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Introduction

Ground Penetrating Radar (GPR) is a safe, advanced, and non-invasive sensing 
technique that has several traditional and novel applications, sometimes stand-
ardised by national or international regulations. It can be effectively used for 
subsurface investigation, three-dimensional imaging of composite structures, and 
diagnostics affecting the whole life-cycle of civil engineering works.

The major GPR strengths, on which its success in the civil engineering field 
is based, are related to the non-destructiveness and non-intrusiveness of the sur-
veys, notably lower costs compared to traditional methods, high-speed data acqui-
sition, reliability and representativeness of measurements. The time needed for a 
survey is typically one order of magnitude shorter than with possible alternative 
technology; this results in obvious business benefits of reduced costs, together 
with limited or eliminated charges associated to restricting access of other activi-
ties to the investigated area. GPR provides significant, dense and accurate data; 
the resolution is higher, compared to competing geophysical technologies as seis-
mic, transient electromagnetic, electrical and magnetic approaches. The main per-
formance limitations occur in the presence of high-conductivity materials, such as 
clay or salt-contaminated soils, and in heterogeneous conditions causing compli-
cated electromagnetic-scattering phenomena. Considerable expertise is necessary 
to effectively design and conduct a survey; moreover, the interpretation of radar-
grams is generally non-intuitive, thus specific competences are needed to enable 
measurements to be transformed into clear pictures and engineering decision-
making data. We are confident that, thanks to the improvement and evolution of 
both hardware and software technologies, ground-penetrating radar will become 
an even more efficient, effective, extensively used and less-invasive technique in 
the near future.

Looking at the current interest of the scientific community, technicians and pro-
fessionals all over the world, towards GPR and its civil engineering applications, it 
could seem that the history of this electromagnetic technique is very long. Then, it 
may sound odd that its origin is assumed in the first applications of the radio-wave 
propagation above and along the surface of the Earth that were developed about 60 
years ago. The first use in the field of civil engineering is commonly considered 
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to have taken place in Egypt and it was oriented to identify the water table depth: 
in 1956, El Said implemented a research programme, funded by the Egyptian 
National Research Council, for the geophysical prospection of underground water 
in the deserts. It is interesting to underline that the methodology adopted by El 
Said was essentially the same as is currently used to estimate the thickness of lay-
ers or the burial depth of targets. In particular, he used a continuous-wave trans-
mitter to diffuse electromagnetic energy in the ground through an antenna laid on 
the soil surface. A radio receiver measured the wave reflected by the water table. 
The distance between receiver and transmitter was known. Following procedures 
nowadays still used, he calculated the depth of the table by measuring the time 
delay of the received wave.

The whole history of ground penetrating radar is intertwined with its various 
applications. A significant activity in the field of civil engineering started up in 
the 1960s and has become mature in the 1970s. Mines and underground deposit 
inspections were very frequent. Moreover, in the line of the lunar science mis-
sions, strong efforts were spent to improve new technologies that seemed very 
promising for the subsurface examination. Additional and promising uses were 
observed in archaeology and geology. The electrical characterisation of geological 
materials, as well as the relationships between electrical conductivity and dielec-
tric polarisation, were topics of great interest in the research community. In the 
1980s, the GPR borehole configuration was successfully proposed for the assess-
ment of nuclear waste disposal sites. Starting from these experiences, the borehole 
configuration has become a relevant standard for hydrological studies of porous 
media. Another application, that is now likely the most financed, is mine detec-
tion for security and humanitarian purposes. In recent years, the GPR was pro-
posed and successfully used for the localisation of people buried or trapped under 
snow or debris, aiding rescue activities in disaster scenarios such as avalanches, 
collapsed buildings and earthquakes.

In the civil engineering field, GPR is currently used for inspection, monitoring 
and design purposes. The detection of utilities and buried objects, as well as the 
surveying of road pavements, bridge decks, tunnels, and the measurement of mois-
ture content in natural soils and manmade materials, are the main applications. In 
addition, interesting examples concerning the use of the ground penetrating radar 
in structural, geotechnical and railway engineering have to be mentioned.

This book is a deliverable of the COST (European COoperation in Science 
and Technology) Action TU1208 “Civil Engineering Applications of Ground 
Penetrating Radar.”

COST is the longest-running European (EU) framework supporting cooperation 
among scientists and researchers across Europe; founded in 1971, it has been con-
firmed in Horizon 2020. It contributes to reducing the fragmentation in EU research 
investments, building the European Research Area (ERA) and opening it to coopera-
tion worldwide. It also aims at constituting a “bridge” towards the scientific com-
munities of emerging countries, increasing the mobility of researchers across Europe, 
and fostering the establishment of excellence in various key scientific domains. 
Gender balance and early-stage researchers are strategic priorities of this programme.
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COST does not fund research itself, but provides support for networking activities 
carried out within Actions: these are bottom-up science and technology networks, 
centred around nationally funded research projects, with a 4-year duration and a 
minimum participation of five COST Countries. The Actions are active through 
a range of networking tools, such as meetings, workshops, conferences, training 
schools, short-term scientific missions, and dissemination activities; they are open 
to researchers and experts from universities, public and private research institutions, 
non-governmental organisations, industry, and small and medium-sized enterprises.

The Action TU1208 is running in the “Transport and Urban Development” COST 
domain; it started in April 2013 and focuses on the exchange of scientific-technical 
knowledge and experience of GPR techniques in civil engineering, aiming at promot-
ing throughout Europe a more effective use of this inspection method. The ambitious 
and interdisciplinary project of the COST Action TU1208 is being developed within 
the frame of a unique approach based on the integrated contribution of university 
researchers, software developers, geophysicists, civil and electronic engineers, archae-
ologists, non-destructive testing equipment designers and producers, end users from 
private companies and stakeholders from public agencies. About 300 participants from 
130 institutions in 28 COST Countries (Austria, Belgium, Croatia, Czech Republic, 
Denmark, Estonia, Finland, France, Germany, Greece, Ireland, Italy, Latvia, Malta, 
Macedonia, The Netherlands, Norway, Poland, Portugal, Romania, Serbia, Slovakia, 
Slovenia, Spain, Sweden, Switzerland, Turkey, UK) and a COST Cooperating State 
(Israel) have joined the Action. Partners from COST Near-Neighbour Countries 
(Albania, Armenia, Egypt, Jordan, Russia, Ukraine) and International Partner 
Countries (Australia, Philippines, Rwanda, United States of America) are participat-
ing, too. Applications from further Countries are currently under examination.

During the first year of activity, the partners worked on highlighting the advan-
tages and limitations of the currently available equipment, surveying procedures, 
and electromagnetic/numerical methods for the interpretation of experimental 
data. Such studies led to a comprehensive assessment of the state of the art in the 
field of the civil engineering applications of GPR, and to the identification of open 
issues and gaps in knowledge and technology. The results of this wide and in-
depth review activity were fruitfully discussed during Action’s meetings and are 
presented in this book.

The organisation of the book reflects the scientific structure of the Action, which 
includes four Working Groups (WGs). In particular, the WG 1 of the COST Action 
TU1208 focuses on the design of innovative GPR equipment, the building of proto-
types, the development of testing and calibration procedures, and the optimisation 
of new systems. The WG 2 deals with surveying of transport infrastructures and 
buildings, sensing of underground utilities and voids, testing of construction materi-
als and estimation of soil water content. The WG 3 is developing accurate and fast 
electromagnetic scattering approaches for the characterisation of complex scenarios, 
inversion and imaging techniques, and data processing algorithms for the elabora-
tion of GPR data collected during civil-engineering surveys. Finally, the WG 4 
focuses on the applications of GPR outside from the civil engineering field, as well 
as on the combination of GPR with other non-destructive testing techniques.
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The book is opened with the first chapter of Part I—“GPR Instrumentation”—
authored by G. Manacorda et al. and entitled “Design of Advanced GPR 
Equipment for Civil Engineering Applications,” where the main issues in design-
ing ground penetrating radar equipment dedicated to civil engineering applications 
are described. A comprehensive review on the commonly available system archi-
tectures along with the main design challenges to build an effective tool are herein 
provided. Overall, the work mostly focuses on three major areas where solutions 
to technical challenges are nowadays more than ever needed, namely, radio-fre-
quency system design, antenna design and data analysis.

The transmitting and receiving antennas are among the most critical parts of a 
ground penetrating radar, performing the essential functions of transferring elec-
tromagnetic energy to the surveyed scenario with the required pattern, bandwidth 
and efficiency, and receiving the energy scattered-reflected by the environment. 
For this reason, Part I is complemented with the chapter by L. Pajewski et al., enti-
tled “Antennas for GPR Systems.” This contribution offers a review on the anten-
nas currently used in GPRs, suggesting ideas for their improvement, and resuming 
the numerical and experimental methods for their electromagnetic characterisation.

Part II of the book is entitled “GPR Surveying of Pavements, Bridges, Tunnels 
and Buildings; Underground Utility and Void Sensing.” It includes five contribu-
tions on this topic.

The chapter authored by J. Stryk et al. is entitled “Innovative Inspection 
Procedures for Effective GPR Surveying of Critical Transport Infrastructures 
(Pavements, Bridges and Tunnels).” This work thoroughly reviews individual 
applications, which are currently in use, and outlines those that are still in the 
phase of research and verification. An overview on issues that need to be dealt 
with GPR is also addressed, to enable the larger applicability of this non-destruc-
tive method in critical transport infrastructures.

The following chapter is entitled “Inspection Procedures for Effective GPR 
Surveying of Buildings,” by V. Pérez-Gracia and M. Solla. It focuses on the main 
achievements in surveying different types of buildings, on the software develop-
ment for enhancing data interpretation and on laboratory studies that can be over-
all relevant for the analyses of complex scenarios. Open issues are also defined as 
a final conclusion, based on the revision of different works.

In their chapter “Inspection Procedures for Effective GPR Sensing and 
Mapping of Underground Utilities and Voids, with a Focus to Urban Areas,”  
C. Plati and X. Dérobert present some studies showing the ground  penetrating 
radar performances and limitations in locating and mapping objects such as pipes, 
drums, tanks, cables and underground features or in detecting subsurface voids 
related to subsidence and erosion of ground materials, from single-channel sys-
tems to the potential of multi-channel three-dimensional imaging and integrat-
ing systems. The Authors also discuss the importance of achieving cost-effective 
installations from the deployment of GPR prior to directional drilling for the pre-
vention of damage to existing utilities.

L. Krysinski and J. Hugenschmidt authored the chapter “Effective GPR 
Inspection Procedures for Construction Materials and Structures,” in which a 
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review of approaches related to the assessment of construction details and mate-
rial properties by using ground penetrating radar is presented. The analysis of the 
authors relies on the assessment of electromagnetic properties as a fundamental 
mean for understanding both materials physical properties and as an inherent part 
of any GPR structural study necessary for correcting uncalibrated electromagnetic 
parameters. Major directions of research along with some benefits and limits of 
different approaches are herein described.

To complete Part II of the book, the chapter by F. Tosti and E. Slob, entitled 
“Determination, by Using GPR, of the Volumetric Water Content in Structures, 
Substructures, Foundations and Soil,” describes the use of several instruments and 
processing techniques for the evaluation of volumetric water content in concrete 
structures and unsaturated soils, at different investigation scales. Strength points 
and main drawbacks of the commonly used approaches for moisture sensing are 
discussed, relative to the most recent research studies on this issue. In addition, 
recently developed methods on this field of application are introduced.

Part III of the book is entitled “Electromagnetic Methods for Near-Field 
Scattering Problems by Buried Structures; Data Processing Techniques;” it 
includes overall four contributions on these issues

This part of the book is opened by the chapter “Methods for the Electromagnetic 
Forward Scattering by Buried Objects,” written by C. Ponti, in which the useful-
ness in using dedicated tools for the solution of forward electromagnetic scatter-
ing by buried objects is outlined, with the main purpose of interpreting the GPR 
responses. A review on the most established approaches in the modelling of 
impulse radar systems, such as Finite-Difference Time Domain or space-time 
integral equations, is developed. Furthermore, the issue of implementing novel 
approaches to approximate the integral equations via series expansions with lower 
computational complexity, when adopting a Method of Moments discretisation, is 
addressed. The spectral-domain Cylindrical Wave Approach is presented.

In the following chapter, entitled “Development of Intrinsic Models for 
Describing Near-field Antenna Effects, Including Antenna-Medium Coupling, 
for Improved Radar Data Processing Using Full-Wave Inversion,” A.P. Tran and 
S. Lambot deal with the proper description of antenna effects on GPR data and 
resume the methods that have been developed for this purpose. Traditional numeri-
cal methods are computationally expansive and often not able to provide an accu-
rate reproduction of real measurements. The Authors thoroughly describe how 
intrinsic modelling approaches, through which radar antennas can be effectively 
described taking into account their fundamental properties, have demonstrated 
great promise for fast and accurate near-field radar antenna modelling in order to 
reliably estimate medium electrical properties.

In the chapter “GPR Imaging via Qualitative and Quantitative Approaches,”  
I. Catapano et al. resume the issue of solving an inverse scattering problem, where 
a set of parameters describing the underground scenario must be retrieved starting 
from samples of the measured electromagnetic field. The authors provide an over-
view of different approaches and algorithms for both quantitative and qualitative 
buried scatterer reconstruction.
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N. Economou et al. complete Part III of the book with a chapter on “GPR Data 
Processing Techniques,” wherein the difficulties in automating data analysis are 
mainly addressed. In this regard, after providing the reader with a deep under-
standing of the state of the art and open issues in the field of GPR data processing 
techniques, the authors present an overview on noise suppression, deconvolution, 
migration, attribute analysis and classification techniques with a particular focus 
on data collected during civil engineering surveys.

