 16 MHz to 2000
MHz providing penetration depths ranging from tens of m to a few cm.

The SUB-ECHO HBD 300 antenna operates at 300 MHz as central
frequency. Its frequency boundaries of 3-dB bandwidth are 120-780
MHz. Front to back ratio stated around -14.5 dB. It weighs 4 kg and its
dimension is (L x W x H) 720x360x160 mm.

(b)

Fig. 2: Devices under test: (a) GPR GSSI SIR2000, (b) Radarteam
SUB-ECHO HBD 300 antenna.

For our test, we used the following equipment:
* Lecroy Wavemaster 8500A oscilloscope that allows measures up
to 6 GHz;
* FSP30 spectrum analyzer by Rohde Schwarz operating in the
range 9 kHz + 30 GHz;
* E4440 spectrum analyzer by Agilent which works from 3 Hz to
26.5 GHz.

The measurement setup has been completed with:

* preamplifier HP8447F (9 kHz +1300 MHz);
* Shuner Sukoflex 100 microwave cables 104 & 106;
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* Precision Conical Dipole (PCD) 8250 by Seibersdorf factory, like
receiving antenna used in the frequency range 80 MHz + 3 GHz,
with a sensitivity that rises from 0.8 to 1.1 mV/m in the same
frequency range.

We carried out measures
dimension: 9x6x5.4 m. This chamber allows measurements

inside an anechoic chamber of large
in the

frequency range 300 kHz+18 GHz. Table 1 specifies its electric and
magnetic shielding efficiency in different frequency ranges, and picture
in Fig. 3 shows setup of measure. A sketch of the same experimental
setup is reported in Fig. 4.

Frequency range

Electric shielding

Magnetic shielding

efficiency (dB) Frequency efficiency (dB)
300 kHz + 30 MHz 120 10 kHz 60
30 MHz + 400 MHz 105 100 kHz 90
400 MHz + 18 GHz 100

Table 1: Electric and magnetic shielding efficiency
of the anechoic chamber.

Fig. 3: Anechoic chamber.
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Seibersdorf
)))) PCD 8250 Preamplifier

HP8447F

/ T
( N\
l GPR 4 Lecroy
Wavemaster
8500A

v Oscilloscope

Fig. 4: Sketch of the experimental setup.

Normally, a GPR operator is exposed to the back lobe of the transmitting
antenna, as well as to the signal reflected from soil under investigation.
We considered the worst case, evaluating the electric field transmitted
from the GPR directly to a receiving antenna, located about at 2 m of
distance.

The measured radiation pattern of the GPR antenna is shown in Fig. 5.

() (b)

Fig. 5: Radiation patterns of the GPR antenna measured in dB
units: (a) horizontal and (b) vertical.
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Results were collected by supposing that all radiated energy reaches the
operator, along a direct line of maximum electromagnetic radiation,
disregarding the back lobe transmission.

The intensity of the electric field E is evaluated by means of the following
equation (1):

E= ACFVa = ACF.AttCable .Vr (1)

where: V, is the voltage value across output of receiving antenna, Attcavie
defines the cable attenuation, V;is the voltage intensity measured by the
receiver, and ACF represents the antenna calibration factor.

By using a spectrum analyser (SA), we could measure the signal
spectrum, identify its portion generated by the radar, and evaluate the
peak and average voltage intensity. Furthermore, by exploiting a suitable
setting of the Resolution Bandwidth (RBW) of our SA, we could put in
evidence the actual radar pulses. In Figure 6, typical pulses generated
by the GPR are shown, in time and frequency domains. The SIR2000
GPR generates single pulses that have a time duration of about 2.7 ns
and a variable Pulse Repetition Time (PRT = T). Measures carried out in
the controlled room confirm the presence of spectral traces separated
among them by a constant PRF = 1/T (Pulse Repetition Frequency), as
shown in Figure 7.

Amplitude
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Fig. 6: Pulse generated by the GPR,
in time (a) and spectral (b) domains.
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Fig. 7: Measured spectrum.

Two SA modes are possible, depending on the ratio between bandwidth
at 3 dB of IF filter (RBW), and frequency distance between contiguous
spectral rows, as shown in Fig. 8. These two procedures are named: line
spectrum mode and pulse spectrum mode.

B<PRF=1/T B>PRF=1/T

|||||l" llllllll

Line spectrum mode Pulse spectrum mode

Fig. 8: Spectral traces permitted.

When we operate by using the line spectrum mode, the analyzer
resolution allows us to display each single spectral component. In this
case, the norm CEI 211-7B regulates how to measure the electric field
peak: is the dB value, estimated by means of analyzer at carrier
frequency, corrected by adding the de-sensitivity factor o :
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a, [dB]=-20"log,, (%) 2)
where Tt is the peak duration time.

DPCM (Decree of the President of the Council of Ministers of the Italian
Republic) July 8, 2003 is the Italian rule regarding exposure of people to
the electromagnetic fields. Nevertheless, it regulates only the cases of
telecommunication fixed services (art. 1). However, in the case of pulsed
signal, the same decree at subsection no. 4 recommends to adopt the
European Recommendation (July 12, 1999). This rule, conformable to
the ICNIRP (International Commission on Non-lonizing Radiation
Protection), evaluates maximum power density (S) as the average power
density multiplied by factor 1000. This is equivalent to multiply the
average electric field by the factor 32 for obtaining maximum electric
field, at identical frequency obviously. Similarly, D. Lgs (Legislative
Decree) 81-2008, conformable to the rule CE 2004/40, regulates worker
exposure. Specifically, in the frequency range 10 MHz+300 GHz, peak
values are evaluated by multiplying the rms values by factors 32 and
1000, respectively for electric field and power density of the equivalent
plane wave.

When the voltage receiver is expressed in dBm, we can use the equation:
E(dBV | m)= ACF(dB)+ Att;,y;,(dB)+V,.(dBm)-13 (3)

In our experimental results, the value of electrical field peak has been
measured equal to Epeax = 1.7 mV.

GPR’s setup can be changed. In the case of setup as 900TAS, 300S,
2500HHS, we measured a PRT of 12 ps, different from that shown when
setup is SOODPH (PRT=23.3 ps).

Consequently, the rms values of electrical field are:

m

7 0.025 K , for setup: 900TAS, 300S, 2500HHS.
ERrms =Epeak\/;=

0.018 r , for setup: S0O0DPH
m

In any case, these measured values are very little, lower than limits
imposed by rule. The following Fig. 9 exemplifies the rules, by evaluating
limits imposed respectively for average and for peak values of electric
field.
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Limits imposed by rules
for average values of electric field E
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Fig. 9: Limits imposed by rules, respectively for average (a) and
peak (b) values of electric field.

3. INTERFERENCE TESTING ANALYSIS TO DEVELOP A GPR APPLICATION:
DETECTION OF PEOPLE UNDER AVALANCHES

The detection and precise localization of people buried or trapped under
avalanche or debris is an emerging field of application of GPR [6+11]. In
the last years, processing approaches and technological solutions have
been developed to improve detection accuracy, speed up localization, and
reduce false alarms. In case of emergency scenario for avalanche,
improvement of these three aspects is fundamental for increasing
probability of survivals. Indeed, the survival time is very short, since the
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relative probability decreases to 90, 40 and 30 per cent, if the victim is
removed from the snow within 15, 30 and 60 minutes, respectively. So,
radar at direct contact with the snow surface is not a viable option. In
fact, moving radar systems on a mountain slope run over by avalanche
is particularly complicated, due to the presence of bulky slabs of ice
mixed with snow. Therefore, placing the radar just on the snow is not
fast enough for using it during emergency.

In order to solve this problem, since 2005 researchers have considered a
GPR system mounted on an airborne platform [12+14], e.g. helicopter
shown in Fig. 10, or UAV in the future. Especially for the last case, there
is need to add electronic devices to the basic GPR system. These
subsystems allow wireless communication between GPR and operating
unit, located on the snowy surface or inside a control room.

In order to evaluate interferences generated by transmitters located near
the GPR antenna, we organized two different measurements, in the
presence of a cellular phone and of a XBee transceiver.

The first test concerned an UMTS cellular phone. The distance between
the GPR antenna and the phone was 1.4 m. Fig. 11 shows radargram
output (3849 scans), in absence (a) and in presence (b) of the cellular
transmission. Fig. 12 shows the oscilloscope representation, allowing us
to put in evidence a very limited spread of traces.

Fig. 10: GPR system mounted on an airborne platform (from the
Radarteam Sweden AB web-site).

83



EU Cooperation in Science and Technology — Action TU1208 A t
“Civil Engineering Applications of Ground Penetrating Radar” v E D 5

0.0

Depth,
(ns)

80 (a) Scans (b)

Fig. 11: Radargram in absence (a) and in presence (b) of the
cellular transmission.
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Fig. 12: Oscilloscope representation.

For the second test, a transceiver XBee PRO-S2 (international variant by
Digi International), is arranged on the top at direct contact with GPR's
antenna, as shown in Fig. 13. Specifications of the RF module are:
transmitting power output 10 mW, outdoor RF LOS range 1500 m,
operating frequency band ISM 2.4 GHz, RF data rate 250 kbps, 14 direct
sequence channels.

The radargram of Fig. 14 shows a first interval of data acquisition with
the XBee in off state, and a following interval characterized by the XBee
continuously transmitting.

Both tests demonstrate a very low interference generated by the devices,
due to the fact that their operating frequency bands are different from
the GPR bandwidth. Therefore, the design for adding wireless
communication devices to the GPR is justified.
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Fig. 13: XBee transceiver on the top of the antenna.

(a) (b)

Fig. 14: Radargram in presence (a) and in absence (b) of an operating
XBee transceiver.

ACKNOWLEDGEMENT

The authors thank COST for funding the COST Action TU1208 “Civil
Engineering Applications of GPR.”

REFERENCES

[1] A.P. Annan, N. Diamanti, and J.D. Redman, “GPR Emissions and
Regulatory Limits,” 15th International Conference on Ground
Penetrating Radar - GPR 2014, Brussels, Belgium, pp. 714-718, 2014.
[2] European Commission's Directorate-General for Enterprise and
Industry, “Guide to the R&TTE Directive 1999/5/EC - Version of 20
April 2009”.

[8] CISPR 16-1: “Specifications for radio disturbance and immunity
measuring apparatus and methods- Part I: Radio disturbance and
immunity measuring apparatus”.

85



EU Cooperation in Science and Technology — Action TU1208 A t
“Civil Engineering Applications of Ground Penetrating Radar” v E D 5

[4] ETSI Standard EN-302066-1 V1.2.1 “Electromagnetic compatibility
and Radio spectrum Matters (ERM); Ground- and Wall- Probing Radar
applications (GPR/WPR) imaging systems; Part [: Technical
characteristics and test methods”.

[S] ETSI Standard EN-302066-2 V1.2.1: “Electromagnetic compatibility
and Radio spectrum Matters (ERM); Ground- and Wall- Probing Radar
applications (GPR/WPR) imaging systems; Part 2: Harmonized EN
covering essential requirements of article 3.2 of the R&TTE Directive”.

[6] C. Jaedicke, “Snow mass quantification and avalanche victim
search by ground penetrating radar,” Survey in Geophysics, vol. 24, no.
5/6, 2003, pp. 431-445.

[7] A. Instanes, I. Lonne, and K. Sandaker, “Location of avalanche
victims with ground penetrating radar,” Cold regions Sci. Technol., vol.
38, no. 1, 2004, pp. 55-61.

[8] J. Modroo and G. Olhoeft, “Avalanche rescue using ground
penetrating radar,” in Proc. 10th Int. Conf. Ground Penetrating Radar,
Delft, The Netherlands, 2004, pp. 785-789.

[9] E. Zaikov and J. Sachs, “UWB radar for detection and localization
of trapped people,” Ultra Wideband, Boris Lembrikov (Ed.), ISBN: 978-
953-307-139-8, InTech, 2010.

[10] J. Sachs, M. Helbig, R. Herrmann, M. Kmec, K. Schilling, E. Zaikov,
and P. Rauschenbach, “Trapped victim detection by pseudo-noise radar,”
in Proc. ACWR 'l1, 1st International Conference on Wireless
Technologies for Humanitarian Relief, 2011, pp. 265-272.

[11] M. Loschonsky, C. Feige, O. Rogall, S. Fisun, and L. M. Reindl,
“Detection technology for trapped and buried people,” IEEE MTT-S
International Microwave Workshop on Wireless Sensing, Local
Positioning, and RFID (IMWS 2009 - Croatia), 2009, pp. 1-6.

[12] M. Haltmeier, R. Kowar, and O. Scherzer, “Computer aided location
of avalanche victims with ground penetrating radar mounted on a
helicopter,” in Proc. 30th Workshop OAGM/AAPR Digital Imaging
Pattern Recog., Obergurgl, Austria, 2005, pp. 19-28.

[13] A. Heilig, M. Schneebeli, and W Fellin, “Feasibility study of a
system for airborne detection of avalanche victims with ground
penetrating radar and a possible automatic location algorithm,” Cold
Regions Sci. Technol., vol. 51, no. 2/3, 2008, pp. 178-190.

[14] F. Fruehauf, A. Heilig, M. Schneebeli, W. Fellin, and O. Scherzer,
“Experiments and algorithms to detect snow avalanche victims using
airborne ground-penetrating radar, “IEEE Trans. On Geoscience and
Remote Sensing, vol. 47, no. 7, 2009, pp. 2240-2251.

86



EU Cooperation in Science and Technology — Action TU1208 A t
“Civil Engineering Applications of Ground Penetrating Radar” v E D E

“CHARACTERISATION AND OPTIMISATION OF GROUND PENETRATING RADAR
ANTENNAS” (CONTRIBUTION TO PROJECT 1.3)

Craig Warren (UK), Antonios Giannopoulos (UK) - craig.warren@ed.ac.uk

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-12971, 2014 and is available on www.egu2014.eu.

330° 30°
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Qutline

» Why develop models of real GPR antennas?

+ Developing the computational tools

» Example of building a GSSI [.5GHz antenna model

* Verification of the antenna model in different environments

» Characterisation of a GSSI |.5GHz antenna using the model
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Motivation
Why model real GPR antennas?

“To enable GPR simulations to replicate real GPR responses with
accurate amplitude and phase information”

+ To improve understanding and aid interpretation of complex responses and data sets
+ Critical to obtain quantitative information from near-surface targets
+ To develop and optimise antenna designs

* Increased computing power makes 3D modelling more accessible and usable

If we do not attempt to model real transducers...

Model (l§ertzian dipole source)

Normalised voltage (V)

05

-l 1 1 1 1 1 1 i 1 i
0 2 4 6 8 10 12 14 16
Time (ns)
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The tools

Developing software for antenna modelling

GprMax & ParaView

nou whbiicarion

» An accurate and fast electromagnetic » Good visualisation software
solver
+ Open-source parallel application utilising the
+ Based on robust Finite-Difference Time- Visualisation Toolkit (VTK) format to enable
Domain (FDTD) method visualisation of scientific data
» Developed for numerical simulation of GPR + 3D model geometry
» Established for a number of different GPR + Field patterns & wave propagation
applications

GPR antennas
High-frequency, high-resolution

GSSI |.5GHz antenna MALA |.2GHz antenna

R« bowtie Tx bowtie R« bowtie

Microwave
cavity absorber

Microwave
cavity absorber
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What's being modelled?
GSSI 1.5GHz antenna model

Shielding and enclosure

EM absorber foam

Copper Tx and Rx bowties

Printed circuit board

HDPE skid plate

GSSI 1 .5GHz antenna

Free-space response
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GSSI [ .5GHz antenna
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GSSI 1.5GHz field patterns
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GSSI [.5GHz field patterns
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» There is a need to model real GPR antennas:

+ Quantitative information from targets (especially near-surface)

» Design and optimisation of antennas
* Characterisation of antenna from transmitted field and received energy H-plane patterns

* No pronounced cusps/nulls in real patterns (as expected)
* In low permittivities main lobe remains broad for usable range of antenna

* In higher permittivities and for ranges >10-20 wavelengths, main lobe narrows and skews
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The main focus of this work was the accurate and realistic
implementation of GPR antennas into a FDTD model. During the Second
General Meeting, this work was presented as a poster.

The main challenges in electromagnetic modelling of GPR for civil-
engineering applications are A) the implementation of the dielectric
properties of the media (soils, concrete, etc.) in a realistic way; B) the
implementation of the geometry of the media (soils inhomogeneities,
rough surface, vegetation, concrete features like fractures and rock
fragments, etc.); and, C) the detailed modelling of the antenna units.

Accurate models based on general characteristics of the commercial
antennas GSSI 1.5 GHz and MALA 1.2 GHz have been already
incorporated in GprMax, a free software which solves Maxwell’s equation
using a second order in space and time FDTD algorithm [1-3].

The present work was concerned with the implementation of horn
antennas with different geometrical parameters, as well as ridged horn
antennas, into the FDTD model. Realistic models of soils and concrete
were used to test and compare different horn-antenna units. In
particular, stochastic methods were used in order to realistically
simulate the geometrical characteristics of the medium. Regarding the
dielectric properties, Debye approximations were adopted in order to
simulate the frequency-dispersive properties of the medium within the
frequency range of interest.
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WORKING GROUP 2

GPR surveying of pavements, bridges,
tunnels and buildings; underground
utility and void sensing
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PROGRESS REPORT OF PROJECT 2.1

“INNOVATIVE INSPECTION PROCEDURES FOR EFFECTIVE GPR SURVEYING OF
CRITICAL TRANSPORT INFRASTRUCTURES
(PAVEMENTS, BRIDGES AND TUNNELS)”

Josef Stryk (CZ)
josef.stryk@cdv.cz

Project 2.1 — Inspection procedures - pavements, bridges and tunnels 1.5.2014

First year:
State-of the art:
- papers, reports and info from partners
- Roma meeting - proceedings
- Nantes meeting —improved questionnaire (sent)
- Vienna meeting — results of questionnaire survey
— chapter in a book (under preparation)

Roads Bridges  Tunnels
Railway tracks Retaining-walls

Next steps:
developing innovative protocols and guidelines

ROMA MEETING: NANTES MEETING:
36 Participants 46 Participants
15 Countries 18 Countries
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( D V Project 2.1 — Inspection procedures - pavements, bridges and tunnels 1.5.2014

CENT

Questionnaire - improved

Tvpe of research: Pavement &Bridge &Tunnel diagnostic applications

Technical specification
Comparative tests

AV . ite | inlab | commercial | research

Do you have some support from state or any other source to solve COST
action TU1208?

Is any authorisation required for GPR measurements on civil engineering
structures in your country?

Cc?olaj Project 2.1 — Inspection procedures - pavements, bridges and tunnels 1.5.2014
DCPRANHO
W

Questionnaire - improved
Which way do you determine the propagation

through the material/layers during in-situ measurements?

- direct method (taking cores, reading thidmess at construction joints, altitudinal
surveybefore and after construction oflayers, etc.)

- othermethod, please specify:
- combination of methods, please specify

What do you state for the following ?

- position (depth) of r: rcement in concrete structures (thickness up to mm)
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Project 2.1 — Inspection procedures - pavements, bridges and tunnels 1.5.2014

Countries (12), answers (16):

- Belgium -BRRC

- Croatia - University of Zagreb

- Czech Republic  -CDV

- Finland - Geological survey of Finland

- Germany (2) -DMT ., Technische Universitaet Iimenau

- Greece - NTUA: Laboratory of Pavement Engineering

- Ttaly (2) -Roma Tre University, University of Trento

- Poland - IBDiM: Road and Bridge Research Institute

- Portugal (2) - LNEC: National Laboratory for Civil Engineering
- University of Minho

- Spain - University of Vigo

- Turkey - Suleyman Demirel University

- UK - Univertsity of Greenwich

Project 2.1 — Inspection procedures - pavements, bridges and tunnels 1.5.2014

VAU

Support from state or any other source to solve COST action?

- Belgium (BRRC) - R&D project

- Czech Republic (CDV) - national project

- Spain (University of Vigo) - national project

- Turkey (Suleyman Demirel University) - national project

Type of your GPR activities:

Commercial measurements 9/16

Research: - GPR hardware 2/16 — Germany
- GPR software 3/16 — Italy, Poland, Spain
- application of GPR 16/16

Applications:
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Project 2.1 — Inspection procedures - pavements, bridges and tunnels 1.5.2014

DMT

Pavement diagnostics:

In-situ  In-lab. |Commer. Research
- thickness of asphalt layers 12 8 9 10
- thickness of concrete layers 10 7 9 9
- thickness of bound sub-baselayers 9 5 9 8
- thickness of unbound sub-baselayers 9 8 9 8
- position of reinforcement in concrete pavement 7 7 7 7
- de-bonding and delamination of pavement layers 4 6 4 5
- identification of caverns 5 3 5 4
- identification of frost heaves 1-Fin 1-Germ 2 1
- depth of surface cracks 7 7 3 9
- localisation of bottom-surface initiated cracks 4 3 2 7
- condition of reinforcement in concrete pavement 1-UK 1 1 1
- moisture content 7 7 2 9
- air voids content 3 4 1-Ger 5
- compaction 4 7 1-Ger 8

D “. Project 2.1 - Inspection procedures - pavements, bridges and tunnels 1.5.2014

Bridge diagnostics:
In-situ  In-lab. |Commer. Research

- concrete cover of reinforcement in bridge deck 5 3 b 4
- position of reinforcement in bridge deck 5 3 5 3
- thickness of bridge deck 4 2 4 3
- position of pre-stressed or post-tensioned tendons

4 3 4 3
or tendon ducts
- de-bonding and delamination of pavement layer 2 1-Ger 2 2
- bridge deck deterioration (cracks, cavems, etc.) 2 1-Ger 2 2
- bridge girder diagnostics 3 3 3 3
- diameter of reinforcement in-build in concrete 1-UK 0 1 1
- condition of reinforcement in bridge deck 1-UK 0 1 1
- evaluation of sealing course on bridge deck 1-UK 1 2 1
- moisture content 3 1-Ger 2 3
- abutment (pillars) scanning 1-Pol 1 1 1

mainty UK, Poland, Portugal, (Germany)and CZ
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Project 2.1 — Inspection procedures - pavements, bridges and tunnels 1.5.2014

Tunnel diagnostics:

In-situ  In-lab. [Commer. Research
- position of reinforcement in tunnel wall 2 2 2 3
- thickness of tunnel wall 2 1-Ger 2 2
- homogeneity of tunnel wall 1-UK 1 2 1
- hollow spaces between concrete and rock l-Ul( 2 2 2
- diameter of reinforcement in-build in concrete 1-UK 1 1 2
- condition of reinforcement in tunnel wall 1-UK 0 1 1
- moisture content 0 0 0 0

mainty UK, Italy and (Germany)

Project 2.1 — Inspection procedures - pavements, bridges and tunnels 1.5.2014

Railway track diagnostics:

In-situ  In-lab. [Commer. Research
- weathered basement 1-Fin 0 1 1
- frost sensibility 1-Fin 0 1 1
- ballast thickness 1-Port 1 0 1
- sub-ballast thickness 1-Port 1 0 1
- ballast fouling 1-Port 1 0 1
- moisture content 0 1-Port 0 1
- evaluation of trackbed 1-Gre 0 1 1

Retaining wall diagnostics:

| In-situ  In-lab. |Commer. Research
- basement wall moisture 1-Fin 0 0 1
- wooden walls floors 1-UK 0 1 1
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D . Project 2.1 - Inspection procedures - pavements, bridges and tunnels 1.5.2014

Technical specification/guide/manual for pavement/ bridge/

tunnel/... diagnostics with GPR:
- CZ-TP233 Pavements and bridge pavements (2011)
- BASt — Guideline Nr. S31 (2003)

- UK-DMRB 732
- BRRC - own (home produced) procedure for Highway, Bridge and Tunnel

surveys

Comparative tests for GPR diagnostics organised:
- CZ—pavement (first one in 2013 — asphalt layers)
- Turkey —roads and railway tracks

Authorisation required for GPR measurements on civil

engineering structures :
no

D . Project 2.1 - Inspection procedures - pavements, bridges and tunnels 1.5.2014

How many channels do you use with your GPR system during
the measurement?

- Roads —1,1o0r2, -6 Germany, -15Poland, muti-channel UK

- Bridges — 1, lor 2, -16 Germany, -5Poland, muti-channel UK

- Tunnel - 1.2

- Railway tracks — 1, 1 or 2, -3 Portugal

Which way do you determine the speed of EM signal propagation
through the material/layers during in-situ measurements?

- table values 6

- using set of antennas (CMP or WARR method) 6

- measuring of permittivity: 3

- direct method (taking cores. reading thickness at

construction joints, altitudinal survey before and 13

after construction oflayers, etc.)

- othermethod, please specify: Metal plate calibration, Capacimetry (Poland)
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Project 2.1 — Inspection procedures - pavements, bridges and tunnels 1.5.2014

What accuracy [% or mm] do you state for the following GPR

applications?
;at;ne:shless of new or sound asphalt pavement 310 %, 5% 5-10 %, 3 to 5% +10mm
- thickness of degraded asphalt pavement 5.10 %. <10 %. 10% +20mm
layers : :
- thickness of cement concrete pavement 10 %, 10% +30mm
- thickness of sub-base layer 10-15 %, 15%. 10-25 %, 20% +50mm
- position (depth) of dowels and tie bars in 10 mm 37 % <10%. 10% +30mm
concrete pavement : ’ : :

- position (depth) of reinforcement in 5-10 %, +/-20 (25) mm, <10%, 10% +30mm
concrete structures (thickness up to 300 mm)

Comments:

Accuracywill strongly depend on available number of calibrations
It depends on antenna type and velocity calibration method

This depends on the accuracy required

r D . Project 2.1 - Inspection procedures - pavements, bridges and tunnels 1.5.2014

Next steps — inspection procedures (guidelines)

1) Detailed analysis of current texts:

- In Europe, there is no equivalent to standards ASTM D4748-10
(Determining the Thickness of Bound Pavement Layers) and ASTM D6087-08
(Evaluating Asphalt-Covered Concrete Bridge Decks), which deals with the
application of GPR for roads and bridges

- only in some European countries, there are technmical specifications,
e.g. DMRB 7.3.2 (Design Manual for Roads and Bridges, Data for pavement assessment -
annex 6 HD 29/2008: Ground-Penetrating Radar) in UK and B 10 Merkblatt
(Radarverfahren zur Zerstorungsfreien Priffung im Bauwesen) in Germany

- Guidelines:

- Mara Nord — 5 recommendations for guidelines (R &B)
- Euro GPR association works on new g. (R)
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Project 2.1 — Inspection procedures - pavements, bridges and tunnels 1.5.2014

Next steps — inspection procedures (guidelines)
2) Structure of guidelines
- optimization of device setting for specific application —number of
channels, antenna frequency, measurement speed, localization of the
measurement spots, etc. (phus inputs from WP1)
- optimisation of inspection procedures —mainly WP2
- network level x project level
- localization during measurement (GPS, .)
- determination of measurement accuracy (depth and position)
- determine calibration methods (minimize number of drilled holes, ...)

- data processing and interpretation of results (plus inputs from WP3)

Project 2.1 — Inspection procedures - pavements, bridges and tunnels 1.5.2014

Next steps

- the method how the measurement results should be fed into databases
and road administrators’ systems (e.g. layer thickness).

- performance of comparative tests of individual devices at national and
international level (at least for pavement diagnostics, where similar tests

are carried out for other devices measuring variable parameters) —STSM?

- optimization of costs for individual GPR applications in civil
engineering and inclusion of prices in the issued price lists.
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“ASSESSMENT OF ASPHALT MIXTURES CHARACTERISTICS
THROUGH GPR TESTING”
(CONTRIBUTION TO PROJECT 2.1)

Jorge Pais (PT), Francisco Fernandes (PT)
Jpais@civil. uminho.pt

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-13087, 2014 and is available on www.egu2014.eu

1. SOME GROUND PENETRATING RADAR THEORY

The GPR system transmits and receives pulses of electromagnetic
energy. The signal reflected from interfaces in the pavement gives
information about subsurface conditions.

Typical GPR reflections from a pavement are sketched below:

d, = thickness of the ith layer

t = EM wave two-way travel time through
the ith layer

¢ = speed of light in free space (¢ = 108
m/s)

£ = the dielectric constant of the ith layer

Ao can be used to calculate the dielectric constant of the surface layer
and At; to calculate the layer thickness. Similarly, A; and At; can be used
to calculate the dielectric constant and thickness of the second layer.
Finally, A; can provide the dielectric constant of the third layer.

Changes in pavement condition have effects on the radar signal, as
resumed in Table I.
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Table I — Effects on changes in pavement condition on radar signal.

Effect on Radar Signal
Maintenance Condition Ay A, A, o ar,

Increase in base moisture - t 4 . t
Increase in subgrade moisture . - t - -
Increase in moisture below - t N . .
slab joint
Moisture in surface layer

a. Layer completely wet t i . t .

b. Large wet area - t + | |
Buried low-density stripped layer Negative peak between 4, and A4,
Air voids or loss of support Distortion of peak A4,
Overlay delamination Multiple small peaks between A4, and A4,

For moisture assessment, in the case of granular layers, the complex refractive index
model can be employed:

Ve = 0,e, + 6,/e, + 6,/ Ves = Byfe, + 96, + 6,

e, = dielectric constant of the base calculated from field measurements

6,6,6, = volumetric concentrations of solid, water, and air, respectively, in
the base course

e, e,e, = dielectric constants of the solids (typically 4 to 8), water (81), and

air (1), respectively

(- 1)- 2 (- )
. .

For the estimation of the effective dielectric constant of the asphalt mixtures, the
following formula can be used:

e“se,V,'*e.Vai'e‘Vc

€, = Dielectric constant of the asphalt mixture
e, €, e, = Dielectric constants of the aggregate, asphalt, and air, respeci:wely
VoV V, = Volumetric ratios of aggregate, asphalt, and air, respectively
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O Complex Refractive Index Model

(GHMA )Ua =V, (ec )W +V, (es )ua +V, (eb )l/“

G Grm My

Air Gy = bulk specific gravity of HMA

£a G = maximum specific gravity of HMA
Vy = total volume

V, = volume of air

V,, = total volume of binder

Vi = bulk volume of aggregate

V,, = effactive volume of aggregate

M, = total mass

M, = total mass of binder

M, = mass of aggregate

G, = specific gravity of binder

G, = bulk specific gravity of aggregate
G, = effective specific gravity of aggregate
Vil G, M, £, = dielectric constant of air = 1.0

€s £, = dielectric constant of binder

£, = dielectric constant of aggregate

P, = binder content

v y e
V = _G_"*‘ vhzﬁ’-:M Vv _M_v_(;llb(l_Pb)
‘ G G, G, - G, G,

Density of the asphalt mixture

- \/emk—l
LA AN
b

G, G

b mm

G

O Rayleigh Mixing Model (Al-Qadi et al., 2010)

N
€ — € _ z et n, = the number of inclusions
€q+2€, = 3e, a, = polarizability factor of material i
Density of the asphalt mixture € € 1-€,

€ann +2€, 1+2€¢,

e e
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d Bottcher Mixing Model (Al-Qadi et al., 2010)

€nva ~ € _ Vv €, —€, LV €, —€,
" E’ + ‘ el} +

2 P
3€HMA <€ HMA "EHMA

Density of the asphalt mixture

€ —€ 1-€,

3 )
G = €A |+ 2€50a

= e ¢, ‘\I{l-ﬂ']_[ I—¢, l[ [ )
\ €, +2€n,, /\ G, 1+ 2€, /\ G

mm

Comparison between different models — density of the asphalt mixture:

2.6 T

—o— G, (CRIM)
—®— G, (Rayleigh)
% G, (Bottcher) |7

5 i i i i i i i i i
4.6 4.7 4.8 4.9 5 5.1 5.2 5.3 5.4 5.5 5.6

HMA Dielectric Constant
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Comparison between different models — air void %:

20 T T ! T T ! ' ' ‘
= = = = = = —e— AV (CRIM)

\ .| —=— AV (Rayleigh)

-
o

...............................................................

—— AV (Bottcher) |

Air Void (%)
>

4.6 4.7 4.8 4.9 5 51 5.2 53 54 55 56
HMA Dielectric Constant

2. TESTING PROGRAMME
d 1 asphalt mixture type (more 3 types asphalt mixtures in progress)
— Used in wearing course layers

O 2 densities

— 2.37 and 2.1 g/cm?® (representative of low and high void content)

4 3 asphalt contents

— 4%, 5% and 6%

4 Evaluation

— EM wave velocity
— Dielectric constant
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PHYSICAL CHARACTERISTICS OF THE SLABS

Asphalt mixture: AC14 (14 mm max aggregate size)

Swp  MeODSO gy Density  Void content
1 2.50 5 2.37 5.0
2 2.52 4 2.37 6.0
3 2.46 6 2.37 3.7
4 2.50 5 2.1 15.9
5 2.53 4 2.1 16.9
6 2.46 6 2.1 14.6
Quantity of water sprayed over each slab (g)
Slab 1st phase 2nd phase 3rd phase 4th phase
(5%) (10%) (20%) (40%)
1 65 65 130 260
2 77 77 154 308
3 48 48 96 192
4 205 205 410 820
5 218 218 436 871
6 187 187 375 749
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Slabs (70 cm x 50 cm x 8 cm), produced in laboratory:

,\-
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3. TESTING EQUIPMENT
MALA RAMAC/GPR system with a 1,6GHz ground-coupled antenna

Operating parameters: Time window of 4ns and sampling frequency
around 30GHz; Trace interval of 2mm (small length slabs).