This book is concluded with Part IV “Different Applications of GPR and Other 
Non-Destructive Testing Technologies in Civil Engineering,” which includes four 
chapters.

The first contribution is entitled “Applications of GPR for Humanitarian 
Assistance and Security,” by X. Núñez-Nieto et al. This chapter reviews a series 
of published works in the frame of the ground penetrating radar applications for 
humanitarian assistance and security, with a special reference to the detection of 
mines and unexploded ordnances. The location of underground spaces and the 
GPR use in rescue operations is also addressed, wherein its contribution in locat-
ing human remains or living victims in disaster areas is always more demanded. 
The authors analyse specific systems, methodologies and processing algorithms 
specifically developed for these applications.

The following chapter, entitled “Applications of GPR in Association with Other 
Non-Destructive Testing Methods in Surveying of Transport Infrastructures,” writ-
ten by M. Solla et al., reviews a compilation of works in the frame of the appli-
cations of GPR combined to other non-invasive methods in the evaluation of 
transport infrastructures. The authors demonstrate that these integrated approaches 
have significantly benefited the procedures for inspection and they successfully 
solved some of the limitations of traditional methods in monitoring roads and 
pavements, concrete and masonry structures, and tunnels.

The next chapter, entitled “Advanced Electric and Electromagnetic Methods for 
the Characterisation of Soil,” by M. Van Meirvenne, deals with the detailed spa-
tial characterisation of soil properties with different electric and electromagnetic 
methods, which is essential for the management of soil to provide all its functions 
and essential services to the environment. Electrical resistivity sensors, ground 
penetrating radar systems and electromagnetic induction sensors are herein thor-
oughly compared by outlining potential targets of each measurement technique, 
along with advantages and limitations. Despite the strengths of every type of sens-
ing system, it is suggested by the author an increased integration of soil sensors 
into multi-sensor systems enabling their fused processing as a future challenge for 
enhancing the reliability of soil analyses.

The last chapter, entitled “Applications of radar systems in planetary sciences: 
an overview,” by F. Tosti and L. Pajewski, focuses on the remarkable results and 
sophistication of radar systems achieved over the history in several planetary 
explorations, by dividing the treatment according to different planets and celestial 
bodies investigated.
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Abstract This chapter describes the issues to be addressed in the design of Ground 
Penetrating Radar equipment dedicated to civil engineering applications. Radar is 
well known for its ability to detect aircraft, ships, vehicles, birds, rainstorms and 
other above-ground objects. It relies for its operation on the transmission of elec-
tro-magnetic energy, usually in the form of a pulse, and the detection of the small 
amount of energy that is reflected from the target. The round-trip transit time of 
the pulse and its reflection provide range information on the target. The applica-
tion of radar in the detection of buried objects is quite old; there are details of such 
work dating back to 1910, with the first pulsed experiments reported in 1926 when 
the depths of rock strata were determined by time-of-flight methods. The design of 
effective Ground Penetrating Radars requires solutions to technical challenges in 
three major areas:

•	 Radio Frequency system design.
•	 Antenna design.
•	 Data analysis.

Hence, this chapter reviews the commonly available GPR system architectures 
and summarises main design challenges to build an effective tool.
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1  Introduction

The use of Ground Penetrating Radars (GPRs) in civil engineering is well estab-
lished and there are several applications where it is currently utilised; they include 
the location of buried services, the detection voids or cavities, locating steel rein-
forcement in concrete, geotechnical foundation investigations, as well as archaeo-
logical, environmental and hydro-geological surveys.

The main applications of GPR to transportation infrastructures generally 
include measuring the thickness of pavement layers, detecting voids beneath lay-
ers, detecting and locating reinforcing bars, inspecting pavement structure, and 
mapping of the underground utilities.

Ground Penetrating Radars are designed to probe up to a few metres into the 
ground through material that is, usually, non-homogenous and, unlike free-space, 
strongly absorbs radar signals. The frequency range that has been found to be use-
ful for such an application lies within the limits of 100 MHz to 2 GHz.

Requirements for civil engineering applications differ, depending upon the appli-
cation, and each one imposes a particular set of constraints on the design of an effec-
tive GPR. For example, the majority of buried plant is within 1.5–2 m of the ground 
surface, but it may have a wide variation in its size, may be metallic or non-metallic, 
may be in close proximity to other plant and may be buried in any one of a wide 
range of soil types, with implications for large differences in both the absorption and 
the velocity of propagation of electro-magnetic waves, and consequent effects upon 
GPR performance. For this application, the most important performance criterion 
is depth of penetration, with resolution (the ability to distinguish between closely 
space objects), whilst being important, is a secondary consideration.

On the other hand, surveys of concrete or asphalt pavements requires very high 
resolution for accurately measuring the thickness of layers composing roadways or 
the runways; the same applies to the assessment of bridge decks where GPR sig-
nals can be analysed to detect potentially corroded areas.

Performance characteristics of GPRs are also often affected by ground condi-
tions that may vary rapidly within the area of a radar survey where, for example, 
variations in water content can be crucial and, particularly in urban areas, where 
there could be imported backfill of inconsistent quality. Consequently, it can some-
times be problematic to achieve both adequate penetration of the radar energy and 
good resolution, and some design compromises may have to be accepted.

In addition, a further issue concerns the interpretation of GPR data, which is 
not trivial in many situations; in this respect, the latest developments in GPR are 
oriented towards the design of equipment featuring real-time 3D high resolution 
images of surveyed areas.

Images, such as that shown in Fig. 1 can easily be understood even by an 
unskilled operator; however, this visualisation improvement can be effective only 
if the GPR performs well in terms of signal quality and detection range; in fact, 
if the received signal is too weak, as would be the case in wet, muddy ground, 
enhanced graphics software will solve neither the basic signal problem nor the 
detection performance.
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Consequently, the design of high performance equipment is a complex but fasci-
nating task for engineers and researchers as it involves a wide range of expertise such 
as electromagnetic wave propagation in media, antenna technology, radar design and 
electronics as well as advanced signal processing techniques and computer graphics.

2  The Radio Frequency System

2.1  Introduction

The purpose of the Radio Frequency (RF) system is:

•	 To generate an electrical signal of appropriate power level, frequency range and 
spectral characteristics, and to apply it to the transmit antenna.

•	 To process energy collected by the receive antenna into a form suitable for data 
analysis.

Fig. 1  High resolution GPR image of the archaeological site of Empúries (Spain) (Courtesy of 
Geostudi Astier—Italy)
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The RF energy is usually in the form of a short pulse, a frequency modulated burst 
of electromagnetic energy or discrete frequencies transmitted in a known sequence. 
RF system design and costs are significantly affected by the choice of modulation 
technique. Pulse modulation is, at present, cheaper to implement and is the method 
used in most commercial systems. Performance benefits, particularly increased 
dynamic range, are available from Frequency Modulated Continuous Wave 
(FMCW) and stepped frequency systems, but practical limitations imposed by the 
physics of the process make the benefits difficult, but not impossible, to realise in 
practice. Other modulation techniques are possible, such as noise and pseudoran-
dom coding, but these are very seldom used.

The critical performance parameter of the RF system is dynamic range. Pulse 
modulated systems use sampling receiver techniques where, typically, the dynamic 
range will be 70 dB. Time varying gain is usually applied which can increase the 
dynamic range to 90 dB or more. In addition, averaging may be used (if acquisi-
tion times permit) which can provide a further increase. Frequency modulated sys-
tems, either continuous wave or stepped, can increase dynamic range.

However, when the RF system is connected to practical antennas, internal sys-
tem reflections, ground returns and transmit to receive antenna leakage generate 
time dependent clutter (clutter is the term used for returns identified by the system 
as targets that do not correspond to intended targets or to noise). Unless special 
measures are taken, clutter limits dynamic range regardless of whether time or fre-
quency domain systems are used.

The final stage of the RF system transforms the analogue signal into digital 
form for data analysis and display purposes; this conversion must be executed with 
a suitable sampler resolution that prevents the limiting effects on dynamic range of 
quantization noise.

2.2  Time Domain GPR

Usually, Time Domain GPRs produce transmit signals with the required frequency 
range by using an impulse generator based upon an avalanche transistor. A typi-
cal pulse obtained from such a device is shown below, together with its spectrum 
(note that the signal consists of just a single cycle with a period of, approximately, 
10 ns, as shown in the diagram Fig. 2). Although this is a cost-effective means of 
producing a signal with usable characteristics, the physical mechanism is a ran-
dom process that may produce noise and jitter, which limits the inherent dynamic 
range of the system.

The receivers for such systems are based upon the methods used in high fre-
quency time domain sampling oscilloscopes which also have fundamental limits 
on their dynamic range that rarely exceeds 70 dB.

The top diagram in Fig. 3 depicts a typical GPR system, consisting of an 
impulse source and receiver connected by transmission lines to transmit and receive 
antennas. The system is deployed close to the ground surface, and interactions 
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occur between the radar and the ground and between its internal components. The 
major interaction paths are marked.

These interactions are extended in time and define what is known as the 
‘Impulse Response’ of the system. It is also known as the ‘Clutter Profile’. This is 
shown in the Fig. 3 bottom diagram as a decaying received signal—with respect 
to time and hence distance from the radar. Reflections from targets buried in the 
ground must be large enough for their peaks to be visible above the clutter profile. 
The system clutter profile is a critical system performance parameter and the radar 
must be designed to minimise its decay time and to make it, as far as possible, 
independent of the electrical properties of the ground.

2.3  Frequency Domain GPR

Frequency domain radar systems have as long a history as their time domain coun-
terparts. For some applications, the advantages of simple Continuous Wave (CW) 
systems is that they avoid the complication of modulation circuitry, have no mini-
mum or maximum range as well as maximising power on the target.

However, because they depend upon the Doppler shift principle they also have 
the disadvantage of only being able to detect moving targets. The main use of such 
systems has been military, where they provide a means of determining the point of 

Fig. 2  Impulse radar pulse and spectrum envelope
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closest approach by guided weapons to their targets so that the warheads may be 
detonated at the correct time.

Being unable to detect targets unless they are moving and producing a Doppler 
shift clearly makes CW radars unsuitable for GPRs. If, however, the source is able 

Fig. 3  Impulse radar GPR Scheme with major signal interaction paths (above) and consequent 
GPR clutter response (below)
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to produce a range of frequencies continuously varying with time, then it is possi-
ble to detect targets that do not move. Such radars are known as Swept Frequency 
Continuous Wave (SFCW). Usually the signal is generated by a source whose fre-
quency can be controlled by the application of an external DC voltage.

In both the generation and reception of frequency domain signals, the technology 
is very different from that their time domain counterparts, and some aspects of the 
performance of such systems, particularly noise and dynamic range, are superior.

2.3.1  Principles of Frequency Modulated Continuous Wave  
(FMCW) Receivers

FMCW radar systems are able to detect motionless targets because of the time 
delay between the energy originally transmitted and the reception of energy 
reflected from the remote target. Because the frequency of the transmitted signal is 
constantly varying with time, the signal from the target will be different to that cur-
rently being transmitted. If the transmitted frequency changes linearly with time, 
then the frequency difference is a direct measure of the range of the target (Fig. 4).

By choosing the rate of change of frequency appropriate to the target range, the 
difference frequency can be set so that it lies within a range that can be processed 
by audio frequency devices. A typical difference frequency might be 10 kHz, so 
that a narrow-band filter can be used to minimise the noise bandwidth and, hence, 
maximise the dynamic range.

By applying a sample of the transmitted signal and the received signal to a non-
linear receiver, sum and difference frequencies are created. A low pass filter easily 
separates the required difference and sum frequencies.

The diagram in Fig. 5 depicts a simple FMCW radar system. In the GPR appli-
cation illustrated, the same signal interactions are present as in the impulse radar.

Detection is achieved by taking a sample of the transmitted waveform, and 
using it as a Local Oscillator (LO) input to a diode. The much weaker received 
signal is also fed into the diode, which acts as a ‘phase coherent’ detector. This 

Fig. 4  FMCW difference frequency generation
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signal mixing (heterodyning) in the diode creates sum and difference frequencies 
from the LO and received signals. The sum frequency is outside the frequency 
range of the receiver and is thus filtered out, whilst the difference frequency is pro-
cessed further to yield the required target information. This processing takes the 
form of a transformation of the difference frequency data, by means of a Fourier 
Transform, into the time domain so that range information may be extracted.

FMCW radars offer wider dynamic range, lower noise figures and can radiate 
higher mean powers than the time domain counterpart. In addition, the frequency 
range used is easily tailored to suit the characteristics of the material and targets 
under investigation. If, however, degradation of the system resolution by spectral 
widening of the Intermediate Frequency (IF) is to be avoided, then a high degree 
of the linearity in the variation in frequency as a function of time is required.

2.3.2  Time Domain to Frequency Domain Transformation

Fourier, in his Théorie analytique de la chaleur (1822), stated that any periodic 
signal can be represented by the sum of an infinite series of sine waves separated 
by the repetition frequency of the time domain signal. The process has become 
known as the Fourier Transform. Further, an inverse process may be applied to the 

Fig. 5  FMCW radar schematic diagram
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series of sine waves to transform them from the frequency domain into the time 
domain. This is known as an Inverse Fourier Transform.

All time domain signals are represented by a single value that describes their 
amplitude at any instant in time. On the other hand, the frequency domain descrip-
tion of a sinusoid requires both amplitude and phase. The output, therefore, of the 
Fourier Transform requires two channels of information to convey a full descrip-
tion. This can be amplitude and phase, but it can also be the real and imaginary 
parts of a complex number. In order to carry out the Inverse Fourier Transform 
correctly, both the real and imaginary parts of the frequency domain signal must 
be known. The simple schematic of a FMCW system as shown above, cannot sup-
ply the complete information required.