4. RESULTS - DRY SLABS

Slab BMT % Density Porosity Velocity .
(g/cm3) Bitumen (g/cm3) (%) (cm/ns)
1 2.5 5 2.37 5.2 16.211 3.425
2 2.52 4 2.37 6 16.278 3.396
3 2.46 6 2.37 3.7 16.104 3.470
4 2.5 5 2.1 16 16.408 3.343
5 2.53 4 2.1 17 16.355 3.365
6 2.46 6 2.1 14.6 16.292 3.391
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Dielectric constant as function of density and binder content:
2.4 4
2.35 4

2.3 -

2.25 -

2.2

1

=Ml=% betumen = 4%

2.15 - =% betumen = 5%

HMA Density (g/cm3)

—4=% betumen = 6%

1

2.1

2-05 T T T 1
3.300 3.350 3.400 3.450 3.500

HMA Dielectric Constant

Dielectric constant as function of the binder content:

3.480 -

3.460 - == Gmm=2.37
3.440 - =i—Gmm=2.10
3.420 -
3.400 -
3.380 -
3.360 -

HMA Dielectric Constant

3.340 -
3.320 -

3.300 1 | T 1
3 4 5 6 7

% bitumen
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Prediction of density as a function of the HMA dielectric constant:

2.4
5 36 [ | [ | |
_ s ¥
T 23 X
C: * $
= 2.25 -
‘D M Measured
c
8 2 ¢ CRIM
g 2.15 i
= 215 1 Rayleigh
21 - H H [ < Bottcher
2.05 \ ! . ]
3.300 3.350 3.400 3.450 3.500
HMA Dielectric Constant
Prediction of density — numerical values:
€s &b Gb Gsb
CRIM 3.77 1.94 1.025 2.650
Rayleigh 3.93 1.98 1.025 2.650
Boéttcher 3.88 2.00 1.025 2.650
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5. RESULTS — WET SLABS

The following histograms resume the experimental results obtained for
the propagation velocity (cm/ns) in the six slabs.

17
B Dry slabs
16,5 Wet slabs 5%
"2‘ B Wet slabs 5% - after 24h
E 16 - Wet slabs 10%
2 B Wet slabs 10% - after 24h
Q
é 15,5 - Wet slabs 20%
B Wet slabs 20% - after 24h
15 - Wet slabs 40%
Slab 1
17
B Dry slabs
16,5 Wet slabs 5%
"g‘ B Wet slabs 5% - after 24h
S
g 16 - Wet slabs 10%
2 m Wet slabs 10% - after 24h
Q
% 155 1 Wet slabs 20%
>
B Wet slabs 20% - after 24h
15 - Wet slabs 40%
Slab 2
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17
16,8 B Dry slabs
16,6 Wet slabs 5%
z Wet slabs 5% - after 24h
é 162 B Wet slabs 5% - after
£ 16- Wet slabs 10%
Z 187 m Wet slabs 10% - after 24h
§ 15,6 - .
S 150 Wet slabs 20%
152 - B Wet slabs 20% - after 24h
15 1 Wet slabs 40%
Slab 3
17
B Dry slabs
165 Wet slabs 5%
‘ET B Wet slabs 5% - after 24h
“~
g 16 - Wet slabs 10%
Fq  Wet slabs 10% - after 24h
Q
2 155 - Wet slabs 20%
S
H Wet slabs 20% - after 24h
15 - Wet slabs 40%
Slab 4
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Y B Dry slabs
@ 16,5 || Wet slabs 5%
E B Wet slabs 5% - after 24h
.g 16 - Wet slabs 10%
i m Wet slabs 10% - after 24h
15,5 - Wet slabs 20%
B Wet slabs 20% - after 24h
15 - Wet slabs 40%
Slab 5
v B Dry slabs
16,5 Wet slabs 5%
@ B Wet slabs 5% - after 24h
E 16 - Wet slabs 10%
F1 m Wet slabs 10% - after 24h
g 155 - Wet slabs 20%
g m Wet slabs 20% - after 24h
15 - Wet slabs 40%
Slab 6
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6. CONCLUSIONS AND FUTURE WORK

Asphalt mixtures physical characteristics can be assessed by GPR.

The application of the existing models to predict dielectric constant
presented some problems in the cases studied. The presence of water in
the asphalt mixtures was observed.

Future developments of this study include:

- Development of models for voids and moisture

- Validation of the models

- Assessment of stiffness and fatigue resistance of asphalt mixture
- Development a model for mechanical properties

- Identification of cracking in asphalt pavements
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“INFLUENCE OF FOULING ON THE DIELECTRIC CONSTANT
OF RAILWAY BALLAST”
(CONTRIBUTION TO PROJECT 2.1)
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simona@lnec.pt

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-1334, 2014 and is available on www.egu2014.eu

Objectives: To better characterise the dielectric constant of railway
materials used in Portugal & to study the influence of material condition
and ballast fouling on the GPR measurements.

Methodology: Laboratory tests, with several antennas and for different
material conditions; in situ tests for validation of results. Materials

studied: ballast, soils and fouled ballast

GPR tests on railways

GPR equipment GPR results

Subgrade
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GPR equipmentused for laboratory tests

GSSI: 1GHz and 1.8GHz - Air coupled

REFER
IDS: 400 MHz - Semi-air coupled

GSSE: 500MHz and 900MHz -
Ground coupled

Acquisition systems:
GSSI SIR-10H GSSI SIR-20 SystemIDS

Software:
+ RADAN 6.5
+ |DS — Railwaydoctor
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GPR equipment in siturailway survey

Existing Railway

> Dipole antennas

ground coupled

g
e
-
°

® ® e 00000
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> Dipole antennas
ground coupled

o 500 and 900 MHz
o v= 20 km/h

o suspendedat0.2m
@ Sscans/m

> Horn Antennas

GPR equipment in siturailway survey

- EM120:
Geometric parameters
measurements

« GPR:
3 x400 MHz IDS Antenna

PROBLEM:
LATERAL ANTENNAS
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Laboratory tests — Testing setup

. Fouling
Case studies Water content w(%)
Index

7 levels
(dry, wet, saturated and dried in me)

1 Clean ballast -

= 6%, 8%, 10%e 12%

1 8,4%

6 6%, 8%, 10%e 12%
3 Fouled Ballast k 15 6%, 8%, 10%¢e 12%

35 6%, 8%, 10%e 12%

55 6%, 8%, 10%e 12%

Case study 1: granite clean ballast
Dielectric constants for dry, wet and saturated conditions

[ S———
v &+ ¢ » ¥
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Case study 3: fouled ballast model construction

* M. and M, represent the dry massof jouling and ballast
matenial;
* G, and G,. are e speciiic gravies (densty) of
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In situ: Test Pits

Ballast thickness measurement Radarinterpretation

CONCLUSIONS

The higher is the frequency, the higher are the observed dielectric
constant values, both for the IDS antenna and the GSSI air-coupled
antenna. A great variation of dielectric constant values was obtained for
saturated and partially saturated conditions. For fine soil, the collected
values show a linear increment of the dielectric constant as the water
content increases, for all the used GPR systems. For fouled ballast,
results show a linear increment for both the fouling levels and the water
content variation, in different proportion: dielectric constant is more
affected by fouling variation than by water content.

For in situ validation, the dielectric constant of clean ballast is
consistent with the values obtained in laboratory. The main problem for
fouling layers evaluation is the presence of other materials, such as old
limestone ballast that increased the dielectric constant of the material.
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Abstract

The wide-ranging flexibility of ground-penetrating radar (GPR), makes it
one of the most effective and efficient tools in several fields of application,
including pavement engineering. In such increasingly established
framework, the evaluation of mechanical properties of road pavements
directly from electromagnetic surveys could represent a real breakthrough
toward a more efficient management of the road asset. According to the
above, a pulsed GPR system with ground-coupled antennas, 600 MHz and
1600 MHz center frequencies of investigation, was employed over a
4mx30m flexible pavement test site, composed of an 836-nodes grid.
Elastic moduli were measured at each node using a light falling weight
deflectometer (LFWD), as ground-truth data for both model calibration and
validation. Data processing has foreseen to construct a 3-D matrix of the
scanned area, wherein a number of C-scans was extracted up to a
maximum depth z = 200 mm, according to the influence domain of the
LFWD. From the calibration procedure, a number of signal amplitude
values was picked and related to a consistent amount of grid points
randomly selected within each sampled C-scan. Similarly, amplitude
values from other randomly selected nodes, in the same number than the
calibration step, were also picked in order to validate such semi-empirical
model. The comparison between observed and predicted elastic moduli
shows a relatively good matching. Future developments of the research
could lead to a system calibration in laboratory, under known conditions,
and to the use of different center frequencies of investigation.

INTRODUCTION

A strong relationship between the frequency of road accidents and the
presence of pavement surface damages has been widely investigated over
time [20]. Several causes involve the loss of strength and deformation
properties of pavements, ranging from environmental conditions, such
as precipitations or freezing, to traffic loads [13, 18].
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Strength and deformation properties of pavements are traditionally
evaluated through destructive techniques, although they have
demonstrated a low efficiency in terms of costs and time, as well as of
results reliability. In such a scenario, the use of a non-destructive
technique such as falling weight deflectomer (FWD) has significantly
increased over the past few decades [4]. Basically, the functioning of this
tool, included its portable version named light falling weight
deflectometer (LFWD) [2], is based on the application of a load through a
circular plate coupled to the ground, and on the sensing of the relevant
echoes coming from the surface by means of ground-coupled geophones.
The structural conditions of the pavement and any weaknesses of its
layers are therefore assessed through the deflection bowl retrieved from
these echoes. In this regard, Benedetto et al. [10] analyzed the influence
domain of deflections related to LFWD tests on several subgrade soils.
Such instrument has also demonstrated to be really promising in the
field of ruts prediction in unpaved natural soils [6].

Amongst the several non-destructive testing (NDT) methods, ground-
penetrating radar (GPR) is increasingly established in evaluating the
physical properties of the subsurface. This electromagnetic tool basically
relies on the transmission and reception of electromagnetic waves in a
fixed frequency-band [12, 22]. Applications of GPR can range from
agriculture to archaeology, up to many fields of engineering and beyond
[15]. In pavement engineering, it is possible to count several GPR
applications, spanning from the assessment of deterioration in HMA
layers [5, 19] or deeper layers [9], up to the evaluation of the health state
of concrete structures [7, 14]. In addition, recent investigations have
focused on the assessment of those properties causing structural
damages in pavements, such as moisture and clay [1, 11, 17, 21].

In this framework, new challenging frontiers could be more deeply
explored in the field of relating dielectric and mechanical properties of
materials [16]. Basically, this issue has herein been tackled relying on
the undeniable dependence between mechanical characteristics of soils
and friction between soil particles, and on the assumption that the
dielectric behavior is related to the bulk density of soils [16].

OBJECTIVES AND METHODOLOGY

In this work, GPR data were collected in a test site of 4mx30m, with a
flexible pavement structure, in order to retrieve the Young’s modulus
values of the pavement. For this purpose, EM data were related to the
observed values of E by LFWD, for both calibration and validation
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procedures. A semi-empirical prediction model is then described and
results are discussed.

EXPERIMENTAL FRAMEWORK

The test site consists of a 4mx30m flexible pavement structure, that can

be broadly described as follows:

- General information: the test site is located at the Department of
Engineering of Roma Tre University, Rome. The elevation above the
sea level is 11.5 m.

- Vertically (in-depth structure): the cross-section consists of an 80
mm of hot mix asphalt (HMA) layer, 100 mm of bitumen-bound base
and 100 mm of unbound sub-base [8] (Figure 1). The absence of
metallic targets below the surface was ensured by former surveys.

- Horizontally (surface structure): a square mesh grid of 76x11 nodes
was realized, with a step of 0.4 m each other, for overall 836 nodes.
The longitudinal slope can be considered as broadly flat. Former
visual inspections of the pavement revealed general good conditions,
with a 62 m?2 of repaved zone, at the last 12m of the test site.

Asphalt overlay 2 cm

Asphalt binder 6 cm

Asphalt base 10 cm

Sub-base
(Gravel & Sand)
10 cm

Subgrade
(Alluvial soil)

F1G. 1 — Core drilling showing the typical cross-section structure of the
experimental test site.

The EM surveys were developed using a pulsed GPR system with two
ground-coupled antennas, 600 MHz and 1600 MHz center frequencies of
investigation (RIS 99-MF system realized by IDS S.p.A., Italy). Data were
collected with two mono-static and two bi-static channels, in the time
domain, providing a 40.076 ns time-window. The time step for data
acquisition was dt = 7.8273x10-2 ns, with the horizontal resolution of
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data sampling set as 2.4x10-2 m. Data collected with the 1600 MHz
antenna were used for cross-checking, while data from the 600 MHz
antenna were post-processed, according to the LFWD domain of
influence. Overall, 11 longitudinal and 76 transversal tracks were
surveyed, for a total amount of 26415 radar traces.

In addition, mechanical surveys were carried out using a Prima 100
LFWD, manufactured by Carl Bro Pavement Consultants Kolding,
Denmark. The instrument is made of a metal plate (diameter 100 mm)
loaded by a 10kg hammer, and geophone sensors enabling to measure
deflections [J.. The elastic Young’s modulus E is calculated by using the
Boussinesq solution, as follows:

E = k(1-v?)oR (1)
8¢

where k equals 2 or [1/2 for flexible and rigid pavements, respectively; [I¢
being the deflection at the center of the plate [[im], [J being the load
stress [MPa], and R being the plate radius [mm]. LFWD tests were
developed during five days, in the same period of GPR measurements.
Basically, a number of six LFWD measurements was performed on each
grid node, to retrieve more stable and reliable mechanical data by
statistical analyses [3].

PREDICTION MODEL

In order to perform a proper calibration of the model, LFWD and GPR
data have been formerly processed with the aim of minimizing the
instability of results and increasing the compatibility of both mechanical
and EM data.

Concerning the LFWD measurements, the reliability of the observed
values of Young’s modulus Eops node in the grid was increased by
applying a 10% trimmed mean to the above six measurements, node by
node.

On other hand and with regards to the EM data, a depth zero filtering
was applied to each trace, which was in turn averaged amongst the
neighborhood traces collected alongside the longitudinal and transverse
direction of acquisition, with spatial lengths of +0.20 m and -0.20 m
from each sensing point. Under the hypothesis of an average standard
value of wave propagation velocity equals to 10 cm/ns, it was possible to
build a 3D matrix of the signal. The comparison between such 3D
amplitudes matrix and the Eops matrix can be considered as the base of
the modeling process. The generic value of predicted elastic modulus E,y
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related to a certain general position [x, y] on the grid is defined by the
following equation:

Zmax -1
Evy = [p(z fo Ax,y,z[o_l](pzdz) +0] (2)
with Ax,ylz[oll]being the generic value of signal amplitude, normalized in

the range [0,1]. ¢, is a coefficient depending on the depth, that takes
into account the interaction between the attenuation of the signal and
the contribution of the material, at a generic depth, to the pavement
elastic response. z,,, is defined as 0.2 m, according to the domain of
influence of LFDW. 7 is a scale coefficient allowing to retrieve the
absolute E,, value, from the normalized one, while p and o are
amplification coefficients whose values are calibrated by minimizing
errors between Eops and E., through an empirically-based reciprocal
regression process.

CALIBRATION AND VALIDATION OF THE MODEL

With the aim of both minimizing computational efforts and properly
describing the relationship between GPR and LFWD results, four C-
scans from the 3D amplitudes matrix were sampled at fixed depths,
namely, the interfaces between air and pavement surface, HMA and base
layers, base and sub-base layers, sub-base and subgrade. The
calibration of the model according to Equation (2) was performed by
randomly selecting 24 points within the 836 nodes of the grid and by
running the reciprocal regression process. The model was then validated
by randomly selecting 24 further nodes amongst the measured data.

A good estimate of elastic moduli by the EM data was observed, both for
high and low values of Eops. Comparison between observed and
predicted values of elastic modulus is shown in Figure 2. The
determination coefficient R2 between observed and predicted values
amounts to 0.87, as shown in Figure 3.

MAIN RESULTS

An observed elastic modulus map was realized by interpolating the
LFWD measurements (Figure 4a). Overall, the maximum and minimum
values observed of the population are below and above 3200 MPa and
350 MPa, respectively, with an average value and a standard deviation of
around 1020 MPa and 390 MPa. Four main areas characterized by
highest values of strength can be identified, namely, [x, y]=[4.8m, 2.0m],
[x, yl=[21.6m+22.8m,0.8m+1.6m)], [x, y|=[24.4m, 4.0m], [x,
Y]=[26.4m+29.6m, 0.8m+2.0m]. Moreover, the middle area of the test site
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(2.4m < x < 17.6m) shows average E values ranging from 1300 MPa to
1900 MPa. Analogous values can be observed for the area defined by
18.4 m < x < 22.8 m and y> 1.2 m. Lowest values of E can be identified
alongside the longitudinal upper and lower edges, from x = 0.0 m to x =

20.0 m, and from x = 23.6 m to x = 30.0 m.
"

I

Grid Node

F1G. 2 - Comparison between observed and predicted Young’s moduli for
the validation process.
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Fi1G. 3 - Determination coefficient between observed and predicted
values of Young’s modulus.

On other hand, by interpolating the prediction model results it was
possible to build up a map of predicted elastic moduli (Figure 4b). The
predicted population shows maximum, minimum and average values of
~3000 MPa, =340 MPa and =1230 MPa, respectively, with a standard
deviation [j _ ~435 MPa, thereby confirming a good reliability of
predictions. Comparing these two maps, a good match can be identified
in the area edged by 1.2 m < y < 2.0 m and 27.6 m < x < 29.6 m with E >
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2600 MPa. Such an area corresponds to that one interested by past
repaving works, as identified by former visual inspections. Analogously,
another good match can be observed alongside the longitudinal
centerline of the test site, bounded by 2.4 m < x < 22.4 m. Here,
medium-high values of elastic modulus (1300+1900 MPa) can be
reasonably related to compaction procedures carried out under
construction, that perform traditionally better in the longitudinal
direction as well as in the center of the pavement cross section, due to
the absence of edge effects from the compactors. In addition, good
correspondences can be identified alongside the upper and lower edges
of the test site.

3100
2900
2700
2500
2300
2100
1900
1700
1500
1300
1100
900

700

500

300

Absolute elastic modulus [MPa]

Fi1G. 4 - Observed (a) and predicted (b) elastic modulus maps from
LFWD and GPR measurements, respectively.
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CONCLUSIONS

In this work, a semi-empirical predictive model for evaluating
mechanical properties of pavement by non-destructive GPR surveys is
presented [9, 16]. For this purpose, a flexible pavement test site with
dimensions 4mx30m was investigated, by surveying an 836 nodes
square mesh grid, being 0.40 m the spacing between each scan.

The calibration of the model was performed by relating the LFWD
measurements, collected on 24 randomly sampled nodes, and the signal
amplitudes from GPR data, within the depth of influence of the LFWD.
The validation of the model was obtained by randomly selecting 24
further nodes and by minimizing the errors between observed and
predicted values. A determination coefficient R?2 = 0.87 along with a
general good matching of both high and low E values were shown. In
addition, the comparison between the two elastic modulus maps has
proved to be really promising.

Although some mismatches are identified and need to be further refined,
the model shows good perspectives in order to achieve large-scale
evaluations of pavement mechanical properties through GPR
inspections. Further studies can be devoted on considering non-constant
propagation velocity values of the electromagnetic signal through the
material, i.e., in multi-layered configurations of pavements.
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Abstract

Among the effects of the Global Economic Crisis, it is possible to count a
growth of the demand for Non-Destructive Technologies (NDTs). This is
mainly due to their high performances, whereby they allow to collect many
data over large distances, such as in case of road pavement inspections, in
a really shortened time range and with relatively low financial efforts. In
this research work, ground-penetrating radar (GPR) data collected on a
rural road network were analysed. Analyses were carried out twice, with a
seven-month time span each other, with the main goals to i) detect critical
sections for road unsafety conditions occurrence; ii) monitor the evolution of
existing damages and evaluate early-stage deep failures, even though not
visible at the ground level; iii) interpret the impact of human factors in
accident occurrence instead of environmental factors. An instrumented van
supporting a 1GHz GPR air-launched horn antenna was employed to
collect data at traffic speed. The reliability of results was enhanced by
cross-checking multiple data from different support technologies (e.g. GPS,
odometer, HD video camera). Lastly, GPR data were processed and pave-
ment layers identified. Results show promising perspectives in predicting
pavement damages evolution, paving the way to further implementation of
prediction models for assessing residual life-cycle of pavements.

INTRODUCTION

As a result of an overall decrease of economic resources for
infrastructural asset maintenance, public administrations are
progressively reshaping their investment strategies towards the
application of more time- and cost-efficient technologies, focused at
optimizing both maintenance and rehabilitation processes.

With regard to pavement engineering purposes, the need for effective and
efficient management and maintenance operations involves more crucial
issues, which can be mainly related to social costs due to deaths and
injuries from car accidents. Poor conditions of pavement surface have
been identified as among the main causes of driving unsafety [22].
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In line with this, cracks, potholes and surface deformations with related
water ponding, usually cause a lowering of friction between vehicle tires
and pavement surface due to vertical accelerations, thereby contributing
to increase poor safety conditions of driving. In this scenario, it seems
quite evident how proper pavement management actions could lead to
both effective uses of resources and significant reductions of car
accidents by preventing the causes of damages. Accordingly, NTDs are
nowadays the most widespread techniques employed in road
rehabilitations. Amongst them, it is worth citing the light falling weight
deflectometer (LFWD) as a useful tool for evaluating the mechanical
properties of subsurface [3, 8], while many applications on moisture
content rely on the use of time domain reflectometry (TDR) [19]. Despite
a relatively high reliability of results achieved through the above
systems, GPR-based surveys broadly enable a huge gathering of data in
relatively low time periods, directly on site. [6, 20]. Several GPR
applications are carried out in the field of pavement engineering.
Amongst them, we can cite the detection of subsurface voids [16], the
investigation of layer thicknesses [1] and delamination in concrete
structures [10, 14], the detection of rebars [12, 13], the positioning of
underground utilities [4], asphalt stripping evaluation [21] and bridges
monitoring [7]. The assessment of volumetric water content in pavement
structures [2], load-bearing layers and subgrade soils [5, 9, 11, 15, 23]
are further important issues that have been tackled by using GPR
techniques, as well as the evaluation of clay content in soils, that causes
unwanted plasticity effects [17, 23]. In addition, several studies have
dealt with the potential of off-ground GPR configurations, which enable
large-scale efficient road surveys [18, 20].

METHODOLOGY AND OBJECTIVES

In this work, the reliability and efficiency of an off-ground GPR radar
system have been tested at the large-scale of investigation. Radar
surveys have involved about 320 km of roads, with the aim to infer
information about layers arrangement, along with the main causes and
the evolution of visible and hidden damages. In order to investigate this
latter, surveys were performed twice, 320 km and 160 km length,
respectively, at a time distance of about seven months.

TooLs AND EQUIPMENT

Radar data were collected using the RIS Hi-Pave HR1 1000 GPR system,
manufactured by IDS S.p.A., Italy, working with one mono-static off-
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ground antenna, 1GHz center frequency of investigation. The antenna
array was fixed behind an instrumented van, hosting the control unit.
GPS logging of the van trajectories, has ensured the exact positioning of
the GPR data gathered. In addition, the use of an odometer and an HD
video recorder has enabled, respectively, to measure the covered
distance and to provide data processing with visual feedbacks of surface
conditions. Post-processing of the raw data was carried out by using the
GRED 3D software by IDS S.p.A.

SYSTEM CALIBRATION

In order to calibrate the GPR system, preliminary surveys were
performed both in laboratory environment and real-life roads, in order to
ensure a good reliability of the data collected by isolating and filtering
out unwanted signal noise factors. Basically, the calibration parameters
have included i) the radar positioning on the van (i.e., the height of the
antenna array above the ground and its distance from the back of the
van); i) the acquisition parameters (time window, samples per scan, etc..
); iii) the post-processing procedure (sequence of applied signal filters); iv)
optimal scan length to streamline heavy computational loads. Table 1
synthesizes the optimal configuration retrieved for each of the
aforementioned parameters during system calibration.

TABLE 1 - OUTCOMES FROM THE CALIBRATION OF THE GPR SYSTEM

Optimal
Category Parameter S.I. Configuration
Radar positioning Height from the mm 400
ground
Distance from the mm 1200
van body
Data acquisition Time window ns 25
Samples per scan No. 512
Horizontal resolution mm 50
Post-processing Soil Sample ns =5
Vertical Pass Band GHz 0.5+2.0
Linear Gain Standard
Computation process Scan length m 10,000
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DOMAIN OF INVESTIGATION

Inspections were carried out on a rural road network in the District of
Rieti, about 100 km north from Rome, in Italy. The surveyed topography
is mostly characterized by a hilly and mountainous environment.
According to both the center frequency of investigation and the
investigated type of structure, the maximum signal penetration depth is
around 900 mm, which is consistent with the deepest layer interfaces.
Overall, around 320 km were investigated at traffic speed in both travel
directions, on the following routes:

- SR 4 bis — “del Terminillo”: 16 km + 900 m;
- SR 79 -“Ternana”: 17 km + 300 m;

- SR 313 - “Passo Corese”: 45 km + 000 m;

- SR 471 - “di Leonessa”: 32 km + 500 m;

- SR 578 - “Salto Cicolana”: 46 km + 450 m;

All across the considered road network, the road section is mostly
composed by two lanes, 3.5 m wide each, with both left and right
shoulders 0.5 m wide. A typical pavement cross-section consists, on the
average, of a 65mm thick HMA layer, a 100mm thick base layer and a
300mm thick sub-base layer.

APPROACH FOR DATA ANALYSIS

According to the digital filters listed in Table 1, raw data have been
processed firstly in the time domain, in order to remove reflections from
antenna coupling and the air layer separating the source of the signal
and the ground surface, and band pass filters have been subsequently
applied in the frequency domain to reduce the noise. Lastly, signal
amplitudes and their attenuation in depth have been re-modulated
through a standard amplification function.

To develop a proper data analysis, GPR traces were divided into
homogenous sections, due to the combination of the following
parameters:

- considered route;

- cross-section type;

- pavement distress;

- regularity of layer thicknesses kept along considerable distances;
- marked loss of regularity in layers arrangement;
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- widespread overlays and repairs;
- widespread subsurface water presence in the neighborhood of
streams or rivers;

- widespread frost action effects within the pavement structure.

MAIN RESULTS

Since around 320 km have been broadly investigated in two days during
the first set of surveys, and about 160 km during the second one, it is
worth to cite how this off-ground GPR system has shown a very high
productivity of approximately 160 km/day, at the average speed of 40
km/h. In addition, the results from the second set of surveys have
shown a high consistency with those collected during the first one. As
expected, minor changes have been observed in those sections interested
by lower traffic loads, while major evolutions of pavement distresses
were detected very close to water bodies, such as rivers or streams, in
work zones as well as in those sections already damaged in the past. In
this work, GPR surveys related to Routes S.R. 313 and S.R. 578 are
presented as case studies. Concerning Route S.R. 313, Figures 1 and 2
show the GPR scans and relevant photographic reports carried out in
different time periods, on the way to “Terni”. Such two figures relate to
the homogeneous section developing from km 13+400 to km 13+500, for
an overall length of 100 m. Both the radar scans highlight widespread
failures at the subsurface level (i.e., subgrade). The length of this type of
damage is about 50 m. By cross-checking GPR data, HD video camera
and GPS logger, it was easy to verify that such distress is revealed by
surface cracking and potholes over the pavement surface. By means of
figures comparison, it is worthwhile noting that this damage has
suffered a relevant evolution during the 7months interlude. Concerning
Route S.R. 578, the homogeneous section developing between km
40+700 and km 40+800, “Torano” direction, was taken into account. In
contrast to the previous case study of Figure 1, a good matching between
the two radar scans can be found in this case. Pavement faults are
mostly concentrated in load-bearing layers. Although the local
topography suggests possible relevant freeze-thaw cycles affecting the
pavement, GPR and video camera data do not observe relevant
subsurface considerable changes during survey time periods.
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FiIc. 1 - GPR scans and relevant photographic reports of one
homogenous section located between km 13+400 and km 13+500 of
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FIG. 2 - GPR scans and relevant photographic report of one homogenous
section located between km 40+700 and km 40+800 of Route S.R. 578 in
the first set of surveys (a) and after seven months (b).

CONCLUSIONS

The effectiveness and efficiency of an air-launched GPR system in a
large-scale road network domain of investigation are analyzed in this
work. Two set of surveys, 320 km and 160 km of length, respectively,
were performed at an average speed of 40 km/h. The GPR system was
calibrated through laboratory and real-life roads tests. Two case studies
are herein presented, concerning two out of five investigated routes of
the rural road network.
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The efficiency and effectiveness of such a GPR system have been proved
by both the high productivity of this technology (around 160 km/day)
and the possibility to avoid any traffic flow interruptions. Furthermore,
considerable results were achieved in correctly identifying the
positioning of mismatches in layers arrangement. In line with this, the
comparison between radar scans at different time periods and data
collected through other tools, have confirmed the crucial role of GPR in
identifying the causes of damages, regardless from surface evidences.
Lastly, the repetition of surveys after a significant time period could pave
the way for future GPR-based approaches capable to predict how specific
pavement damages may develop over time, such that the most effective
maintenance actions can be timely implemented.
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“INNOVATIVE INSPECTION PROCEDURES
FOR EFFECTIVE GPR SURVEYING OF BUILDINGS”

V. Pérez Gracia (ES), Mercedes Solla (ES)
vega.perez@upc.edu

I. PROJECT PARTICIPANTS

In July 2013, 11 Members from 7 Countries were participating to this
project. We now have 22 Members from 9 Countries: Belgium, Croatia,
France, Germany, Greece, Italy, Norway, Portugal and Spain.
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II. REPORT OF ACTIVITIES

In February 2014, a state-of-the-art report on the topics of Project 2.2
was presented and open issues were identified. The report is included in
the “Proceedings of the 2014 Working Group Progress Meeting - Nantes,
France, February 2014,” COST Action TU1208, Aracne, L. Pajewski and
X. Derobert, Eds., Rome, Italy, May 2014, ISBN 978-88-548-7223-3
(available online at www.GPRadar.eu).

Before the Second General Meeting, Members of Project 2.2 were asked
to report about their current activities on the topics of Project 2.2 (or of
possible interest for this Project). Their answers are resumed below.

PORTUGAL

In the University of Guimaraes, a PhD thesis recently started, focusing
on GPR surveying of historical buildings and different typologies of
masonries (supervised by Dr. Francisco Fernandes).

ITALY

In Eledia Research Centre, inverse scattering techniques for the GPR
data processing are being developed and integrated with multi-scaling
methods. The integration of stochastic and deterministic inversion
algorithms with multi-focusing strategies, in order to produce high-
resolution images with high computational efficiency, is a topic under
study. Inversion techniques based on Bayesian Compressive Sampling
are being developed, suitable to recover sparse objects such as rebar,
cracks and voids inside reinforced concrete, pillars and walls. Further
techniques are being developed, based on the Learning-by-Examples
(LBE) paradigm, for real-time detection, localization and classification of
defects, voids and cracks inside lossy dielectric mediums.
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A. Massa, "Civil engineering applications of ground penetrating radar:
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recent advances @ the ELEDIA Research Center," European Geosciences
Union General Assembly (EGU2014), Vienna, Austria, April 27 - May 2,
2014 (Accepted).

(4] M. Salucci, G. Oliveri, A. Randazzo, M. Pastorino, and A. Massa,
"Multi-Focusing Procedure based on the Inexact-Newton Method for
Electromagnetic Subsurface Prospecting,” EGU2014, Vienna, Austria,
April 27 - May 2, 2014 (Accepted).

[5] M. Salucci, D. Sartori, N. Anselmi, A. Randazzo, G. Oliveri, and A.
Massa, “Imaging Buried Objects within the Second-Order Born
Approximation through a Multiresolution Regularized Inexact-Newton
Method”, 2013 International Symposium on Electromagnetic Theory
(EMTS), (Hiroshima, Japan), May 20-24 2013 (invited).

[6] M. Salucci, P. Rocca, G. Oliveri, and A. Massa, "An innovative
frequency hopping multi-zoom inversion strategy for GPR subsurface
imaging," 15th International Conference on Ground Penetrating Radar
(GPR2014), Brussels, Belgium, June 30 - July 04, 2014 (Submaitted).

In Roma Tre University, laboratory tests on loose materials for the
construction of load-bearing layers are being made, as well as workfield
addressed to the characterization of pavement structures and typical
subgrade soils (water content detection, clay content analysis, ...).
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non-invasive approach to monitor variability of soil water content with
electromagnetic methods. Proc. International conf. on: Four Decades of
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June 2013. Procedia Environmental Sciences, Vol. 19, pp. 446-455
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moisture mapping using GPR for pavement applications. Proceedings of
the 7th International Workshop on Advanced Ground Penetrating Radar
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2013, Nantes, France, 02-05 July 2013, pp. 243-248. IEEE Digital
Object Identifier: 10.1109/IWAGPR.2013.6601550, pp. 1-5.

SPAIN

In the University of Vigo, research activities are based on the application
of GPR to different kind of structures, usually combined with
topographic and photogrammetric studies. Recently, evaluation of soils
in buildings was performed, combining termography and GPR in the
inspection of radiant floors.

[13] S. Laguiela, M. Solla, L.Diaz-Vilarino, J. Armesto, “Integral
inspection of radiant heating floor applying nondestructive testing
techniques”, Construction and building materials (submitted).

In the Technical University of Catalonia, Barcelona, the GPR is applied
to different types of structures, being in most cases cultural heritage
buildings. Building and soils are investigated, in order to define accurate
seismic risks maps. GPR is often combined with other methodologies.
Two PhD theses are being developed, on topics of interest for Project 2.2.
Further ongoing work is based on the construction of a catalogue
showing different constructive structures of buildings in Barcelona, and
their radar images.

[14] V. Pérez-Gracia, J.0. Caselles, J. Clapés, G. Martinez, R. Osorio,
“Non-destructive analysis in cultural heritage buildings: Evaluating the
Mallorca cathedral supporting structures”, NDT&E International 59
(2013) 4047
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PROGRESS REPORT OF PROJECT 2.3

“INNOVATIVE INSPECTION PROCEDURES FOR EFFECTIVE GPR SENSING AND
MAPPING OF UNDERGROUND UTILITIES AND VOIDS,
WITH A FOCUS TO URBAN AREAS”

Christina Plati (GR), Xavier Derobert (FR)
xavier.derobert@ifsttar.fr

During the first year of COST action TU1208, the project devoted to
underground utilities and voids detection has been part of a more
general approach followed by the WG2 “GPR surveying of pavements,
bridges, tunnels and buildings, undergrounds utilities and void sensing”.
The work of P2.3, once the applications of utilities and voids dissociated,
has been composed of the following steps:

- state-of-the-art

- test sites

- survey procedures
For the particular case of voids detection, another section has been
added dedicated to case studies.

The state-of-art related to the utilities detection and mapping has been
mainly focused on some references, listed in Plati and Dérobert [1], some
methodologies [2-5] and national standards or common practices [6-9].
the objective herein is to gather such information and compare the
practices from one state to another one.

Another important action, initiated by WG2, has been to design some
questionnaires. The first one being related to the kind of research and
application studied by the actors of COST TU1208. This information has
been gathered by the WP2.1 leader J. Stryk. The second questionnaire
corresponds to a sheet to be filled describing test sites of benchmarks,
used by the partners and that can be at disposal to this action.

One important geophysical test site that can be mentioned is located at
Ifsttar [10]. This site is constituted essentially by a pit length of 30 m
and 5 m in width in bottom with sides sloping to 2/1. Useful depth
varies from 3.30 to 4.70 m. This pit is filled with various materials
arranged in horizontal compacted slices separated by a vertical interface
and water-tighted in surface, such as silt, limestone sand and gravel
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gneiss. The embedded objects are mainly pipes elements, buried at three
depths and polystyren hollows representing some voids.

Some GPR profiles, done at various central frequencies on this test site,
should be available soon on the Website of this COST action. The
objective herein is to propose as well as some typical and controlled GPR
signatures and some examples to be modeled through the WG3.

The second part is devoted to voids created by pipes leaks or breaks, or
by dislocated joints, while draining fine particles of base and sub-base
road structures. The corresponding action follows the same steps than
for the pipes. But as the shape of this kind of voids beneath roadways
can present a wide range of variations (from discompacted materials to
large cavities), the GPR responses vary in the same range order.

Then, the working group provides to design a sheet formular to be
proposed and filled by the COST partners, who have performed such
case studies in real situation. The objective herein is to create a catalog
available to the COST partners.

The survey procedures will be designed in a last step, once the different
actions will be performed and evaluated, including the hardware and
signal or imaging processing, on controlled sites.
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PROGRESS REPORT OF PROJECT 2.4

“INNOVATIVE PROCEDURES FOR EFFECTIVE GPR INSPECTION OF
CONSTRUCTION MATERIALS AND STRUCTURES”

Lech Krysinski (PL)
lkrysinski@ibdim.edu.pl

Abstract

This report resumes the current efforts in Project 2.4. The basic information
about participants was collected and a preliminary review of the
methodologies being used by the project participants was provided. Several
interesting laboratories for experimental studies on large samples are
available, for joint activities.

BASIC INFORMATION

The Project 2.4 (WG2) currently has 30 participants from 11 Countries
(Belgium 3, Croatia 3, Denmark 2, Finland 1, France 5, Germany 3,
Greece 5, Italy 4, Poland 2, Portugal 1, Spain 1).

SCOPE OF THE PROJECT

The project deals with a wide area of problems related to material
properties  determination in GPR inspection practice. The
quality/damage characteristics (like cracks and delaminations) are
treated as material characteristics within the project interests. The
structural studies of constructions belong also to the area of interest of
this project, due to their close connections with the determination of the
electromagnetic properties of the materials. The field and laboratory
large scale constructions dedicated to experimental studies of the GPR
response signals are of particular interest for the project.

A special questionnaire dedicated to the topics of the project was
prepared. Based on the answers given by the participants, the
preliminary review of methods being practiced is presented below.

MAIN CONSTRUCTION MATERIAL TYPES, THEIR CHARACTERISTICS AND
PATHOLOGIES BEING ESTIMATED BY GPR

Among the most common construction materials, the following
categories are being reported: concretes, masonry, bituminous mixtures,
cobblestones, loose or improved materials like aggregates or sands
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(unbound or reworked), railway ballast, isolation, geotextiles, soils and
reworked soils, frost, rocks, karstic background of constructions like
tunnels or roads, wood. For every category some typical properties,
defects and characteristic problems were identified.

Typical inspection tasks are focused usually on structural aspects like
the determination of layer thickness (depths O to 2m), finding out the
position of reinforcement elements and infrastructure, the detection and
localization of defects, construction changes and anomalies. The typical
referred equipment uses time-domain antennas (200MHz to 2.2GHz) or
frequency-domain antennas (Vivaldi and horn antennas, 3DR).

The typical structures being studied by the use of GPR by the project
participants, belong to the following classes:

* Pavements (roads, squares and airport): bituminous pavement,
concrete pavement, unbound aggregate pavement, sub-structures
(covered or not covered), water supply systems.

* Bridges, tunnels, railway infrastructure: concrete and masonry
bridges, retaining walls, tunnels, railway tracks.

* Grounds: soils, frost.

¢ Buildings: walls, floors and ceilings, columns, balconies, wood
buildings and other constructions.

LABORATORY EQUIPMENT, METHODS AND SYSTEMS BEING USED FOR
ELECTROMAGNETIC PROPERTIES ASSESSMENT

The laboratory methods for the estimation of the electromagnetic
properties of the materials belong to two formal categories: GPR based
methods, and auxiliary electromagnetic sensors. Some solutions (like
TDR) have intermediate character.

GPR based methods (reflectometry, refractometry, transition systems,
WARR, CMP methods):

* GPR Frequency-domain and time-domain, full inversion method.

* Large-sample measurements to analyse reflection amplitude, wave
velocity, direct wave amplitude and shape.

* Estimation of backscattering efficiency in granular media.

* Medium-size test boxes for loose materials.
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* Scattering impulse reflectometry on cylindrical samples (core 10 cm
diameter).

* Ellipsometry (small, thin homogeneous layers of well determined
thickness of several mm).

Transmission lines and tubes etc.:

* Cylindrical coaxial cell with a vectorial network analyser from 0.05 to
1.6 GHz (material cores of 75 mm in diameter and 70 mm in height).

* TEM co-axial line for measurements of the complex permittivity of
hardened concrete in the frequency band 300 MHz - 900 MHz.
Samples have a diameter of 8 cm and a height of 10 cm.

Electromagnetic probes (capacimetry, TDR, methods based on resistivity
or induction):

* Percometer (permittivity, conductivity)

* Campbell probes CS615, CS616, CS650, HydraProbe (water content,
conductivity)

* GTK probe (conductivity)

* EC CS547(Campbell), CS615 compared to water (permittivity, liquids)

* Ferroscan (induction)

METHODS FOR NEAR-SURFACE ELECTROMAGNETIC PROPERTIES
DETERMINATION BY GPR (FIELD MEASUREMENTS)

The field methods of structural interpretations and assessment of
material properties apply the whole range of seismic data processing and
analysis. The main techniques for the determination of near-surface
permittivity and attenuation, are:

* Surface reflection amplitude in air-coupled systems.

* Velocity analysis using inter-layer reflections.

* Full-wave inversion for stratified media.

* Velocity analysis using CMP.

* Velocity analysis using WARR multi-offset configurations.

* Assessment of damping (CMP, scattering objects).

* Calculation of dispersion curves (either phase velocity or permittivity
vs. frequency).

* Normalised amplitude of direct wave and direct wave analysis in
ground-coupled systems.
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* Velocity of direct and reflected waves.
* Attenuation assessment using deeper reflections or scattering.

To estimate the wave velocity, some auxiliary (calibration) methods are
being used:

* Drilling cores, trenches and outcrops.
* Local measurements carried out before and after laying the layers.
* Geodetic tests.

OTHER METHODS FOR ELECTROMAGNETIC PROPERTIES ESTIMATION BY GPR
STUDIES (REAL CONSTRUCTIONS)

The methods described above are usually focused on the interpretation
of plenty of relatively easy available data and the expected precision is
large. Among the methods being used in real scenarios, the following
techniques can be mentioned:

* Forward or inverse modelling of intricate structure and permittivity
distribution.

* Hyperbola fitting (e.g. for positioning of reinforcement estimation,
sometimes with verification of electromagnetic signal velocity by
another methods), velocity analysis using numerous hyperbolic
anomalies, numerical hyperbola fitting (in development).

* Migration (especially when the depth of reinforcement is accurately
known).

* Backscattering; estimation of backscattering efficiency in granular
media and forward modelling of backscattering in granular media.

* Attenuation characterization by interpretation of the frequency
spectrum peaks shifting, (moisture content).

LABORATORIES & TEST SITES FOR MEASUREMENTS ON LARGE SAMPLES

The participants described in details some very interesting and
inspiriting solutions dedicated to experimental studies of methodologies
focused on material properties determination and on structural
problems (fig. 1).

* Collections of concrete slabs: 60x60x12cm of 6 different concrete
samples without reinforcement, walls containing reinforcement,
different thicknesses, slabs 70x90x13cm made of different concrete
mix with reinforcement or not, imbibed in pipe water or in sea water,
containing THR sensors at different depth.
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* Field sites: pavement test sections with different pavement structures
(cement concrete, dense asphalt, porous asphalt, cobblestone) and
laboratory geotechnical testing field for experiments with soils and
different subbase layers (full scale tests) — the structure depends on
current experiment.

* Laboratory position for modelling of backscattering in granular
media: boxes containing materials to be compared with field tests
using GPR, seismic and resistivity methods.

RECENT RESEARCH EFFORTS CONNECTED WITH THE PROJECT TOPICS.

The review paper [1] expressing area of the project interests is being
prepared. Research activity carried out in recent months concerned:

* Numerical modelling of the GPR response for different types of
damage structures, which is an important tool in echogram
interpretation practice [2].

* Attempts of finding relation between bearing capacity of asphalt
pavement and its GPR characteristics in field measurements [3].

* Investigations of raw construction materials permittivity for the
purposes of GPR diagnostics [4].

* Detailed studies of 3D imaging abilities in investigations of the
cracking process in asphalt pavements [5].

* Effectiveness of the use of surface permittivity estimation in the
asphalt package thickness determination [6].
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“PERMITTIVITY INVESTIGATIONS OF THE ROAD CONSTRUCTION RAW
MATERIALS FOR PURPOSES OF GPR DATA INTERPRETATIONS”
(CONTRIBUTION TO PROJECT 2.4)

Lech Krysinski (PL)
lkrysinski@ibdim.edu.pl

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-2227, 2014 and is available on www.egu2014.eu

This contribution was presented as a poster.
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PROGRESS REPORT OF PROJECT 2.5

“DETERMINATION, BY USING GPR, OF THE VOLUMETRIC WATER CONTENT IN
STRUCTURES, SUBSTRUCTURES, FOUNDATIONS AND SOIL”

Fabio Tosti (IT)
fabio.tosti@uniroma3.it

I. OUTLINE OF THE REPORT

OVERALL INFORMATION
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II. OVERALL INFORMATION
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* STATISTICS ON PROJECT M
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NUMBER OF PARTICIPANTS
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III. PROJECT PURPOSES AND METHODS
* DEFINITION OF THE MAIN PURPOSES OF WORKING PROJECT 2.5
- OVERALL PURPOSE

GPR-based evaluation of volumetric water content (VWC) in structures,
substructures , foundations, and soils

- SPECIFIC PURPOSES: MAIN ISSUES & METHODS

GPR-based evaluation of volumetric water content (VWC) in structures,
substructures , foundations, and soils

A. ISSUE A

Broad-ranging topic covering the main disciplines of -civil
engineering, differently demanding

*  Maritime engineering
s  Structural engineering

*  Geotechnical engineering

* Geotechnical engineering

ACTION NEEDED

Provide a comprehensive state of the art on the topic
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B. ISSUE B

Risk of overlapping amongst topics of the other Working Projects

* Project 2.1 - Innovative inspection procedures for effective
GPR surveying of critical transport infrastructures (pavements,
bridges and tunnels)

* Project 2.4 - Innovative procedures for effective GPR
inspection of construction materials and structures

ACTION NEEDED

Discussions among WG Chairs and other WP Leaders to define
independent and complementary topics

C. ISSUE C »YBAM IFSTTAR
“Heterogeneous” scenario about m
Project Participants p R,
e Experience, Purposes, ‘ Wy O

Fields of Application,
Equipment, Facilities,
Investigation Scale,

Survey techniques oe

3
1111

/) s
ACTION NEEDED forerie= ()

Outline of such wide scenario by gathering comprehensive
synthetic information from Project Participants

D. ISSUE D

Avoid that research gets stucked

* No spreading of research results, then lower possibilities to
grow the scientific quality on VWC determination using GPR

* Few possibilities for future partnerships and collaborations
ACTION NEEDED

Ensure continuous updating of the latest results achieved by
GPR Participants in VWC determination by GPR

169



EU Cooperation in Science and Technology — Action TU1208 A E D 5 t

“Civil Engineering Applications of Ground Penetrating Radar”

IV. ACHIEVED RESULTS

A. ISSUE A

Broad-ranging topic covering the main disciplines of civil
engineering, differently demanding

ACTION NEEDED

Provide a comprehensive state of the art on the topic

ACHIEVED RESULTS

Two main publications:

s Tosti, F., Determination, by using GPR, of the volumetric water
content in structures, substructures, foundations and soil. State of
the art and open issues. Proceedings of the 1st COST Action
General Meeting TU1208, Rome, Italy, 22-24 July 2013, pp. 99-
105. ISBN: 978-88-548-6190-9.

s Tosti, F., Slob, E.C., Determination, by using GPR, of the volumetric
water content in structures, substructures, foundations and soil. In.
“Civil Engineering applications of Ground Penetrating Radar?,
Springer ed. (submitted).

Prosect 2.5
“DETERMINATION, BY USING GPR, OF THE VOLUMETRIC WATER
contENTIN axp
son” ..
StaTE OF THE ART AND OPEN Issuzs Determination, by Using GPR. of the
I Volumetric Water Content in Structures,

Substructures, Foundations and Soil
Department of Engineering, University of “Roma Tre"

Via Vito Volterra 62, 00146 Rome, Italy
fabio tostiuniroma3 it Fabio Teati (1), Evert Sk (2)

1) Department of ingisecring, Mo Tre Uriversty, Via Vit Voltern 62 (0145 Kome,

siogy. Facsky of Crrl Ergireering aad Qussciences, Sectionof
& liagraecnirg, Stevrmeg
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B. ISSUE B

Risk of overlapping amongst topics of the other Working Projects

ACTION NEEDED

Discussions among WG Chairs and other WP Leaders to define
independent and complementary topics

ACHIEVED RESULTS

Discussions among WG Chairs and other WP Leaders to define

independent and complementary topics:

WG Meeting of Rome - 1st COST Action General Meeting TU1208,
Rome, Italy, 22-24 July 2013

Discussions and exchange of views via e-mail among WG2 Chair
and Co-Chair and WP2 Leaders

Debate and suggestions by WP 2.5 Participants

List of Topics: WP 2.5 Questionnaire

>

List of typical targets (e.g., structures, substructures,
foundations, soils) to which research efforts on VWC
determination are mainly devoted

List of main constituent materials of the above targets,
within VWC determination purposes (e.g., concrete, reinforced
concrete, HMA layers, rail ballast, organic soils, clayey soils)

Scale of investigation s related to GPR-based VWC
measurement (s < 0.01 m2; 0.01 m2 <s < 100 m2; s 2 100 m?)

Preparation protocols of test specimens/ field site prior to the
implementation of the GPR measures (e.g., packaging protocols
of samples in laboratory environment; sweeping of the surface
vegetation before large-scale inspections in field tests; etc.)

List of main protocol procedures for controlling boundary
conditions during testing (monitoring conditions of pressure,
humidity and temperature environment; real-time monitoring of
VWC using alternative techniques for direct/indirect
assessment e.g., TDR, capacitance probe, core drilling; bulk
density monitoring; etc.)
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Queztionnaire for Project P2.5 (COST Action TU1208)

“Determination, by using GPR, of the volumetric water content in structares, sub-stractures,
foundation: and soil™

1. Listof typical targets (s.8, stractures, substructures, foundations, %0ils) to which your research efforts ca
VWC dsterminasion are mainly devossd

o

. List of the main constmant materiak of the above trgets, within VIWC determuimation purposes (6.8
concrets, reizforced concrete, FIMA lyyers, rail ballat, orgnic sodls, claysy soils)

woeoew

. Scale of mvestimtion 5 related to your GPR-based VIWC meaurements (5 < 0.01 =% 0.01 m* < 5 < 100
m’; 5= 1009

4. Preparation protocels of test specimens/Ssld site poor to the muplemsataton of the GPR measures (.2
packagimg protocels of samples n hberatory environmeat, swesping of the surface vegstation before
large-icale mspections @ Sald tests; etc.)

“woe e

List of the main prosocel p for ling bowndary conditions during testing

(: e
conditions of pressue, bumidity and temp real-tims itoring of VIWC using
i by for & di ez, TDR. probs, core dnlling: bulk
dezuity monitoring; 6tc.)
.
.
L
6. Listof ndar system and suney wsed for VWC (0.8, sround-coupled and'or adr-
compled i £ guration: multi-offet garation: SFCW radar systems; etc.)
.
L
7. List of GPR signal = dques for VIWC (= and g after
dan collection — refioction methods, 3 ‘borshole

surface reflection methods; ﬁvqmc_\:!mod amalysis of the radar sigmalk etc.)

. List of procedures caried out for sxswring the mminsic stability of GPR measuremsats (6.2 repetiticn of
measures, variabality statistics)

» List of radar system and survey configurations used for VWC
assessment (e.g., ground-coupled and/or air-coupled in zero-offset
configuration; multi-offset configuration;, SFCW radar systems; etc.)

» List of GPR signal processing techniques for VWC determination
(pre-processing and processing after data collection - reflection
methods, ground-wave measurements, borehole transmission
measurements, surface reflection methods; frequency-based analysis
of the radar signal; etc.)

» List of procedures for ensuring stability of GPR measurements (e.g.
repetition of measures, variability statistics)
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Identification of test scenarios for advanced comparison of
inspection procedures WP 2.5 test site template

™" EUROPEAN COOPERATION
IN SCIENCE AND TECHNOLOGY

Action TU1208 - Civil Engineering Applications of Ground Penetrating Radar

Graphic Section
General Information

Testsit:  sandbox UCL (Institutional logo,
COUY.......... oo Cahrace picture of test sites)

Institution: University of Louvain (UCL) deLouvain
Genera_l f;{;v; Su Sud ZI b;‘e L7.05.02
Information —9 | Address: o :‘u ain-la-Neuve
Section Website: i
Contact Person: Lambot Sébastien
E-mail: Sebastien.lambot@uclouvain.be
Tel: +321047 37 11

Technical Description

9 , with technical

The laboratory test site consists of a box (about 3m x 3m x 1m) which  can be filled
with various materials. A copper plane i found at the bottom of the box. Radars can
be set up on a XYZ automated scanner, which can sweep the box surface and allows
us to obtin high resolution 2D and 3 imeges. Another copper plane stuated  near
this equipment is available for antenna calibration. The GPR equipment is composed of
GSSI SIR-20 with antennas ranging from 12.5 MHZ to 900 MHz as well as a series of
vector network analysers (2-4 ports) with antennas ranging from 200 MHZ to 8.5 GHz .
The test site is located in the geophysics laboratory of the Earth and Life Institute.

Structures/ materials/methods that can be tested or modelled

1 - Underground utilities detection and imaging
Technical B s s
. = Antenna calibration
Section

Quantities/characteristics/properties that can be tested
- Stability of measuring systems
- Reflection amplitudes, wave velocities, travel times, layer thickness
- Underground utilities depth

of the results + and quality assurance

- Numerous measurements performed with this system
- Calibration procedure validated

- Documentation for the various devices

- More tests needed for multi-static configurations.

C. ISSUE C
“Heterogeneous” scenario about Project Participants

ACTION NEEDED

Outline of such wide scenario by gathering comprehensive synthetic
information from Project Participants

ACHIEVED RESULTS

Outline of the “heterogeneous” scenario about Project Participants by
gathering comprehensive synthetic information from Project
Participants
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e Database

Questionnaire JestSite
availability

Belgian Road Research /
Centre
IFSTTAR [0}
Geological Survey of o
Finland
ediEiulieReperstl / - Database including information about 13
National Technical . . .
University of Athens / Institutions out of 25 available
Ruhr-Universitat Bochum (0]
Transport Research o
Centre - Within the surveyed Institutions, 8 of
Université Catholique de -
ot 0 them own a test site for VWC
University of Ghent [o] determination by GPR
University of Minho /
University of Roma Tre
University Suleyman
X (0]
Demirel
University of Toulouse /
13 /25 8

¢ Main outcomes

Typical Targets Constituent Materials Scale of Investigation
- Structures 5% - Reinforced and - s§<0.01m? 13%
- Roads 53% pre-stressed - 0.0Im2<s
- Soils 21% structures 11% < 100 m? 40%
- Concrete 11% -  Asphalt 39% - s=2100m? 47%
- Wood 5% - Compacted loose
- Snow 5% material 22%

- Organic soils 22%

- Wood 6%

D. ISSUE D

Avoid that research gets blocked

ACTION NEEDED

Ensure continuous updating of the latest results achieved by GPR
Participants in VWC determination by GPR

ACHIEVED RESULTS

Updating of the latest results achieved by GPR Participants in VWC
determination by GPR
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Submitted works to Journals or Conferences

Hochschule Rapperswil

< Hugenschmidt J., Wenk F. and Bruhwiler E. GPR chloride inspection of a RC
bridge deck slab followed by an examination of the results, GPR 2014, Brussels, BE.

Université Catholique de Louvain - Belgium

K3

< De Coster A., Tran A.P. and Lambot S. Information content in frequency-
dependent, multi-offset GPR data for layered media reconstruction using full-wave
inversion, EGU Conference, 2014, Vienna, AT.

K3

< Mourmeaux N., Meunier F., Tran A.P. and Lambot S. High-resolution monitoring
of root water uptake dynamics in laboratory conditions using full-wave inversion of
near-field radar data, EGU Conference, 2014, Vienna, AT.

K3

< De Coster A., Tran A.P. and Lambot S. Impact of the antenna offset and the
number of frequencies on layered media reconstruction using full-wave inversion in
near-field conditions, GPR 2014, Brussels, BE.

K3

< Mourmeaux N., Tran A.P. and Lambot S. Soil permittivity and conductivity
characterization by full-wave inversion of near-field GPR data, GPR 2014, Brussels, BE.

University of Ghent — Belgium

K3

< De Pue J., Van Meirvenne M. and Cornelis W. Simultaneous measurement of
surface and subsoil water content with air-coupled GPR, GPR 2014, Brussels, BE.

University of Minho

K3
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V. CONCLUSIONS

There is a wide interest in volumetric water content determination by
using GPR. VWC assessment in pavement has proved to be the most
widespread application. Within pavement applications, major efforts are
devoted to the investigation of water content in asphalt layers.
Intermediate scale and large-scale VWC inspections are the most
common GPR inspection scales. From the available database, it is
expected to have at least one test site for half of the institution involved
in project 2.5 (13 out of 25).
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WORKING GROUP 3

Electromagnetic methods for near-field
scattering problems by buried
structures; data-processing techniques
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KEYNOTE TALK 2
“FDTD MODELLING OF THE GPR SIGNAL BASED ON DATA OBTAINED FROM
OTHER NDT METHODS: AN APPROACH FOR MORE EXHAUSTIVE
INTERPRETATION OF FIELD DATA”

Mercedes Solla (ES), Xavier Nunez-Nieto (ES)
merchisolla@uvigo.es

Abstract

GPR is a non-destructive (NDT) geophysical technology that shows many
applications in different fields, such as civil engineering, geology, forensics,
etc., where its implementation is becoming very important. In some cases,
the diffraction events produced by scattering make difficult the
interpretation of interesting reflectors. In this work, the FDTD modelling
was used to analyse the complex pattern of reflection obtained in order to
assist and to improve the interpretation of field GPR data for different
applications. More realistic models were built based on the data provided
by other NDT techniques, and the results have demonstrated its
capabilities to achieve more understanding of the radar wave propagation
phenomena and exhaustive interpretation.

1. INTRODUCTION

The analysis and interpretation of GPR data can be complicated since
many factors can adversely affect radar waves, including ringing noise,
diffraction events and reflection multiples. Numerical modelling has
become an interpretational tool that can be used to compare field GPR
data to synthetic data to understand the radar wave propagation
phenomena and to facilitate GPR data interpretation [1]. Many numerical
modelling methods are available for simulating the propagation of the
GPR waves in different media. However, when more sophisticated
interpretations are required, the finite-difference time-domain (FDTD)
technique has evolved into one of the most popular advanced modelling
tools [2]. This modelling method allows for the extraction of subtle
information from the field real data, such as diffraction patterns and the
presence of reflection multiples [3].

This work presents different study cases in which the capabilities of the
technique are demonstrated. Moreover, the approach here presented
includes the use of data provided by other NDT methods as inputs to
create large scale and more realistic models.
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2. APPROACH FOR FDTD MODELLING

The method uses cubic cells (Yee cell) to create the computational
domain. Therefore, when structures of fine geometry need to be
modelled, the spatial resolution has to be very small in order to make a
reasonable staircase approximation of the curved interfaces [3]. This
approach results in excessive computer memory requirements and
subsequent increase in execution time. The latest GprMax version uses a
mixed model of parallelisation based on a hybrid MPI and OpenMP
programming, which allowed to assign the computation of different
traces to different nodes of a cluster.

A. SYNTHETIC MODELS

In the study cases here presented, the input to elaborate on the FDTD
modelling, was the data provided by complementary NDT methods, such
as the precise geometry (2D orthoimages) provided by laser scanning or
photogrammetric techniques. The purpose was to design realistic, large-
scale, synthetic GPR models to assist in the interpretation of the
processed field data. However, simulating large-scale and realistic
models requires high-performance computing to obtain results in a
reasonable time. Thus, the synthetic models were created using a
parallelized version of GprMax, which is an electromagnetic wave
simulator for GPR using the FDTD method [3]. The FDTD algorithm was
previously developed using the MATLAB programming language. The
synthetic models are built from the contour of the elements defined by
the orthoimages. For that purpose, the images had to be reprocessed
before they were introduced into the algorithm for FDTD modelling. This
operation consisted of classifying the materials presented in the image
according to the different hypotheses of simulation. As a result, an image
was obtained that was formed by different objects (defined by pure
colours). This approach encompasses the geometry of the model in fine
detail.
B. SIMULATIONS

The synthetic models were built with a small spatial step (grid cell size in
the x- and y-directions), and the excitation was a Gaussian pulse of the
same centre frequencies used in field acquisition to get the best
approximation compared with the field data. The trace distance interval
and the total time were also defined in accordance with the real data.
After simulation, the synthetic data were exported and provided by
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GprMax to ReflexW, and then filtered using a similar processing
sequence to that used for the field data.

For simulations, the electromagnetic properties to characterize the
propagation media were determined from the acquired field GPR data or
assumed from the typical values published in the literature.

3. STUDY CASES: RESULTS & DISCUSSION

This section presents different study cases in the application of the GPR
signal simulation, based on the use additional NDT techniques (such as
Photogrammetric or Laser scanning geometric techniques and
Thermography) for different field applications: heterogeneous masonry
structures, volcanic environments, as well as forensic and crime scene
investigations. The synthetic GPR data generated is compared with the
field GPR data acquired in order to improve the interpretation.

A. SIMULATIONS FOR MASONRY BRIDGE INSPECTIONS

Masonry bridges are built using heterogeneous filling that often
complicates the interpretation and analysis of field GPR data. FDTD
modelling of the GPR signal is therefore typically used as additional
interpretational tool. Some studies have included the use of
photogrammetry or laser scanning methods as a tool in the geometric
characterization of the structures for the elaboration of the simulated
models.

As shown in Fig. 1, the precise external geometry of the bridge
(orthoimage) provided by laser scanning (Fig. 1A) was used to create the
synthetic model (Fig. 1B). What is more, a heterogeneous medium was
simulated. This approach replicates the structure in fine detail and
allows reproducing the exact geometry. Apart from the reflections
generated from the arch-air interfaces (Fig. 1C:R1), subtle information
was interpreted such as the presence of reflection multiples produced
from the arch and because of the proximity between arches (Fig. 1C:R2
and R3, respectively). These reflection multiples were also observed in
the field GPR data (Fig. 1D:R2). All these complex reflections, if
unrecognized, can hinder the detection of other interesting reflectors. In
this frame, it was possible to identify, from the real data, the corner
reflections (Fig. 1D:R4) from the perpendicular interfaces between the
top of the vault and the water level (Fig. 1D:R3).
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FIG. 1 - (Previous Page) — The Carracedo Bridge (Galicia, Spain): A) 2D
orthoimage of the bridge provided by laser scanning data, B) synthetic
model, C) synthetic GPR data showing the reflections produced by the
arch-air interfaces (R1), reflection multiples from the arch (R2) as well as
the ones due to the proximity between arches (R3), and D) field GPR data
showing additional reflections such as the water level (R3) and the
corner reflections (R4). (Data available from [4]).

Other interesting application of simulation in masonry bridges is the
most appropriate recognition of the complex pattern of reflections
produced by the arch-stone interface caused by the irregular shape of
the ring stones. Fig. 2 presents a synthetic model (Fig. 2A) constructed
from the contour of the arch ring defined by the orthoimages generated
from laser scanning data. Additionally, arch ring separation was
considered in the model in a portion of the arch at the right hand. This
simulation allows for the detection of inner structural damage such as
delamination and ring stone separation. In Fig. 2B, it is possible to
distinguish the hyperbolic reflection generated from the cavity simulated,
which could be directly compared to the field GPR data.

Distance (m)
0 5 10 15 20

20
40
60
80

100
F1G. 2 — The Monforte Bridge (Galicia, Spain): FDTD modelling to analyze
how arch-ring separation is identified by GPR. Left: synthetic model built
from an orthoimage provided by laser scanning, and right: synthetic data
obtained showing the reflection (circle area) produced by the cavity
simulated. (Data available from [5]).

Time (ns)

The final study case in masonry is to evaluate the potential of the GPR to
detect and analyse moisture content. A masonry bridge was inspected by
combining the techniques of GPR and infrared thermography. To assist
the GPR field data interpretation, FDTD was used. The model was
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created from the orthothermograms (images obtained through the
orthogonal projection of each wall to a parallel plane, with no distortions
or perspective effect and with geometric information that enables them to
function as two-dimensional (2D) maps with thermographic texture)
provided by both photogrammetry and thermography (Fig. 3A). This way,
after an image pre-processing using MATLAB programming language
and considering a heterogeneous medium, a more accurate and
complete vision of the structure was obtained (Fig. 3B), and the detection
and analysis of moisture areas provide noteworthy information for
planning subsequent conservation actions. Observing the field data,
although the thermography (Fig. 3A) detected lower temperature over the
first arch (from 2 to 6 m) and the synthetic data (Fig. 3D) showed
attenuation at this portion of the bridge, the field GPR data did not
reveal attenuation of the signal at that position (Fig. 3C). The different
pattern of reflections that occurs over the first arch could be therefore an
indication of the existence of building materials different to the original
ones. Historical references were found, which inform a reconstruction of
this vault because of a great flood of water in 1984.

Distance (m)

D)ozasamu

Time (ns)
& B8

Time (ns)

3

F1G. 3 - The Lubians Bridge (Galicia, Spain): FDTD modelling to analyze
moisture content. A) Orthothermogram (the colour goes from dark red
(6°C) to white (12°C), B) Synthetic model created, C) 500 MHz field GPR
data, and D) Synthetic data obtained. (Data available from [6] and [7]).
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B. SIMULATIONS FOR VOLCANIC ENVIRONMENTS

To prevent collapse hazards in volcanic areas, exhaustive interpretation
of the GPR data, by using FDTD modelling, have demonstrated its
capabilities to detect lava tubes in the Timanfaya National Park (Spain).

The input geometry for synthetic models corresponded to the results
obtained from microgravity. (Fig. 4A) shows the gravity model created
using the field GPR data (Fig. 4B). Observing the synthetic GPR data
generated (Fig. 4C), several strong reflections are visible corresponding to
the roof, bottom and edges of the different lava tubes. Good correlation,
in location and geometry, was observed for lava tubes A, B and C.

Nevertheless, the tube D did not show good correspondence neither in
location nor geometry.

A possible explanation could be that the observed reflections are due to
heterogeneities in the internal structure of the lava flow and not really to
the small cavity deduced from the gravity model. Moreover, the
identification of a vertical dyke in the gravity data occurs at the same
position of the GPR reflections detected.