As the repetition frequency decreases, then the frequency difference between 
the sinusoids of the Fourier Transform becomes smaller until, in the limit when 
there is only a single occurrence of the signal, the frequency spectrum becomes 
continuous. The diagram below shows a single occurrence of a real time domain 
signal, together with its Fourier Transform. Note that the time domain signal 
illustrated has a DC component, and the spectrum of the output of the Fourier 
Transform is distributed about zero frequency. With radar pulses, there would be 
no DC component and the spectrum of the Fourier Transform would be distributed 
about the centre frequency of the radar system (Figs. 6 and 7).

To obtain the correct Inverse Fourier Transform, both the real and imaginary 
components of the frequency domain version must be used in the calculation, as 
shown below. The general case is that, in principle, the time domain signal may 
also have real and imaginary parts.

The above has implications for the design of a FMCW radar system, because 
an extra channel of information is needed so that both real and imaginary parts (or 
amplitude and phase) of the frequency domain signal can be captured. To achieve 
this, the Local Oscillator output is divided into two signals which differ in phase 
by 90°, and each is applied to its own mixer. The signal from the receive antenna 
is also divided, with no relative phase shift. These are mixed with the two LO sig-
nals to generate the real and imaginary parts. They are more usually known as the 
‘In-Phase’ (I) and ‘Quadrature’ (Q) components.

Fig. 6  Fourier transform concept
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2.3.3  Stepped Frequency Continuous Wave Systems

Thus far, the microwave source has been described as a voltage controlled swept 
frequency generator where the output frequency is continuously variable; the main 
advantages and disadvantages of such a system have been outlined above.

Another class of microwave sources is available where the frequency can be 
changed in discrete, highly repeatable and stable, steps. In this case, each measure-
ment is made at a constant frequency and, hence, the output of the both the In-Phase 
and Quadrature mixers is a constant voltage. Because both Local Oscillator signals 
are coherent with the received signal, the output of the mixers is proportional to the 
difference in phase between the transmitted and received signals, but the difference 
frequency, as described for the continuous wave source, cannot exist because there 
is no change in frequency. In this sense, it is a CW radar and, technically, is termed 
a homodyne system.

By the application of a command, usually issued by a digital system, the fre-
quency of the microwave source can be changed to a new value and, after allowing 
for the settling time, another CW measurement made where the mixer outputs are 
proportional to the phase difference between the transmit and receive signals at the 
new frequency.

As the microwave source is systematically ‘stepped’, in equal increments, 
through its complete frequency range, the DC voltages from both mixers are dig-
itised and stored. At the completion of the process, the record of the voltages of 
the mixers (which are proportional to change in phase of the received signals, with 
respect to the transmitted signal) may be displayed as a function of frequency 

Fig. 7  FMCW radar with I and Q outputs schematic diagram
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of the transmitted signal. The result is indistinguishable from the difference fre-
quency that would have been obtained from the continuously swept source. 
However, it is not possible to apply a filter to the data, so the Nyquist requirement 
that the sampling rate provides a range of twice that to the most distant target to be 
detected (whether that target is below or above ground) must be strictly observed.

The advantage gained from the extra complication of a stepped frequency 
source is that the transmitted CW signals are extremely stable and spectrally pure 
to a degree that cannot be obtained from a continuously swept source. Also, the 
accuracy of the frequencies provides an extremely linear sweep, which eliminates 
one of the principal weaknesses of FMCW sources.

3  Ground Penetrating Radar Antennas

The purpose of the antenna system is to illuminate the target and to collect the 
resulting scattered energy from the environment. Two main types of system are used:

•	 Monostatic.
•	 Bistatic.

Monostatic systems use a common radiating element for transmitting and receiv-
ing the signal; most GPRs use bistatic antennas with the transmitter and receiver 
hosted in the same enclosure.

The key requirements for the antennas are:

•	 An ability to radiate a wide range of frequencies, typically over the range 100–
1000 MHz or more.

•	 Linear phase characteristics over the operating frequency range.
•	 Predictable (and, preferably, constant) polarisation characteristics over the oper-

ating frequency range.

The key design objectives for a GPR antenna are to achieve

•	 a high degree of isolation between transmit and receive antennas;
•	 a low return loss from the feed point to minimise ringing and thus clutter generation;
•	 a good immunity from radio frequency interference.

Two general types of antenna have been used so far; dispersive and non-disper-
sive. In dispersive antennas different frequencies are radiated at different times, 
usually with high frequencies being radiated first followed by the low frequencies. 
This type of waveform is sometimes known as a “chirp”. Although some antennas 
are classed as non-dispersive, in fact all antennas are dispersive to some degree. 
Examples of these classes of antennas are:

•	 Dispersive—Spirals (logarithmic, exponential and Archimedean), exponential 
slot, Vivaldi.

•	 Non-dispersive—TEM horn, biconical, bow tie, resistive lumped element loaded, 
resistive continuously loaded.
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The design of the antenna system is influenced by the nature of the required tar-
gets. All targets tend to depolarise electromagnetic waves incident upon them, the 
most extreme example of this being long, thin (in terms of wavelength) objects. If 
the long thin object is metallic then the reflected wave’s polarisation is parallel to 
its axis; if it is non-metallic, then the reflected polarisation is orthogonal to its axis 
(Roberts and Daniels 1996).

In the case of radar systems designed to locate pipes and cables, this is a very 
useful property that can, in principle, be used to improve the response to the required 
target. A complete knowledge of the depolarisation characteristics of targets in gen-
eral, particularly how they behave over a range of frequencies, can be a powerful aid 
in target detection and classification. There are many descriptions in the literature of 
antenna configurations specifically designed to extract polarisation information.

3.1  Array of Antennas

Optimum GPR system performance, particularly for high resolution detection of 
shallow objects, is obtained when the whole of the system is designed around a 
specific target type or geometry.

For example, whenever a high density of utilities is expected in several orienta-
tions (e.g. in an inner city road junction), a single antenna GPR must be scanned 
over a dense orthogonal grid (i.e. along two directions at right angles to each 
other) with a step no larger than say 0.5 m; using a larger step might be adequate 
when trying to trace a single pipeline across a field where the approximate entry 
and exit points are known, but is totally inadequate when mapping a complex lay-
out of underground assets.

Thus, when the collection of data requires the execution of a large number of 
profiles, the use of an array of antennas lined up in the transversal direction with 
respect to the direction of movement, and operating simultaneously, will provide 
the most efficient method.

This architecture enables another advantage in respect to the analysis of col-
lected data; in a certain sense, an array GPR implements a scheme very similar to 
the one used by “double threshold detection” radar.

Non-array GPRs are examples of, “single threshold detection radars”, where the 
operator decides whether a target is present on the basis of one “peak detection deci-
sion”; in other words, the output of the receiver is compared to a threshold or bias level.

This bias level, which is dependent upon the sensitivity of the display and the 
human operator’s visual perception, affects the probability of generating a false 
alarm and of missing a genuine target; in other words, when a received signal 
component that has been generated by noise or clutter exceeds the bias level, it can 
be mistaken for a return from a genuine target and there is a “false alarm”. On the 
other hand, when a signal received from a genuine target is interpreted as a noise 
pulse or clutter (which occurs when the signal return is below the bias level), there 
is a “missed detection”.
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Missed detection and false alarm rates are subject to trade-off; it means that 
the number of false alarms (missed detection) may be decreased (increased) as the 
bias level is raised, and vice versa; therefore bias level is a primary parameter in 
the radar’s design.

For solving problems related to the human operator, “double threshold detec-
tion” radars have been introduced. Such systems impose detection criteria 
whereby there must be several occurrences of the threshold of detection being 
exceeded in a defined period of time before a target is confirmed; therefore, the 
performance of these equipment are less vulnerable to the sensitivity of human 
operators.

Analogously, in GPR operations, the use of antenna arrays improves the detec-
tion of buried utilities because elongated targets (e.g. pipes or reinforcement bars 
in concrete) produce echoes (in the form of hyperbolae) in the same position in 
most (ideally in all) of the data windows; therefore, the operator can easily dis-
tinguish this category of target from those that are concentrated (e.g. a stone), and 
performance, in terms of probability of detection, is improved.

A further benefit of this array based architecture is the possibility of using 
advanced signal processing techniques; data collected with the array are geometri-
cally coordinated and can be stored as a three-dimensional data set that may be 
displayed as slices in vertical or horizontal planes. These are effectively micro-
wave images, and image-processing techniques may be applied to enhance wanted 
features; in this respect, as the target sought has identifiable properties (a pipe is 
long and thin), then this may be taken into account in the processing by the appli-
cation of appropriate filters, such as line finding algorithms.

Finally, the latest developments in GPR are tending towards providing the capa-
bility of generating real-time 3D high resolution images of surveyed areas. This 
objective is achievable by having a complete, very dense, coverage of the surveyed 
area, in the form of a 3D data set.

This could be achieved, albeit less efficiently, by performing hundreds of 2D 
profiles, very close to each other, with a single antenna GPR. However, since this 
data collection procedure is very time consuming, several dense arrays have been 
developed with the capability of producing 3D data volumes with a single scan.

4  Data Processing and Analysis

The processing of GPR data, with its several aspects both theoretical and practical, 
could form a “chapter” in its own right. At first sight, it appears that the mathemat-
ical ill-posedness of the problem (Colton and Kress 1992) makes it impossible to 
retrieve any details of the buried scenario. This should not make us unnecessarily 
pessimistic. However, this means that, whether the exploited processing algorithm, 
there will be a finite resolution and a finite quantity of information extractable 
from the data. Consequently, it is illusory to think that gathering an indefinitely 
growing number of data will achieve an increasingly precise image, and it is even 
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harmful to think of prolonging indefinitely the processing in order to improve the 
achieved results. This over-processing is the equivalent of squeezing a lemon in an 
attempt to extract more juice than it contains.

That being said, several categories of processing can be identified,  depending 
upon whether a 1D, 2D or (more rarely) a 3D approach is taken and  depending 
upon whether the problem is treated by a linear or (more rarely) nonlinear 
method. Within each approach, the configuration of the antennas has also to be 
taken into account (Persico et al. 2005), as well as the height of the measurement 
line (Persico 2006), the frequency band (Sala and Linford 2012) and the a priori 
information available in relationship with the case history at hand. In particular, 
if reliable a priori information is available, that is if the nature of underground 
targets are already presumed, and only some of their geometrical features are 
looked for, then a forward modelling technique may be exploited (Daniels 2004; 
Utsi 2012).

4.1  One-Dimensional Processing

Proceeding in order of increasing complexity, and taking for granted the prelimi-
nary step of the zero timing, 1-D processing is, in general, a technique where GPR 
traces (gathered at any fixed measurement point and presented either in time or 
frequency domains), are processed independently from each other. This can be 
done if a one-dimensional scenario is scanned so that a 1-D model of the propaga-
tion can be exploited (Persico and Soldovieri 2004; Pieraccini et al. 2006), or the 
interest is in equalizing the deformation of the signal when it is reflected by the 
targets of interest.

In particular, it can be the case that incident waves may characteristically be 
scattered by some targets, allowing them to be recognised and, possibly, distin-
guished from other objects that may be geometrically similar, but of a different 
nature. This procedure is called deconvolution (Daniels 2004; Jol 2009), and is 
sometimes exploited where such an identification is particularly important, as e.g. 
in de-mining operations (Daniels 2004).

The predominant characteristic of GPR data is that it diminishes in amplitude 
as a function of time. This is caused by the geometrical spreading of the radi-
ated (and scattered) energy plus the electrical losses usually present in the soil. 
These effects combine to make the echoes from the deepest targets possibly much 
weaker than those from shallower targets. By applying an increase in gain versus 
time along the received signal, it is possible to compensate for this attenuation and 
make those targets visible.

It should be noted that varying the gain as a function of depth is a non-sta-
tionary processing step, which can cause a spurious enlargement of the spectrum 
of the traces, causing a deterioration of the image. This enlargement of the band 
is theoretically easily explained by the fact that a variable gain is equivalent to a 
multiplication of the time domain trace by a monotonically increasing function. 
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In the frequency domain, this is equivalent to the convolution product of the two 
spectra that, in general, leads to an enlargement of the band.

This effect can, usually, satisfactorily be mitigated by means of a further 1-D 
processing procedure consisting of filtering the traces to limit their spectra to be 
within the original band. This can be done via software making use of an ideal 
filter (the causality requirement is not essential because the GPR post-processing 
is not a real time operation) or an algorithm imitating a physically realisable filter, 
as e.g. a Butterworth filter (Di Lorenzo 2013). Any choice has its pros and cons. In 
particular, an ideal filtering process can, theoretically, anticipate the depth of the 
target whereas a “real filter” might add some further distortion in the band (in any 
case, both of these effects are usually negligible).

Variable gain and 1-D filtering procedures are usually contained in the routines 
available in commercial codes for GPR data processing, as e.g. the Reflexw 
(Sandmeier 2003) or the GPRslice (Goodman and Piro 2013). It is worth noting 
that variable gain and 1-D filtering are also usually exploited within the processing 
chain performed in 2-D or 3-D contexts. In other words, 1-D processing steps can 
be (and in practice are) mixed with 2-D or 3-D processing steps. To summarise with 
a final formula the 1-D filtering, let T̂(ω) represent the spectrum of a trace T(t).1

A 1-D filter is the multiplication of T̂(ω) by an established filtering function 
H(ω), so to achieve a filtered spectrum T̂F(ω) given by:

4.2  Two-Dimensional Processing

The most common forms of 2-D processing are spatial filtering and migration. The 
difference between 1-D and 2-D filtering is that, in the second case, several traces 
are treated and combined together in some manner to produce a comprehensive 
representation known as a B-scan. The most common 2-D spatial filters are imple-
mented by multiplying the spectrum of the data by a 2-D filtering function.