C. SIMULATIONS FOR FORENSIC AND CRIME SCENE INVESTIGATIONS

Reference [8] presents the use of FDTD modelling and GPR signal
characterization in forensics. Experimental scenes that mimic the most
frequent real forensic cases were built by considering several buried
objects: bone remains, clothes, active and inactive mobile phones, drug
caches, guns and bullet shells, etc. Additionally, the geometric
characterization of the scenes was made wusing photogrammetric
methods. The 3D models of the experimental grids were provided, and
the 2D sections obtained from these models were used as inputs in
creating the synthetic models. Both synthetic and field data were
compared to assist in the interpretation. As example, Fig. 5 shows the
experimental scene (2D orthoimage) (Fig. SA) as well as the synthetic and
field data produced (Fig. 5 B and C, respectively) for the case of the
scene containing bone remains at 0.5 m depth. Although the field data
showed more complex reflections produced by the heterogeneous backfill
(Fig. 5C), the interpreted reflection patter produced by the bone remains
is very similar to that modelled in the synthetic radargram (Fig. SB).
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FIG. 4 (previous page) — A) Microgravity data and 2.5D density model
with 4 air-filled lava tubes with different size and shape, and two vertical
basaltic dykes at the edges of the profile. B) Field GPR data and
interpretation of 4 probable lava tube, C) Synthetic data using the
gravity model as input.

4. CONCLUSIONS

Realistic FDTD models can provide subtle information that can help with
field data interpretation. The data generated from other NDT allowed the
simulation of more realistic modelling scenarios using a mixed model of
parallelization. This approach encompasses the overall structures or
geometries in fine detail in a reasonable amount of time. In complex
scenarios, it can be difficult to obtain an accurate interpretation without
a comparison of the field data with the models.
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KEYNOTE TALK 3
“OVERVIEW OF CROSSHOLE GPR FULL-WAVEFORM INVERSION
TO CHARACTERIZE AQUIFERS”
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N. Guting (DE), X. Yang (DE), and H. Vereecken (DE)
j.van.der.kruk@fz-juelich.de

Mapping shallow subsurface electrical properties:

GPR is able to minimal-invasively
investigate distributions of
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* Ernst et al. (20073, b); Meles et al. (2010); Klotzsche et al. (2010)
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Important steps of the Full-waveform inversion

* Preprocessing:
= Ray-based inversion for starting model
= 3D to 2D conversion

= Source wavelet estimation

= Full-waveform inversion (Super Computer)
= Calculation of the gradients (update direction) & step lengths
= Update of the permittivity and conductive models

= Steps repeated until a good fit between obs. & mod. data is
obtained (RMS changes less than 1%).

= Remaining gradient is a measure for quality of mod. data

3D Case study: Thur River

= Test side established by RECORD project & investigated by e. g.
Doetsch et al. (2010), Klotzsche et al. (2010), Diem et al. (2010) & Cosia
et al. (2011), Klotzsche et al. (2012).
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Full-waveform inversion results
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Ray-based inversion results
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Neutron-Neutron measurements -> Porosity
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Conclusions

Full-waveform inversion returns decimeter-scale high resolution
images of permittivity and conductivity with consistent structures
where acquisition planes intersect.

Full-waveform inversion and amplitude analysis are able to detect
and characterize electromagnetic low-velocity waveguides, that can
be related to zones of preferential flow (high porosity) or clay
lenses.

Good correspondence between measured and modeled traces in
shape and amplitude, including high-amplitude late-time waveguide
arrivals reliable inversion results.

Comparison of the full-waveform porosities and logging data
showed a good agreement and confirmed high porosity zones and
zones of preferential flow.
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“DEVELOPMENT OF NEW METHODS FOR THE SOLUTION OF FORWARD
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Integral equations and Method of Moments

Institution

Université de Nantes

Alyotech
- Integral Equations Approach and Method of Moments (MoM)

~ Scattering by objects of canonical shape
Cylinder
Plate

~ Scattering by a random rough surface
Source e 0

W
A
SI@ Q‘

~ Scattering by an object
below or above a rough surface

Object below

Coated object Rough layer a rough layer

Transmitter (x,, ;)

Q, (&,0¢)

Q; (3,03)

-1 MoM and PILE (Propagation Inside Layer Expansion Method) applied to GPR
-1 + SKA (Scalar Kirchhoff-tangent plane Approximation)

v Frequency domain 7 Non-destructive pavement survey
7 Ricker pulse (IFFT) v Time delay estimation
v Near or/and far-field v Surface roughness estimation
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Integral equations and Method of Moments

Journal

M. Sun, C. Le Bastard, N. Pinel, Y. Wang, “Time delay and interlayer roughness estimations by GPR for
pavement survey”, submitted in Near Surface Geophysics, 20 pages, Nov. 2013.

Conference contributions

M. Sun, N. Pinel, C. Le Bastard, V. Baltazart, A. Ihamouten, Y. Wang, “Time delay and surface roughness
estimation by subspace algorithms for pavement survey by radar”, IWAGPR (Nantes, France), 2013.

C. Bourlier, C. Le Bastard, and N. Pinel, “Full wave PILE method for the electromagnetic scattering from
random rough layers,” accepted at GPR2014 Conference, 2014.

N. Pinel, C. Bourlier, and C. Le Bastard, “Rigorous and asymptotic models of coherent scattering from
random rough layers with applications to roadways and geoscience,” accepted at EGU2074 Conference,
2014.

M. Sun, C. Le Bastard, N. Pinel, Y. Wang, “Estimation of time delay and roughness parameters by GPR using

ESPRIT method”, submitted in /EEE International Geoscience and Remote Sensing Symposium (Québec,
Canada), July 2014.

Book

C. Bourlier, N. Pinel, and G. Kubické, Method of moments for 2D scattering problems. Basic concepts and
applications. London, UK: FOCUS SERIES in WAVES, Ed. WILEY-ISTE, 2013.
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Cylindrical Wave Approach

Journals

F. Frezza, L. Pajewski, C. Ponti, G. Schettini e N. Tedeschi, “On some numerical aspects of the scattering
problem by buried cylinders”, COMPEL, Vol. 32, n. 6, pp. 1809-1820, 2013.

F. Frezza, L. Pajewski, C. Ponti, G. Schettini and N. Tedeschi “Cylindrical-Wave Approach for
electromagnetic scattering by subsurface metallic targets in a lossy medium,” Journal of Applied Geophysics,
Vol. 97, pp. 55-59, 2013.

F. Frezza, L. Pajewski, C. Ponti, and G. Schettini, “Through-wall electromagnetic scattering by N conducting
cylinders,” J. Opt. Soc. Am. A, Vol. 30, pp. 1632-1639, 2013.

M. A. Fiaz, F. Frezza, C. Ponti, and G. Schettini, “Electromagnetic scattering by a circular cylinder buried
below a slightly rough Gaussian surface,” J. Opt. Soc. Am. A, Vol. 31, pp. 26-34, 2014.

Conference contributions

C. Ponti, F. Frezza, L. Pajewski, and G. Schettini, “Scattering by Buried PEC Cylinders from an Arbitrary 2D
lllumination,” Proc. of URSI-EMTS 2013, Hiroshima, Japan, May 19-24, 2013.

F. Frezza, L. Pajewski, C. Ponti, and G. Schettini, “Cylindrical-wave approach for line-source electromagnetic
scattering by buried dielectric cylinders ,” Proc. of IWAGPR 2013, 2013.

M. A. Fiaz, C. Ponti, and G. Schettini, “'On the scattering by a cylindrical object below a rough surface with
the CWA," accepted at NEMO 2014 Conf., 2014.

C. Ponti, L. Pajewski, and G. Schettini, “Simulation of scattering by cylindrical targets hidden behind a layer,”

accepted at GPR 2014 Conf., 2014. /
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Time domain analysis

Journals

S. Sesnié and D. Poljak, “ Antenna model of the horizontal grounding electrode for transient impedance
calculation: Analytical versus Boundary Element Method,” Engineering analysis with boundary elements, Vol.
37, pp. 909-913, 2013

D. Cavka and D. Poljak, “On the Evaluation of Input Impedance and Transient Impedance for Grounding
Electrodes Using Antenna Theory,” COMPEL: The International Journal for Computation and Mathematics in
Electrical and Electronic Engineering, Vol. 32, pp. 2045-2062, 2013.

S. Sesnié, D. Poljak, and S. V. Tkachenko, “ Analytical Modeling of a Transient Current Flowing Along the
Horizontal Grounding Electrode” /EEE Transactions on electromagnetic compatibility, Vol., 55; pp. 1132-1139,
2013.

S. Antonijevic and D. Poljak, “A Novel Time-Domain Reflection Coefficient Function: TM Case,” IEEE
Transactions on electromagnetic compatibility, Vol. 55; pp. 1147-1153, 2013.

Conference contributions

D. Poljak, D. Cavka, B. Nekhoul, D. Sekki, K. Drissi, K. Kerroum, “Transient Voltage Induced along the
Grounding System using the Antenna Theory Approach,” Proc. ICECOM 2013., Dubrovnik, 4-16 Oct. 2013.

D. Poljak, S. Sesnic, K. Drissi, K. Kerroum, “Transient Response of a Buried Wire,” Proc. [ICECOM 2013.,
Dubrovnik, 4-16 Oct. 2013.

D. Cavka, N. Mora, Nicolas, F. Rachidi, D.Poljak, “Transient Voltage Induced along the Grounding System
using the Antenna Theory Approach,” Proc. of the EMC Symp. 2013, Aug. 5-9 2013, Denver, pp. 777-781. /
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2 Bridge

Sant’Ant6n bridge
® Overall length: 45 m * Antenna height from the surface: 0.1 m
® Primary arch: 10.2m X 5.1m * Central frequency: 200 MHz
® Secondary arch: 4.0 m X 2.0 m * Time-window: 100 ns
= Hidden arch: 4.0 m X 2.0 m "430 GPR scans with horizontal resolution 0.1 m

® Offset betweenTx and Rx: 0.6 mm

Material Relative permittivity Conductivity [S/m] Relative permeability
(&) (o) ()
Water 80 0.5 10
Granite 7 0.0001 1.0
Filling 8 0.0001 1.0
River-bed 20 0.0005 1.0
Masonry 5 0.0001 1.0
Free space 1.0 0.0 1.0

I Water
B Granite
W Filling
1 River-bed

Masonry

Free space

B-scan

Time [rs)

- - "
Recei osition [m)]
: .
\ - - . - - o J
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Future activities

Modeling of testing scenarios by the Project’s participants

a Testing scenarios for concrete
O Testing scenario for a bridge

0 Open issue: definition of a testing scenario for a road
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“ELECTROMAGNETIC MODELLING OF GPR RESPONSES TO COMPLEX
SCENARIOS” (CONTRIBUTION TO PROJECT 3.1)

Lara Pajewski(IT), Antonios Giannopoulos (UK)
lara.pajewski@uniroma3.it

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-16421, 2014 and is available on www.egu2014.eu

This work was presented as a poster and concerned the electromagnetic
modelling of concrete structures, for Ground Penetrating Radar (GPR)
applications.

A set of scenarios was proposed by the authors, involving concrete cells
with various embedded objects. A detailed description of the cells and
the obtained FDTD [1] results are available for the Members of the COST
Action TU1208. The simplest cell includes circular-section bars of
different diameters, placed in concrete at increasing depths. Other cells
contain polyvinyl chloride ducts, steel objects commonly used in civil
engineering (as a pipe, an angle bar, a box section, and an u-channel),
voids and honeycombing defects. For each structure, a subset of models
with growing complexity is defined, starting from a simple representation
of the cell and ending with a more realistic one. In particular, the
model’s complexity increases from the geometrical point of view, as well
as in terms of how the constitutive parameters of the involved media and
GPR antennas are described.

The idea beyond this work is to start designing a new database that will
contain both numerical and experimental GPR responses from natural
and manmade structures. Researchers working on the development of
electromagnetic forward- and inverse-scattering techniques, imaging
methods and data-processing algorithms will thus have a further
opportunity of testing and validating, against reliable data, their
approaches.

The motivation to start this project came out during previous TU1208
meetings and takes inspiration by successful past initiatives carried out
in different areas, as the Ipswich [2-5] and Fresnel [6-9] databases in the
field of free-space electromagnetic scattering (collections of experimental
data measured on metallic and dielectric scatterers, in anechoic
chamber), and the Musumeci [24] database in seismic science (a dataset
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of 151 events, leading the July 17th — August 9th, 2001 lateral eruption
at Mt. Etna volcano, in Italy).
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“ON THE ANALYSIS METHODS FOR THE TIME DOMAIN AND FREQUENCY
DOMAIN RESPONSE OF A BURIED OBJECTS”
(CONTRIBUTION TO PROJECT 3.1)

Dragan Poljak (HR), Silvestar Sesnic (HR), Mario Cvetkovic (HR)
dpoljak@fesb.hr

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-5274, 2014 and is available on www.egu2014.eu

1. INTRODUCTION

A continuous interest in the analysis of GPR systems and related
applications in civil engineering is observed. A deeper insight of
scattering phenomena in a lossy half-space, plus development of
sophisticated numerical methods based on FDTD method, FEM, BEM,
MoM and various hybrid methods, is required.

Generally, transient analysis of buried objects can be carried out in
either frequency domain (FD), or time domain (TD). The present work
deals with certain TD and FD analysis techniques for buried conducting
and dielectric objects. Both TD and FD approaches discussed
throughout this work and demonstrated on canonical geometries could
be useful for benchmark purpose.

TD analysis is related to the transient response of a horizontal thin wire
buried in a lossy half-space using a rigorous antenna theory (AT)
approach. The AT approach is based on the space-time integral equation
of the Pocklington type. The influence of the earth-air interface is taken
into account via the simplified reflection coefficient arising from the
Modified Image Theory (MIT).

Transient current induced along the wire due to the transmitted plane
wave excitation is compared in this work to the numerical results
calculated via TL approach and the AT approach based on the FD
variant of the Pocklington IDE. FD-IDE is numerically solved via the
Galerkin-Bubnov variant of the Indirect Boundary Element Method (GB-
IBEM) and the transient response is calculated via IFFT.

FD analysis is used to determine FD response of dielectric sphere using
the full wave model based on the set of coupled electric field integral
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equations (EFIEs) for surfaces. Numerical solution is carried out by
means of an improved variant of the Method of Moments (MoM)
providing numerically stable and efficient procedure for the extraction of
singularities arising in integral expressions.

2. TIME-DOMAIN MODELLING: PREVIOUS WORK

Full wave model — radiation of overhead wires

Formulation — Set of TD Hallen integral equations

Numerical solution (Galerkin-Bubnov Indirect Boundary Element
Method; GB-IBEM)

Transient response of M parallel wires above a real ground is governed
by the set of the coupled Hallen integral equations:

y BT (x t—ﬁ—r)
EI dx -2ffr , z')—dx'dr
S Rvs

- Fy (-2 x°»)+ F(t-~t |)d'

Unknown time signals Fo,(f) and Fi(f) related to the multiple reflections of
transient currents at the wires free ends are given by:

Fo () = ZKOV(t‘an) ZK (_(2n+1)L)

F, ()= ZKLV@—M ) ZK t —(Zn”)L ')

The auxilliary functions K are defined as follows:

R(O) R:(O)

x't— -7) L

K, ()= EI R(‘” dx —szr (0, )de dr - ZZOIE':XC(X"I_@WX'
0
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(L) *(L)

Vs

K, ()= EI o R<L> dx —Effr , r)ﬁdx dr - fE - |)d'

Geometry of the problem.

The following matrix equation can be obtained:

Sla)

M % M ES
n n * n
SSrels Sl
et o ] & P= PRSI LR~ £ PERLNETT P 2
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where the space dependent matrices are:

s {f} {1Y dvdx: [4,]- [1s <‘9>{f} {7} dvix

1
B, 7‘[[{f}{f}dx'dx’ vs [[4R(0){f}{f}dx'dx
. 0 ro '
€] =M4?;;:;> U} {7 deas [2]= 57 £ [} Y e
r (6 T \
E1 [ [ g UL Y e [£2) = [ ), () s

The weighted residual approach in the time domain gives:

t +At

[0,

Iy

-{g}e dt=0; k=1,2,.., N,

t

[T e

and the recurrence formula for the transient current at j-th space node
and k-th time node is:

N

D LR

U A.

v

all previous discrete instants

Some computational examples are now presented.

Wire arrays, with a two- or three-wire antenna array horizontally located,
are considered.

The excitation is a time-dependent Gaussian pulse voltage source. The
parameters of the Gaussian pulse are: Vpo=1V, g=2*109%s-1 and t=2ns, the
entire length of the wires is L=1 m, while the radius of all wires is
a=2mm. The array is located above half-space (e; =10).
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3. TIME-DOMAIN MODELLING: ONGOING WORK

The full wave model — the most rigorous approach to analyze the EM
field coupling to arbitrary configurations of wires

The formulation - TD Pocklington integro-differential equation

Analytical/numerical solution (Galerkin-Bubnov Indirect Boundary
Element Method; GB-IBEM)

Formulation of the method:
A horizontal thin wire buried in a lossy half-space is considered.

TD-IDE of Pocklington type for a single wire buried in a lossy ground can
be derived by enforcing the continuity conditions for the tangential
components of the electric field along the PEC wire surface and can be
written in the form:

2 2
(ue%+y0)E;’(t)=—(a—— o2 ea—)

x> ot or?

R 1R

R* e Tg v
()| x't-—-71 dx'dt
4.72'f f & ( v R’

il

where the time constants, propagation velocity and reflection coefficient
are:
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Geometry of the problem.

Solving TD-IDE analytically for the case of impulse excitation yields the
impulse response of the form:

L
cosh| yy | ——-x .
( (2 )) (t+;)s\p
R(Slp) 1- 7 e
I(x,t)=47”4 cosh(yq,z) #
_ ﬂzi 2n-1 Sm(zn-l)nxe(r{)sl,zn
uel &« [b? —4c,s,,, 0 s,,,) L
where:
L L
In=+In—
R(sy)= 1 oM
om L Sv ([, SeTitl v L L
2d sy, +1\ 1 syt +1 Y
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Transmitted E-field (normal incidence) exciting the buried wire in the
Laplace domain is:

E'(s)=T,(s)E (s)e™

X

Incident field and Fresnel transmission coefficient are given by:

e B 2,/s¢€,

1 1 _
Ex(t)=E0<e‘m—e_ﬁ’) "(S)=E°(s+a s+/3) r”()_\/ss+a+\/a

TD waveform of the E-field excitation is obtained by undertaking discrete
(normal) convolution. The FD-AT approach is based on the FD-IDE of
Pocklington type:

L L

” .y 1 9 nal(x)

E = = (I(x' Ydx' - i VYdx'
! (X) ]w4ﬂ0 (x )g(x’x ) * j4ﬂa)€€ﬁ ox A ox' g(x’x ) *

where the Green’s function and reflection coefficients are given by:

pr __ =40
g(x,x')=g0 (x,x')—Frefgi (x,x') o £ + &
L oso- /l—sinzﬁ '
e 2 n w9 g _ arctan -1

ref s >
1 1 . £
—cosf@+ |——sin’ @ 0
n n

and the complex permittivity and propagation constant are:
£ EE -] g

4 = r -J ; 2

7 " w Yy =N Jjouo - ue
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FD-IDE is handled numerically via GB-IBEM. The matrix equation is:

M

>[2],41), =1},

i

~]

where the mutual impedance matrix and voltage vector are:

1450”‘%// X,

[Z]le e f f{D (x, x')dx'dx+}/2£[{f}jZ[{f'}fg(x,x')dx'dx

r}, =~jdnwe, [ EX@0){f} dx

Al

Transient excitation of horizontal buried wire in a lossy medium is
governed by TL equations:

TD-TL equations are:

WD | Riet)+ LD _ gy
0x t

0i(x,1) + Gv(x.p) + 2D ov(x,t) _0
0x ot

and the FD-TL equations are:

) L 21 ()= B (x,0)
0x

—al(x,a)) +YU (x,w)=0
0x

The solution of FD-TL equations for a horizontal buried wire excited by
an external fields is given by:
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E; (o)
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where the coefficients, per-unit lenght, are:
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Some examples for the transient response of a buried wire excited via
transient plane wave are now presented.

Wire data:
Depth d=0.3, 1, 15 m
Radius a=5 mm
Length L=1, 20 m
Medium properties:
Relative permittivity ¢ =10
Conductivity o =1, 10, 100 mS/m
Excitation parameters:
“Bell laboratory” waveform Eo=1 V/m, «=4-106 s-1, 3=4.78-108 s-1
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Distribution of RMS value of the transient current:
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Transient current at the center of the buried wire, for different values of
the conductivity

Current [mA]

0 0.01 0.02 0.03 0.04 0.05 0.06 007 0.08 0.09 0.1
Time [ps]

L=1 m, d=30 cm, =10 mS/m

Current [mA]

0 005 0.1 015 02 025 03 035 04 045 05
Time [ps]

L=1 m, d=30 cm, =100 mS/m

228



EU Cooperation in Science and Technology — Action TU1208

“Civil Engineering Applications of Ground Penetrating Radar” v E D 5 t

Transient current at the center of the straight buried wire, for different
values of the burial depth:

Current [mA]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [ps]

L=20 m, d=1 m, 0=1 mS/m

10 T T T T T
—ATTD
------------------ ATFD

o3 £ N [EPSOs TL B

6r 4

Current [mA]
~

Time [ps]

L=20 m, d=15m, 6=1 mS/m
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Transient current at the center of the wire buried at different depths:

Current [mA]

0 0.01 0.02 0.03 0.04 005 0.06 0.07 008 0.09 0.1
Time [ps]

L=1 m, =10 mS/m

o=1mS/m
o=1mS/m

0.1

Time lus]

st NI e 7
" o=10msim | T 1 15 0=10 mS/m
\ £ -
T
Conductivity 2
variations é 5
0
K]

0 02 04 0.6 0.8 1
Time lusl

0=100 mS/m

\TFaﬁ/sient current at the centre of the Transient current at the centre of the
__ straight wire, L=1 m, d=30 cm straight wire, L=10 m, d=4 m
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4. FREQUENCY-DOMAIN MODELLING: PREVIOUS WORK

Full wave model — the most rigorous approach to analyze the EM field
coupling to realistic 3D objects

Formulation - set of the FD Electric Field Integral Equations (EFIEs)

Numerical solution: an efficient Method of Moments (MoM) scheme
featuring the use of RWG base functions

The method was applied to the modeling of the human brain exposed to
EM radiation, and o study transcranial magnetic stimulation.

5. FREQUENCY-DOMAIN MODELLING: ONGOING WORK

Full wave model — the most rigorous approach to analyze the EM field
coupling to buried 3D objects

Formulation - set of the FD Surface Integral Equations (SIEs)

Numerical solution: an efficient Method of Moments (MoM) scheme
featuring the use of RWG base functions

FD-SIE formulation:

Equivalence theorem + boundary conditions for E-field on the object
surface give:

A x Enc =1

< BTy = 3 -,
Y 1=

where:

—

- - - 1 -
E;;sca(t , [) = —iji — VSDZ — g—V X }T'Z
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A7) = u// 7)ds’

EI'IP. H'™* n E’m:u H.w'u
FE., Hy
€1, [ g .0

€2 = €0&r — ) —
w
Geometry of a dielectric object.

The formulation is based on a set of coupled Surface Integral Equations
(SIE) in terms of fictitious unknown surface current densities J and M

Jwpi // (7 7')dS" — v// Vs - J(F)Gi(F,7') dS'+

EiTLC =1
+Vx/ M (7G4 (7, 7') dS = .
0, 1= 2.

Numerical solution is carried out via an efficient scheme of Method of
Moments. Surface currents are expanded in terms of basis functions f,
and gn. Then, multiplying SIE by set of test functions fn, and integrating
over surface S, a system of linear equations is obtained.
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The system of linear equations can be rewritten as follows:

N .
we;

n=1
N

Ve Li=1
+Z (Cmn.,i + Dmn,i) ]\/[n = {Om i —9

n=1

The integrals Amn, Bmn, Cmn, Dmn are efficiently solved by numerical,
analytical and combined approach.

The following computational example is related to electric field scattered
by a buried dielectric sphere. The calculated results were compared to
the results obtained by using some commercial software packages. A
satisfactory agreement has been achieved.

Sphere :r =3 cm ,e0=2,0=0
Ground (dry soil) : €,y =4, 0 =5 mS/m
Incident field : Eg =1 V/m, f =2.45 GHz, k = —€, , Epoi = €,
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CONCLUSIONS

TD and FD methods for the analysis of scattering from buried objects
were presented. Transient response of a horizontal straight thin wire
buried in a lossy half-space was analysed using TD-AT approach,
featuring the approximate analytical solution. Analytical results obtained
via TD-AT approach were compared to the numerical results obtained via
the FD-AT and FD-TL models, with good agreement. An efficient FD-SIE
apprach to the analysis of scattering from buried lossy dielectric object
was presented. Using an efficient MoM scheme we solved the
corresponding SIE set. Some numerical results for the scattering from a
lossy dielectric sphere were presented. Future work will deal with the
direct TD analysis of wire antenna configurations for GPR.
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OF 2D METALLIC OBJECTS WITH ARBITRARY CROSS-SECTION”
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Lara Pajewski (IT), Saba Adabi (IT)
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The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-13992, 2014 and is available on www.egu2014.eu

This work dealt with the wire-grid modelling of metallic cylindrical
objects, with a particular focus to GPR applications, and it was
presented as a poster.

Two-dimensional cylinders, with arbitrary section, were simulated
through a suitable set of perfectly-conducting wires; results were
obtained by using the Finite-Difference Time-Domain technique [1].

Wire-grid modelling of conducting objects was introduced by Richmond
in 1966 [2] and, since then, the method has been extensively used over
the years to simulate arbitrarily-shaped objects and compute radiation
patterns of antennas, as well as the electromagnetic field scattered by
targets. For any wire- grid model, a better accuracy can be achieved with
a larger number of wires; moreover, a fundamental question is the
choice of the optimum wire radius and grid spacing. The most widely
used criterion to fix the wire size is the so-called equal-area rule (EAR)
[3, 4]: the total surface area of the wires has to be equal to the surface
area of the object being modelled. This rule comes from empirical
observation and few authors have investigated its reliability for 2D
objects through the years [5, 6].

We analysed the reliability of the EAR, showing that it yields affordable
results but is quite far from being the optimum: higher accuracy can be
achieved by using a wire radius 12-15% shorter than what is suggested
by the rule. We considered circular- and square-section scatterers
embedded in a half-space, as well as objects partially buried in different
media of a multilayered structure or soil; the electromagnetic source was
always a line of current emitting an ultra-wide band pulse. Our results
are in good agreement with [5], where the wire-grid modelling of a
circular-section cylinder, buried in a half-space and illuminated by a
monochromatic plane wave, was studied.
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We investigated as well the possibility to apply the wire-grid approach to
the simulation of buried slotted objects. In case of small slots, the wire-
grid results follow quite well the main reflections of the exact results, but
with some delay. More accurate results can be obtained for larger slots.
To model thick objects with large slots, it is recommended to use two
concentric arrays of wires, simulating both the inner and outer sections
of the scatterer.

The wire-grid approach can significantly enhance the versatility of those
electromagnetic methods which can deal only with scatterers having a
canonical shape of the cross-section, embedded in a homogeneous
material (e.g., the Cylindrical Wave Approach [7]). Outside from the
Ground Penetrating Radar field, our study may be useful for shielding
applications [8], and in the measurement of electromagnetic properties of
materials through the use of coaxial cages [9].

The wire-grid modelling of slotted objects, at the best of our knowledge,
hasn’t been studied by other authors and we plan to explore it more in
depth. Finally, we look forward to analysing the reliability of the same-
volume rule [10], for the modelling of dielectric two-dimensional objects
by small dielectric circular-section cylinders.
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Abstract

The electromagnetic scattered field by a buried pipeline is calculated by
means of frequency-domain numerical simulations and by making use of
the scattered-field formulation. The pipeline, supposed to be used for water
conveyance, is modeled as a cylindrical shell made of poly-vinyl chloride
(PVC) material buried in a wall or pavement composed of cement with very
low losses and filled with water. In order to make the model simpler, the
pipeline is supposed running parallel to the air-cement interface. To excite
the model, a linearly-polarized plane wave impinging normally on the
above-mentioned interface is adopted. We consider two different
polarizations in order to determine the most useful in terms of scattered-
field sensitivity. Moreover, a preliminary frequency sweep allows us to
choose the most suitable operating frequency depending on the dimensions
of the pipeline cross-section. All the three components of the scattered field
are monitored along a line just above the interface.

The electromagnetic properties of the materials employed in this study are
present in the literature and, since a frequency-domain technique is
adopted, no further approximation is needed. Once the ideal problem has
been studied, we further complicate the model by introducing two fouling
scenarios due to limestone formation on the pipeline walls. In the first case,
the fouling is deposited at the bottom of the pipeline when the water
pressure is low enough and the second one considers the fouling to deposit
on the entire internal perimeter of the pipeline’s cross-section by forming an
additional limestone cylindrical layer. The results obtained in these cases
are compared with those of the initial problem with the goal of determining
the scattered field dependency on the fouling geometrical characteristics.
One of the practical applications in the field of Civil Engineering of this
study may be the use of ground penetrating radar (GPR) techniques to
monitor the fouling conditions of water pipelines without the need to
intervene destructively in the structure.

See also Geophysical Research Abstracts,
Vol. 16, EGU2014-13008, 2014 available on www.egu2014.eu
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1. THEORETICAL ANALYSIS

The first structure under consideration is a buried cylinder, with a cover
in PVC (PolyVinyl Chloride), filled by freshwater, with a layer, between
the water and the PVC cover, of limestone, see Fig. 1. From an
electromagnetic point of view, the problem can be studied as a multilayer
cylinder buried in a half-space.

Figure 1: Geometry of the problem with concentric cylinders.

We consider an electromagnetic plane wave, coming from air, impinging
on the interface with a cement, having a relative permittivity ec = 5.24.
Inside the cement, at a distance h = 250.0 mm, is a cylinder of radius a
= 125.0 mm, composed of three layers. The external layer, of thickness
apvce = 14.8 mm, is filled by PVC, with electromagnetic relative
permittivity epvc = 3.10. The second layer, of thickness ai, is filled by
limestone, with electromagnetic relative permittivity 1 = 8.01 and electric
conductivity or = 0.10 S/m. We consider different thickness of the
limestone, between 0.0 mm, and 36.8 mm, in order to understand the
behavior of the electromagnetic interaction as a function of this
parameter. Finally, the last layer, i.e., the core of the cylinder, is filled by
freshwater, with electromagnetic relative permittivity ew = 81.00 and
electric conductivity ow = 0.01 S/m. The frequency range under
consideration is f = 10.0 +120.0 MHz. We suppose that the relative
permittivity and the electric conductivity do not change in the frequency
range, i.e., we consider non dispersive materials. It is important to note
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that, while the conductivity of the media does not change with the
frequency, the wave attenuation does. In fact, as it is well known, the
attenuation is related to the conductivity, but it is also proportional to
the frequency.

The principal aim of this investigation is to understand how the
electromagnetic scattering by this cylinder is affected by the presence of
the limestone layer, in order to find some indications on the crucial
parameters to take into account for the detection of the limestone
residues in a water tube. To implement this analysis, we consider a
decomposition of the electromagnetic field. Each field will be taken into
account as the superposition of two different polarizations, in order to
consider the general case of circular polarization. We refer to each
polarization with a scalar function V, that would represents the electric
or the magnetic field parallel to the cylinder’s axis, depending on the
polarization. We consider an electromagnetic plane wave, coming from
the air, V;, this field is transmitted in the cement half-space, where we
find a second plane wave V; obtained from the incident one by the
multiplication times the Fresnel coefficient of the relevant polarization.
This field interacts with the cylinder, generating the scattered field Vi,
and penetrating inside the cylinder, generating the field V.. The scattered
field interacts with the interface, generating other two fields: the
scattered-reflected field and the scattered-transmitted field, Vs, and Vs,
respectively [1-5]. Moreover, the internal field to the cylinder, can be
decomposed in three different fields, one in the PVC, one in the
limestone and the final one in the freshwater. To solve the
electromagnetic scattering problem, we have to expand all the fields in
cylindrical harmonics, in order to impose the boundary conditions on
each layer of the cylinder. This procedure bring us to define a linear
system which solution gives all the unknown coefficients of the
cylindrical harmonic expansions. At this point we are able to calculate
the scattered-transmitted field, which is the field that a receiver
measures outside the cement layer.

After the analysis of the multilayer cylinder, we study another interesting
case. We consider a PVC cylinder filled by water, where the limestone
stratification is only on the bottom part of the pipeline, see Fig. 2. This
case of study is to represent that the limestone usually settling only in
the bottom part of the pipeline. From an electromagnetic point of view,
we can consider the limestone deposition as an eccentric cylinder, with
the center at a small distance below the center of the principal cylinder.
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The problem of the scattering by two or more eccentric cylinders has
been widely discussed in the literature, and it can be faced by mean of
different numerical techniques [6-8]. The field decomposition outside the
external cylinder is the same of the previous case. Inside the cylinders,
the fields in the PVC layers and in the water core must be decomposed
in cylindrical harmonics centered in the reference frame of the eccentric
limestone cylinder, in order to apply the boundary conditions on its
surface. In the same way, the field in the limestone layer must be
decomposed in cylindrical harmonics centered in the reference frame of
the external cylinder, in order to apply the boundary conditions on the
external surface.

\Z % E

Figure 2: Geometry of the problem with eccentric cylinders.