More precisely, labelling the 2-D Fourier transform of the datum as d(x, t) 

with respect to the measurement abscissa and to the time as ˆ̂
D(k,ω), the 

most common 2-D filter is implemented by multiplying this spectrum by an 
 established filtering function H(k,ω) to produce the filtered spectrum of the data 
ˆ̂
DF(k,ω), given by

Included in this category is the FK filter, which aims to reject the effect of  possible 
reflection from targets in air (Chan and Stewart 1994) and the Background 

1 The data may be gathered either with a pulsed or a swept frequency GPR, in the latter case T(t) 
is meant as an equivalent trace in the “synthetic” time domain.

(4.1)T̂F(ω) = H(ω)T̂(ω).

(4.2)ˆ̂
DF(k,ω) = H(k,ω)

ˆ̂
D(k,ω)
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Removal (BKG), that is aimed to remove background clutter caused by quasi-hor-
izontal reflectors that may mask targets of interest (Persico and Soldovieri 2008).

In particular, the quasi-horizontal “disturbing” reflections can be generated 
from either actual physical discontinuities (such as the air-soil interface, and also, 
possibly, any layered structure of the underground scenario) or from an apparent 
constant target, physically generated (e.g.) by a vehicle that moves the antennas 
or by ringing (Daniels 2004) of the antennas. The background removal can be 
performed on all of the traces or on a limited subset centred on the current trace 
(which is called a moving average). In theoretical terms, it can be shown that the 
first case is a particular instance of the second.

It is important to outline that any “therapy” on the signal has disadvantages. In 
particular, it is impossible to filter out completely the whole of the undesired parts 
of the image and leave intact the useful parts. Therefore, the nature and the spatial 
band of the filtering have to be determined by the data, and by the expertise of the 
human operator. The background removal on all of the traces may generate “new” 
horizontal artefacts (paradoxically, in a sense) when, in particular, the top of a 
strong reflector makes the level of the average trace significantly different from the 
level of most traces at some points along the depth axis.

Indeed, more complex 2-D filtering processes have been proposed, as e.g. the 
eigenimages (Kim et al. 2007), based on the singular value decomposition (SVD) 
(Bertero and Boccacci 1998) of the matrix of the data, that is the function d(x, t) 
(we can gather only a finite number of data, which means that, in the end, there 
is a sampled version of d(x, t) representing a continuous function). In particular, 
the matrix d(x, t) can be decomposed along component matrixes (called eigenim-
ages) by means of its SVD, and the subsequent eigenimages are weighted by the 
associated singular values, forming a decreasing sequence, which makes them 
more affected by the noise. The filtering, in this case, consists of retaining the first 
eigenimage or a few eigenimages corresponding to the highest singular values.

Beyond 2-D filtering, there are 2-D focusing procedures, which constrain, 
within certain limits, the “signature” of the target so that it is within its actual geo-
metric size (more precisely the radar cross-section of the target below the scan tra-
jectory. The most exploited focusing algorithm is 2-D migration, operating either 
in the frequency domain (Stolt 1978) or the time domain (Schneider 1978). The 
migration is an approximated closed (integral) form solution for the shape of the 
buried targets. Several approaches can be followed to describe it, and the object 
function associated with the buried target can be given by the contrast of dielectric 
permittivity (Persico 2014) or by some equivalent electric field in the medium of 
propagation (Stolt 1978; Schneider 1978). Whatever the object function, there are 
several forms of the 2-D migration formulas. Reported here are two of the most 
common, labelling as O

(

x′, z′
)

 the object function.

In particular, denoting again with ˆ̂DF(k,ω) the filtered (and possibly “enhanced” 
by some variable gain) data, a 2-D migration formula in frequency domain is given by
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and a 2-D migration formula in time domain is given by

where dF(x, t) is the space-time domain representation of the filtered datum 

 corresponding to 
ˆ̂
DF(k,ω) in the frequency and wave number domain.

In Eqs. (4.3) and (4.4) v is the propagation velocity of the electromagnetic waves 
in the soil and, to enhance clarity, some inessential constants have been omitted 
before the integral. In both cases, measurements at the air soil interface have been 
implicitly assumed. Equation (4.3) is also known as the 2-D Stolt’s migration for-
mula, whereas Eq. (4.4) is also known as 2-D Kirchoff’s migration formula. Details 
on their derivation, starting from the Maxwell’s equations, are available in (Persico 
2014). What is important to emphasise here is that the migration is, in any case, an 
approximate procedure based on a linear approximation of the scattering phenome-
non (Chew 1995) [which is actually intrinsically nonlinear (Colton and Kress 1992)] 
and on the assumption that targets’ depths are large in terms of wavelength (Persico 
2014). Another important point is that the migration (at least in its basic forms) is a 
procedure that neglects the losses of the soil (Lesselier and Duchene 1996).

However, the theory underlying the migration algorithms [that are also col-
lectively known as diffraction tomography (DT) (Lesselier and Duchene 1996; 
Meincke 2001)] provides not only a solution of the problem, but also allows an 
analysis that can estimate the resolution limits and the required sampling rate in the 
spatial and frequency (or alternatively time) domain. In particular, the essence of 
DT is the identification of an algebraic relationship between the spectrum of the 
data and that of the object function, which allows estimations to be made of the 
available resolution and the required rate of sampling data in the spatial and fre-
quency domains. The available resolution for shallow targets is of the order of �s

2
 

(�s being the centre frequency wavelength in the soil), and degrades as the depth 
increases. Several more detailed formulas describe, in different ways, this decay 
(Jol 2009; Persico 2014; Sheriff 1980). The vertical resolution for shallow targets 
is expected to be of the order of v

B
, B being the available frequency band and v is 

the propagation velocity of the electromagnetic waves in the soil. Usually, the Ultra 
Wide Band (UWB) antennas exploited for GPR prospecting have a bandwidth of 
the same order as the centre frequency fc, so that v

B
≈ v

fc
= �s.

Also, with regard to the vertical resolution, because the soil attenuates the higher 
frequencies more than the lower frequencies (Daniels 2004; Jol 2009), the “received 
bandwidth” reduces as the depth of the target increases (Sala and Linford 2012), 
and so some degradation vs. the depth of the vertical resolution is expected too.

Based on the DT, moreover, the expected required spatial step for the data is, of 
the order of, �s min

4
 (�s min being the minimum expected wavelength in the soil).

Invariably, the GPR signal never consists of a single harmonic, and the spatial 
steps may be redundantly narrow with respect to the lowest harmonic components 
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of the signal. With a pulsed system, the spatial stepping of the signal cannot be 
varied to make it larger for the lower harmonics, and for a stepped frequency sys-
tem it is impractical. If, however, it is necessary, for computational efficiency in 
particular cases, the redundancy of the spatial stepping necessary for gathering 
the data can be reduced in the processing phase through some suitable “harmless” 
decimation of the data.

The reasoning outlined above demonstrates that spatial sampling is not inde-
pendent of the time variability of the signal. This is predicted by Maxwell’s equa-
tions, where the spatial and time (or frequency) variabilities are coupled. The 
necessary frequency step (for swept frequency systems) is of the order of v

2D
, 

where D is the maximum expected penetration depth of the signal.
Sometimes, D is implicitly understood as the maximum depth of interest, but 

caution should be exercised. For example, if the range of depth interest is, say, one 
metre, as it may be in the case of asphalt monitoring, it should be borne in mind that 
radiation penetrates to greater depths. In some situations, deeper targets may cause 
disturbances within the depth range of interest if the frequency step is too large.

Finally, for a pulsed system, a time step of the order of 1
B
 is necessary. All of the 

required sampling rates, either in space, frequency or time, are essentially deter-
mined by the anti-aliasing requirement. More details are available, e.g., in (Persico 
2014).

It is a common practise suitably to combine (possibly with some interpola-
tion) several processed B-scans together to obtain a “parallelepiped” containing 
information representing a volume of the sub-surface. This allows visualisation 
of the buried scenario relative to a series of planes parallel to the three coordi-
nate Cartesian planes (i.e. the planes with equations, x = 0, y = 0 and z = 0, 
respectively). With some additional effort, if needed in particular cases, an image 
of the underground scenario along an oblique plane or even a curve surface can 
also be produced. The images at fixed depth (i.e. the images on the planes at 
constant z, also called depth-slices or time-slices) are often particularly useful, 
because they provide a map of the buried infrastructure in planes parallel to the 
air soil interface. This can be important for the mapping of the buried services 
or for archaeological investigations (Conyers 2004). Three dimensional perspec-
tive representations can also be produced from the reconstructed parallelepiped of 
the sub-surface volume. However, these involve the choice of some on-off energy 
thresholds in order establish the inner and the outer regions of the targets.

The choice of threshold is intrinsically linked to the mechanism of human 
vision. Indeed, when we observe the scenario of any room, what we usually distin-
guish are the external surfaces of the objects present that, in most but not all 
cases,2 appear to be “sharp”. With the reconstruction of buried targets there are 
two problems, namely: (i) even more so than in air, buried targets may not be 
intrinsically sharp, but diffuse because of smoothing mechanism, such as in the 
case of ingress of water, the spreading of polluting substances from leaking pipes, 

2 E.g. let us think of an unequally dense, or ‘patchy’ fog.
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or targets broken into discrete pieces of varying sizes. (ii) even if the target is 
sharp, its reconstruction, in general, may not be because of the spatial filtering 
properties of the scattering operator.

In these circumstances it is, in most cases, unavoidable that the appearance of the 
reconstruction is dependent on the chosen threshold level, which introduces some 
degree of arbitrariness, which must be assessed by human expertise. An examination 
of the perspective reconstruction at several threshold levels, in order to test heuristi-
cally the sensitivity to this parameter, is well advised (Leucci et al. 2011).

These three dimensional representations, as well as horizontal slices, are some-
times improperly referred to as “3-D” processing. In fact, it is more exact to say that 
it is pseudo-3-D processing based on an amalgamation of several 2-D solutions.

4.3  Three-Dimensional Processing

Authentic 3-D processing must be based Maxwell’s equations without imposing any 
invariance direction. This is computationally expensive and is, therefore, carried out 
more rarely. Adopting a linear approximation of the scattering phenomenon is com-
monly done also in 3-D processing, and also in 3-D it is possible to determine DT 
relationships (Persico 2014) and migration formulas (Stolt 1978; Schneider 1978; 
Persico 2014). In particular, expressions for 3-D migration formulas, in frequency 
and time domains, are provided in Eqs. (4.5) and (4.6), respectively.

Symbols in Eqs. (4.5) and (4.6) are direct extensions of the homologous symbols 
in Eqs. (4.3) and (4.4). In general, there is a plane for the measurements instead 
of a line, so that the spectrum of the data is a triple Fourier transform with respect 
to two spatial variables and time. Similarly to Eqs. (4.3)–(4.6), in Eqs. (4.5)–(4.6) 
it is implicit that the measurements are taken from the air-soil interface. The data 
sampling and resolution limits available in this framework are of the same order 
as the homologous 2-D version (Persico 2014). However, in comparison to a 2-D 
model, a 3-D version is able to provide a visualisation with respect to the required 
transect, i.e. the theoretical maximum allowed spacing between adjacent B-scans. 
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This is expected to be of the order of �s min
4

, i.e. the same as the maximum allowed 

spatial step of the data along any single B-scan. In other words, in order not to lose 
information, and avoid spatial aliasing phenomena, the  measurement points should 
form a square grid on the air soil interface. From a practical point of view, the 
 theoretically required transect is an important result. In fact, while there is  usually 

no problem in guaranteeing a spatial step of �s min
4

 along a single B-scan (the GPR 

is in most cases equipped with an odometer that allows, in most cases, an even 

 narrower spatial sampling rate), to gather data with a  transect of �s min
4

 is impractical 

with a single bi-static antenna system. To  quantify, if the relative dielectric permit-
tivity of the soil is 4 and the maximum usable frequency is 500 MHz (which are, on 
average, two “favourable” hypotheses that relax the requirement) then the transect 
should not be larger than 7.5 cm. For practical reasons, transects used in the “real 
world” are normally of the order of 50 cm.

As already explained in par. 3.1, the development of GPR systems equipped 
with antenna arrays offer significant advantages because they allow the automatic 
gathering of several parallel B-scans at reciprocal distances of few centimetres, 
which allows the saving of time, and better spatial sampling of the datum.

4.4  Final Remarks on GPR Processing

In this overview, the most commonly used processing techniques have been 
described. There are, however, other focusing processes that complement the 
migration algorithm, namely tomographic inversions, both linear (Persico et al. 
2005; Persico 2006; Meincke 2001) and nonlinear (Qin and Cakoni 2011). Linear 
inversion algorithms are usually based on the SVD of the linearized scattering 
operator. The linearization can be achieved in several ways, depending of the spe-
cific assumption adopted for the case at hand. The most applied linearization’s 
are the Born (Chew 1995), Rytov (Devaney 1981) and Kirchoff approximations 
(Liseno et al. 2004).

Whatever the adopted method, in general, a linear inversion is theoreti-
cally more refined than a migration and, in particular, it does not require it to be 
assumed that soils are lossless and that targets are electrically deep. On the other 
hand, it is computationally much more cumbersome than a migration because 
the SVD of the relevant linear operator is, in general, not known in a close form 
and has to be implemented numerically. In general, with a “medium power” com-
puter, it is possible to invert an investigation domain that is a few wavelengths 
(computed at the centre frequency) in extent, both in the abscissa and the depth 
directions, whereas the length of a B-scan can be of the order of hundreds of 
wavelengths. This problem can be addressed by combining a sequence of sepa-
rately reconstructed investigation domains. However, optimising the combina-
tion is in itself a problem that, if not correctly treated, can affect the quality of the 
achievable result (Persico and Sala 2014).
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A further niche aspect of processing GPR data is the possible application of 
tomographic inversion using nonlinear processing. This method is theoretically 
more realistic than a linear inversion, because the physical nature of the scatter-
ing process is also nonlinear. However, the computational effort is considerable, 
and nonlinear inversions are, usually, applied only in particular cases (and most 
often for the purpose of studying the algorithm rather than solving a practical 
problem). Computation times usually restrict investigations to domain sizes of the 
order of a very few square wavelengths (Qin and Cakoni 2011). Finally, any non-
linear inversion has to consider the problem of false solutions caused by the local 
minima generated by, possibly, minimising a non-convex cost-function (Persico 
et al. 2002).