2. NUMERICAL RESULTS

The first result that we show is related to the case of the PVC pipeline
with a freshwater core and without the limestone layer. This case can be
taken into account by considering a; = 0.0 mm. We consider the plane
wave at normal incidence, along the x-axis. Therefore, the x-component
of the electric field will be zero for both the polarizations. The cylinder
axis coincides with the z-axis. In Fig. 3, the amplitude of the scattered-
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transmitted field on the interface, for both the polarizations, is shown, in
the whole frequency range. It can be seen that the E-polarization
backscattering grows in frequency, while the H-polarization is almost
constant and start to grow in the last part of the frequency range. The
most interesting frequency is around f = 100.0 MHz, where, the E-
polarization presents a maximum, and the H-polarization presents a
minimum.

At this point, we consider this value of the frequency and analyze the
scattering by the cylinder for different thickness of the limestone layer,
in the hypothesis of concentric cylinders. In Fig. 4, we can see the
amplitude of the electric field, for both the polarizations. The two
polarizations respond in two opposite ways to the growing of the
limestone thickness. The backscattering in E-polarization decrease by
increasing ai;, while the backscattering in H-polarization increase by
increasing the limestone thickness.

0.7

o 1 L i 1

20 40 60 80 100 120
freq [MHz]

Figure 3: Amplitude of the electric field components in the two
polarizations in the whole frequency range.
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Figure 4: Amplitude of the electric field components as a function of the
limestone thickness, in the hypothesis of concentric layers.

We can find a simple physical explanation to these two opposite
behaviors. In E-polarization, the electric field, being parallel to the
cylinder axis, is principally affected by the freshwater content, due to the
high permittivity of the water. When the limestone layer grows in
thickness, the quantity of the water decrease, and as a consequence also
the backscattering for this polarization decreases. On the other hand, in
H-polarization, the electric field is on the plane of the cylinder section.
Therefore, the backscattering is driven by the capacitance effects. The
effective capacitance of the cylinder section grows by increasing the
limestone thickness and, as a consequence, also the backscattering
increases.

In Fig. 5, we consider the case of a limestone settling. We can see that
the electric fields response is approximately the same of Fig. 4.
Therefore, the hypothesis of a wuniform deposition is a good
approximation of the case of the deposition in the bottom part of the
pipeline.
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Figure 5: Amplitude of the electric field components as a function of the
limestone thickness, in the hypothesis of eccentric layers.
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Figure 6: Ratio between the magnitudes of the backscattering electric
field in the two polarizations for cylinder relevant to Fig. 4.
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This behavior of the two polarizations suggests to consider as an index of
the limestone thickness, the ratio between the backscattered field
magnitudes in the two polarizations: e = |E,|/|E,|. This parameter grows
with the limestone thickness in both the case of a homogeneous
deposition of the limestone around the inner surface of the PVC cover,
see Fig. 6, and in the case of a deposition of the limestone on the bottom
part of the pipeline, see Fig. 7. By knowing the tube transverse
dimension and its orientation, it is possible to derive the standard value
of the e coefficient. Measuring the backscattering field in both
polarizations, it is possible to compare the value of the parameter e in
order to obtain an estimation of the limestone thickness. This result is
important because we are considering a thickness many times smaller
than the wavelength.

0.5

0.45

04

0.35

0.3

[EJE,|

0.25

0.2

0.15

5 10 15 20 25 30 35 40
Limestone thickness [mm]

0.1
0

Figure 7: Ratio between the amplitudes of the backscattering electric
field in the two polarizations for cylinder relevant to Fig. 5.

3. CONCLUSIONS
In the present paper, we analyzed the scattering of a plane wave by a

buried circular pipeline made by a PVC cover and a freshwater core. In
this study, we considered the presence of a limestone layer between the
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water and the PVC. We performed a frequency sweep in order to find the
frequency for which the ratio between the responses to the two different
polarizations was maximum. At this particular frequency, we considered
the backscattering magnitudes as functions of the limestone thickness
in two cases: a homogeneous layer of limestone all around the inner
surface of the PVC cover, and a settling of the limestone on the bottom of
the pipeline. In both cases, we found an opposite behavior of the
responses of the two polarizations: when the electric field is parallel to
the cylinder axis, the backscattering decreases with the limestone
thickness, while, when the magnetic field is parallel to the cylinder axis,
the backscattering increases with such thickness. From these results,
we proposed the ratio between the magnitudes of the backscattering in
the two polarizations as an index to obtain the limestone thickness in
the pipeline. Future works will consider an investigation on the index
behavior at different frequencies and its validation for other kinds of
materials.
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Electromagnetic wave scattering from roughthin layers in GPR context
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- Frequency study (large frequency band: B = 10 GHz)

- Homogeneous media (OKat 6 =0 for tis frequency range Gentii and Spagnolini, TGRS, 2009])
- Staisical descripion of the rough surfaces = Realisic simulagons:
= Height distribuion pn(0) (*Gaussian)
— RMS height G,; G ®1mm, o,z =2mm
= Height autocorrelagion funcion W(x,) (~exponensal)
—s correlafion length L. L, =5-10mm, L= 10-20 mm

1, (e0)

Representaton of an/SCand H i
SC/RB surface heights

1 (e

N. Pm2l &t al EGUGA & COSTAction TUH203 27 General Meetng - Vienna (Ausna), 30042014

- e
nl . = Eveuagghfg: Sipulation A’amftﬁ“ W.vorec

Simulation parameters:

Media permiivilies e and conduciviles o:
=45 - o, =5x10°S/m
{§3=7.0 - o3 =1x102 S/m
Rough surfaces X, and I characterisic values (o, and L)
" 1. Ge=05 mmz-BLd=6.4mm; 0,5=1.l§n2m-L,5Lc215.0 mm
2.6x=05mm-L,=64mm; Gz=20mm-L;=150 mm
3.6e=10mm-L,=64mm; Gz=20 mm-L;=150 mm

Mean layer thickness H:
H=20 mm . Sy S
Radar cenral frequency f, and bandwidth B: C
$=58GHz - B=10GHz
Incidence angle 6;and polarizason:
6;=0deg. - V polarizaion
Monte-Carlo process: N = 1000 reaiizasons () RB
Sampling step AX=1,/8

0, (c)

H 0 SC

N. P2l &t al EGUGA & COST Action TUH20S 27 General Meetng - Vienna (Ausna), 30042014

251



EU Cooperation in Science and Technology — Action TU1208
“Civil Engineering Applications of Ground Penetrating Radar”

CccosE

- e
M. % 2 MEIingwricaﬁ esufts’ Wovorecy

0.35/ T Tt o o i e e e | —— Rougn caze 1)
— 034 Tt —— Roun case2( ey
o Sneg —--=- Rough case3(u)
033”—"‘4“ “\,
0.32/{ " Ranema 2l s W
P | L=, T I I - - S B S - {
1152253354455556657 758859 951010
Influence of
upper surface roughness
Gng 71
« Decrease of 15 echo
ampliude |s|
o oo ... Smal influence on 2™ echo
1152253354455556657 758859 9510105
Radar frequency f (GHz) ampiiude |s,|

1T oa=0Smm-L.=64mm; og=10mm-Lg=150mm
2 0az0S MM - L =B MM, G 20N Lo =150 MM ey
3 ama=10mm-L,=64mm; cm=20r‘ﬂ-L,=150r"ﬁ) -

N. Pm2l &t al EGUGA & COSTAction TUH203 27 General Meetng - Vienna (Ausna), 30042014

- yy-
wg:w;@ﬁckodejﬁﬁg Woorecn

Asymptotic computation of backscattered echoes s; and s;:
Means: Scalar Kirchhoff-tangentplane Approximation (SKA)

Validity domain:
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Undergoing/future work:
- Exiension of the EM modeliing (roughinterfaces) to multi-layers — SKA

- Paramefer esimation with Gaussian and mixed assumplons — parameters esimason
(PhD M. Sun)

- Poring of PILE code from Magdab to CUDA/OpenCL using GPU (parallel compuing)

Ideas of collaboration:

- Taking the surface roughness into account in various siualons: o o
S Ag‘;? T T P ———
= buried object (C. Pont ef af),

*  (S.Lambot et af)
— asympioic analytical model (SKA, SPM, SSA, ..)

- European project?:
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“DEVELOPMENT OF NEW METHODS FOR THE SOLUTION OF INVERSE
ELECTROMAGNETIC SCATTERING PROBLEMS BY BURIED STRUCTURES”
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State of the art and open issues

Detect || increasing
| » Localize |L difficulty
Characterize

-> Quick imaging procedure
- Inspection of large spatial region
- Reliability and robustness

O Localization of buried objects is an important task in a wide range of

applications

0O Civil engineering = =

O Archeology Topic of projects
0O  Geoscience 3.2 and 3.4

B s

QO In developing efficient subsurface imaging systems,
a number of requirements must be complied with
and traded off, e.g.,
0 hardware allowing for portability
ultra-wide operating bandwidth
low levels of coupling between TX/RX antennas
antenna characterization in complex media, numerical modeling
effective forwards solvers and data inversion algorithms

Co0DO
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From a mathematical point of view, the imaging procedures require to solve an

inverse problem.
Proposed solving approaches:

O Quantitative inversion methods
0 Linear schemes
0O Non-linear schemes (stochastic and deterministic)

O Qualitative inversion methods
Migration/beamforming

Linear qualitative inversion
Sampling methods
Machine-learning based approaches

DOoODO

O Hybrid approaches
0 Integration of quantitative and qualitative schemes
0 Use of specific inversion strategies

Linear inverse scattering
U Advantages
0  Computationally effective
0 No local minima problems
0O Easier regularization
O Drawbacks
0 Based on model approximations

0 Only detection localization and “geometrical”
features

Non-linear inverse scattering (deterministic and
stochastic)
O Advantages
0O Able to retrieve the full distribution of the
dielectric properties
0 Quantitative information about the investigated
area
0 Drawbacks
0 Computational complexity
0 Local minima problem
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Sampling methods (MUSIC, LSM, ...)

O Advantages
0 Do not require simplified models of the scattering phenomenon
O Directly provide the scatterer support
O Drawbacks
O Provide only information about localization and “geometrical” features
O Performances are reduced when aspect-limited configurations are adopted

Hybrid approaches

O Advantages
0 Combine the advantages of qualitative and quantitative approaches

O Drawbacks
O More complex strategies

QO Although several advancements have been done in developing
inversion methods, several issues must still be faced, e.g.,

Development of ever more efficient direct solvers

Reduction of computational complexity of algorithms

Ability of inspecting large regions

Reduction of field samples needed to perform the inversion

Identification/classification of targets inside reconstructed images

Development of efficient clutter suppression procedures

Medium estimation (e.g., for focusing-based algorithms)

00 E 868 8 0E

Antenna modeling (with particular reference to the interaction with the
air-ground interface) and deconvolution
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Development of novel inverse-scattering schemes
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QO Inverse scattering techniques for GPR prospecting based on sampling methods
O  Some related publications (Applied Electromagnetics Research Group, Second University of
Naples, Italy)
4 R.Solimene, A. Dell'Aversano and G. Leone, "MUSIC algorithms for rebar detection," ]. Geophys. Eng., vol.
10, pp. 1-8, 2013.
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Some examples
: : D' SUN
A two-step TR-MUSIC algorithm for rebar and duct detection

Dipartimento di Ingegneria

Industrale e dell'Informazione

Procedure
1) First TR-MUSIC run: returns location
of strong inhomogeneoties
2) Compute corresponding scattering
S coefficients and up-date data and
domain Green’s fucntion
3) Second TR-MUSIC run: detects duct

scatterers / antennas
/
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Left: One-stage MUSIC. Duct is not detected
Right: Second-stage MUSIC. Duct is detected
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Participants” activities

Q Development of non-linear inverse scattering approaches (stochastic and
deterministic) for subsurface prospecting

O Exploitation of novel regularization paradigms (e.g., regularization in
Banach spaces)

Application of machine-learning paradigms to target localization
Retrieval of dielectric and velocity profiles of elliptical pipelines.

OO

0O Some related publications (Applied Electromagnetics Group, University of Genoa,
Italy.)
0O C. Estatico, M. Pastorino, and A. Randazzo, “Buried Object Detection by Means of a L?
Banach-Space Inversion Procedure,” Proc. 2013 URSI EMTS, Hiroshima, Japan, 2013, pp. 131-
134.

O M. Salucci, G. Oliveri, A. Massa, A. Randazzo, and M. Pastorino, «Multi-Focusing Procedure
based on the Inexact-Newton Method for Electromagnetic Subsurface Prospecting,” 2014
EGU General Assembly, Vienna, Austria, 2014.

0 S. Meschino, L. Pajewski, M. Pastorino, A. Randazzo,and G. Schettini, “Detection of
Subsurface Metallic Utilities by Means of a SAP Technique: Comparing MUSIC- and SVM-
Based Approaches,” ]. Appl. Geophys,, vol. 97, pp. 60-68, Oct. 2013.

QO M. Salucci, G. Oliveri, A. Randazzo, M. Pastorino, and A. Massa, “Electromagnetic
subsurface prospecting by a multi-focusing inexact Newton method within the second-order
Born approximation,” Jotrnal of Optical Society of America A. In print.

O M. Pastorino, M. Raffetto, and A. Randazzo, “Reconstruction of dielectric and velocity
][:nrofiles in pipelines through an electromagnetic inverse scattering technique,” in Proc. 2013
EEE Int. Conf. Imag,. Syst. Tech., Beijing, China, 2013, pp. 85-90.

Some examples

Regularization of inverse problems in Banach spaces

Outer/inner approach based on an inexact-Newton scheme exploiting the
properties of Banach spaces.

Benefits: Thanks to the geometrical properties of Banach spaces, they usually
provide solutions endowed with low over-smoothness (resulting in a better
localization and reconstruction), especially when dealing with “small” localized
objects.

p=14 p=20

s  Example of the advantage in
using regularization in
es Banach spaces (!l

0

0.2

04 04
55 5
‘ O | O N
06 06

65 02

N . A'M
08 4 08 S~ FA L .
s s
- 3 E|
04 0.2 0 02 04 04 0.2 0 02 04
X X

C. Estatico, M. Pastorino, and A. Randazzo, “Buried Object Detection by Means of a LPBanach-Space Inversion
Procedure.” Proc. EMTS2013, Hiroshima, 2013. 17
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Example of reconstructed

CccosE

Participants” activities

Exploitation of advanced inverse scattering techniques and integration with
multi-scaling methods for the processing of GPR data

Development of inversion strategies that can profitably exploit the
freiuency diversity of GPR measurements, in order to improve the quali
of the retrieved dielectric profiles, both qualitatively and quantitatively

Extension of innovative imaging approaches based on Bayesian
Compressive Sensing (BCS) and Interval Analysis (IA) to the problem of
subsurface prospecting

Exploitation of Learning-By-Example (LBE) algorithms for enabling real-
time detection and classification of buried objects

0O Some related publications (ELEDIA Research Center, University of Trento, Italy)

O M. Salucci, L. Tenuti, C. Nardin, M. Carlin, F. Viani, G. Oliveri, and A. Massa, "Gpr survey
through a multiresolution deterministic approach,” IEEE AP-S International Symposium,
Memphis, Tennessee, USA, July 6- 12, 2014 (Accepted).

M. Salucci, L. Tenuti, C. Nardin, G. Oliveri, F. Viani, P. Rocca, and A. Massa , "Civil
engineering applications of ground penetrating radar: recent advances @ the ELEDIA
Research Center," European Geosciences Union General Assembly (EGU2014), Vienna,
Austria, April 27 - May 2, 2014 (Accepted).

A. Benedetto, F. Frezza, G. Manacorda, A. Massa, and L. Pajewski, "GPR technologies and
methodologies in Italy: a review,"” European Geosciences Union General Assembly
(EGU2014), Vienna, Austria, April 27 - May 2, 2014 (Accepted).

Q

Some ex ples O Integrated electromagnetic inverse scattering

strategy exploiting

Cross-borehole setup

T O  an iterative multi-scaling approach for focusing the
Source ocations reconstruction only on limited subdomains of the
< Air-soil int. original investigation region
0O an efficient inexact-Newton method within the second-

order Born anroximation for the regularization of the
inverse problem

EEEEERNE
°
EH

® s e e e w4

15 4

/IMSA-IN

Initialization
(5=0, r=0, n=0)

Resolution level updating \
s>s+1, r=R(s)

Inexact Newton

=T

Refr(xy)}

required spatial
resolution?

[‘:" ~0-rlud

Clustering and
Filtering Procedure

2D Regions of
. ; & Interest Estimation
dielectric profile
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Participants”activities

Q Full 3D microwave tomographic inversion procedures
O Imaging of buried targets from airborne gathered scattered field data

0 Some related publications (IREA-CNR, Italy)

0 I Catapano, A. Affinito, G. Gennarelli, F. Maio, A. Loperte, and F. Soldovieri, “Full
three-dimensional imaging via ground penetrating radar: assessment in controlled
conditions and on field for archaeological prospecting,” Appl. Phys. A, Nov. 2013.

O G. Gennarelli, I. Catapano, R. Persico, and F. Soldovieri, “A comparison between two
measurement configurations for full 3D GPR imaging,” in Proc. 8th Europ. Conf.
Antennas Propag., The Hague, The Netherlands, 2014.

0 L Catapano, L. Crocco, Y. Krellmann, G. Triltzsch, and F. Soldovieri, “Tomographic
airborne ground penetrating radar imaging: Achievable spatial resolution and on-field
assessment,” ISPRS J. Photogramm. Remote Sens., vol. 92, pp. 69-78, Jun. 2014.

0 I Catapano, F. Soldovieri, and M. A. Gonzalez-Huici, “Performance Assessment of a
Microwave Tomographic Approach for the Forward Looking Radar Configuration,”
Sensing and Imaging, vol. 15, no. 1, Nov. 2014.

Some examples
Full 3D GPR inversion with TSVD
A 3D microwave vectorial model accounting the i{;\
interactions occurring between electromagnetic Eq ) e

waves and probed materials is used
Reconstruction of a dielectric

ol s - . . sphere (€, = 4.5, g, = 0.001 S/m,
Ex(rm) = —jwﬂkg/g(rm. rp) X (rp)[G(rp, rm)-X] drp-X }pet[tl(,?.%] GHz) " -
2
2=007m 2=009m 2=011m
01
TSVD £ £ £
01
Nt 1 01 0 01
X(rp) = Z_(Es.\'-”n)vn(rp)- aa e -
o 2=013m 2=015m 2=017m
01 01 01
The approach has also been tested z T 0 £
in a real environment @ Grotte » » =
dell'Angelo, Pertosa, (SA) a1 a1 o

01 0 01 01 0 01 01 0 01
X [m] x [m] x [m]
|. Catapano, A. Affinito, G. Gennarelli, F. Maio, A. Loperte, and F. Soldovieri, “Full three-dimensional imaging via ground

penetrating radar: assessment in controlled conditions and on field for archaeological prospecting,” Appl. Phys. A, Nov. 2013. 21
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Participants”activities

Background removal and clutter rejection

CccosE

O Some related publications (Department of Industrial and Information

Engineering, Second University of Naples, Italy)

0 R. Solimene, A. Cuccaro, A. Dell’Aversano, I. Catapano, F. Soldovieri,
“Background Removal Methods in GPR Prospecting,” in European Radar
Conference (EuRAD) 2013, Nuremberg, 9-11 October, 2013.

0 R. Solimene, I. Catapano, A. Cuccaro, A. Dell'Aversano, and F. Soldovieri,
"Ground clutter removal in GPR surveys," IEEE Journal Of Selected Topics In
Applied Earth Observations And Remote Sensing, vol. 7, NO. 3, pp. 792 - 798,

2014.

Some examples

E15)

25

005 01 C15 02 025 03 03
x[m]

(b)
ok 10

b

Experimental setup:

258
f e TeEN S L
G5 01 C15 02 025 03 0%
x[m]
(e}
x10°*

L ===,

Metallic cylinder radargram: L 5:

(a) raw-data; (b) average trace subtraction; i
(c) subspace projection method; =15

(d) entropy based time-gating. 2

sk

3
005 01 C15 02 028 03 03
x[m]
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e
d 1
=15
T2
25
2
3

158 |
(a) sand box view; (b) metal target 2l Ho

Time-gating entropy based
surface clutter rejection

Procedure

Build the normalized A-scan as

M
én(t) = lea®P/ Y lem(®)”
m=1
Compute the entropy for each t (M is
the number of A-scan)

M

es(t) ==Y ém(t)loglém(®)]

m=1

Define the time-gating window as

W(t) = {(1) ifes(t) > alog M

elsewhere

Py rre—
pr———
s
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Participants”activities

Development of soil models and efficient approaches for solving
the forward scattering problem by buried structures

O Analytical and semi-analytical solution algorithms

O Some related publications (“Roma Tre” University, Italy)
0 F Frezza, L. Pajewski, C. Ponti, G. Schettini, and N. Tedeschi, “Cylindrical-Wave

Approach for electromagnetic scattering by subsurface metallic targets in a lossy
medium,” J. Appl. Geophys., vol. 97, pp. 55-59, Oct. 2013.

QO Characterization of the response of multi-layer structures

O Some related publications (SUPELEC, France)
0 Y. Zhong, M. Lambert, D. Lesselier, and X. Chen, “Electromagnetic Response of

Anisotropic Laminates to Distributed Sources,” IEEE Transactions on Antennas
and Propagation, vol. 62, no. 1, pp. 247-256, Jan. 2014.

QO Development of analytical models (e.g., for soil response)
O Some related publications (University of Split, Croatia)

]

Q

S. Antonijevic, and D. Poljak, “A Novel Time-Domain Reflection Coefficient
Function: TM Case,” IEEE Trans Electromagn. Compat., vol. 99, pp. 1-7, 2013.

D. Cavka, N. Mora, F. Rachidi, and D. Poljak, “On the Application of Frequency
Dependent Soil Models to the Transient Analysis of Grounding Electrodes,” Proc.
2013 Int. Symp. Electromagn. Compat. (EMC Europe 2013), Brugge, 2013, pp.
777-781.

S. Sesni¢, and D. Poljak, “Antenna model of the horizontal grounding electrode
for transient impedance calculation: Analytical versus Boundary Element
Method,” Engineering analysis with boundary elements, vol. 37, pp. 909-913,
2013.

S. éesnic’, D. Poljak, and S. V. Tkachenko, “Analytical Modeling of a Transient
Current Flowing Along the Horizontal Grounding Electrode, “IEEE Transactions
on electromagnetic compatibility, pp. 1-8, 2013.
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Some examples Developmnet of new soil and forward
models

A new time domain reflection coefficient for
TM polarization has been developed. The RC
function is derived using Gaver-Stehfest
algorithm for numerical Inverse Lapalce
Transform.

This simple and efficient formulation could be T
used within time do main integral equation
approaches to analyze wire structures in the

Fig. 1. TM space wave incideat o an interface.

presence of a lossy half-space. 35 = Rafernce
30 N=2
o SR TN i
«ff —o—N=6
1-8., . 22 B VITERE-1 gl .
r0,t)=——=0t)+ ———= ) Vi —rrr—— 3 ‘\
1+5 t 1+8c "1+ (K/n)t+p S5 — \
, 10 T T | N\
. - 5
E""(t)=/ r(0,7)E™C(t — T)dr :
0 0 50 100 150 200 250 300 350 400 450

t(ns)

Fig.3. Reflected electric field for different values of N' compared with referent
waveform obtained via FFT.

S. Antonijevic, and D. Poljak, “A Novel Time-Domain Reflection Coefficient Function: TM Case,” IEEE Trans
Electromagn. Compat., vol. 99, pp. 1-7, 2013. 26

Development of medium estimation procedures

QO Estimation of time delays, permittivities, and roughness
parameters by GPR, especially with subspace methods (MUSIC,
ESPRIT, etc)

QO Detection of debonding within pavement structures by GPR
with machine learning methods

O Some related publications (Cerema, France)

0 C. LeBastard, Y. Wang, V. Baltazart and X. Dérobert, “Time Delay and
Permittivity Estimation by Ground Penetrating Radar with Support Vector
Regression”, IEEE Geosci. Remote Sens. Lett., vol. 11, no. 4, pp. 873-877, April
2014.

O M. Sun, N. Pinel, C. Le Bastard, V. Baltazart, A. lhamouten and Y. Wang, “Time
delay and surface roughness estimation by subspace algorithms for pavement
survey by radar”, 7th Int. Workshop Adv. Ground Penetrating Radar, Nantes,
July, 2013.
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Some examples Estimation of time delays, permittivities
and roughness parameters by GPR
Use of machine learning Offline phase: Train the SVMs by using

algorlthms for tlme de]ay and known examples of received data

: : : : 1 ssed) and ti
dielectric constant estimation 921355}%&?5{&?2;6 ) and time

from backscattered field data  Online phase: used the trained SVMs to
estimate the unknown time
delays/permittivities

5 . ‘ ‘ 8.5

T | —True
a3l o7 O Estimated
I " ] wﬁ
8

ZZ 4 2 =
£E £.5 ‘ |
$E3s 1 £
< g 5
g3 z 7
E2Z  3q00s0easte7a0000% £
Lt~
=
%.25| 6.5 FJ
B 0 0 ¢
L 200 400 600 800 1000 1200 0 2‘(111 400 600 800 1000 1200
Sample number Sample number
Fig. 2. Nonoverlapped echoes: True and estimated time delays and true and . ] : e ;
estimated dicctric constants, with B = [0.5,2.5) GHz and SNR = 20 4B, (105, Nonowerappes sehocs: frue and csfated iy thicknesses obtained
C. Le Bastard, Y. Wang, V. Baltazart and X. Dérobert, “Time Delay and Permittivity Estimation by Ground Penetrating
Radar with Support Vector Regression”, IEEE Geosci. Remote Sens. Lett., vol. 11, no. 4, pp. 873-877, April 2014. 28

O Soil composition (e.g., moisture and clay) evaluation

O Some related publications

O A.P. Tran, F. Andre, and S. Lambot, “Validation of Near-Field Ground-Penetrating Radar
Modeling Using Full-Wave Inversion for Soil Moisture Estimation,” IEEE Transactions on
Geoscience and Remote Sensing, vol. 52, no. 9, pp. 5483-5497, Sep. 2014.

O A. Di Matteo, E. Pettinelli, and E. Slob, “Early-Time GPR Signal Attributes to Estimate Soil
Dielectric Permittivity: A Theoretical Study,” IEEE Transactions on Geoscience and Remote
Sensing, vol. 51, no. 3, pp. 1643-1654, Mar. 2013.

O F. Tosti, C. Patriarca, E. Slob, A. Benedetto, and S. Lambot, “Clay content evaluation in soils
through GPR signal processing,” Journal of Applied Geophysics, vol. 97, pp. 69-80, Oct.
2013.

0O C. Patriarca, F. Tosti, C. Velds, A. Benedetto, S. Lambot, and E. Slob, “Frequency dependent
electric properties of homogeneous multi-phase lossy media in the vmund—openetrating radar
frequency range,” Journal of Applied Geophysics, vol. 97, pp. 81—88£> Oct. 2013.

Development of measurement systems

0O Some related publications (University Nice Sophia Antipolis, France)

O A Zeitler, C. Migliaccio, A. Moynot, 1. Aliferis, L. Brochier, J.-Y. Dauvignac, and C. Pichot,
“Amplitude and Phase Measuréments of Scattered Fields for Quantitative Imaging in the W-
band,” IEEE Transactions on Antennas and Propagation, vol. 61, no. 7, pp. 3927-3931, Jul.
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GPR antenna modeling and deconvolution techniques

O Antenna deconvolution techniques for soil permittivity estimation
O Some related publications
O R Solimene, A. D"Alterio, G. Gennarelli and F. Soldovieri, "Estimation of Soil Permittivity in

Presence of Antenna-Soil Interactions, IEEE Journal Of Selected Topics In Applied Earth
Observations And Remote Sensing, vol.7, NO.3, pp. 805-812, 2014.

O L. Mertens, A. P. Tran, and S. Lambot, “T()wardsEh sically-based filtering of the soil surface,
antenna and coupling effects from near-field GP! d{\ta for improved subsurface imaging,”
7th Int. Workshop Adv. Ground Penetrating Radar, 2013, pp. 1-5.

O Antenna near-field modeling
0O Some related publications

O N. Diamanti and A. P. Annan, “Characterizin% the energy distribution around GPR
antennas,” Journal of Applied Geophysics, vol. 99, pp. 83-90, Dec. 2013.

O A.P. Tran, C. Warren, F. André, A. Giannopoulos, and S. Lambot, “Numerical evaluation of a
full-wave antenna model for near-field applications,” Near Surface Geophysics, vol. 11, no. 2,
pp. 155-165, Apr. 2013

O S. Lambot and F. Andre, “Full-Wave Modeling of Near-Field Radar Data for Planar Layered
Media Reconstruction,” IEEE Transactions on Geoscience and Remote Sensing, vol. 52, no. 5,
Pp. 2295-2303, May 2014.

Conclusions

O The development of efficient imaging algorithms, able to face the
complexity of the underlying electromagnetic inverse scattering
problem, is highly important for enhancing modern GPR
systems.

Q Several activities concerning such topic have been started in the
framework of project 3.2.

0O Very good results have been obtained by the participants.
O However, there are still some open issues that must be faced and
that should drive future developments.

O Moreover, it would be useful to have a set of benchmark
simulated and measured testbed to test the developed
approaches.

O Main difficulties:

0O The field inside the scatterers depends upon the unknown dielectric
contrast between the target and the host medium

4

The relationship between the contrast function and the scattered field is
nonlinear

0O The inverse problem is ill posed problem

.

Regularization algorithms are needed
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“FULL-WAVEFORM INVERSION OF GPR DATA
FOR CIVIL ENGINEERING APPLICATIONS”

(CONTRIBUTION TO PROJECT 3.2)

Jan van der Kruk (DE), Alexis Kalogeropoulos (CH),
Johannes Hugenschmidt (CH), Anja Klotzsche (DE),
Sebastian Busch (DE), Harry Vereecken (DE)
Jj.van.der.kruk@fz-juelich.de

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-16051, 2014 and is available on www.egu2014.eu

#) JULICH
GPR Characterisation of civil engineering structures:
E /?‘ Crosshole On-ground
‘\\1 ,// ‘“:,r,,,:\i
\\ / \\\ //*
— \, S— \\ ,\,\Il,,,ll
. N \ /
Off-ground T:_-’______‘: T \\ /
\\\ //’ \ I/
~ N

Off-ground, crosshole and on-ground GPR are able to minimal-invasively
investigate distributions/structures of

= dielectric permittivity &: = structural information &
water content, porosity
= electrical conductivity o - chloride content

Due to the high frequency and fairly quick measurement acquisition
improved characterization compared to other methods
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Ray-based methods Waveform methods
Input data: Input data:
= First arrival times = Significant parts of wavefields
= First cycle amplitudes = |nversion based on Maxwell's Eq.

first-cycle amplitude

7

first-arrival

full-waveform

—
Time

> inexpensive, coarse structures  © increasing computing power enables
use of high resolution modelingtools
detailed sub-wavelength structures,
. . ) quantitative medium properties.

Off-ground GPR Full-Waveform Inversion
Concrete Characterisation

source receiver

3
offset =0.28 m h,=040m
h=025m
air
concrete
lo,.g,] d=0.08 m
aluminium
9,8,
...... » concrete reflexion
—> aluminium reflexion Measurement:
Ca Jir-conkrete 17 concrete-aluminium
SpcuiTan rerscratoa 2es reflection "' , | reflection
Chioride Mobe: = A N
= “".-r — — __."/Lf\\ W [ W e
1 0% 7 3 ) ".' VY | sedected waveform
0.4% 4 s 6 ° ] . . N " 2 " . " »
0.0% 1 2 3 Tiene (ns]
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GPR calibration

Measurement over stainless steel plate for different
heights to determine:

Phase center Estimation: Effective wavelet Estimation:

=0 5" estimated wavelet -
~=0.575-2.1 GHz wavolet
1-21 Gz wavelet
1-1625 GHz wavelet

PR

10 15 20
Time (ns)

A. Kalogeropoulos, J. van der Kruk, J. Hugenschmidt, S. Busch and K. Merz (2011),
Chlorides and moisture assessment in concrete by GPR full waveform inversion
Near Surface Geophysics, 2011, 9, doi:10.2597/1872-0604.2010084

Off-ground GPR Full-waveform Inversion

Usingthe accurate forward modelthe measured data is fitted with the
modeled data usingthe phase and amplitude using a combined global
andlocalinversion scheme

s
$ 0
Inversion for £ 5
Relative permittivity ,x 10" Measured
Conductivity: ¢ andA o E :
8s 1 15 2
Frequancy [GHz)
1 10*
Speaimxn sorseratoa 0
Chioride Mobtere E
] 02 W 1 3 4 8
10% ] s 9 Tiene [rs)
0.4% s 5 6 Specimen 3 Permittivity ¢ = 8.59
0.0% \ " 3 Relative humidity 90%  Conductivity a, = 80,56 mS/im
= Chioride content 0% Ao = 11,82 mSim

A. Kalogeropoulos, J. van der Kruk, J. Hugenschmidt, S. Busch and K. Merz (2011),
Chlorides and moisture assessment in concrete by GPR full waveform inversion
Near Surface Geophysics, 2011, 9, doi:10.3957/1872-0604.2010084
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Homogeneous Slab Inversion Results:
Permittivity and Conductivity

120 0.575-2.1 GHz Inversion | Specimen 8

A
2 Relative humidity 70%
4 1-2.1 GHz Inversion Mwﬂm:m a
110 * 1-1.625 GHz Inversion | $ -
2. Moan vabos S s o
pec n elative hurmidity .
Relative humidity 35% Chioride content 1%
100+ Chioride content 1%“0 J
E‘ Specimen 6
(7’ . " Relative humidity 90%
E 90 mwmmc-w 35% o wmm‘o o
o& Chioride content 0 4’1.. o & Specimen 5 ‘
p . Relative humidity 70%
80 4 e Chiloride content 0.4%
A
Specimen 1 * Specimen 3 )
Relative humidity 35%  Relative humidity 90%
Chioride content 0% Chioride content 0%
70| A Specions smmention
Specimen 2 Chiortde Slhistare
Relative humidity 70% %% 0 W
60. Chioride content 0% . T 7 0 D
045 4 s 6
8 8.5 9 : : :

00%

€[]

r

Generation of Chloride Gradients in Concrete

« Three Concrete Specimen were made

« Different Saline Solutions were put on the specimen’s open
surface with different exposure length to generate chloride

gradients
Specimen A Specimen B Specimen C
Saline Solution (a/l) 165 165 2475
Exposurein Days 56 157 36

* Repeated off-ground GPR measurements were made

«  Weighing measurements indicate water evaporation

« Presence of gradients was confirmed by destructive testing
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Synthetic models for different gradients

air-concrete

800 refiection —Homogeneous o
600} — Decreasing o gradient
—Increasing o gradient
o 400¢
-
:‘3 A concrete-aluminium
E. 200 reflection
< 0 — ~
Vo
-200¢ 440
400t . o 23074
5 6 (mSim 54
f-=1.2 GHz, 2/4=2cm Time (ns) 0 Depth (cm) s

Full-waveforminversionapproachto determine
Chloride Gradient Determinationin Concrete

« Use ray-based far-field approximations to determine start
parameters (g, o) for full-waveform inversion

« ¢, o fulllwaveform inversion using air-concrete reflection
= indicative for upper concrete properties

« ¢, o fulllwaveform inversion using concrete-metal reflection
= indicative for average concrete properties

« Full-waveform inversion for conductivity gradient
« using both air-concrete and concrete-metal reflection
« using former results as start values
« constant permittivity assumption
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Inversion results of experimental data

Specimen A Specimen B Specimen C

Days CI(ah) Days CI(ag/l) Days Cl(g/l)
56 165 157 165 36 2475
Inversion: ¢(-) o (mSim) z(-) o (MS/m) z(-) o (MS/m)

Ray-based 10.2 g =230 95 a =200 10.7 o =240

Full-waveform
Air-concrete 115 250= 13.0 230= 129 340=
reflection

Full-waveform
Concrete-metal 9.8 d =180 91 ag= 160 10.3
reflection

Full-waveform

Air-concrete & 99 270=150 93 250=120 102 320=120
Concrete-metal

reflection

Q.
"
-
g

Full-waveform inversion results for increasing
chloride content using both reflections:
(Specimen A)

@

®

E- 1 1 1 Il 1 1 Il Il 1 1 1
. 1 . . . .

b Freq1u'gncy [&Hz]

@

S10e3f

Ese -1 1 1 L 1 1 1 L 1 1

< Yz 1 12 14 186

—Original

580 - —'\/\/w —lInverted
=500 1 1 1 1 ! 1 ! ! ! 1 1

Tlr%e [ns]7 8 9 10 N

A. Kalogeropoulos, J. van der Kruk, J. Hugenschmidt, J. Bikowski, E. Bruhwiler,
2013, Fullwaveform GPR inversion to assess chloride gradients in
concrete, NDTEE International, 57, 74-84, DOI:10.1016/j.ndteint. 2013.03.002
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Spec. A Spec. B Spec. C
ClI-(a/l), days 165 (56 days) 165(157 days) 247.5(36 days)

Full-waveform ¢ (MS/m): ¢ (MS/m): ¢ (MS/m):
Inversion 0.27=0.15 025=0.12 032=0.12

- Destructive test.:
0.7
Free CI (%) 1.75% 1.60% 2.05%

Comparison with destructive
measurements

-=-Specimen A
o-Specimen B
-«Specimen C

Free Chloride % with respectto concrete mass
_2

Depth (cm)
0 . . . . .
0 1 2 3 4 5 6 7 8 9

Off-ground GPR FWI Conclusions

*  Full-waveform inversion returns quantitative
values of relative permittivity and conductivity
for homogeneous concrete slabs

* Chloride concentration dominates the diffusion
through the concrete, whereas exposure time is
of minor importance

* Full-waveform inversion can identify chloride
gradients which are consistent with destructive
data

* Furtherresearchis needed to obtain improved
quantitative conductivity gradient values for
more complicated scenarios

A. Kalogeropoulos, J. van der Kruk, J. Hugenschmidt, S. Busch and K. Merz (2011),
Chlorides and moisture assessment in concrete by GPR full waveform inversion
Near Surface Geophysics, 2011, 9, doi:10.2337/18732-0604.2010084

A. Kalogeropoulos, J. van der Kruk, J. Hugenschmidt, J. Bikowski, E. Bruhwiler, 2013,
Fullwaveform GPR inversion to assess chloride gradients in concrete,

NDT&E International, 57, 74-84, DOI:10.1016/j.ndteint.2013.03.003
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“MULTI-FOCUSING PROCEDURE BASED ON THE INEXACT-NEWTON METHOD
FOR ELECTROMAGNETIC SUBSURFACE PROSPECTING”
(CONTRIBUTION TO PROJECTS 3.2 AND 3.4)

Marco Salucci (IT), Giacomo Oliveri (IT), Andrea Massa (IT), Andrea
Randazzo (IT), Matteo Pastorino (IT) — andrea.randazzo@unige.it

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-11040, 2014 and is available on www.egu2014.eu

1. INTRODUCTION

Ground penetrating radars (GPRs) are key instruments for subsurface
monitoring and imaging. Further research is however needed for facing
the complexity of the underlying inverse scattering imaging problem
(non-linearity and ill-posedness). A novel integrated electromagnetic
inverse scattering strategy is proposed, using an iterative multi-scaling
approach for focusing the reconstruction only on limited subdomains of
the original investigation region, and using an efficient inexact-Newton
method within the second-order Born approximation for the
regularization of the inverse problem. The approach is validated by
means of numerical simulations.

2. BURIED INVERSE SCATTERING PROBLEM

Objective: starting form measures of the electric field collected in a
given observation domain, find an approximation of some model
parameters describing the electromagnetic properties of the
investigated area (e.g., the contrast function 7=¢/elH —1)

vp 1 TX/RX antennas
Hypthesis Meas}{f?.“l‘i@ﬁ‘i?rl‘?i'}_’%a_b_s___y ________________
cylindrical configuration A A A A A A A AN,
=e(xy)/elb —1 N o
TM polarized time-harmonic Einc Escarl| ¢,
incident field @
Elinc (vr)=Wlinc (x,y)z
Target
; Investigation area, Dy,
Homogeneous

Two-dimensional scalar problem
Elscatt (r)=WYIscatt (xy)z

half space medium
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Green’s function
for the half space [1]

Data equation

W2, (0 = W0 (0 =W (0 = —k, [T(V)W;(0G,(x/¥)dy x€D,,
D,

inv

HP: Second Order Born Approximation (SOBA) [2]:

Wi () = Fjz(0) -k [T(DEEMG, (X/y)dy = F(7)(x)

inv

first order Born operator

Fir(0) = -k [T(1)¥. ()G, (x/y)dy

D,

inv

[1] D.C. Stinson, Intermediate mathematics of electromagnetics. Englewood Clifts, N.J.: Prentice-Hall, 1976.
[2] C. Estatico, M. Pastorino, and A. Randazzo, “An Inexact-Newton Method for Short-Range Microwave Imaging Within the Second-Order
Born Approximation,” IEEE Trans. Geosci. Remote Sens., vol. 43, no. 11, pp. 2593-2605, Nov. 2005.

Set of equations to solve: Unknowns:
FB]Z (T) lII.:cat 1 ED

ng(T) = = =1Pmt T(X) —;b[(;‘(X)—f,‘b] ,X—(x,y) inv
FBPZ (T) lps}:ar

Discretization: N square cells

WL, () = Fjr(0) -k [T()Fz(Y)G, (x/y)dy = F/,(T)(x)

inv

e In compact form

d={¥’, (x),p=1,..P}

ca

Flu}=Fay(7)

contains the unknown
object function

276



EU Cooperation in Science and Technology — Action TU1208 A t
“Civil Engineering Applications of Ground Penetrating Radar” v E D E

TX/RX antennas

Theoretical leflCUItleS Measurement domain, Do

a) ill-posedness/ill-conditioning

b) local minima issues

Escatt €p

Countermeasures

(a) Regularization techniques

Indirect approaches (applied to
deterministic [1] and stochastic [2]
algorithms)

Target

Investigation area, D;y,,

Direct Regularization Techniques:
Inexact Newton Method

(b) Reduction of local minima

IMSA-Inexact Newton
Integrated Approaches

Global Optimization Techniques [2]
Iterative Multi-Scaling Approaches

[1]P. M. van den Berg and A. Abubakar, “Contrast source inversion method: State of the art,” Prog. Electromagn. Res., 2001.
[2] M. Pastorino, “Stochastic Optimization Methods Applied to Microwave Imaging: A Review,” IEEE Trans. Antennas Propag., Mar. 2007.

INEXACT NEWTON METHOD

=Flut-d
y=Flu} Example: 1D case
Iterative Solution of |F{u}=d s rra
e Algorithm:
1. Choose a starting u:i Uy : s
éLinerize Faroundudn \ : J
b v, =Flw.}-d H :
3. Solve T \\ : i
<3 Uy U Y g
3 “h,  h,

Flulnj}—d=Fluin /in
Succession of
G regularized
linear problems

Regularizatio

4. Update u dn+1 =u @ 7 Capabilities

\_

v
Deterministic

Local Minima . |nitialization -
h Problem dependent search
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LocAL MINIMA & RESOLUTION

Solution IS Formulation Data
LARGE INFORMATION LIMITED AMOUNT OF
CONTENT AVAILABLE INFORMATION

[1]
vec' Nt Dli dec™

High Dimensional
Solution Space

High Complexity - condltlonmg
Solution Space

Local Minima [2]
Functional @

D

Condition to mitigate Local Minima problem? —=1

N

[1] O. M. Bucci and G. Franceschetti, “On the degrees of freedom of scattered field,” IEEE Trans. Antennas Propag., 1989.
[2] T. Isernia, V. Pascazio, and R. Pierri, “On the local minima in tomographic imaging technique,” IEEE Trans. Geosci. Remote Sens., 2001.

MULTI-RESOLUTION STRATEGY
LIMITED AMOUNT OF @m HIGH SPATIAL RESOLUTION
AVAILABLE INFORMATION (D) : (N) REQUIRED

Iterative Multi Scaling Approach (IMSA)

“Better Exploitation of the Information Content of the Field Data”

Dind
O Key Issue
. Rol
Smart allocation of the unknowns %
v Background - Low resolution oQ

v Rols - High resolution

SOME MULTI-RESOLUTION STRATEGIES
[1] E. L. Miller. and A. S. Willsky, “ A Multiscale, Statistically Based Inversion
D M Scheme for Linearized Inverse Scattering Problems,” IEEE Trans. Geosci.
Remote Sens., vol. 34, pp. 346-357, 1996.

oo Acquired informaﬁon - Mu |ﬁ.step process [2] A. Baussard, E. L. Miller, D. Lesselier, "Adaptive Multiscale Approach for
2D Microwave Tomography“, Proc. URSI2004, Pisa, Italy, May 2004.
. . [3] S. Caorsi, M. Donelli, D. Franceschini, and A. Massa, “A new
< No a-priori hypotheses

methodology based on an iterative multiscaling for microwave imaging,”
IEEE Trans. Microwave theory Tech., vol. 51, pp. 1162-1173, Apr. 2003.
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THE MULTI-SCALING PROCESS

At each Iteration:

D —
Rol =1
Afs) D :#Data
Nr(s): # Unknowns
o %)
oo at each step

Reduced Number
of Unknowns and
Local Minima [*]

Enabled Use of
Local Strategies

R(S)

(s) _ ()
N = ZNr <«

Discretization of the
Investigation Domain at
the r-th Resolution Level

[*] T. Isernia, V. Pascazio, and R. Pierri, “On the local minima in a tomographic imaging technique,” IEEE Trans. Geosci. Remote Sens., vol. 39,
pp. 1596-1607, Jul. 2001.

THE IMSA-IN STRATEGY

Q Initialization (s = 0 m
Define the “Guess solution”
ﬁSA-IN

s (X,¥)

Initialization
(s=0, r=0, n=0)

Resolution level updating
s>s+1, r=R(s)

Q Low-Order Reconstruction (s = 1)

Inexact Newton

Update u,,,_h +u,

a Multi-Step Process (s > 1)
Rols Estimation (Clusteri

Procedure) q =1,...,Q(s

- Multi-Resolution

Representation r = R(s) in Rolg

. Termination Criterion

Linearize Problem
around u,,

gularize
dF%!
sl h, =D-Flu,}

Clustering and
Filtering Procedure

required spatial
resolution?

Accuracy ok?

2D Regions of
Interest Estimation

G. Oliveri, A. Randazzo, M. Pastorino, and A. Massa, “Electromagnetic imaging within the contrast
source formulation by means of the multiscaling inexact Newton method,” J Opt Soc Am A, 2012.
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Cross-borehole setup
0.5

3. NUMERICAL RESULTS

«L-Shaped» scatteter

Measurement points
Source locations

-0.5

< Air-soil int.

0 ®
® ®
® ®
< ® Dy ®
® ®
15 0 ®
® ®
2 ® ®
2.5
45 4 05 0 05 1
Xy
Actual dielectric profile
-0.1
-0.5
£ 09
S

e Discretization

- BARE-IN: N =400
- IMSA-IN: N =100

Re{t(x,y)}

timsaan = 128 [s]
Vs
toaren = 247 [s]

CccosE

Scattering System Configuration:

e TM illumination: 300 MHz

e setup configuration: cross-borehole

e views: V=16

e measurement points for view: M=15 equally spaced

* D, dimension: L, = 1.6,

Scatterer:

e object function: T=1.5+ j0.0

Error Figures:

ric

iz, —‘l'"‘

1N
“TNEfr, +]

T, -7, e - 1

obj —
4 Nﬂb/ nintheobject ‘1" +1‘

€

BARE-IN

1ot eabj ebg
BARE-IN 8.53 102 2.7410? 6.19 10
IMSA-IN 1.02 102 2.24 101 1.84103
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IN-External It.: 20
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' o SNR = 20 [dB] SNR = 10 [dB]
e Discretization

- IMSA-IN: N =100

Re{r(x.y)}
\Z

\Z

timsaan = 128 [s]

etot eobj ebg
SNR =20 [dB] 1.02 102 2.24 101 1.84 103
SNR = 10 [dB] 5.85 1072 2.32101 4.12 1072
«O-Shaped» scatteter
Cross-borehole setup
* Mo einea ohons Scattering System Configuration:
o s ~ Air-soil int.
sl © ° e TM illumination: 300 MHz
£ 4l e Do . e setup configuration: cross-borehole
15 e views: V=16
2l L * measurement points for view: M=15 equally spaced
%5 4 05 0 05 1 15 ° DinvdimenSion: LD = 1'6Ab
e,

Scatterer:
* object function: T=0.2+ j0.0
e outerside:L =4, /2

Refz(x,y)}

0.8 -0.4

0 04 08
Xy

Actual dielectric profile
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BARE-IN IMSA-IN

Yy

0.1 03
fae) 0.25

05
-g 02
i £ 09 £
x 3
2 13
(%]

17

08 0 . etot=3'52 102

SNR=20 dB

-0.1 24
2
-0.5
16
3 3 3
= R 0.9 12 ¥
ks £ < 5
2 g >
0.8
-1.3
0.4
-1.7 0
-0.8 -0.4 0 0.4 0.8 -0.8 0.4 0 0.4 0.8
Xy XAy

3.64 10 €,,=4.42 102
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Homogeneous scatteter with Small Details

Cross-borehole setup
M ren osatons O Scattering System Configuration:

0 <= Air-soil int.

e TM illumination: 300 MHz

o e setup configuration: cross-borehole

inv

¥y

e views: V=16

e measurement points for view: M=15 equally spaced

25— . : * D,,, dimension: L, = 1.6A,

o
S
o
o
o
o
o

Scatterer:

N s @

e object function: T=1.5+ 0.0

S 2 2 o =
vR o @
Refr(xy)}

o

BARE-IN IMSA-IN

e Discretization
- BARE-IN: N = 400

-0.1

-0.5
1.2

- IMSA-IN: N =100
SNR=20 dB .

Improved Accuracy]

o -
@

Refr(x,y)}
My
Refz(x,y)}

ot €obj €bg
IN-External It.: 20
BARE-IN 1.3410" 3.2410" 1.0410" IN-Internal It.: 20
IMSA-IN 4.42 107 1.88 10 3.18 102
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4. CONCLUSIONS AND FUTURE WORK

The imaging problem by buried objects was studied, employing a
second-order Born approximation. Inexact Newton-based multi-
resolution approaches were developed and tested on synthetic data.

Future work will include testing the approach on experimental data and
developing a 3D formulation.
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“DETECTING A SUBSURFACE CYLINDER
BY A TIME REVERSAL MUSIC-LIKE METHOD”
(CONTRIBUTION TO PROJECT 3.2 AND 3.4)

Raffaele Solimene (IT), Angela Dell'Aversano (IT), Giovanni Leone (IT)
raffaele.solimene@unina?2.it

The abstract is published in Geophysical Research Abstracts, Vol. 16,

EGU2014-10953, 2014 and is available on www.egu2014.eu
This contribution was presented as a poster.
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“ON THE EXPLOITATION OF GROUND PENETRATING RADAR FOR CIVIL
ENGINEERING APPLICATIONS @ THE ELEDIA RESEARCH CENTER”
(CONTRIBUTION TO PROJECT 3.2 AND 3.4)

Marco Salucci (IT), Lorenza Tenuti (IT), Giacomo Oliveri (IT), Federico
Viani (IT), Paolo Rocca (IT), and Andrea Massa (IT)
andrea.massa@unitn. it

The imaging of walls, roads, pavements and buildings using Ground
Penetrating Radar (GPR) measurements represents a very active topic
within the activities of the ELEDIA Research Center (DISI - University of
Trento, Italy). More in details, the research activities mainly focus on the
exploitation of advanced inverse scattering techniques, both
deterministic and stochastic, together with their integration with multi-
resolution methods, for the processing of GPR data. The performances of
such inversion strategies have been well assessed when dealing with
free-space microwave imaging scenarios, while multi-resolution
approaches proved to be very effective in mitigating issues such as the
non-linearity and ill-posedness of the inverse problem, which turn out to
be even more remarkable when dealing with the more complex GPR
formulation. In particular, great efforts have been devoted towards the
development of a regularized multi-resolution approach based on the
Inexact Newton (IN) method, both under the Second Order Born
Approximation (SOBA) [1] and exploiting the full non-linear formulation
of the GPR microwave imaging problem [2]. Moreover, the use of multi-
frequency strategies is currently under investigation. These approaches
allow to extract and then exploit the information coming from the
intrinsic frequency diversity of the collected GPR data. In this
framework, a multi-resolution technique based on a Frequency Hopping
(FH) approach has been presented in [3] and [4]. Particular attention is
also devoted towards the development of innovative imaging approaches
based on Bayesian Compressive Sensing (BCS), which can be profitably
exploited for the retrieval of multiple scatterers which are sparse with
respect to a properly chosen representation basis [5],[6]. Furthermore,
imaging approaches based on the level-set-based optimization technique
have been considered, as well, for the qualitative reconstruction of
multiple and disconnected homogeneous scatterers [7]. Finally, the real-
time detection, localization and classification of defects embedded within
inaccessible domains has been investigated by exploiting the so-called
Learning-By-Examples (LBE) paradigm [7].
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PROGRESS REPORT OF PROJECT 3.3

“DEVELOPMENT OF INTRINSIC MODELS
FOR DESCRIBING NEAR-FIELD ANTENNA EFFECTS,
INCLUDING ANTENNA-MEDIUM COUPLING, FOR IMPROVED RADAR DATA
PROCESSING USING FULL-WAVE INVERSION”

Albéric De Coster (BE), Sébastien Lambot (BE)
alberic.decoster@uclouvain.be

25 participants, 17 institutions and 1 company

8 countries : Italy, France, United Kingdoms, Belgium, Greece, Portugal, Croatia
and The Former Yugoslav Republic of Macedonia

Electromagnetic properties retrieval

Resorting to full-wave forward and inverse modeling of the GPR data is
necessary to maximize information retrieval capabilities

Product

. Error 7
n:uémmw‘h:n — function ‘(
— ' “ ’..

Signal inversion = s TR

Measurad signal
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Forward modeling approaches

Straight rays Current distribution MoM mesh FDTD grid
& source wavelet

(Warren &

(Huisman et al., 2003) (Gentili & (Bruns et al., 2003) 5
Giannopoulos, 2011)

Spagnolini, 2000)

Accuracy and computation time are still limiting

Intrinsic forward model

Example: Radar equation in the frequency domain (Lambot et al., IEEE TGRS, 2004, 2014)

R(o)

I{w) I(®)

AN LY

Backscattered field distribution decomposed into elementary distributions
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Contribution UCL, Belgium (A. De Coster)

(a) 401 frequencies (b) 33 frequencies

P

8

.5

2! log, (9 2
005 01 015 02 025 03 035 04 045 005 01 015 02 ,(].PES](U 035 04 045
n (m)
1

, (m)

(c) 5 frequencies

Use of intrinsic model for
information content analysis

=) Optimized radar design, data
acquisition and computation time

2
“005 01 015 02 025 03 035 04 045
h, (m)

Contribution Institut Fresnel, France (C. Eyraud)

12 7 b

10 12 10

8 8

E 6 E 6
~N N

08

4 4

e 06 2

Y - 8 -05 0 05 “

Y (m) Y (m)
Measurement equivalent model
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Contribution Alyotech Technologies, France (N. Pinel)

Vsca2 Wscas

Transmitter (x,, Z,)

Q (e,4,04)

Q;(g5,03)

Contribution Split, Croatia (D. Poljak)

(Space-time dependant integral equations - no derivatives)

=) Improvements to fastly model antennas in presence of lossy media

-

L l(x',l—ﬁ) ¢ l(x',l—i—r)
[——Cdx'- [ [H6,1)———5—dxur=
5 4rR fedt 47R

L - —
L_[E,’r"‘(x',t—lx—ﬂ)dx'+ﬁ,(t—f—)+FL(t—L x)
2Z, 5 c c c
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Perspectives for intrinsic models

* Design specific acquisition schemes or measurement protocols

- Calibration measurement protocol
- Antenna coupling in arrays

» Develop intrinsic modeling solutions for specific confiqurations

- Road layer reconstruction
- Tree trunk tomography

» Towards hybrid modelling methods

« Combining intrinsic antenna models with effective eletric field integral
equations for subsurface with object configurations

(Collaboration between Roma Tre and UCL, C. Ponti)

« Combining FDTD antenna models with intrinsic representations for
improved modeling (accuracy and computation time)

(Collaboration between Edinburgh University and UCL, A.
Giannopoulos)

« Collaboration between UCL and N. Pinel for radar data modeling in
presence of rough interfaces

“HIGH-RESOLUTION MONITORING OF ROOT WATER UPTAKE DYNAMICS IN
LABORATORY CONDITIONS USING FULL-WAVE INVERSION OF NEAR-FIELD
RADAR” (CONTRIBUTION TO PROJECT 3.3)

Nicolas Mourmeaux (BE), Félicien Meunier (BE), Phuong Anh Tran (BE),
Xavier Draye (BE), Sébastien Lambot (BE) -
nicolas.mourmeaux@uclouvain.be

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-12334, 2014 and is available on www.egu2014.eu
This contribution was presented as a poster.
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“INFORMATION CONTENT IN FREQUENCY-DEPENDENT, MULTI-OFFSET GPR
DATA FOR LAYERED MEDIA RECONSTRUCTION USING FULL-WAVE INVERSION”
(CONTRIBUTION TO PROJECT 3.3)

Albéric De Coster (BE), Phuong Anh Tran (BE), Sébastien Lambot (BE)
alberic.decoster@uclouvain.be

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-658, 2014 and is available on www.egu2014.eu

Issue — Data acquisition and computation time

Soil EM properties EM forward model

Modeled signal

l Optimization

|
algorithm
1

‘ Error

e

function
—_—
p—

Signal inversion

Measured signal

Computation time decreases without affecting the information retrieval capabilities?
- Impact of the number of frequencies

Can we improve the information retrieval capabilities during data acquisition?
- Impact of the multi-offset configuration

=> How to assess the information retrieval capabilities?

For all parameter
combinations
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Tools — Intrinsic GPR modeling (far-field — near-field)

CccosE

Ty (IN

~G°R,) ' GT,

. S(w
14 “ L | | ( )
R ()
- e o
i 3 e
; ~ g
S T
Ty(w) ¥
Al S
—
| J | ,‘_|
T, (@)
Backscattered field distribution
dec d into el tary
distributions

=) For wave propagation in planar layered media

T = [Tia(w) Ti2(w)

Ts = [Toa(w) Toa(w)

R, = diag ([Ri1(w) Rya(w)

Gulw) Guw)
Gan(w) Gnw)

Cri(w) Gra(w)

Number of frequencies — Numerical experiments

Source and

\
field points

Medium 1: €= 5,6, =102

whe
-

Medium 2 : &;=6.5,6,= 1017

Tin(w)"

Ton(w))

R, n(w)])

Gin(w

Gan(w

Grn(w)

Configuration : Monostatic
Antenna — Medium offset : 0 cm
Layer thicknesses : 10 cm
Frequency range : 0.8 — 4 GHz
Variable frequency steps

nf, =2 / nfy, =401

Parameter boundaries:

Sensitivity analysis characteristics

Studied parameter sets : &, - €, and €, - h,;

2<g,8<10
0.01<h; <05

Number of divisions for the parameter space : 100

Computations per plot : 10000
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Number of frequencies — Numerical experiments

(a) 401 frequencies (b) 33 frequencies

o 2 log,, @
01 015 02 025 03 035 04 045 005 01 015 02 025 03 035 04 045
h, (m) h, (m)

(©) 5 frequencies

Information content analysis

=) Optimized radar design, data
acquisition and computation time

@)

Number of frequencies — Laboratory experiments

024m

Source and ﬁe_lg\pomu ‘
E{ Completely dry sand
o f
28

= Antenna type : Vivaldi

Heights : Various
Frequency range : 0.8 - 4.0 GHz
Frequency step : 2 MHz

Sensitivity analyses

Parameter boundaries: 2 <gj, &, <10
Computations per plot : 10000

Number of frequencies : 1601, 401, 101,33 & 5

NB : Conductivities previously fixed thanks to an
inversion procedure
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Number of frequencies — Laboratory experiments

CccosE

1601 frequencies

Parameter values

£ =2,55,¢6=2,.80

Retrieved values

£ =239:8,=3,04

Computation time

+ 62 minutes

Messared
Modelod

101 frequencies

Parameter values

£ =2,55;¢ =280

Retrieved values

£ =235:¢6=3,08

Computation time

+ 9 minutes
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Number of frequencies — Laboratory experiments

1601 freq.

101 freq.
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Multi-offset configuration — Numerical experiments

by =02m of 914 bl Eqq ol E5 4 [
h_=0.075 mI
¢
h1 =01m Medium 1: & =5,06,=102%
h,=0.1m Medium 2 : £ =6,5, 6,= 10175
PEC
Sensitivity analysis characteristics Antenna offset
Studied parameter set : &, — h, Configuration : Multi-static (4 antennas)
Parameter boundaries: 2 <g, <10 Antenna — Medium offset : 0 em
0.01<h, <05

Number of division for the parameter space : 100

Computations per plot : 10000

Layer thicknesses : 10 cm

Frequency range : 0.8 — 4 GHz

Simulations for 5 and 401 frequencies

S

Numerical experiments

Shrink of the number of frequencies without affecting the objective functions
Great potential of combining multi-static configurations with the reduction of
the number of frequencies
Laboratory experiments

Information content decreases when less frequencies are taken into account

The response surface topography remains identical near the minimum

Perspectives

» Laboratory experiments with a multi-static configuration

» Analyze of different methods to combine the multi-static data

» Different number of layers and contrasts

» Full-wave inversion analyses for different heights

Y

v

Field experiments

Automatic selection of the relevant frequencies
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PROGRESS REPORT OF PROJECT 3.5

“DEVELOPMENT OF ADVANCED GPR DATA PROCESSING TECHNIQUES”

Nikos Economou (GR), Francesco Benedetto (IT)
francesco.benedetto@uniromad.it

Abstract

Ground penetrating radar (GPR) is a nondestructive geophysical method
that uses radar pulses to image the subsurface. Notwithstanding it is
particularly promising for soil characteristics interpretation, GPR is
characterized by a notoriously difficult automated data analysis. Hence,
this contribution reports the works published during the first year of the
COST action TU1208, as well as the future directions and the on-going
researches in the field of GPR data processing techniques.

1. INTRODUCTION

The Project 3.5 of the COST action TU1208 is titled “Development of
advanced GPR data processing techniques”, and comprises 44
participants (included the 2 co-leaders) originating from 14 different
Countries. In particular, participants come from (in alphabetic order):
Armenia, Belgium, Croatia, France, Greece, Italy, Latvia, Norway,
Portugal, Slovak Republic, Spain, The Netherlands, Turkey, and UK. The
focus of Project 3.5 is particularly devoted to the development of GPR
data processing techniques, studying and proposing signal processing
methods for the enhancement of the GPR signal such as: denoising,
deconvolution, migration and attribute analysis as well as visualization
of GPR data.

This report is organized as follows. In the next Section, we review the
papers published by the 3.5 participants during the first year of the
Action. Then, we outline the on-going researches, briefly discussing what
more is needed and what is expected during the next years.

2. RELATED WORKS

In the field of civil engineering, sounding the pavement layers is
classically performed using standard ground penetrating radar, whose
vertical resolution is bandwidth dependent. The layer thicknesses are
deduced from both the time delays of backscattered echoes and the
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permittivity of layers. In contrast with conventional spectral analysis
approaches, the work in [1] focuses on one of the machine learning
algorithms, namely, the support vector machine, to perform time delay
estimation and dielectric constant estimation of the medium from
backscattered radar signals. The authors show the super time resolution
capability of such technique to resolve overlapping and fully correlated
echoes within the context of thin pavement layer testing. Then, in civil
engineering, ground penetrating radar is widely used for road pavement
surveys. In contrast to the existing literature, in [2] the influence of
interface roughness (surface and interlayer roughness of stratified
media) is accounted for within the scope of the data processing of radar
signals. The rigorous electromagnetic method PILE (propagation inside
layer expansion) provides the simulated data. The observed frequency
variations of the radar magnitude introduce some shape distortion on
the radar wavelet. An adaptation of the root-MUSIC algorithm is
proposed on the basis of the work. As a result, it is allowed to jointly
estimate the time delay and the interface roughness.

Now let us talk of inverse scattering and imaging by presenting some
recent advances in this fields. In [3], the reconstruction of shallow buried
object is addressed by an electromagnetic inverse scattering method
based on combining different imaging modalities. In particular, the
proposed approach integrates the inexact-Newton method with an
iterative multi-scaling approach. Moreover, the use of the second-order
Born approximation is exploited. A numerical validation is provided
concerning the potentialities arising by combining the regularization
capabilities of the inexact-Newton method and the effectiveness of the
multi-focusing strategy to mitigate the non-linearity and ill-posedness of
the inversion problem. Comparisons with the standard "bare" approach
in terms of accuracy, robustness, noise levels, and computational
efficiency are also included. In addition, in [4], a GPR survey through a
multi-resolution deterministic approach is carried out (inverse scattering
and imaging). In [5], a novel electromagnetic inverse scattering method is
proposed for the reconstruction of shallow buried objects. The inversion
procedure is based on the combination of different imaging modalities. In
particular, an iterative multi-scaling approach is adopted for focusing
the reconstruction only on limited subdomains of the original
investigation region. The data inversion is performed by applying an
inexact-Newton method (which exhibits very good regularization
properties) within the second-order Born approximation. The use of this
approximation allows a reduction of the problem unknowns and a
mitigation of the nonlinear effects. The proposed approach has been
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validated by means of several numerical simulations. In particular, the
reconstruction performances have been evaluated in terms of accuracy,
robustness, noise levels, and computational efficiency, with particular
emphasis on the comparisons with the results obtained by using the
standard “bare” approach. Finally, in [6], the inspection of 2-D scatterers
buried in a lossy half-space from field measurements is formulated
within the framework of the second-order Born approximation (SOBA) of
the inverse scattering problem. An iterative multi-scaling approach
(IMSA) is combined with a two-step inexact-Newton algorithm to solve
the arising problem. A set of preliminary numerical results is presented
to assess the features and potentialities of the considered approach also
in comparison with state of the art inexact-Newton-SOBA techniques.
However, probing the near-subsurface in presence of absorbing media is
a very challenging problem. Within that framework, the authors of [7]
analyze the capabilities of a mono-frequency/multistatic set-up for
detecting shallowly buried targets. As the antennas constitute an
important part of the probing device, an accurate method for modelling
the antennas behaviour is proposed. This modelling, performed thanks
to a correctly balanced set of elementary sources, is then incorporated in
the calculation of the scattered field, performed with a home-made Finite
Element Method software. The measured multistatic fields serve as input
data for the inversion algorithm, an extension of the DORT method to
elongated targets [8]. This qualitative and fast imaging procedure allows
to obtain imaging results of shallowly buried targets embedded in a
highlosses medium [9].Now, let us have a deep look of what has been
done in terms of GPR signal processing techinques. In [10], the authors
relate the shift of the frequency peak of the Ground Penetrating Radar
(GPR) spectrum with the increasing of the moisture content in the soil.
The weakness characterizing this approach is represented by the needs
of high resolution signals, whereas GPR spectra are affected by low
resolution. The novelty introduced by this work is twofold. First, they
evidence that clay content information is present in the location where
the maximum amplitude of the GPR spectra occurs. Then, they analyze
three super resolution methods, namely parabolic, triangular, and sinc-
based interpolators, to further refine the location of the frequency peak.
In fact, it is really important to be able to find this location quite
precisely, to obtain accurate estimates of clay content. They show that
the peak location can be found best through sinc-interpolation in the
frequency domain of the measured data. Experimental results confirm
the effectiveness of the proposed approach to resolve a frequency shift in
the GPR spectrum, even for a small amount of clay. Then, the focus of
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the work in [11] is to provide the reader with a deep understanding of
the state of the art and open issues in the field of GPR data processing
techniques as well as of the interesting application of GPR in the field of
civil engineering. In particular, the authors present an overview on noise
suppression, deconvolution, migration, attribute analysis and
classification techniques for GPR data. In [12], the needs for advanced
sensing technologies in the field of civil engineering are shown and
discussed. In the first part of the work, the authors present an overview
of these main needs, fields by fields, from the constructions and
inspections of the transportation infrastructures and the hydraulic
works, to the geotechnical surveys and environmental monitoring as well
as the buildings and bridge structural assessments. In the second part,
they discuss the upgrading and evolution of the sensing technologies,
oriented to the civil engineering applications. They demonstrate why the
Ground Penetrating/Probing Radar is currently considered as one of the
most effective and efficient sensing technology and potentially candidate
to become the best available remote sensing technology for civil
engineering applications. Finally, in [13], an innovative application for
mobile platforms (smartphones and tablets) for real-time GPR data
processing. This work aims at providing a useful support for engineers
and technicians as well, for road and pavement inspection. According to
the presented results, this application can play an important role for all
the agencies involved in roads and highway management. In particular,
it will provide strategic and innovative potentialities, by improving the
onsite efficiency and effectiveness of the works.