This section closes with a reference to forward modelling, which consists of 
postulating a scenario that provides artificial data similar to those recorded. By 
adjusting the parameters of the simulation, the result is driven to be progressively 
more similar to the real measured data. This approach can be useful in particular 
cases when the data and/or the available a priori information allow a reasonably 
precise hypothesis on the nature, size and disposition of any buried anomalies to 
be constructed to provide the basis for the forward modelling process. There are 
several available codes for this, the best known of which is, probably, GPRmax 
(Giannopoulos 2003). However, forward modelling cannot be exploited as a gen-
eral method, because (as stated at the beginning of this section), the problem at 
hand is ill-posed, which means that it is possible for two different buried scenarios 
to provide similar data.

5  Advanced Equipment for Civil Engineering Applications

5.1  Introduction

Ground-penetrating radar is one of a number of non-destructive inspection 
methods that is gaining acceptance in a wide range of applications in the Civil 
Engineering sector.

It has become a viable means of detecting and mapping buried infrastructure, 
locating reinforcement bars (rebars), voids and cracks in concrete, inspecting 
foundations, measuring asphalt layers’ thickness in roadways and airport runways, 
evaluating the fouling of ballast in rail-tracks, etc.

Given the diverse nature of all these applications, requirements for building 
effective equipment are very different from case to case and a detailed, exhaustive 
description for all of these is not within the scope of this chapter; thus, the follow-
ing paragraphs describe three examples of advanced GPRs

1. a dense array system designed for mapping underground assets;
2. a sparse array, high resolution system for the evaluation of bridge decks;
3. a continuous wave, reconfigurable GPR.
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5.2  Dense Array GPR

One of the main objectives in developing any new GPR system is to reduce the 
time needed to collect data while maintaining the performance in terms of targets’ 
detection; this is a key point in the design and is the origin of the 3-D GPR con-
cept, i.e. a system which is able to detects all targets within the surveyed swath, 
irrespective of their layout.

In other words, such system has to collect a 3-D volume of GPR data, in a 
matrix dense enough to not require moving the GPR along transects as is neces-
sary with a GPR collecting one profile at a time.

Then, the next question is: “how dense does the matrix need to for a practical 
3-D GPR survey?” (Grasmueck et al. 2003).

Obviously surveying a large number of 2-D GPR profiles, close to each other 
and accurately positioned in Cartesian space, could accomplish the task of col-
lecting a dense 3-D data set over the required volume, but this procedure is time 
consuming; thus, efforts have been focused on the design of GPR arrays that can 
produce a 3-D data volume with a single scan, being “de facto” equivalent to the 
volume collected by multiple surveys consisting of several parallel scans with a 
single GPR sensor (Fig. 8).

It is important to minimise the number of the number of profiles to be collected 
by the array, and the Nyquist sampling theorem establishes the lower bound of the 
minimum number, according the following equation (Grasmueck et al. 2005):

Fig. 8  3-D GPR data volume collected with a 200 MHz GPR system
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where Δx is the spatial separation between two GPR profiles, c is the speed of 
light in vacuum, θ is the half beam of the GPR antenna (that can be assumed to be 
60°), f is the main working frequency of the GPR, εr is the relative dielectric con-
stant of the soil (maximum expected value is 15 while common value is 9).

This Eq. (5.1) defines the strictest constraint for the GPR design; since GPR 
working frequency is within 200 and 1000 MHz in the applications considered 
in this chapter, this constraint imposes a maximum separation between parallel 
scans of less than 14 cm for a 200 MHz GPR and 2.8 cm for the 1000 MHz GPR, 
assuming a standard soil with relative dielectric constant of 9.

However, to be fully conservative, the spacing between the parallel scans has to 
be well below the limit described above when the system is used in the presence of 
higher dielectric permittivity (e.g. wet clay with a permittivity up to, say, 20).

Thus, these issues affect the design of antennas, as typical bow-ties GPR are 
planar dipoles which cannot be squeezed together to comply with the requirement; 
moreover, as the spacing between transmitting and receiving antennas is reduced, 
so the mutual coupling between them increases, which is a very undesirable con-
sequence leading to performance difficulties.

Another important issue for dense array GPR systems is the antenna deploy-
ment; as seen in par. 3 (Fig. 9), shallower, thin metallic objects (e.g. cables) are 
almost invisible to the GPR when the polarisation of the radiating waves are per-
pendicular to the objects’ longitudinal axis (Fig. 10).

As these targets are an important class of object users want to locate, it is man-
datory that the GPR collects data using more than one polarisation; this imposes 
the requirement to integrate (at least) some antennas orientated perpendicularly to 
the majority that form the dense array.

(5.1)�x ≤ �min
4 sin(θ)

= c

4 sin(θ)f
√
εr

Fig. 9  Influence of the wave’s polarisation for the detection of long, thin, metallic objects
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A further important practical consideration is that of the rate of data acqui-
sition, which has to be high enough to permit productive use of the equipment; 
moreover, GPR operators work on roads, in live traffic, so the system should oper-
ate as fast as possible, so that it can be towed by a vehicle at a reasonable speed 
and not to require traffic guards in place.

GPR data positioning is also an issue; the system can move everywhere on the 
surveyed site and a GPS or total station have to be interfaced with acquisition soft-
ware to mark system trajectory in order to correctly position data on the XY plane 
during the subsequent analysis stage. In this respect, requirement on position accu-
racy is a function of the GPR working frequency (thus it can be as small as 1 cm).

Fig. 10  Benefits from collecting data with 2 polarisations. Objects circled in white are detected 
just in the map above (collected with wave’s the polarisation parallel to the objects’ direction)
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Moreover, adjacent swaths have to partially overlap in order not to leave any 
“gaps” in the surveyed zone and to assure that features of interest that could be on 
the edge of one swath won’t be on the edge of the next one (Fig. 11).

Last but not least, the collected 3-D data volume has to be processed with a 
proper software tool that helps operators to analyse the large amounts of informa-
tion (tens of Gigabytes) as quickly and efficiently as possible. In this respect, the 
requirement is to provide a quick and easy method of locating the position of all 
the targets by interacting with a 3-D representation of the collected data collected 
and then concluding the whole process by exporting all the features of interest 
directly onto a Computer Aided Design system (CAD).

In summary, the design of a 3-D dense array GPR is not trivial; it requires a 
solid understanding of system and antenna design as well as the development of 
innovative solutions (hardware and software) to overcome all the issues inherent to 
the practical implementation.

The benefits that arise from true 3-D GPR data collection are evident when 
looking at Fig. 12 or Fig. 1 at the beginning of this chapter; data interpretation, 
which is to date the ‘holy grail’ of GPR, can become much easier and hence can 
reduce the level of skill required to produce the underground assets map.

5.3  Bridge Deck Survey with High Resolution Ground 
Penetrating Radar

In the preceding decade, an increasing number of bridges all over the world have 
been classified as structurally deficient. In addition, these structural deficiencies 
can cause severe damage to the top pavement layers, often having a detrimental 

Fig. 11  A dense array GPR for the detection of underground assets (IDS Stream EM)
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effect on driving safety. The estimated financial cost of repair is very high and the 
social costs, in terms of safety reduction, are also becoming significant.

Basically, corrosion associated with rebars is the most significant contributor to 
deficiencies both in bridges and other concrete infrastructures.

Corrosion is usually caused by the presence of excessive moisture and chloride 
ions in the concrete adjacent to the reinforcing steel. The acid solution of moisture and 
chloride, which penetrates from the top of the concrete deck down to the reinforcement 
bar, depassivates the normally alkaline environment in concrete, initiating corrosion.

The solution reacts with the steel, generating oxidation processes. The early 
stage of corrosion is generally known as the initial passivity stage. The reinforcing 

Fig. 12  Processing and display of dense array GPR data (IDS GRED HD)
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bars are rapidly attacked by corrosion and yield expansive corrosion products, 
which can in turn accelerate the formation of cracks in the surrounding concrete. 
These oxidation products occupy a larger volume than the original intact steel, and 
internal expansive stresses lead to cracking and de-bonding. This is commonly 
known as delamination of the concrete cover material from the reinforcing layer.

Essentially, early detection of reinforcing bar corrosion, anticipating the delam-
ination cracks, significantly reduces maintenance costs and extends the life of the 
reinforced structures.

There are some conventional methods for the detection of reinforcing bar cor-
rosion: these are based on visual, mechanical, electrical and chemical techniques. 
However they are often inadequate for the acquisition of data in the field for a 
variety of reasons: they can be invasive and destructive, the data acquisition is 
often laborious, the procedures require lane closures or some traffic limitations for 
a significant time, with a reduction in safety in the work zones. In addition, any 
quantification of corrosion is difficult or unreliable. Obviously gross underesti-
mates of the actual repairs lead to significant cost overruns.

GPR can yield data with very high spatial resolution and they can be acquired 
quickly, thus minimising disruption to traffic. It makes this non-destructive tech-
nique advantageous as a field tool.

The GPR inspection of a bridge to detect corrosion and cracking problems is 
based on the concept that as the moisture and chloride concentration increase, the 
relative dielectric constant and conductivity of the concrete increase. This leads 
to certain features of the radar waveform that can be reasonably associated with 
the presence of deterioration. In addition, an increase in the dielectric constant 
increases the amplitude of the reflections.

With regards to bridge inspection, theoretical studies and experimental inves-
tigations have typically been carried out to understand the effects on phase, 
attenuation and frequency of the GPR signal, of the temperature, of the water 
and chloride content and of the concrete. These studies and investigations aim to 
develop GPR wave form inversion techniques and to implement algorithms for 
solving the influence of delamination cracks on the GPR signal (Hugenschmidt 
and Loser 2008; Parrillo and Roberts 2006; Roqueta et al. 2011).

Moreover there is an associated growth in the conductivity that also increases 
the level of the signal attenuation through the contaminated concrete. This effect 
can be attributed to moisture and chloride ingress. However the signal character-
istics that can typically be attributed to delamination, are not exclusively due to it, 
nor they are even due exclusively to moisture and chloride. There are other phe-
nomena and conditions that can be responsible for them. These include properties 
and condition of the asphalt concrete overlay, environmental effects pertaining to 
moisture, deck structure, extent of deterioration, and the method of detecting and 
delineating repair areas on the exposed deck surface.

Consequently, a GPR tailored for this application must be designed to detect 
not only the increase of the signal attenuation, but a complete set of parameters 
whose combination can lead to the localisation of corroded areas; in principle, 
pavement and concrete thickness, moisture and damaged areas on the surface are 
all potential causes of corrosion.
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This GPR should also feature a very dense data collection with a high work-
ing frequency (around 2 GHz with a fractional bandwidth of 100 %) and with two 
polarisations; in fact, a very good resolution is necessary in order to get all the fea-
ture of the surveyed structure.

Resolution is related to bandwidth of the radiated pulses and to propagation 
velocity of the electromagnetic waves; in concrete (which is the material which 
bridge decks are mostly composed of), propagation velocity ranges from 10 to 
12 cm/ns, so that a 2 GHz system can guarantee a resolution (in range) that theo-
retically reaches 0.0125 m (quarter of a wavelength criteria).

Likewise the mapping of underground utilities, the use of an array of antennas 
give a clear benefit in this application; moreover, if waveforms are transmitted with 
two polarisations (by using 2 arrays of antennas), the detection of all kind of targets 
is enabled. As already explained, metallic targets such as rebars or cables are best 
detected when generating an electric field parallel to their axis, whereas non-metallic 
objects such as empty PVC pipes or cavities are best seen with a perpendicular field.

Another benefit of collecting data in both polarizations is that echoes gener-
ated by metallic targets perpendicular to the scan direction are weakly seen in data 
collected by dipoles radiating a field perpendicular to them (thus parallel to the 
antenna route), so that other objects below them can be more easily detected (for 
instance concrete beams) (Fig. 13).

All the data collected by the system are then processed with the overall objec-
tive of enabling the identification of corroded or potentially corroded areas; the 

Fig. 13  Bridge deck survey with high resolution Ground Penetrating Radar (IDS HiBrighT)
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GPR is not able to provide a quantitative information (e.g. the percentage of 
humidity in the concrete slab), but can still produce useful data enabling the analy-
sis software to deliver geometric information on:

•	 the thickness of asphalt overlay;
•	 the depth of the interface between asphalt and concrete slab;
•	 the depth of the first layer of rebars;
•	 the thickness of the concrete slab over the rebars;
•	 the depth of the bottom layer of rebars (if within the penetration range).

Slab thickness values can be mapped over the surveyed area so that they can be 
compared with design values, yielding valuable information on zones where rebars 
could be more easily exposed to moisture ingress due to the protective slab not 
being sufficiently thick.

A 2-D image (time slice view) can be also produced at a variable depth and 
used for checking the presence and the depth of the reinforcement rebars (coloured 
in white in the following picture).

Then, dedicated software tools can extract other features from the data in order 
to produce the output shown in the following Fig. 14; essentially, by measuring the 

Fig. 14  Automatic output from the data processing software (IDS GRED HD Bridge Module)
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amplitude of the rebars’ echo and the propagation velocity of the electromagnetic 
wave, it is possible correlate and map them on the surveyed area, thus identifying 
those that can be affected by moisture and rebar corrosion.

It is worth remembering that these outputs can only be produced by high reso-
lution GPR array systems that collect very densely sampled data.

In fact, corrosion is a phenomenon that mainly affects extended areas, thus 
output from the processing software have to be averaged over several GPR traces 
several evaluation tests have assessed the reliability of this procedure and of the 
relevant method (Manacorda et al. 2012).

5.4  The Reconfigurable GPR

In a reconfigurable GPR, some systems parameters may be varied, in a controlled 
manner, as a function of frequency or (theoretically) of time.

The concept of reconfigurable electromagnetic systems was initially introduced 
in communication systems, where it is sometimes an advantage to vary the direc-
tion of the antenna beam, or the range of frequencies, in order to, for example, 
counter undesirable fading in the transmission path.

The idea of a reconfigurable GPR system was first suggested in 2008 (Persico 
and Prisco 2008; Prisco and Persico 2008), with reference to stepped frequency 
systems. In particular, an ability to reconfigure the system can be exploited in 
order to change the integration time of the harmonics, the power radiated at each 
frequency, and the input impedance of the generator and receiver [which amounts 
to a reconfiguration of the electronics (Parrini et al. 2011)] or the equivalent length 
(more generally the size and the shape) of the antennas (Persico et al. 2011).

The scheme for the implementation of reconfigurable antennas is illustrated in 
Fig. 15, where two bow-tie antennas with two switches along each arm are shown. 
According to the scheme of Fig. 15, the equivalent length of the antennas is 
changed by allowing, or forbidding, the passage of current by means of switches. 
In Fig. 15 the antennas reach their maximum length if both the switches are 

Fig. 15  Antenna 
configuration scheme
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closed; they assume an intermediate size if only the internal switches are closed 
and the external ones are open and they are at their shortest when both switches 
along each arm are open. Of course, when the switches are open the detached 
part of the arm still has some role as a passive element. However, this effect is not 
expected to be significant.

By means of the reconfiguration, the total available bandwidth of the system 
(with some mitigation of the relative increase of the size of the system) can be 
enlarged and some narrow band interference signals can be rejected.

An early prototype of stepped frequency system has recently been imple-
mented, within the research project AITECH (http://www.aitechnet.com/ibam.
html), by means of a collaboration between the Institute for Archaeological and 
Monumental Heritage IBAM-CNR, the University of Florence and the Ingegneria 
dei Sistemi IDS Corporation. The prototype is shown in Fig. 16.

Some first results have recently been made available (Persico et al. 2013): the 
system has a large equivalent bandwidth that ranges from 50 to 1000 MHz, pro-
vided by three pairs of equivalent antennas, connected to the system by means of 
switching on and off two series of switches.

The switches allow an equivalent shortening of the antennas, allowing them to 
operate at higher frequencies. Moreover, the system can prolong, in a selective way, 
the integration time of the harmonics, which helps to reject narrow band interference 
and increases the dynamic range. Finally, the power radiated at each frequency can 
be modulated, which enlarges the equivalent bandwidth of the radiated pulse.

The system has been successfully exploited in archaeological sites and histori-
cal monuments. On the basis of the first experimental results, it has been possible 
to identify some important development possibilities related to the pros and the 
cons of the reconfigurable technology. The main pros are those listed [they have 
been experimentally documented (Persico et al. 2014)]. The main cons that have 
been identified are some ringing (probably due to the electronic switches that 

Fig. 16  Prototypal stepped 
frequency reconfigurable 
GPR, built within the 
AITECH project

http://www.aitechnet.com/ibam.html
http://www.aitechnet.com/ibam.html
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disturb the matching of the end of the equivalent arms) and, most significantly, the 
present inability to visualise the data in real time. The work is in progress and new 
results, and insights, are being acquired on a daily basis.

6  GPR Calibration Procedures

There are several meanings for the term “calibration” relatively to GPR equip-
ment: the first is the procedure of checking the proper operation of the apparatus 
and that the expected performance can be achieved.

In this respect, a test should be executed to ensure that the GPR is achieving 
the expected dynamic range, i.e. it transmits signals with the correct amplitude 
and that the internal noise level is within the expected limit. Deeper targets may 
become undetectable if the noise level is too high or if the transmitted signal is too 
weak.

Modern GPRs usually execute automatically these verifications at the system 
start-up and the operator is warned if any of the internal parameters do not match 
the required specifications.

There are, however, other variables, whose evaluation may not be trivial, that 
can affect the performance of a GPR; these concern the stability of the electronic 
circuits and the linearity of the time base.

If the scale of the time window becomes nonlinear, detected targets depth esti-
mation is degraded and its reliability, therefore, becomes suspect; this problem 
may arise from electronic component fault and as well aging.

Degradation in GPR electronics’ stability can produce severe effects in the 
quality of collected data; first, the efficacy of the background removal filter can be 
affected and the rejection of the strong signal due to the direct coupling between 
antenna transmitter and receiver becomes impossible. Also, because of aging, jit-
ter can increase; this is defined as a short-term variation of the actual instants of a 
digital signal from their ideal position in time.

Jitter is equivalent to a phase modulation of the clock signal used to sample the 
data and it, therefore, produces an uncertainty in the sampling instant (this is also 
called aperture jitter).

Consider the effect of the aperture jitter on the analogue-to-digital (A/D) signal 
conversion performed in any pulse or CW GPR for saving the collected data in a 
digital media; the digital GPR signal is composed by N samples after an ideal A/D 
conversion performed with a period Ts

The uncertainty of the sampling instant can be accounted for by replacing tl with

where δ is a random variable, representing the aperture jitter, which has a mean 
value of 0.

(6.1)sl = a(tl)e
jωtl , tl = lTs, l = 0, 1, 2, . . .

(6.2)t̃l = lTs + δl
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Thus

If we consider the Taylor expansion of a(tl + δl) and ejω(tl+δl) about tl, previous 
expression can be simplified as

where a′(tl) denotes the derivative of a(tl).
Thus

and the error generated on each sample is

Equation (6.6) shows that the errors in the sampling time produce errors in the 
digitised sample amplitude that can be significant; therefore, the stability of the 
sampling circuitry is a key parameter, and aperture jitter values should not exceed 
10 ps. This should be monitored to verify compliance throughout the life of the 
equipment (Manacorda and Miniati 2000).

Further requirements for “calibration” concern the relationship between physi-
cal properties of the surveyed medium and the quantities measured by the GPR; 
for example, to establish the real depth of a target, an accurate time to depth con-
version factor is necessary.

Accurate measurement of target depth depends upon knowing the speed of 
propagation of electromagnetic waves in the ground; this is very variable and can 
cause errors in the estimate of the depth. The errors are usually resolved by obtain-
ing the true depth of at least one target by an independent method, usually excava-
tion and direct measurement. Depths of other targets are then expressed relative to 
the known depth on the assumption that, over the survey area, the speed of propa-
gation does not vary.

There are, however, other techniques that have been used and proven capable 
of supplying reliable estimate of the velocity; amongst these, the CMP (common 
mid-point), WARR (wide angle reflection and refraction), the hyperbolic fitting 
to a local target and diffraction tail matching. A detailed description of all these 
methods can be found in the literature [e.g. (Daniels 2004)] (Fig. 17).

Finally, recent research [see for instance (Benedetto 2004)] has addressed the 
possibility of correlating the GPR response to geophysical characteristics of the 
surveyed material by means of a semi-empirical approach. Experimental valida-
tions of such methods are still in progress, but results are interesting and seem to 
open new possibilities primarily in those applications that are of interest for the 
Civil Engineering (for instance the evaluation of asphalt pavement and railway 
ballast).

(6.3)s̃l = a(tl + δl)e
jω(tl+δl).

(6.4)s̃l ∼=
{

a(tl)
[

1+ jωδl
]

+ a′(tl)δl
}

ejω(tl)

(6.5)s̃l = sl +
{

jωa(tl)+ a′(tl)
}

δle
jω(tl)

(6.6)s̃l − sl =
{

jωa(tl)+ a′(tl)
}

δle
jω(tl).
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7  Electromagnetic Compatibility and Regulations

The global use of the radio frequency spectrum is subjected to regulation drafted 
by relevant Authorities; the general principle is that if essential operation requires 
the movement of electrons then the equipment is regulated.

For equipment potentially radiating electromagnetic signals, radio licensing and 
electromagnetic compatibility (EMC) are important.

By definition, GPR looks downward into the earth, water, ice and man-made 
materials to non-destructively detect anomalies. Moreover, GPR is not an appara-
tus designed to radiate electromagnetic energy for radio communication purposes 
as it is not intended for air transmission.

However, GPR is governed by the radio regulations because of the pulsed 
nature of the signals employed, which does not fit into any established structure 
for radio licensing.

Even though GPR represents a class of Ultra Wide Band devices that radiate the 
major part of their emissions into the ground, a small part of that energy ‘leaks’ in 
all directions above the ground and, consequently, they may interfere with existing 
services.

The issue was first raised in the USA, where GPR technology came to the 
notice of the Federal Communications Commission (FCC), and it was decided to 
amend Part 15 of the FFC Rules specifically to acknowledge and control the use of 
GPR technology (2002).

Fig. 17  Hyperbolic fitting and velocity estimation
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The FCC imposed a limit on the frequency range available to GPR systems to 
below 960 MHz and offered special protection to the band of frequencies used by 
the Global Positioning System (GPS) extending from 960 to 1.61 GHz.

In the European Union (EU) the use of GPR is controlled by directives issued 
by the European Commission (EC) and the Government/National radio adminis-
trations, who control the use of GPR by setting conditions of use through their 
licensing regulations; it means that in some European countries a national licence 
is often required before the equipment can be used.

Compliance with global regulations has become a further issue in the design of 
GPR equipment because it is an advantage to minimise the energy received from 
backscattered signals from above ground objects that may hide weaker reflections 
from buried targets.

It is the case, however, that permitted airborne power levels are very small and 
this has adversely hindered the development of systems that use a large number of 
antennas, in arrays, by dictating the use of lower transmitter repetition frequencies, 
which has reduced possible GPR survey speeds to an impracticably low level that 
has made the survey of motorways and railways a dangerous undertaking.

Solving this problem is one of the most urgent tasks for the GPR designers in 
the coming years.

8  Conclusion

This chapter addresses the design of effective GPR systems suited to the Civil 
Engineering applications; this involves subjects ranging from radio frequency sys-
tem and antenna design to data processing methodologies.

With respect to the generation of waveforms, two architectures are possible, 
impulsive (the most common) and frequency modulated. Whatever the architecture 
used, the most important requirements for a successful design are high sensitivity 
and wide dynamic range in order to maximise the usability of GPR so that it can 
cope with as wide a range of conditions as possible.

The recent development of antenna arrays increases the amount and quality of 
data collected on-site, and enhances the productivity of the process. Using a GPR 
array allows the acquisition of a large number of radar profiles, densely spaced, to 
reconstruct the entire 3-D volume surveyed.

To assure quick and reliable data collection, respecting Nyquist criteria, large 
and very dense GPR arrays are needed. Some further developments in this tech-
nology, which can be identified as research topics, are the study of innovative GPR 
antenna technology and GPR sensor multiplexing.

Issues that remain to be addressed are the selection of the optimal working fre-
quencies and bandwidths, according to the characteristics of the targets of interest, 
as well as identifying the most effective waveform to be radiated by the antennas.

Other important objectives in developing new GPR systems are increases in 
productivity, and the provision of high performance in terms of detection capabil-
ity and ease of data interpretation.
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Some of these objectives have been accomplished in the three systems pre-
sented in paragraph 5, which represent the leading edge of the technology.
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1  Introduction

Ground-penetrating radar (GPR) provides high-resolution images of subsurface 
and structures through wide-band electromagnetic waves. It operates in a wide 
range of frequencies, from 10 MHz to 5 GHz for impulse systems and from 1 to 
8 GHz for stepped-frequency systems. The electromagnetic field emitted by the 
radar interacts with the investigated scenario: reflection, transmission and scat-
tering phenomena occur at any interface corresponding to a change in dielectric 
properties. The return is detected by the radar receiver.

Antennas are a critical hardware component of a radar system, dictating its 
performance in terms of capability to detect targets. Nevertheless, most of the 
research efforts in the GPR area currently focus on the use of this imaging tech-
nique in a plethora of different applications, on its combination with other non-
destructive methods, on the improvement of modelling, imaging and inversion 
techniques for GPR, whereas a limited number of studies deal with technological 
issues related to the design of novel systems, including the synthesis, optimisation 
and characterisation of innovative antennas.

In order to couple the electromagnetic energy into the ground or structure under 
test, GPR antennas operate in close proximity (ground-coupled antennas), else at a 
limited distance above (air-coupled antennas).

The reflected signals can be detected by the same transmitting antenna (mono-
static system) or by a second, separate receiving antenna (bistatic system). In multi-
static radar systems, there are at least three antennas—for example, one receiving 
and two transmitting, or two receiving and one transmitting, or else multiple receiv-
ing and transmitting antennas. This kind of radar is a generalisation of the bistatic 
system, with one or more receivers processing returns from one or more transmitters.

Traditionally, most GPR systems are bistatic. However, the antennas are often 
housed in a single module and their orientation and spacing cannot be changed. 
Separate antenna modules represent a significant advantage in the applications 
where transmitter and receiver can be placed on the two opposite sides of the 
investigated structure, thus halving propagation and attenuation losses (trans-illu-
mination surveys). Examples of such applications are GPR measurements in bore-
holes for civil-engineering and environmental studies, quality-control of precast 
structures, or imaging of pillars and walls.