3. ON-GOING RESEARCHES

GPR proves to be very useful in road monitoring applications, pipes,
cables, tunnels and other buried objects delineation, railways ballast
condition monitoring, concrete structures inspection and bridge deck
inspection, buried archaeological ruins mapping, and many other
relevant applications which have already been applied or are to come in
the future. In [14], an interesting review of the GPR technologies and
methodologies used in Italy is carried out. Then, the research centers
belonging to the Project 3.5 of the COST Action TU1208 are actually
investigating numerous topics in the field of GPR data processing
techniques related to the aforementioned applications. For example,
currently, subsurface imaging from GPR measurements represents a
very active topic within the activities of the ELEDIA Research Center
(DISI - University of Trento, Italy) [15]. More in details, the research
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activities mainly focus on the exploitation of advanced inverse scattering
techniques, whose performances have been well assessed in case of
freespace scenarios, and their integration with multi-scaling methods for
the processing of GPR data. Moreover, great efforts are devoted to the
development of inversion strategies that can profitably exploit the
frequency diversity of GPR measurements, in order to improve the
quality of the retrieved dielectric profiles, both qualitatively and
quantitatively. Particular attention is also devoted to the extension of
innovative imaging approaches based on Bayesian Compressive Sensing
(BCS) and Interval Analysis (IA) to the problem of subsurface
prospecting, as well as to the exploitation of Learning-By-Example (LBE)
algorithms for enabling real-time detection and classification of buried
objects. The on-going researches of the Université catholique de Louvain
linked to the topics of the WP are the following: () Information content in
frequency-dependent and multi-offset GPR data for layered media
reconstruction; (i) Image resolution improvement using GPR data fusion;
(i) Effective physically- and mathematically-based detection of
hyperbola and determination of the dielectric permittivity in complex
field radar data; and (iv) deconvolution. Other activities related to the
COST action carried out at University of Nantes and CEREMA, Les Ponts
de Cé, France are: () Estimation of time delays, permittivities and
roughness parameters by GPR, especially with subspace methods
(MUSIC, ESPRIT, etc); and (i) Detection of debonding within pavement
structures by GPR with machine learning methods. Then, at the Applied
Geophysics Lab., School of Mineral Resources Engineering, Technical
Univerity of Crete, these are the on-going researches: () automatic
bandpass filtering and deconvolution of GPR data; (i) attenuation
analysis of GPR data; and (ii) noise suppression of GPR data using the
Empirical Mode Decomposition (EMD) method.

4. CONCLUSIONS

This paper has presented a review of what has been done during the first
year of the COST action TU1208 in the field of GPR data processing
techniques by the WG 3.5 participants. Fundamental topics such as
denoising, deconvolution, migration, attribute analysis, inverse
scattering and imaging were discussed as well as the on-going studies.
Notwithstanding this research area has already been well studied by
many researchers as well evidenced by the works presented in the
reference’s Section, more is needed and even more is expected from
automatic GPR data analysis in the next years.
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“GPR IMAGE AND SIGNAL PROCESSING FOR PAVEMENT AND ROAD
MONITORING ON ANDROID SMARTPHONES AND TABLETS”
(CONTRIBUTION TO PROJECT 3.5)

Francesco Benedetto (IT), Andrea Benedetto (IT), Antonio Tedeschi (IT)
francesco.benedetto@uniromad.it

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-1732, 2014 and is available on www.egu2014.eu .

This contribution was presented as a poster.
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“INVERSE SCATTERING AND GPR DATA PROCESSING: AN INTRODUCTION”

(CONTRIBUTION TO PROJECTS 3.2, 3.4, 3.5)

Raffaele Persico (IT)
r.persico@ibam.cnr.it

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-10417, 2014 and is available on www.egu2014.eu.

Main Purposes of the Book:

Introduction to

To devote a text to the physics and
mathematics related to GPR data
processing

To derive the migration formulas for
the Maxwell’s equations

To discuss the needed data rate and
the available resolution on a
mathematical basis

GPR PROCESSING

DECONVOLUTION ENHANCING FOCUSING FILTERING FORWARD MODELLING
NONLINEAR LINEAR ib 2D
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MIGRATION ALGORITHMS

SINGULAR VALUE DECOMPOSITION
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HORIZONTAL RESOLUTION
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SOME CONSEQUENCES....

wARS S |
N N .

The resolution achievable along “short” Bscans
is coarser than that achievable along “long”
Bscans
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SOME CONSEQUENCES....

The time bottom scale should be greater than
the expected time depth of the targets of
interest

To make narrower the beam means to make
narrower the maximum view angle
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Is the processing independent from the
characteristics of the soil?

porosimeter

L‘

spectrophotometer

microscope
Chemical reagents

It is useful to have microsocpic lﬁﬂh‘

models but: wet should "mm"m
start from in situ methods - 1 UL

Is the processing independent from the
kind of GPR system?

time step

Pulsed systems < 4o bottom scale

Stepped frequency | frequency step
systems nonambiguousdepth

Hermitian images
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What happens if the buried target shows
magnetic properties?

Is the GPR datum the useful datum?

Incident field+scattered field=total field

The incident field in the observation point
has to be extracted from the total field

Subtraction

Muting

Differential Configuration
Background removal

ACKNOWLEDGEMENT - The author acknowledges the COST Action TU1208
“Civil Engineering Applications of GPR”.
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WORKING GROUP 4

Different applications of GPR and other
NDT techonlogies in Civil Engineering
and Archaeology
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KEYNOTE TALK 5
“RECENT FRENCH PROJECTS ON THE COMBINATION OF GPR WITH OTHER

NDT METHODS FOR THE ASSESSMENT OF CONCRETE PROPERTIES”

JanPaul Balayssac (FR) - balayssa@insa-toulouse.fr

Concrete NDT Influent factors
properties -
Mechanical properties Moisture
~, s Ultrasonic
s",\’ .
3 I Temperature
Porosity  |-------+*---2| Flectric [ 7\_ Hygrometry*

Carbonation )
[ Electromagnetic S
Chlorides w—p S*roNg effect
*. ofthe environment  -----= > Moderate effect

Mechanical properties: E-modulus & compressive strength

Properties connected to material porosity:
volume of porosity, saturation degree, diffusivity

Properties and issues connected to carbonation:
depth of carbonated concrete, corrosion concerns

Properties and issues related to chlorides:
amount of chlorides, corrosion concerns.
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Q There is almost no method which is affected by only one concrete
property

Q A specific methodology is necessary for dissociating the
conjugated effects of the properties on NDT measurements

Q A procedure for merging the results obtained by this combination
must also been developed

Q The estimation of accuracy of the different techniques versus each
property must be quantified — quality and relevance of each NDT
method

Q The variability of concrete properties is important (particularly on
real structures) and must be quantified

SENSO (2006-2009)

= Objectives of french projects  ACDC (2010-2013)
EvaDé0s (2011-2015)

O Quantitative evaluation of some properties of concrete

- porosity
- E-modulus

- moisture content

- carbonation depth

- chloride content

O For each property focusing on:
- its value on a specific volume (average and variability)

- the reliability of the evaluation

314



EU Cooperation in Science and Technology — Action TU1208

“Civil Engineering Applications of Ground Penetrating Radar” v E D E t

O In laboratory conditions
O Combination of NDT methods

» for each indicator seeking the best combination for the
best reliability of the evaluation

O NDT methods

- electromagnetic (radar, capacitive) NDO

- ultrasonics (surface waves, transmission) | Observables”

(Wave Speed,
attenuation,
0 Data processing and analysing s

- variability analysis of each observable vs each property

- data fusion to enhance the reliability of the evaluation

0 100 slabs involving 9 concretes were cast and conditioned

For each different batch fabrication of 11 slabs
u .

8 The 10 otherslabs are
conditioned atthe different
moisture contentforNDT and
other characterizations

Cores are extracted from specific slabs for
the destructive characterization of the indicators
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NDT on the slabs by US methods

NDT by EM, electric
and permeability
Capacitive

¥ LT Ty
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CccosE

NDT Results: EM techniques - Results from Xavier Dérobert (IFSTTAR)
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NDT Results: US surface waves - Results from Odile Abraham (IFSTTAR)
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Quantification of the quality of the measurements
IQ = -log (V1/V3) - log (V2/V3)

1 |II|| T

Quality index

Electric Capacitive  Radar direct Acoustic Radar direct Acoustic Ultrasonic  Radar direct
resistivity technique wave surface waves wave surface waves waves wave
(velocity) (frequency)  (amplitude) (velocity) (velocity) (frequency)

The number of observables was decreased by taking into account the
quality index, the relevance index (linked to the correlation quality), as
well as some practical considerations (portability of the technique,
duration, expertise of the members of the project, feedback from the
experience on-site).

18 observables were selected, 6 of which were considered more relevant:

- ultrasonic surface wave velocity
ultrasonic longitudinal wave velocity
resistivity quadripole

resistivity Wenner

amplitude of radar direct wave
velocity of radar direct wave
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Assessment of two properties: porosity and saturation degree

Punctual
measurement

{\,. 14

1.1 GHzw-BiPo Bi-linear correlation between
g NDT measurement and two
§ " indicators (database)
] I'n';( . 1
AN i

\ —
LN
0 B an X

Porosity rate (%) T © 0
)

Water saturation (%)

ﬂ + trapezoidal distribution

Higher
possibilities

Degree of possibility

20

. |
porosité (%)

Porosity rate (%) . n ¢ 60
Water saturation (%) ) 80
saturation (%)

Distribution of possibilities
Fusion of 4 NDT methods:

Distributions provided by each measurement

— E Distribution resulting from data fusion

2 z o
. p
: o
porosity rate (%) o
T 2 € 8 © u « & 8 w

water saturation (%)

porosity rate (%)

The solution
corresponds to the
higher degree of

possibility

Several distributions can be merged

E ac (NPR)

Of course the better situation is obtained when
all the distributions are crossing at the same
point

a0 L] RO 100
Sarton an eoucE)
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O Real Structure application :
Marly Bridge (North of France)

+ 3 piles were sounded
+ 10 NDT methods were employed

+ Destructive testings of the concrete
properties were performed to calibrate
the fusion procedure

Courtesy of Vincent Garnier (LMA-L _ND)

0 Real Structure application :
Marly Bridge (North of France)

3 combinations are tested to estimate water saturation degree of concrete

Config 1 US, Re & EM 7 (IE Edyn), 12 (Log Re GE) & 16 (Vit Radar)
Config 2 2US & EM: 5(US 6), 7 (IE Edyn) & 17 (Offset Radar)
Config 3 US&2EM: 7 (IE Edyn), 9 ( Capa 1) & 16 (Vitesse Radar)
Config | <8I'50> Cout EQ<0,15 |[EQ<04 EQ>05
—
ntrecal |870% —|348% 652%
_‘lL____ 0,888 5 srecal TAITH—430%  87.0%

0,109 avant recal | 0,00 % 140% 84,0%
0,103 aprés recal | 0,00 % 8,00% 88,09%

@) 0.953 0,230 avant recal | 12,0% 240% 68,0%
! 0,168 aprés recal | 4,00 % 16,0% 78,0%

(2) 0,896

Config 2 Config 3 Real value (DT)
§=152.2% +3.74% §=50.4% £5.9% S=54.19%+5.%

Courtesy of Vincent Garnier (LMA-LCND)
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CONCLUSIONS

- Combination of techniques is necessary for a reliable evaluation of
concrete properties.

-  Moisture is a permanent influent factor so electromagnetic
methods are fully relevant in this context.

- By analysing the variability of ND measurements we have
proposed a possible way for discriminating the most reliable NDT
methods regarding each concrete property assessment.

- We proposed to use a procedure of data fusion for enhancing the
quality of the combination which must be calibrated by
destructive testing.

- The perspectives of current projects are for decreasing the
number of cores for destructive evaluation and for optimising
their location on the structures.

- Challenges are also for the ND evaluation of new concrete
properties.
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History

Mycenean Period Tomb of Acharnon— Prehistoric age (1600 BC—-1200 BC)
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Constructive characteristics

- Composed by a corridor that connects with a 5.4 by 2.7 m entrance.
- The interior part is 8.74 m high with 8.35 m diameter.

Methodology

GPR:
Objective: to define possible inner structure, layers and voids /finding
archaeologicaltargets

Microresistivity:
Objective: to define resistivity values and characterize materials

Passive Seismic:
Objective: to measure vibrationsthat could affectthe integrity of the
structure

Chemical analysis :
Objective: to determine salinity in material and soil

Endoscopy:
Objective: to obtain direct information about inner targets and structures
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Dromos

Entrance
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Results collected at the entrance

Distance (m) Distance (m)

0 0|.5 1 (I) 0i5 1

o —
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o .

Depth (m)
o
~
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Results collected on the wall

326

Interface between



EU Cooperation in Science and Technology — Action TU1208
“Civil Engineering Applications of Ground Penetrating Radar”

CccosE

\ )24
QTS o
4 B
9 -
1 2 .
at AN ; \( i ]
‘1 ¥ 180
}1 80 60 40 20 0 Tl
Dep 1 (cmz - (,{‘-‘, N
_" '+ B ey 4 2 )
! AR .
48" . o)
/s e %
: W b
“{‘5 o - Gk
Z‘ -.*Q :‘_, i;-( g 3 " o ;o
K i :
X 2 5 & 7 %

L egend "o Layerd

=== | ayer2

= High attenuation

— Anomaly]

High amplitude anomaly

Results collected on the wall — circular radargram

327




EU Cooperation in Science and Technology — Action TU1208 A
“Civil Engineering Applications of Ground Penetrating Radar” v E D 5
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TIME [ns]

TIME [ns)

DISTANCE [METER]

DISTANCE [METER]

Results collected on the surface

INTEGRATED GEOPHYSICAL METHODS:

v" GPR - Objective: to define possible interior structure , layers and

voids /finding archaeological targets

v Microresistivity - Objective: to define wall thickness, degree of

stone deterioration, determine the resistivity values of the Tomb

building materials

v Passive Seismic - Objective: to measure ambient vibrations that

could affect the integrity of the structure

CccosE

[¥313n] H1d3a

[¥313wl H1d3a

* Geochemical analysis - Objective: to determine the salt content in

the Tomb building material and surrounding soils

v" Endoscopy - Objective: to obtain direct information about inner

targets and structures
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MICRORESISTIVITY SURVEYS

Type of spread:

32 Electrodes in multi
electrode configuration.

Schlumberger — Wenner
arrangement.
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ELECTRICAL RESISTIVITY TOMOGRAPHY (ERT)

Using the composite information such as geometry and resistivity, a view
from below gives an idea on the subsurface setup. Yellow and red zones
are human constructions ,floating” in one very clayey geological
environment.

SEISMIC: MASW (MULTICHANNEL ANALYSIS OF SURFACE WAVES)

In an effort to quantify the effect of the vibrations due to the heavy road
traffic, one additional geophysical study on earth dynamics was carried
out. The first step to this direction was to establish a microzonation
study of the subsurface of Tomb is performed. The digital seismograph
DAQLINK III of GEOSERVICE was used. As seismic source, the ambient
road traffic was used. Passive seismics (MASW) were applied, with 24
geophones in a circular array.
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Phase-velocity vs frequency diagram and shear wave velocity (Poisson‘s
ratio) calculation are reported in the following. From the diagrams it is
concluded that the average Vs is 270 m/sec for a confidence depth ot 44
m. It is obvious that the Tomb will never suffer from earthquakes!

Source= 0.0m Phase velocity (m/sec)
0 50 100 180 200 250 300 380 400 450 500 5850 600 650 700 750 800 850 800 950 1000

Frequency(Hz)

Dispersion curve : 00000001.592-00000024.5g2
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ater key to continue Surface Wave Analysis Wizard. 1D MASW analysis
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S-velocity model : 00000001.sg2-00000024.sg2
Average Vs 30m = 270.2 mis

CONCLUSIONS

1) An anomaly was detected at the entrance to the tomb, at 20 cm depth.
2) Two interfaces were detected, at 25 and 50 cm depth (stone-stone and
stone-natural soil interfaces).

3) Local fissures were detected, at different levels.

4) High signal attenuation may be associated to high salt content.

5) An anomaly was present in several radargrams and probably indicates
the presence of a wall.

6) The apex of the tomb was detected at 1 m depth, according to the
Biers model (1980).

7) The integration of GPR and ERT allowed locating voids and confirming
high salt content. The passive seismic analysis confirmed the presence of
a non-rocky soil.
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The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-2727, 2014 and is available on www.egu2014.eu

Old Bridge - Aylesford, Kent, UK

1. BACKGROUND

The Old Bridge at Aylesford dates from around 1250. The bridge is made
of local “Ragstone”. It underwent a major alteration in 1811. The bridge
is closed to cars and motorbikes but remains in use for pedestrians,
cyclists and horses. There is currently no lighting system on the bridge.
Aylesford Parish Council plans to install spotlights flush within the
upper layer of the bridge deck.
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The bridge is a scheduled ancient monument and listed building and so
is firmly under the control of English Heritage. English Heritage would
consider a proposal for the installation of a lighting system on the
bridge, provided the lights and power cables could be installed within
the upper layer of the modern asphalt without any intrusion on to the
historic stonework of the bridge.

Objectives

Perform a high frequency GPR survey (2GHz) of the asphalt surface of
the Old Bridge, Aylesford to determine the following parameters:

» The thickness of the upper asphalt layer.
» The total depth from the bridge surface to the historic stonework.

» The uniformity of the upper asphalt layer and total depth.

Action

A preliminary reconnaissance visit was made to the bridge in December
2012.

A full high frequency radar survey of the bridge was performed on 15
January 2013, and repeated on 12 September 2013. During the visit on
12 September 2013 the team also acquired a low frequency GPR survey.

On 26 September 2013 the team acquired a full 3D Laser Scanner point
cloud image of the bridge.

2. SURVEY METHOD 1 - 2 GHZ ANTENNA

The data was acquired using a modified IDS RIS Hi-BrigHT Ground
Penetrating Radar (GPR) system consisting of eight horizontally polarised
2GHz channels with 10 cm spacing; this gives each scan or ‘swathe’ a
footprint 80 cm wide.
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The bridge deck was surveyed using four scans spaced equally,
performed along the length of the bridge providing full coverage with
approximately 10 cm spacing.
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To break the data into more manageable areas, the survey was broken
into three Zones’.

The following diagram shows the area covered by the four data swathes,
each swathe consisting of eight scans.

It is possible to represent each channel of the radar data as a ‘B-Scan’ (a
vertical cross-section slice), or to represent the B-Scans side by side and
cut them from above in a ‘C-Scan’ view. The C-Scan is helpful to
represent certain features as it gives a plan view of the bridge at a given
‘cut’ depth.

The following B-Scan view shows two traffic light sensors on the bridge.

The quantity of data acquired was far greater than was required for
identification of bridge deck layers. In the following depictions, layers
can be clearly seen on the
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ZONE-1 SCAN-4 CHANNEL-5

The depth of each layer was exported to Excel in 0.5 m increments, as
represented in the table below. Next, the maximum, minimum and
average figures (m) for two identified layers for Zone 1 are presented, as
well as the distribution of the layers measurements in Zone 1.
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| Scan 1 Channel 5 | Scan 2 Channel 3 | Scan 3 Channel 2 | Scan 4 Channel 5

LAYER-2: LAYER-1: LAYER-2: LAYER-1: LAYER-2: LAYER-1: LAYER-2: LAYER-1:

X [m] Depth [m] Depth [m] Depth [m] Depth [m] Depth [m] Depth [m] Depth [m] Depth m]

0 0.477 0.072 0.396 0.078 0.418 0.074

0.5 0.477 0.062 0.408 0.074 0.432 0.07 0.051
1 0.481 0.066 0.402 0.055 0.434 0.053 0.377 0.076
1.5 0.481 0.044 0.428 0.061 0.432 0.059 0.361 0.049
2 0.481 0.044 0.422 0.066 0.404 0.051 0.35 0.051
2.5 0.481 0.046 0.451 0.061 0.416 0.045 0.357 0.055
3 0.477 0.032 0.439 0.059 0.426 0.064 0.359 0.053
3.5 0.477 0.032 0.447 0.057 0.408 0.064 0.35 0.068
4 0.477 0.032 0.439 0.066 0.434 0.062 0.34 0.053
4.5 0.477 0.068 0.449 0.07 0.428 0.059 0.346 0.059
5 0.477 0.068 0.445 0.057 0.451 0.072 0.342 0.061
5.5 0.477 0.076 0.445 0.059 0.436 0.059 0.35 0.055
6 0.485 0.07 0.455 0.061 0.436 0.08 0.336 0.061
6.5 0.485 0.07 0.455 0.057 0.418 0.082 0.33 0.061
7 0.485 0.072 0.459 0.07 0.414 0.084 0.326 0.066
7.5 0.485 0.084 0.449 0.066 0.422 0.09 0.34 0.076
8 0.485 0.089 0.457 0.074 0.441 0.061 0.322 0.061
8.5 0.485 0.117 0.455 0.045 0.443 0.08 0.342 0.08
9 0.469 0.064 0.445 0.045 0.439 0.076 0.289 0.074
9.5 0.469 0.08 0.439 0.049 0.434 0.074 0.299 0.104
10 0.469 0.074 0.441 0.08 0.436 0.076 0.309 0.115
10.5 0.469 0.078 0.396 0.07 0.426 0.072 0.322 0.088
11 0.469 0.084 0.393 0.074 0.426 0.062 0.332 0.076
11.5 0.469 0.091 0.393 0.068 0.426 0.072 0.309 0.072
12 0.503 0.082 0.393 0.07 0.432 0.072 0.314 0.072
125 0.503 0.091 0.385 0.074 0.428 0.068 0.309 0.068
13 0.503 0.093 0.385 0.074 0.416 0.07 0.312 0.074
13.5 0.503 0.084 0.385 0.082 0.428 0.068 0.328 0.068
14 0.513 0.08 0.354 0.08 0.428 0.068 0.381 0.074
14.5 0.515 0.084 0.344 0.078 0.414 0.068 0.387 0.074
15 0.509 0.074 0.338 0.086 0.408 0.072 0.391 0.072
15.5 0.515 0.078 0.334 0.09 0.396 0.068 0.377 0.07
16 0.519 0.072 0.34 0.092 0.395 0.068 0.373 0.066
16.5 0.517 0.072 0.326 0.074 0.393 0.066 0.355 0.057
17 0.531 0.078 0.344 0.094 0.406 0.064 0.352 0.055
17.5 0.509 0.07 0.342 0.09 0.418 0.072 0.371 0.066
18 0.501 0.066 0.344 0.086 0.414 0.074 0.365 0.055
18.5 0.493 0.074 0.344 0.092 0.412 0.082 0.359 0.055
19 0.487 0.072 0.355 0.086 0.432 0.076 0.357 0.057
19.5 0.513 0.078 0.363 0.096 0.432 0.084 0.352 0.051
20 0.491 0.087 0.357 0.092 0.438 0.084 0.348 0.059
20.5 0.479 0.068 0.357 0.09 0.453 0.084 0.334 0.061
21 0.475 0.068 0.357 0.104 0.459 0.086 0.334 0.068
21.5 0.453 0.07 0.365 0.102 0.492 0.082 0.328 0.068
22 0.439 0.072 0.365 0.092 0.492 0.062 0.32 0.061
22.5 0.402 0.08 0.365 0.09 0.459 0.074 0.33 0.053
23 0.396 0.082 0.35 0.082 0.457 0.084 0.32 0.045
23.5 0.402 0.097 0.348 0.086 0.438 0.096 0.336 0.049
24 0.39 0.103 0.344 0.092 0.447 0.094 0.338 0.074
24.5 0.374 0.101 0.352 0.086 0.475 0.094 0.336 0.102
25 0.384 0.08 0.338 0.076
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Below, processed data are shown, concerning the identification of layers

in Zone 2, Scan 1, Channel 4.

Profile of the
asphalt base
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C-Scan and B-Scan showing bridge deck surface damage are presented.
By altering the display characteristics of the C-Scan and the depth,
different damaged areas are visible.

—— T —_—

e

Location of the electricity cable at the centre of the widest section of the
bridge (Zone 2), using the combined C-Scan and B-Scan:
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Maximum, minimum and average figures (m) for two identified layers for
Zone 2 & Distribution of the two layers’ measurements in Zone 2.

| [taver2 |Average | 03905 liaver1 |Average| 00670/ |

L Min 0.203 Min 0.027

[ Max 0.615 Max 0.129
0,8
0,6 _
04 - - =

X [m]

Summary of Results for 2GHz Antenna for all Zones

» The thickness of the asphalt/ tarmac layer is not uniform and varies across the
surface of the bridge:

= Zone 1 —From 3cm to 12em
= Zone 2 —From 3cm to 13cm |- The average thickness in all three Zonesis Jem
= Zone 3 —From 4cm to 12cm

» Totaldepth from the bridge surface to the historic stonework

The total depth is variable across the bridge, with the minimum depthbeing in the centre
of the widest arch:

= Zone 1 —From 29%m to 53cm
= Zone 2 —From 20cm to 61cm =~ The average thickness across all three Zonesis 41cm
= Zone 3 —From 26cm to 73cm
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Average Depth of Asphalt / Tarmac and Base Layers
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3. SURVEY METHOD 2 - EXPLORING THE BRIDGE DECK USING DUAL
FREQUENCY 200MHZ AND 600MHZ ANTENNA FROM THE RIS HI MoD

To possibly identify the location of the reinforcement bars / structural
ties & To investigate the influence of frequency change on bridge deck
structural detail, four scans were performed using the TR Dual-F
200MHz and 600MHz antenna from the RIS Hi Mod. The existing
reference points (high frequency survey) were exploited. The above-
mentioned antenna box contains an array of two antennas with
frequencies optimised for the detection of utilities. In typical ground
conditions, the 600MHz antenna should penetrate to approximately
1.5m and the 200MHz to approximately 2.5m, which should be sufficient
to identify the reinforcing bars passing through the bridge.

342



EU Cooperation in Science and Technology — Action TU1208 A t
“Civil Engineering Applications of Ground Penetrating Radar” v E D E

Examples of B-Scans radar data identifying the presence of reinforcing
bars, are shown (one example per each frequency).

;o >

o

DG 0 W
n o

The following C-Scan images show clear targets, which may be the
reinforcing bars; they are more visible at the lower frequency

T B CTAL T Y

Zone 1, 200 MHz Antenna

owu N AT AN

Zone 1, 600 MHz Antenna
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A
all“,.m

Zone 2, B-Scan, 200 MHz Antenna

4. SURVEY METHOD 3 - PRODUCTION OF A 3D SCAN OF THE BRIDGE USING A
LEICA P20 LASER SCANNER

The purpose was that of creating a benchmark for future surveys -
detecting possible structural movements and settlements, as well as that
of modelling the bridge.

A Google Maps image diagram of the Old
; Bridge, Aylesford showing the location of
g s each of the scan positions

. Slaliol\{ﬂ’@!: SW2001, "
ve

-

Station-005: 'SW-001e"

w There is a large amount of unnecessary data

Al included, but “mm” accuracy images of the
e bridge and surrounding area can be
: ' reproduced from any angle.

Station
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5. CONCLUSIONS

“Accurate” profiles of two layers (asphalt and original stone) of the bridge
deck were identified and mapped.

Position of structural ties on the bridge were confirmed.
Location of numerous defects and non-structural futures were identified.

3D laser scan of the bridge was obtained (for further analytical and
numerical investigation).
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PROGRESS REPORT OF PROJECT 4.3

“APPLICATIONS OF GPR IN ASSOCIATION WITH OTHER NON-DESTRUCTIVE
TESTING METHODS IN SURVEYING OF TRANSPORT INFRASTRUCTURES”

Simona Fontul (PT) - simona@lnec.pt

* 57 Participants

Countries Participants
Austria

Belgium
Croatia

Czech Republic
Denmark
Finland

France
Germany
Greece

Italy

Poland
Portugal

Spain
Questionnaire Turkey

United Kingdom

* 15 countries

(=Y
W= N WU OB SN R NN

E Falling Weight Deflectometer — load tests for structural evaluation
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Sum up of presentations on GPR use in different
countries at Vienna Meeting
Country GPR+NDT NDT Other Geophysical
Belgium Yy FWD+ Curviameter
Chackrepublic vy FWD
Denmark y ERT EM
Estonia N
Finland y Percometers PNVD
Portugal FWD, EM120 tomografy
Spain y Termografy, tomogray
UK v N.S.
Armenia R107
Itay vy NS concrete
Poland Yy permitivity measurements
Itay y LFWD
Belgum y electricconductivity
Germany y FWD; HWVD EMI, ERT, electrical
o

nwizos

Project 4.3 “Applications of GPR in association with other non-destructive
testing methods in surveying of transportinfrastructures”

MercedesSolla UniversidadedeVigo Spain

3 documents publishedthislast year
- One paper in journal (NDT&E International) relatedtothe
combination of GPR and Thermography to analyze cracking in asphait.

- Two papers for conferences (GPR Conference in Brussels and ISPRS)
regarding the combination of different sensors
(GPR+LiDAR+thermography+IRI) mounted ona mobilevehicle, andthe
softwarefor GPR processing andgeoreferendngof alithedata.
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5" Project 4.3 “Applications of GPR in association with other non-destructive
testing methods in surveying of transportinfrastructures”

Jean-PaulBalayssac  University of Toulouse France

* results of a study performed at the end of 90ths and the beginning of this
century in collaborationwith our colleagues from Sherbrooke University
(Québec, Canada).

* This method permitsto combine GPR and potential corrosion mapping for
the detection of potentially corroded areas at the surface of bridge decks.
This method is currently applied in Québec and in Belgium (Wallonie)

Lm Laboratoire Matériaux et Durabilité des Constructions
“foulouse

[ Use of GPR for the detection of zones with high probability
of corrosion

* GPR measurements on bridge decks inQuébec (Canada)
* Corrosion potential mapping (grid Imx1m)
* GPR profilesalong thedeck (0.5 m between each profile)

* Analysis of thereflection at the interface between the pavement and the
concrete structure - index of radar reflection IR*
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[ Use of GPR for the detection of zones with high probability
of corrosion

Antennas
|
<= :
'_'Ad \
A,
_t
&
3
k]

IR? = 20.log A

4

0 Use of GPR for the detection of zones with high probability
of corrosion

Mapping of corrosion potential
13 [1x V]

0.1 0.2 0.3 0.4 0.5 0.¢

! Lower is the corrosion potential (more electronegative) higher is the corrosion risk !
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O Use of GPR for the detection of zones with high probability
of corrosion

Binary card of IR*

Threshold applied at-17 dB

Areaswith lower corrosion
Deck length (m) potentid (dark areas<-350 mV)
correspondto the zoneswith
high reflectivity (>-17 dB)

3
-~

Binary card of corrosion potential

i

Project 4.3 “Applications of GPR in association with other non-destructive
testing methods in surveying of transportinfrastructures”

nwizos

Josipa Domitrovic University of Zagreb Croatia

1 paper in conference - Application of GPR with FWD that waspublishedon
4th InternationalScientific Conference Road Research and Administration
heldinBucharest, 4-5 July 2013.

CarlVan Geem Belgian Road Research Centre Belgium

BRRC is working onthe preparations for more investigation onthe predsion and
the optimal procedure for determining layer thicknesses of road layers.

Layer thickness is important for back-calculation of E-moduli fromdeflection
measurements.