Still concerning bistatic radars with separate antenna modules, the ability to vary 
the antenna spacing can be a powerful aid in optimising the system for different 
applications and for the detection of specific types of targets: in fact, to maximise 
target coupling, the antennas should be spaced such that the refraction focusing peak 
in both the transmitting and receiving radiation patterns points to the common depth 
to be investigated. In this respect, it is important to keep in mind that antenna pat-
terns vary as the relative permittivity of the illuminated medium changes (King and 
Smith 1981; Daniels 2010), as well as that the minimum separation between receiv-
ing and transmitting antennas has to be equal to the maximum size of the larger 
antenna, in order to limit the unwanted electromagnetic interaction between them.
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Larger antenna spacing increases the reflectivity of planar targets, which can 
be advantageous in some applications. The depth resolution of targets decreases 
as the antenna spacing increases, however this factor is small until the spacing 
approaches half the target depth. When the angle subtended between the transmit-
ting antenna, the sought target and the receiving antenna is close to zero, a bistatic 
GPR turns out to perform as a monostatic system (pseudo-monostatic radar).

A further advantage of transmitting and receiving antennas hosted in separate 
modules, is the possibility to change their orientation and polarisation. Usually, GPR 
antennas are linearly polarised. In this case, if the sought target has a size prevailing 
over the others, the electric field of both antennas should be polarised parallel to the 
long axis of the target, in order to maximise reflections and increase detectability. On 
the other hand, an orientation of the electric field perpendicular to a long object will 
allow revealing targets buried deeper. For an equidimensional target there is not an 
optimal orientation. As far as the mutual orientation of the transmitting and receiving 
antennas is regarded, they can be arranged as parallel or orthogonal to one another. 
Parallel orientation of antennas allows maximising the polarisation match between 
them; in this case, the antennas can be arranged in broadside or end fire configura-
tion with respect to the survey line direction, i.e., with an orientation parallel or per-
pendicular to the line. On the contrary, when the transmitting and receiving antennas 
are arranged with orthogonal orientations, they are cross-polarised and target infor-
mation can be extracted based on the coupling angle.

GPR antennas operate in a strongly demanding environment and should satisfy 
a number of requirements, somehow unique and very different than in conven-
tional radar antennas. First of them is an ultra-wide frequency band: the radar has 
to transmit and receive short-duration time-domain waveforms, in the order of a 
few nanoseconds, the time-duration of the emitted pulses being a trade-off 
between the desired radar resolution and penetration depth. The fractional band-
width of a GPR antenna can be as high as 160 %.1

Secondly, GPR antennas should have a linear phase characteristic over the 
whole operational frequency range, constant (or predictable) polarisation and con-
stant gain.

Thirdly, due to the fact that a subsurface imaging system is essentially a short-
range radar, the coupling between transmitting and receiving antennas should be 
low and short in time.

GPR antennas should have quick ring-down characteristics, in order to pre-
vent masking of targets and guarantee a good resolution. Ringing occurs due to 
the reflections within the antenna as well as at the antenna/ground (or investigated 
structure) interface.

The radiation patterns should ensure minimal interference with unwanted 
objects, usually present in the complex operational environment. To this aim, 
the antennas should provide high directivity and concentrate the electromagnetic 
energy into a narrow solid angle.

1 The fractional bandwidth is defined as 2(fmax − fmin)/(fmax + fmin), where fmax and fmin are the 
minimum and maximum frequencies of operation, respectively.
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As already mentioned, a specific feature of GPR antennas is that they work very 
close to the matter or even in contact with it: as a result, the current distribution on 
the antenna is influenced by the ground or by the investigated structure. In order to 
achieve a wide applicability of the radar system, changes in electrical properties 
of the matter should not affect strongly the antenna performance. Moreover, the 
antenna should provide stable performance at different elevation levels.

For an efficient coupling of electromagnetic waves into the ground/investigated 
structure, good impedance matching is necessary at the antenna/matter interface.

Another important requirement concerns the weight and size of the antennas: 
for ease of utilisation and to allow a wide applicability, the antennas shall be light 
and compact.

To be sure that the emitted signal is stable, a warm-up time should be fore-
seen before using GPR transmitting antennas. This allows avoiding errors in depth 
calculations, due to time deviations of the traces in the initial working period. 
Obviously, such errors have more relevance when materials with higher electro-
magnetic-wave propagation velocity are investigated (Pereira et al. 2006).

In Sect. 2, an overview on the most frequently used GPR antennas, for both 
pulsed and stepped-frequency radar systems, is provided; recent studies concern-
ing innovative solutions are presented. Information on antenna arrays for GPR 
applications is given as well.

Section 3 is devoted to carry out a census of commercial antennas of a num-
ber of GPR manufacturers, specifying the different centre frequencies and general 
characteristics of the antennas available on the market.

Aided by measurements and powerful computer modelling techniques, GPR 
antenna designers are increasingly able to predict and understand the performance 
of proposed design in realistic electromagnetic environments. Section 4 deals with 
experimental characterisation of GPR antennas and Sect. 5 focuses on the electro-
magnetic modelling of GPR antennas.

Finally, conclusions are drawn in Sect. 6 and research perspectives in the field 
of GPR antennas are discussed.

2  Most Frequently Used GPR Antennas

In this Section, the most frequently used GPR antennas are presented and their 
main characteristics are briefly described. The Reader is encouraged to consult 
(Daniels 2004, 2009, 2010; Turk 2011), including interesting overviews on GPR 
antennas. Moreover, the Proceedings of recent editions of the biannual events 
“International Conference on Ground Penetrating Radar” and “International 
Workshop on Advanced Ground Penetrating Radar” are excellent references for an 
update on the latest research developments in the field of GPR antennas.
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2.1  Dipole Antennas

Examples of dipole antennas are sketched in Fig. 1, they have been widely used 
in ground-penetrating radar systems. These antennas generally show linear polari-
sation, low directivity and relatively limited bandwidth, unless loading or distrib-
uted loading techniques are employed to increase the bandwidth at the expense of 
radiation efficiency.

Conventional dipoles, being constituted by straight and thin metallic elements, 
are narrowband. Their bandwidth can be enlarged by thickening the wires (fat 
dipoles, Fig. 1a) or else by adopting planar dipole-like solutions as the bow-tie, 
rectangular, diamond, and elliptical antennas (Fig. 1b–f). The biconical antenna 
consists of two cones placed symmetrically along their principal axis and fed at 
the same point (Fig. 1g); cones with unequal angles can be also used (Fig. 1h).

Among dipole antennas, the bow-tie is the most popular GPR structure, due to 
its simplicity and relatively ultra-wideband characteristics; it was conceived dec-
ades ago (Brown and Woodward 1952). More complicated flare shapes, as in the 
rectangular and elliptical planar dipoles, aim at achieving a larger bandwidth than 
with a conventional bow-tie, without increasing the antenna complexity. Both the 
radiation pattern and input impedance of a bow-tie are strongly affected by the 
flare angle (see Fig. 2a): by adjusting this geometrical parameter, it is possible to 
control the radiation pattern and to obtain maximum radiation towards the ground.

In biconical antennas, similarly to bow-ties, the cone angle has a critical effect 
on the radiation pattern and input impedance. In the case of unequal cones, the 
cone angles can be adjusted so that most power is radiated in the desired direction, 
usually occurring along the cone with smaller angle.

Fig. 1  Examples of dipole antennas: a fat dipole; b bow-tie; c and d planar rectangular dipoles; e 
diamond dipole; f elliptical dipole; g and h biconical antennas with equal and unequal cone angles
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A fairly simple variant of the traditional bow-tie has rounded flares (as in 
Fig. 2b). The rounding results in a flatter frequency behavior of the impedance. 
Moreover, the ring-down characteristics of the antenna turn out to be improved, as 
the rounded shape guarantees that electromagnetic reflections from the flare ends 
occur at the same time instant.

Reflections from the flare ends of a bow-tie can be eliminated by end load-
ing them (Fig. 2c), or else by dividing the antenna in sections, coupled through 
resistances (Fig. 2d). Alternatively, the amplitude of the charge and current reach-
ing the far end can be reduced by resistively coating the antenna. Another pos-
sibility is that of realising the antenna from a material such as Nichrome, which 
has a defined loss per unit area (Daniels 2009). Resistive loading is very effective 
in widening the band, but drastically decreases the antenna efficiency and conse-
quently its gain.

Dipole antennas are omnidirectional, hence they are very sensitive to external 
electromagnetic interference in receive mode, even more due to their ultra-wide-
band characteristics. In order to reduce possible interference, a shield is usually 
placed around the antenna. The shield has to be carefully designed in order to 
avoid affecting the GPR performance; it turns obviously out to be useful also in 
protecting the antenna from damage.

In many applications, as cultural-heritage prospecting, estimation of soil prop-
erties, and investigation of scenarios presenting several layers of interest at dif-
ferent depths, it is necessary to have at disposal different antennas in order to 
gather acquisitions on different frequency bands. Moreover, in particular situa-
tions, as in the proximity of a tower antenna for broadcast radio communications, 
narrow-band interferences can be present, affecting some frequency bands more 
than others. These circumstances make a multiband system potentially more ver-
satile and applicable; consequently, radars equipped with dual antennas working 
on two different centre frequencies have been introduced in the market by several 
GPR manufacturers. As an alternative, a reconfigurable antenna has been recently 

Feed point

(a) (b) (c) (d)

Flare 
angle

Resistance

Resistive 
loading

Fig. 2  Examples of bow-tie antennas: a basic bow-tie; b rounded bow-tie; c bow-tie with resis-
tive loading at the far end; d bow-tie with sections coupled through resistances
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proposed and realised (Persico and Prisco 2008; Matera et al. 2014): it consists of 
a bow-tie equipped with two series of switches along its arms, so that their size 
can be varied and the antenna can work at three different frequencies thus cover-
ing the 50–1000 MHz band. A bistatic stepped-frequency radar has been equipped 
with two prototypes of the innovative reconfigurable bow-tie and successfully 
tested in several situations as well as under different conditions. Of course, a tradi-
tional system equipped with three different couples of fixed-length bow-ties would 
require more space and its size and weight could represent a considerable problem.

Another interesting study involving bow-tie antennas for GPR applications was 
recently presented in (Ajith and Bhattacharya 2014). A resistively-loaded bow-tie 
antenna, operating in the 300 MHz–3 GHz range and employing a metamaterial 
lens to improve the forward gain and front-to-back ratio, was proposed, realised 
and experimentally characterised.

2.2  End-Fire Tapered Slot Antennas

End-fire tapered slot antennas include linearly and exponentially tapered solutions 
(see Fig. 3), the latter being also known as Vivaldi antenna. Performance charac-
teristics of these travelling-wave slot radiators include a wide frequency band, a 
medium directivity, and low sidelobes. They are commonly manufactured on a 
dielectric substrate and their electromagnetic properties depend on the antenna 
size, rate of divergence of conducting plates, substrate thickness and permittivity.

The Vivaldi antenna is quite often used in GPR systems and was first intro-
duced in 1979 (Gibson 1979): its slot has an exponentially tapered shape, as in 
Fig. 3b. Due to the exponential profile, this antenna has a long electrical length 
compared to its actual physical size, hence compact designs are possible without 
compromising too much the directivity. Moreover, constant gain characteristics 
can be achieved over frequency.

In (Zhou and Cui 2011), a metamaterial with meander-line inclusions was 
applied to improve the directivity of a Vivaldi antenna.

Fig. 3  Examples of end-fire tapered slot antennas: a linearly tapered slot antenna; b exponen-
tially tapered slot antenna, also called Vivaldi
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2.3  Spiral Antennas

The spiral antenna is considered as a frequency-independent device; in practice, 
the bandwidth is finite, due to the finite length of antenna arms and finite inner 
gap width. The arms making up the spirals can follow equiangular (logarithmic) 
(Pastol et al. 1990) or Archimedean (Lacko et al. 2002) shape. The minimum oper-
ating frequency is determined by the outer diameter of the spiral, the maximum 
frequency is determined by the inner diameter and by the precision at the feed 
region (which usually is located in the center of the spiral). Archimedean spiral 
antennas are inherently circularly polarised, with relatively constant input imped-
ance and radiation patterns over the operating frequency range. Left- or right-
hand circular polarisation can be achieved by applying the appropriate phase shift 
between the arms at the feed point.

The distinctive property of radiating circular polarisation makes the spiral 
antenna attractive for the detection of mines or other cylindrically-shaped objects. 
However, the phase center of the antenna changes with the frequency of opera-
tion, thus the spiral is a dispersive device. For this reason, it is usually used within 
stepped-frequency radar systems, where the dispersion can be corrected by suit-
able post processing of measured data. The ends of the arms are sometimes termi-
nated with loads, to compensate for the end reflections at low frequency operation.

Figure 4 shows examples of spiral antennas: a two-arm Archimedean spiral, a 
four-arm Archimedean spiral, and an equiangular spiral. At first glance, the four-
arm spiral is only a two-arm with four arms—but it is a lot more than that. The 
addition of a couple of additional arms improves the axial ratio, but it also intro-
duces some extra capabilities. In particular, the four-arm spiral can operate very 
much like the two-arm spiral (mode 1), but a different mode (mode 2) is also pos-
sible. By using the correct feed network and signal processing, each arm of the 
spiral can be fed 90° out of phase, allowing mode-1 operation, which produces 
a radiation pattern with a maximum in boresight. When feeding each arm 180 
degrees out of phase, mode-2 operation produces a boresight null. A beamform-
ing network can be used to combine these two modes of operation vectorially and 
form four-squinted beams. Such an antenna can be steered in the right direction to 
detect targets in different spatial regions.