BRRC deflection measurements: Curviameter and FWD.
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"% Project4.3 “Applications of GPR in association with other non-destructive
i testing methods in surveying of transport infrastructures”

BRRC test site in Wavre.

Materials placed
Thicknesses
Bituminous layers
One concrete layer

Dr Carl VAN GEEM

Alex Birtwisle Atlas Geophysical Limited United Kingdom

Ground Penetrating Radar (GPR) has traditionally been used to derive pavement layer depth
information. Traditional GPR antennas are not nomally capable of detecting subsurface
cracking. An adapted GPR antenna hasbeendewelopedand isincurrent usefor the specific
application of measuring crack depthsinflexible pavement. Traditional methods of assessing
the extent of repair worknecessary on airfield runways, namely visual inspection and coring,
rely on visibility of cracking at the surface and are not capable of detecting subsurface
cracking althoughthisisan importantelement of the assessment. The GPR crack detection
equipmentwas used onthe runway of a military airfield tolocate the joints between the
underlying concrete slabs, toidentify reflective cracking developing from the jointsinto the
overlying asphalt, or to confirm the integrity of the asphalt. A system of "trafficlight”
reporting wasused toenable the pavement engineerstoevaluate the extentof damage to
the runway.
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Alex Birtwisle Atlas Geophysical Limited United Kingdom

Ground Penetrating Radar (GPR) surveys of composite pavement structures are commonlyusad
to derive pavement layer depth information. In order toassessthe extent of repairwork
necessary, itisuseful tobe able to evaluate the extentof both vertical cracking and horizontal
delamination. Although the extent of any delamination can be obtained from a traditional GPR
survey, vertical subsurface cracking cannot be detected by the same means because traditional
GPR antennas are not nomally capable of detecting vertical cracks. When subsurface vertical
cracks are notvisible at the surface traditional methods of assessment based onvisual
inspection and coring are ineffective. This paperdescribeshow anadapted GPR antennawas
used on the runway of a military airfield tolocate the joints between the underlying concrete
slabs, and to identify reflective cracking developing from the joints into the overlying
asphalt. The GPR survey successfully identified the location of subsurface cracks and helped
paint a ‘bigger picture’ of crack distribution across the area under investigation. This project
demonstrated that crack detection with an adapted GPRantenna could provide a new more
comprehensive method of assessing the condition of composite pavements. However, the
investigation also highlighted some of the limitations of this type of survey and based on this
informationthe paper proposes a methodology for undertaking this type of investigation and
highlights were additional researchisneeded.

&= FWD +GPR

Simona Fontul  LNEC - National Laboratory for Civil Engineering Lisbon Portugal
> Ground Penetrating Radar (GPR)

Q@ "“continuous”

@ information on the structural behaviour

|

Deflection test results Type of structure

+ /'_
i —
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E FWD+ GPR Structural analysis using ANN
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w108

* Railway monitoring and maintenance
— railway monitoring measure track layout parameters and rail

Rail geometry+ GPR

wearing.
‘....—._ 1 —
[ 1
EEF
,...:’. —JE..§:,:§ -
S CHE SHE
R = S
- =

* Non-destructive in situ tests
— GPR and FWD can identify:
* substructure settlements,
* ballastfouling
* lackofdrainage.

nwizos

Prototype level

» FWD upgrading for railways tests
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4) Interpretation

, . 1
Maxwell’s equation E =E,e'™ v= |— -
,Isu —

Zero level

o —: """" Soil interface

New procedure application: Old line
Step 1) Continuous standard deviation

e Longitundnal bevel * LL Sandand

E Adgrenent * ASundard
© Adgrenere  ® Longmatid level

PR R . . ». s e M
. e W

MRV N
. o8 —

w wos ™ s w s . 1999 01 1603 MO8 1607 M09 1611 ML 1S LT LY TS e

1) Loss of information
(o=limits)

2) Betterlocalization
of the problem
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e ‘Applications of GPR in association with other non-destructive
testing methods in surveying of transport infrastructures”.

Brain storm for 4.3 -— = X

-
2

3 1

Transport Infrastructures *  More or lesstransport infrastructures???
* Are bridgesobject of other Project?
Roads Should beconsideredin4.3?
Railways
Runways
Bridges???
NDT equipment referred

* Main application:
* FWD Falling Weight Defletometer / GPR (E moduli)

Loading tests +  Shallwedistinguish between:
* loading andother structuraltests

FYVD-' LFWD; * complementary geophysicaltests?
High Speed Deflect
vibrationtests .

Other geophysical methods
Geometric level equipments -
Curviameter EMI
SASW seismic methods

electric measurements
Complementary tests tomografy
Digitalimaging
3D laserscan
Thermografy
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=]
E “Applications of GPR in association with other non-destructive

Transport Infrastructures
GPR &NDT

testing methods in surveying of transport infrastructures”.

* Shallweaddress both or only in situ tests
asthe others are addresseedon

In situtests
Laboratory tests

Possible 4.3 objective

* Develop a traffic speed combined evaluation method with

GPR&NDT load test ???

Project 4.3 “Applications of GPR in association with other non-destructive

Main issues to be addressed

testing methods in surveying of transportinfrastructures”

Location of the tests GPR&NDT
Data Processing
— Large amount of data

— Processed toghether to take the best of both GPR&NDT
— Efficientaproaches like ANN

Freeware software FWD/GPR
Combined monitoring- improved monitoring methodology

Joint interpretation, homogeneous zones, quick
interpretation

Less NDT load tests, cost and time consuming
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“GPR USED IN COMBINATION WITH OTHER NDT METHODS
FOR ASSESSING PAVEMENTS IN PPP PROJECTS”
(CONTRIBUTION TO PROJECT 4.3)

Andreas Loizos (GR), Christina Plati (GR)
aloizos@central.ntua.gr

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-1953, 2014 and is available on www.egu2014.eu

B ackground

Evolution of pavement dimensioning

Teaffic Load

End of 19*
century
(macadam)
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Background

Pavement TVP es

Background

Construction

Performance

40% decline

-

75% pavement life

40% decline

Pavement condition

g

12% pavement life

+
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Background

Original Pavement

Time/Taffic

Background

Cores (Destructive method)
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GPR calibration

Real core dimensions Core dimensions from radar (ns)

Anuskid Layer

wJANRS A S N

- - - em—

Asphaltbase
Layers

Falling Weight Deflectometer

(FWD)

® Non-destructive test equipment for

pavements

® Imparts a dynamic load to a pavement

structure

® Simulates a moving wheel load

® Measures deflection of the pavement surface
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Use of GPR in PPP projects

GPR measurements at
unbound materials

Pavement construction

\ During pavementlife

Database

Analysis tools \
Structural, D ,

Road section (~7 km in length): partofa Greek
Motorway, transferred to PPP ownership

Scope of the proiect

assessment of pavement structural condition based o
combination of GPR an FWID

Pavement survey (Lo, & wij)
Analysis of collected data

Pavement evaluation!
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D,: Central deflection

from 90 to 180 — very good
from 180 to 270 - good
from 270 to 360 — medium
>360 - bad

Can a specific
airport
accommodate
A380 operations?

|

use to determine

Pavement
Classification Number

PCN

Road closure Cannot delay

airplane operations
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Need for continuous

pavement monitoring if
possible from zero point

l

Pavement database ws=p Management System

(PMS)

Pavement

Mission
impossible

Runway axis

Conclusions

for pavelnent maintenance
techniques: GPR and other NDT methods

= GPR: powerful NDT technique

Continues record of pavement structure
Traffic speed
No traffic disruption

GPR: useful toolfor PMS

I't can be combined effectively with NDT systems such
as FWD testing for pavement evaluation
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“APPLICATIONS OF GPR IN ASSOCIATION WITH OTHER NON-DESTRUCTIVE
TESTING METHODS IN BUILDING ASSESSMENT AND IN
GEOLOGICAL/GEOTECHNICAL TASKS”

Klisthenis Dimitriadis (GR) - workst@geoservice.gr

Project 4.4. participants

o During the last 2 months, after the last
meeting of the Action,in Rome, the total
number of participants of the project 4.4.
increased to 41 members.

Project 4.4. progress

o Inthe same period, nine new scientific
publications have been published,
according to the feedback received from
the project members.
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o Inone effort to initiate discussions
between partners of the project 4.4 and
take the benefit of the networking
capacities of the COST framework, | have
asked from the partnership, 1o provide to
the project theirrecent activitiesin GPR
but also theirnew ideas and perspectives
for the future.
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TU-1208 Finland

o The GPR method is mostly usedin snow and
frost conditions and in houses basements.

o Significant interest is expressed for using the
GPR for monitoring changes in media, like a
time lapse monitoring tool.

o Testing wooden constructions with GPR is also
mentioned but no additional information was
given. Itlooks probably a promising area, asin
fact the signal penetrationin the wood must
be significally high.

TU-1208 France

o Mainline of research remains the use of GPR
for the evaluation of concrete structures, in
combination with other NDT methods.

o Other hot topics are the calculation of water
contentinto the concrete mass and
especidally its distribution vs depth. Itis
concluded that, although that GPR is a good
tool for moisture calculation, other NDT
methods must be usedin parallel (like
capacitance for example) to improve the
reliability of the gradient evaluation.
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-

[ |
TU-1208 Spain &
—

o The activities of partners from Spain,
related to GPR are oriented towards
archaeology and buildings inspection.
GPR is mostly combined with seismics for
complementarityin the results and variety
in the calculated parameters.

TU-1208 Portugal

o InPortugal, GPR method looks expanding
in the last period, due to the new
orientations of the construction sector.
Tendency is in these days to maintain old
structures rather than constructing new
ones, due to the economic crisis. GPR is
one very effective tool in these fields.

o In addition, combined approaches are
recently adopted like multisprectal
imaging and laser scanning.
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TU-1208 Estonia

o In Estonia, GPR services are not existing today,
as independent services in the market. GPR is
used as a complementary method to other
geophysicalmethods.

o The use of GPR in coastal areas for
calculations of the sediments thickness is also
reported.

o Finally, an effortis done recently to
disseminate the methodology of GPR among
schools, public awareness and other.

B
E—

TU-1208 Greece

o In Greece, the recent economic crisis as
immobilized completely the construction sector.

o In contrary, one recent orientation of the State, to
the Monuments conservation in order to promote
the Tourism had as aresult one significant increase
in the application of the GPR method. GPR now is
adopted as the first ND method to help the
archaeologist to build one visualization of the site
prior to excavations.

o GPR is used now in many Monuments like
Parthenon, Sounion Temple, Artemis Temple and
other, in micro and macro scale.

369



EU Cooperation in Science and Technology — Action TU1208 A

“Civil Engineering Applications of Ground Penetrating Radar” v E D E t

CivilEngineering applications

Inthe case of Tholos Tomb of Acharnon, one
active cooperation between COST partners:

o GEOSERVICE (Greece)
o University of Catalunya (Spain)
o University of Greenwitch (England)

Has started in order to build one substantial
continuous model of the Tholos Tomb of
Acharnon, to protect the Monument from the
degradation.

A few words about the
construction...

This Monument is one unique construction,
and it is build more than 3500 years ago.
The building system is named “EKFORIKON"
and itis consisted on the concept of
building walls, by putting one stone above
the other, keeping always the center of
gravity “inside” the stone areq, to assure the
stability of the entire construction.
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B

The “EKFORIKON" system

e entire
corstructionis
oosed on
gravity

Without any
filing material to
staopiize these
enormous
building blocks.
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Pathology

Two maojor problems have to be faced:

2;  The Civil Engineering problem that
deals with the stability of the entre
building, and now it is under the
responsibility of Prof. Morteza
(Greenwitch University), approved
from the Drection of Restoration of
the Greek Ministry of Culture

B) The gecchemical prcblem that
deals with the stcne degradation,
that will be now faced within the
frame of one new project in H2020,
deaqling with stcne consclidation
with Nanomaterials and it is under
our responsibility.

Building material consolidation 1=
using nanotechnologies g

Todaoy's condition of the building materia of the grove: Altered ond
weathered stone from ageing ond the detericraton of salts, exisfing in
the soil ot extreme concentrations.
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Building material consolidation
using nanotechnologies

The same stone, treated with Cal.oSiL E-25 grey. This is
Colloidal Calcium Hydroxide with nanoparficles in the
size of 50 nanometer, dispersed in Ethanol.

Building material consolidation 1=

using nanotechnologies

The some stone, stabiized ofter treatment.

Stone is solid, without any problem and with increased
mechanical characteristics.
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Public awareness and social
impact

In the case of Tholos Tomb of Acharnon,
the social impact was high at locallevel
(Municipality of Acharnon) but alsoin
Nationallevel (Greek Ministry of Culture).
One specific event of the presentation of
the results from this inttiative is organized
after 15 May from the Municipalily, and the
specific COST action together with the.
corresponding STSM of Ms Assuncao willbe
mentioned.

Other demonstration actionswill follow
soon during this year, at Nationallevelwith
the support of the Greek Ministry of Culture
and our compary.

COST added value

Due to this growing networking
activity of COST, we have
achieved now one new scientific
cooperation and link with the
conservation team of the:

Museum of Cueva Pintadain
Canarias

That faces similar problems and we
submit now in the next 5 days one
proposal in the frame of NMP-21-
2014 call for Nanotechnologies,
one proposal with 12 partners and
a total budget of 7.000.000 euros.
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PROGRESS REPORT OF PROJECT 4.5

“DEVELOPMENT OF OTHER ADVANCED ELECTRIC AND ELECTROMAGNETIC
METHODS FOR THE CHARACTERIZATION OF CONSTRUCTION MATERIALS”

Marc Van Meirvenne (BE) - marc.vanmeirvenne@ugent.be

PARTICIPANTS (18 - 37)
At Rome meeting (July 2013): appointment of leader; no report.
No report at Nantes meeting.

ACTIONS:
1. Establishment of participant list
2. Questionnaire prior to EGU2014

1. WHICH, OTHER THAN GPR, ELECTRIC AND ELECTROMAGNETIC METHODS
DO YOU USE FOR THE CHARACTERIZATION OF CONSTRUCTION MATERIALS
(INCLUDING SOIL)?

 EMI: EM31, EM34, EM38, EM61, Dualem1, Dualem12, Dualem421

* ERT: electrical resistivity tomography, sounding and profiling,
CVES/IP (Circular Vertical Electrical Sounding/Induced Polarization
with multi electrode arrays)

* Transient EM (helicopter)

* MRS (Magnetic Resonance Sounding: hydraulic permeability and
porosity)

* Borehole logging : electrical-, EM-, radioactive-probes, CS616,
CS650, HydraProbe

* TDR (time domain reflectometry)

Other non-E or -EM methods mentioned:

* Magnetometry

* Seismic (refraction seismic, surface wave seismic and high resolution,
reflection seismic)

* seismic, video and acoustic probes

Other E or EM methods not mentioned:
- gamma ray
- vis-NIR spectrometry
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2. FOR WHICH PURPOSE DO YOU USE THESE METHODS ?

* Soil characterization over large scales (agriculture, environmental
management..)

* Soil Volumetric Water Content, hydraulic conductivity

* Porosity, compaction

* Frost, snow

* Soil deformation

* For ground investigation for infrastructure work. It can be early in
the site investigation to map at a larger geological scale or in the
detailed geotechnical investigation to map with high resolution or to
solve specific geotechnical problems.

* To map aquifers or aquifer protection

* Utility and UXO (on-shore and off-shore)

* Archaeological prospection

* Waste detection and characterization (Landfill Mining)

3. DO YOU COMBINE OR INTEGRATE THE RESULTS OF THESE METHODS WITH
GPR MEASUREMENTS, OR DO YOU USE EACH METHOD INDEPENDENTLY ?
PLEASE EXPLAIN FURTHER.

* EMI data and GPR data are jointly interpreted whenever possible, but

not quantitatively merged.

* ERT is used to calibrate the EMI data and to obtain quantitative EMI
data at large scales and to invert for layered subsurface
conductivities.

* We combine the data when possible, e.g. electrical conductivity
results of surface GPR full-waveform inversion are successfully
combined with EMI and ERT.

* We use TDR measurements to validate GPR measurements.

* Normally we do independent geophysical interpretation first, followed
by integrated geological interpretation. If we have boreholes we use
these in the integrated interpretation.

* EM31 -38 are used mainly in soil studies to get the EC profile of soil.

4. IF YOU DO NOT USE ANY OTHER METHOD BESIDES GPR, DO YOU INTENT TO
EXPAND YOUR ACTIONS INTO ANOTHER E OR EM METHOD IN THE NEAR
FUTURE (I.E. WITHIN THE TIME WINDOW OF THE COST ACTION) ? IF SO,

WHICH METHOD DO YOU INTEND TO ACQUIRE ?

No reactions.
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5. ANY OTHER INFORMATION YOU WANT TO PROVIDE IN THE FRAME OF THIS
PROJECT (LIKE WHY YOU JOINED THIS PROJECT)?

* "For characterizing soil, or identifying subsurface features, GPR alone
is not sufficient at all. Other sensors need to be taken in account, but
merging these datasets is a big challenge."

* "Recent improvements of EMI equipment and the development of
quantitative multi-layer inversion software enables the lateral and
vertical characterization of the subsurface over large scales. Until
now most of these developments are used for soil characterization, I
see huge opportunities of this method in the civil-engineering area."

* "We joined this project to gain knowledge on GPR, especially on 3D-
radar systems that we recently started to use. We also want to share
the experience we have with our integrated use of many methods.
Based on our marine work we also use advanced solutions for
positioning, navigation and not least for efficient reporting and here
we also feel that we can share some experience."

* "I know that GPR is good method to find out moisture changes in
media, but it is poor to classify changes in conductivity. There are
better methods for conductivity classification. I know the probes for
monitoring purposes and some EM methods, but I am sure there are
new better ways as well. "

CONCLUSION OF QUESTIONNAIRE

* Several E- and EM-methods are used besides GPR, mainly EMI
and ERT.

* Wide range of applications: from soil and infrastructure
characterization to utility and UXO detection).

* GPR and the other methods are mostly integrated or combined in
some way, but full quantitative fusion remains a challenge.

* Members expect two-way interactions: share expertise and learn
about new approaches.

PLANS FOR THE FUTURE
* Relaunch questionnaire with more directed questions to P4.5.
* List more extensively available methods, application fields,
expectations and expertises.
* Disseminate results among all COST TU1208 to facilitate
interactions and collaborations.

ACKNOWLEDGEMENT - The author acknowledges the COST Action
TU1208 “Civil Engineering Applications of GPR”, supporting this work.
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“COMBINING GROUND PENETRATING RADAR AND ELECTROMAGNETIC
INDUCTION FOR INDUSTRIAL SITE CHARACTERIZATION”
(CONTRIBUTION TO PROJECT 4.5)

Marc Van Meirvenne (BE), Ellen Van De Vijver(BE), Timothy Saey (BE),
Philippe De Smedt (BE), Samuél Delefortrie (BE), Piet Seuntjens (BE)
marc.vanmeirvenne@ugent.be

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-1886, 2014 and is available on www.egu2014.eu

Industrial sites

— Natural soil variation

—— Embankments orfills

— Buried infrastructure

- Buried waste

Direct orindirect
contamination

A multi-sensor approach is adopted: Electromagnetic induction & GPR
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Electromagneticinduction (EMI)

* DUALEM-21S

4 transmitter-receiver coilpairs -> 4 depths of exploration
1HCP 1PRP 2HCP 2PRP
_——_':____\'A* m——— _\
T R R R R
111 221m

Ground penetrating radar (GPR)

* 3d-Radar
* stepped-frequency continuocus wave (100 MHz -3 GHz)

* 13 transmitter-receiver antenna pars . 975 0m

* Mobile set-up:
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Case study: a former manufactured gas plant

* Belgian coastal
plain

* Prior-infothrough
environmental
assessments

Study area: former phosphate production unit

* now: lawn

= 3400m?

1958
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= apparent Electrical Conductivity (EC)

®* heterogeneoussand onclay
®* salinegroundwater

min. -3324.4 mS/m
max. 18923 mS/m

« apparent Magnetic Susceptibility (MS)
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2. Foundations
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CONCLUSIONS

Both EMI and GPR allow to produce detailled subsurface images. Their
combination gives a good representation of the general organisation of
the soil and allows the detection, identification and localisation of
different types of subsurface features. Although ground truthing
remains required for anambiguous interpretation, EMI + GPR represent
a powerful combination for industrial site characterisation.
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“SUBMERGED PREHISTORIC ARCHAEOLOGY AND LANDSCAPES OF THE
CONTINENTAL SHELF — PERSPECTIVE FOR THE TU1208 COST ACTION”

Dragos Ene (RO) - dragos@inoe.inoe.ro

OVERVIEW

Cost Action SPLASHCOS - Submerged Prehistoric Archaeology and
Landscapes of the Continental Shelf begun in 2009, with the aim to
reunite specialists from different domains (marine scientists, geologists,
archaeologists, engineers aso) and different types of organization in the
field of marine sciences, with interest in the drowned prehistoric
landscapes of the European continental shelf, and to disseminate that
knowledge to a wider audience. During the Ice Ages, the sea level
oscillated around of S0 meters below present level.

9

s

European continental shelf with maximum extent in red of exposed land
20,000 years ago
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Coastline Change Model

M(rt) = {G(r.0). Clest). E(rrt). SE(r.0)] p)

G  -the geosystem

C  -theclimate

E - the ecosystem

SE - the socio-economic system

P - relation between the variables
r e R - Space

teT -Time

Digital Elevation Models

[RSL,, if t<0

DEM, = DEM , + AS, — »
" |EC, +G14,.if 120

RSL = EC + GIA, relative sea level

EC eustatic component

GIA  glacio-isostatic adjustment

AS  thickness of eroded / accumulated

sediments
teT time
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CccosE

Methods for location &

detailed investigation of

submerged sites and relevant
i nts

Type of data

Sub-divisions

Remote sensing

environmental

coustic Bathymetric - maps of bottom Sidescanners
'topography' Multibeams
Subbottom - one or two sensor  |Conventional echo-sounders
based 2D or 3D representations |Chirp
of the bottom stratigraphy Parametric
Boomer
Sparker
3D systems
Photographic Surface of bottom - photographic |Camera - remotely operated
documentation of the exposed  |Videocamera - remotely
surface operated
Electric, Subbottom - representations of |Ground penetrating Radar (GPR)
lectromagnetic [the bottom stratigraphy or of
& magnetic features embedded in the
bottom Resistivity
Magnetic Gradiometry
Direct sampling/ investigation
Coring from Geological/archaeological/ Different types of coring devices
surface environmental
Diving Geological/archaeological/ Survey by divers

Excavation by divers

Coring by divers

Platforms for investigation

Wide spectre - depends on
techniques employed

Submersibles

ROVs

AUVs

PRINCIPAL OBJECTIVES OF THE COST AcTION SPLASHCOS

Not Research as such, but: collection of information, development of

contacts/ collaborations, sharing of ideas, formulation of research

programmes (to be funded elsewhere).
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The main focus was on archaeology — how to find it, and how to preserve
& manage it. This includes geology, oceanography, environment — the
cultural landscape. But excludes shipwrecks and historical data (except
for methodological overlap).

RESEARCH TASKS

1. Audit current state of knowledge on known Stone Age (pre-6000)
underwater sites

Factors affecting survival and visibility of sites and terrestrial
features

Environment & topography of submerged terrestrial landscape

Centres of expertise, laboratories etc.

Collaboration with industry and commerce
Communication and outreach

Impact on understanding of European & World Prehistory

N

NOo AW

WORKING GROUPS

4 WGs. Up to 2 (MC) + 8 participants from each country at 2 per WG
(preferably not more than 6 in total)!

WG1. Archaeological Data and Interpretation (RTs 1, 2 & 7)
WG2. Environmental Data and Interpretation (RT 3)
WG3. Technology, techniques, training (RT 4)

WG4. Commercial collaboration, outreach (RTs 5 & 6)
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QUESTIONS

What do we currently know? What would we like to know? - WG1
and WG2

How do we recover new information from the seabed? — Technical
issues, equipment, resources, training - WG3

Collaboration with industry and commerce - WG4

How do we communicate the importance of all of this to a wider
constituency? - WG4

eography: Bathymetry, Multi-
sub-bottom pr q

ring of relict
e sediments
sibles, ROVs
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Swath bathymetry of EXCAVATION SITE

Bouldnor CIliff site

PGI-NRI: Completed underwater projects:
* MACHU - Managing Cultural Heritage
1[] m

Underwater .
MACHU Project financed by EU, finished in 2009

POLAND

Tree stump rocted in the
ice-marginal lake silt

"
»
»
-
»
~
o
»
»
-
@
.
-.
©
“
-

o ) ) Bathymetric map (DTM) of the Ustka test
Palaeo-surface of limnic and marine sediment area based on the multibeam
deposition — 3D relief model of the till surface. echosounding data.
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“A MULTIDISCIPLINARY APPROACH TO INVESTIGATE ROCK SPREADING, ROCK
SLIDING AND CULTURAL HERITAGE SITES ON THE MALTESE ARCHIPELAGO”

Sebastiano D’Amico (IT)
sebdamico@gmail.com

ABSTRACT

Landslides are widespread along the north-western coast of the Island of
Malta and are strictly linked to the structural setting. Lateral spreading
phenomena and rockfalls are due to Limestones overlying a clayey
formation, representing the shallower lithotypes that characterize the
superficial layer. In this study we propose a a multidisciplinary and
multitechnical approach in order to investigate the kinematics and the
evolution of these types of coastal landslides.

1. INTRODUCTION

The Maltese Archipelago is situated in the Mediterranean Sea, about 290
km northeast of Tunisia and 90 km south of Sicily. It consists of three
major islands: Malta, Gozo, and Comino, which lies in the Comino
Straits separating the two largest islands. The Maltese economy is
mainly based on the tourism industry with a high degree of coastal
urban settlements. In order to better preserve the historical heritage,
landscapes, and coastal areas and to promote tourism activities, it has
been proposed that the archipelago might be considered as an open air
laboratory. In this context multidisciplinary studies integrating geology,
engineering, geomorphology as well as history and archeology may be
undertaken in order to develop and test methodologies for the
assessment of the relationship between the physical environment and
cultural heritage sites. In this study we propose a a multidisciplinary
and multitechnical approach in order to investigate the kinematics and
the evolution of coastal landslides and the conservation of historical
sites.

2. METHOD
In Fig. 1 is reported an example of typical situation of lateral spreading

and rock fall on the Maltese archipelago. In order to investigate the mass
movement and the influence of the fractures in the Upper Coralline
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Limestone (UCL) formation we recorded ambient noise time series at
several locations using a portable 3-component seismograph. The time
series are processed to give both horizontal-to-vertical spectral ratio
graphs (H/V) as well as frequency-dependent polarisation analysis.

Plateau Area

Anchor Bay
(AmusementPark Area

Golden Bay
(Cultural Heritage Area) |4

FIG. 1- a) Location of the test sites in the Maltese Archipelago (colours
represent the surface geology) b) cartoon sketch of cross section across the
edge of the cliff, illustrating vertical displacements of Blocks B and C, and

approximate positions of measurement sites 22, 10 and 19. The
approximate transect is shown on the inset map. This is a typical situation

of lateral spreading and rock fall on the Maltese archipelago. c) d) e).
Fractures at the selected sites. It is evident that the fractures are effecting

historical sites as well as modern urban areas.

The H/V graphs illustrate and quantify aspects of site resonance effects
due both to underlying geology as well as to mechanical resonance of
partly or wholly detached blocks [1]. The polarization diagrams indicate
predominant directions of vibrational effects. Results from this study
show an unambiguous distinction between the behaviour of the inland
plateau areas, away from the cliff edges, the region of the unstable cliff
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edge and the actual rockfall areas. However, it has not be possible to
evaluate the extension of the fractures and the depth they reach. This is
the reason why we propose the use of other engineering techniques such
as Ground Penetrating radar which can help to identify buried
structures as well as have a measurements of the extention of potentially
hazardous fractures presents in area of high density buildings and/or
historical monuments.

3. CONCLUSION

Ambient vibration time series have been shown to contain information
that is relevant to the behaviour of coastal features at different stages of
destabilisation. Using polarisation analysis, it has been possible to
distinguish unambiguously between H/V peaks that arise from
resonances in the shallow crustal layering, including low-velocity layers
in this particular case, and peaks that arise from whole-block
mechanical vibrational modes. Where blocks are only partly detached
from the mainland, and are limited in their degrees of freedom, the
dominant direction of polarization is generally normal to the cliff edge, or
to the large scale fractures. Where blocks are fully detached, the
polarization directions appear to indicate the existence of more degrees
of freedom. Finally we propose that the orientation, persistency and
width of the discontinuity sets of calcareous rock masses can be
reconstructed by means of a Ground Penetrating Radar (GPR) campaign.
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A TEST STUDY TO DISPLAY BURIED ANTI-TANK LANDMINES WITH GPR AND

RESEARCH SOIL CHARACTERISTICS WITH CRS

Selma Kadioglu (TR), Yusuf Kagan Kadioglu (TR)
kadioglu@eng.ankara.edu.tr

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-10131, 2014 and is available on www.egu2014.eu

ELECTRICAL RESISTIVITY TOMOGRAPHY AND GROUND PENETRATING RADAR
FOR LOCATING BURIED PETRIFIED WOOD SITES: A CASE STUDY IN THE
NATURAL MONUMENT OF THE PETRIFIED FOREST OF EVROS, GREECE

Nectaria Diamanti (GR), George Vargemezis (GR),
Panagiotis Tsourlos (GR), llias Fikos (GR)
ndiamant@geo.auth.gr

The abstract is published in Geophysical Research Abstracts, Vol. 16,
EGU2014-14298, 2014 and is available on www.egu2014.eu

These contributions were presented as posters.
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COST - European Cooperation in Science and Technology is an intergovernmental
framework aimed at facilitating the collaboration and networking of scientists
and researchers at European level. It was established in 1971 by 19 member
countries and currently includes 35 member countries across Europe, and Israel
as a cooperating state.

COST funds pan-European, bottom-up networks of scientists and researchers
across all science and technology fields. These networks, called 'COST Actions’,
promote international coordination of nationally-funded research. By fostering
the networking of researchers at an international level, COST enables break-
through scientific developments leading to new concepts and products, thereby
contributing to strengthening Europe’s research and innovation capacities.

COST’s mission focuses in particular on: building capacity by connecting high
quality scientific communities throughout Europe and worldwide; providing
networking opportunities for early career investigators; increasing the impact of
research on policy makers, regulatory bodies and national decision makers as
well as the private sector.

Through its inclusiveness, COST supports the integration of research
communities, leverages national research investments and addresses issues of
global relevance. Every year thousands of European scientists benefit from being
involved in COST Actions, allowing the pooling of national research funding to
achieve common goals.

As a precursor of advanced multidisciplinary research, COST anticipates and
complements the activities of EU Framework Programmes, constituting a “bridge”
towards the scientific communities of emerging countries. In particular, COST
Actions are also open to participation by non-European scientists coming from
neighbour countries (for example Albania, Algeria, Armenia, Azerbaijan, Belarus,
Egypt, Georgia, Jordan, Lebanon, Libya, Moldova, Montenegro, Morocco, the
Palestinian Authority, Russia, Syria, Tunisia and Ukraine) and from a number of
international partner countries.

COST's budget for networking activities has traditionally been provided by
successive EU RTD Framework Programmes. COST is currently executed by the
European Science Foundation (ESF) through the COST Office on a mandate by
the European Commission, and the framework is governed by a Committee of
Senior Officials (CSO) representing all its 35 member countries.

More information about COST is available at www.cost.eu.

The scientific activities of the COST Action TU1208 are carried out within
four Working Groups (WGs). The effectiveness of this scheme will be checked
after the first year of activities and will eventually be modified, considering the
actual number of active participants in each WG. The structure of each WG
will always be kept as flexible as possible, in order to enable new participants
to join. All the participants, when joining the Action, are invited to provide
basic information on their experience, interests, and current research projects,
as well as WGs and Projects preferences. Each participant can belong to two
WGs and an arbitrary number of projects within the chosen WGs.

The four TU1208 WGs are: WG1 — Novel GPR instrumentation; WG2 — GPR
surveying of pavements, bridges, tunnels and buildings; underground utility
and void sensing; WG3 — EM methods for near-field scattering problems by
buried structures and data processing techniques; WG4 - Different
applications of GPR and other NDT technologies in civil engineering. The WG
meetings constitute an opportunity to present activities, results and plans for
the future. Between meetings, the WG members regularly interact.
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The COST Action TU1208 focuses on the exchange of scientific-technical knowledge and experience of
Ground Penetrating Radar (GPR) techniques in Civil Engineering (CE). The project is being developed
within the frame of a unique approach based on the integrated contribution of University researchers,
software developers, geophysics experts, Non-Destructive Testing equipment designers and producers,
end users from private companies and public agencies. In this interdisciplinary Action, advantages and
limitations of GPR will be highlighted leading to the identification of gaps in knowledge and technology.
Protocols and guidelines for EU Standards will be developed, for effective application of GPR in CE. A novel
GPR will be designed and realized: a multi-static system, with dedicated software and calibration
procedures, able to construct real-time lane 3D high resolution images of investigated areas. Advanced
electromagnetic-scattering and data-processing techniques will be developed. The understanding of
relationships between geophysical parameters and CE needs will be improved. Freeware software will be
released, for inspection and monitoring of structures and infrastructures, buried-object localization, shape
reconstruction and estimation of useful parameters. A high level training program will be organized.
Mobility of early career researchers will be encouraged. The project has already received the interest of
key end users and excellent EU Institutions.

“

www.GPRadar.eu
www.cost.eu/domains_actions/tud/Actions/TU1208
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