Fig. 4  Examples of spiral antennas: a self-complimentary 2-arms Archimedean spiral; b self-
complimentary 4-arm Archimedean spiral; c equiangular or logarithmic spiral
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Non-planar spiral structures can be realized, as conical spiral antennas (Miller 
and Landt 1977). Planar structures have bidirectional properties, whereas the coni-
cal spiral antenna usually has unidirectional properties. To achieve a unidirectional 
beam, cavity backing of planar spirals can be employed.

2.4  Horn Antennas

In Fig. 5, the geometry of both a conventional and transverse electromagnetic 
(TEM) horn is sketched. The TEM horn is very often used in GPR systems, 
because of its time-domain excellent characteristics. It consists of two metallic 
plates diverging from a feeding point. The structure is derived from the horn, by 
removing the side walls.

This antenna does support a TEM mode, hence its name; this implies that the 
infinite TEM horn does not have any cut-off frequency; in practice the lower cut-
off frequency is limited by the finite size of the structure.

The TEM horn is non dispersive, directive and can have ultra-wideband prop-
erties. These can be achieved in different ways: by using resistive loading; else, 
by tapering the width of the plates along the length of the horn, thus tapering the 
characteristic impedance from the value of the feeding line (usually 50 Ω) to the 
free-space value (377 Ω); else, by filling the horn with dielectric material (Scheers 
2000; Yarovoy et al. 2000b). The dielectric filling gives the possibility to reduce 
the antenna size in its longitudinal length, without degrading the directivity.

2.5  Antenna Arrays

Array of antennas can be used in GPR systems, in order to enable a faster data col-
lection by increasing the extension of investigated area per time unit. This can be a 
significant advantage in archaeological prospection (Trinks et al. 2010), road and 

Fig. 5  a Conventional horn; b TEM horn
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bridge inspection (Simi et al. 2012), mine detection (Nuzzo et al. 2014), as well as 
in several other civil-engineering and geoscience applications where the collection 
of data requires the execution of a large number of profiles.

Moreover, antenna arrays allow collecting multi-offset measurements simul-
taneously, thereby providing additional information for a more effective imaging 
and characterisation of the natural or manmade scenario under test.

Two approaches are possible to GPR array design. The simplest is to conceive 
the array as a multi-channel radar system composed of single-channel radars. Much 
more can be achieved, if advanced array-design techniques are employed to synthe-
size the whole system. This second approach is definitely promising, as it gives the 
possibility to fully exploit the potentiality of antenna arrays: they can provide a high 
directivity by using simple elements, and the capability of a steerable beam, as in 
smart antennas. In fact, a fundamental characteristic of an array is the change of its 
radiation pattern in response to different excitations of its elements. Unlike a single 
antenna, wherein the radiation pattern is fixed, the radiation properties of an array 
can be changed upon feeding its elements with different currents: this gives a free-
dom to synthesize a desired pattern from an array, without changing its physical size.

The first introduction of multi-channel GPR systems dates back to more than 
twenty years ago (Warhus et al. 1993). Initially, the complete acceptance of multi-
channel recording was limited by the quality of the data and complex data processing 
required (Francese et al. 2009): different frequency responses of the antenna element 
prevented an easy amalgamation of individual profiles into useful images. More 
recently, the multi-channel manufacturers have provided GPR systems where the 
antenna responses of the individual elements are much closer (Linford et al. 2010; 
Simi et al. 2010). Signal processing techniques can be applied to measured data, to 
compensate for small differences in the frequency responses of the antennas and bal-
ance the signal between different elements, before constructing the radar image.

The advanced array presented in (Simi et al. 2010) is of particular interest for 
the inspection of transport infrastructures: it is equipped with two vertically-polar-
ised arrays of dipoles (with a centre frequency of 200 MHz), devoted to collect 
data useful to locate longitudinal objects, as pipes and other utility lines; further-
more, it includes a dual-frequency (200 and 600 MHz) horizontally-polarised 
array, able to detect transversal targets as junctions and connection lines. Overall, 
38 radar profiles are simultaneously acquired by this system at a speed of up to 
15 km/h, thus guaranteeing a high productivity.

Air- and ground-coupled innovative arrays for stepped-frequency GPR have 
been recently developed and optimised (Eide et al. 2012, 2014). They are mainly 
conceived for road and bridge-deck inspection and use boomerang-shaped mono-
pole elements mounted on a layer of microwave absorbing material and backed 
by a ground plane. The antenna elements provide a flat frequency response from 
200 MHz to 3 GHz, thus allowing to take full advantage of the stepped-frequency 
radar properties of covering a wide frequency range without switching between 
different antennas.

A linear Vivaldi antenna array for water leaks detection, with a bandwidth 
between 250 and 2000 MHz, was lately designed (Alkhalifeh et al. 2014).
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As far as arrays with steerable beams are concerned, the project of a novel 
radar system, equipped with an antenna array that can automatically reconfigure 
itself, was presented in (Bianchieri-Astier et al. 2014): the radar is conceived for 
planetary exploration and its transmitter is able to suitably feed the array elements, 
in order to focus the radiated beam on a high-energy zone detected in a previous 
recorded acquisition, thus optimising the signal-to-noise ratio and the localisation 
of buried objects.

Another important issue when using antenna arrays is data positioning. The 
position of array elements has to be recorded during the surveys, by using suit-
able high-precision positioning systems. As a collateral consequence, with today’s 
multi-channel radar systems it is no longer necessary to follow a recording proce-
dure using parallel lines: the array of antennas can theoretically have any arbitrary 
orientation while surveying an area. Of course, this makes data processing more 
challenging.

3  Overview on Commercial GPR Antennas

This Section provides a schematic overview of commercial antennas of a number 
of GPR manufacturers, specifying the different centre frequencies and general 
characteristics of the available antennas.

In Tables 1 (radio frequencies) and 2 (microwave frequencies), commercial GPR 
antennas have been subdivided according to various frequency ranges. As it is well 
known, the size of a target detectable with a GPR depends on the frequency of the 
used antenna. On one hand, high-frequency antennas can detect smaller features 
thus generating a high-resolution image, however they present a shallower penetra-
tion depth. On the other hand, low-frequency antennas can penetrate deeper into the 
ground and sense deeper buried targets, but their resolution is coarse. Hence, in rela-
tion to the planned survey and desired target, one should choose the right frequency 
of investigation accordingly. Radio-frequency antennas are better suited for appli-
cations requiring a deep penetration depth, e.g.: geological, geotechnical and geo-
hydrological investigations, stratigraphic surveys, deep pipe and bedrock detection, 
as well as for river/landfill analyses and lake-bottom mapping. Microwave-frequency 
antennas are better suited for applications requiring a high resolution and precision 
measurements, e.g.: concrete inspection, locating rebar and shallow pipes, road map-
ping, quality assessment of precast structures, forensic applications, bridge condi-
tion assurance, utility and voids detections. As a general rule, it is unlikely that one 
antenna can cover the full range of applications a perspective user is interested to; 
for this reason, some manufacturers of ground-penetrating radars offer a range of 
antennas which can be used with a single control unit.

The information provided here is not exhaustive: the tables were completed in 
January 2015, by using information available on the webpages of GPR manufac-
turers. For several antennas, we specified whether they are shielded or unshielded, 
whether transmitting and receiving antennas are hosted in separate modules, as 
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well as the antenna type (dipole, bow-tie, horn, array, dual-polarised antenna, dual-
frequency antenna). According to the available information, antennas commonly 
employed in commercial GPR devices are essentially dipoles, bow-ties and horns.

Further information is organized in Tables 3, 4, 5, 6, 7 and 8. Multi-channel 
GPR systems are not considered in this Section.

Table 1  Antennas available from the above-selected GPR manufacturers, with center frequency 
in the radio-frequency portion of the electromagnetic spectrum

The meaning of the letters in the superscript is the following: s shielded antenna; u unshielded 
antenna; sep separable antenna; a array; d dipole antenna; bt bow-tie antenna; h horn antenna; dp 
dual polarized; df dual frequency; sf step-frequency; uwb ultra wideband
aGeophysical Survey Systems, Inc.
bIDS Ingegneria Dei Sistemi SpA
cNortheast Geophysical Services
dSensors and Software

0–50 (MHz) 51–100 (MHz) 101–200 (MHz) 201–300 (MHz)

Ditch Witch 250s,d

Geological 
Prospecting

20–30 120–150, 150–
200, 150–250

150–250

Geoscanners 20u, 25u, 33.5u, 50u 64.75, 80, 100ut 103s,u,bt, 
119.5s,bt, 120

210s,bt

Geotech 90sep 150sep 250df,sep

GSSIa 15–80 15–80, 100s 200s 270s, 300df

IDSb 25d,u, 40d,u 80d,s, 100d,s 150d,u, 200df,dp,a 250df, 300u,d

K–S Analysis 0.00125–50sf

Malå 25d,u, 30u, 50d,u 80, 100d,s,u 160, 200s,d,sep,u 250s,d

NGSc 80 300

NIITEK 200–7000a,uwb 200–7000a,uwb

Penetradar 300s,d

PipeHawk 135–835uwb, 
128–764uwb

135–835uwb, 
128–764uwb

Radar System 25, 38d,u, 50 75d,u, 100s 150d,u 300s

Radarteam 40d 52, 70d, 80, 
100d,s,,df

124, 150d 250d,s,df

Radiodetection 250uwb

Radiolocation 100 200 300

SenSoftd 12.5u, 25u, 50u 100u 110s, 200u, 225s, 
250

Terraplus 25u, 50u 80, 100s,u 160, 200u,a,sep 250a,s

Toikka

Transient 125 300

US Radar 100 250

Utsi 50a 100a 250a

Vermeer

3D-Radar 7–30, 15–60, 30 200–3000sf
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Table 2  Same as in Table 1, in the microwave-frequency portion of the electromagnetic 
spectrum

301–400 
(MHz)

401–500 
(MHz)

501–600 
(MHz)

601–700 
(MHz)

701–800 
(MHz)

Ditch Witch 700s,d

Geological 
Prospecting

Geoscanners 307s,bt, 
380s,bt, 390h

480s,bt, 485 675s,bt, 692

Geotech 400h,sep 700df

GSSI 400s 800df

IDS 400df 600d,df,dp,a 700df

K-S Analysis

Malå 350s, 400s,sep 450, 500s 800s

NGS 500

NIITEK 200–
7000a,uwb

200–
7000a,uwb

200–7000a,uwb 200–
7000a,uwb

200–7000a,uwb

Penetradar 400s,d 500s,d h

PipeHawk 135–835uwb, 
128–764uwb

135–835uwb, 
128–764uwb

135–835uwb, 
128–764uwb

135–835uwb, 
128–764uwb

135–835uwb, 
128–764uwb

Radar System 300s 500s 750s

Radarteam 350s,d 500s,d,df 600s,d

Radiodetection 400 500 600

SenSoft 450s, 500

Terraplus 400a,sep 450, 500s 750, 800s

Toikka 800h

Transient 500 700

US Radar 500

Utsi 400a

Vermeer 400

3D-Radar 200–3000sf 200–3000sf 200–3000sf 200–3000sf 200–3000sf

801–900 (MHz) 901–1000 (MHz) 1001–2000 (MHz) >2.0 (GHz)

Ditch Witch

Geological 
Prospecting

1.0 1.5

Geoscanners 890 1.0s,h 1.5s,bt, 1.9h, 2.0s,bt,

Geotech 1.0h 1.2, 1.7h, 2.0h

GSSI 900s 1.0h 1.6, 2.0h 2.6

IDS Corp. 900s,df 1.0h, 1.2s, 1.6s 2.0s,d,dp,h

K-S Analysis

Malå 1.0s 1.2s, 1.3s,sep, 1.6s 2.3s

NGS 900

NIITEK 200–7000a,uwb 200–7000a,uwb 200–7000a,uwb 200–7000a,uwb

Penetradar 1.0h 2.0h 2.5h

(continued)
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4  Experimental Characterisation of GPR Antennas

Any GPR antenna should be measured, in order to verify its characteristics. It may 
be tested in open space or in a conventional anechoic chamber, and this allows 
the determination of its radiation pattern, gain and directivity in the air. However, 
evaluating its actual performance in a realistic working environment is much more 
important and still rarely done. To the best of our knowledge, few suitable facili-
ties exist for this type of measurement. The antenna operation in the presence of 
a soil or manmade structure is often checked by simply measuring its internal 
impedance. However, this test is not enough, since a good antenna matching to the 
transmission line does not guarantee the proper radiation properties.

A GPR antenna test facility is available at the Technical University of Denmark. 
It consists of a soil-filled wooden box, with size 3.8 × 3.3 × 1 m3, and a mechanical 
scanning system installed over it, able to move the Antenna Under Test (AUT) along 
two orthogonal directions in a plane parallel to the air-soil interface. The proximity 
to the box edges limits the angular range of the scan, depending on the beamwidth 
of the AUT and its height above the soil. An ultra-wideband sensor for electromag-
netic field measurements in time domain is buried at the center of the box, at a depth 
of about 20 cm; this probe is a loop antenna made of a semi-rigid cable, showing a 
−10 dB bandwidth ranging from 180 to 3880 MHz (Yarovoy et al. 2000a, b). The 
semi-rigid cable is connected to one port of a vector network analyser, and the other 
port is attached to the AUT through a phase-stable coaxial cable; in this way, the 
measurement is performed just as in a standard anechoic chamber. The choice of soil 
type depends on the application the AUT is meant for. The moisture content can be 
varied and a moisture meter is used to keep it reasonably uniform, despite the con-
tinual loss of water through evaporation from the upper surface.

This facility was used within the EU FP6 Network of Excellence Antenna Centre 
of Excellence (ACE), to measure the footprint of eight different antennas (Lenler-
Eriksen et al. 2005): three exponentially-tapered slots from the French Centre 

Table 2  (continued)

801–900 (MHz) 901–1000 (MHz) 1001–2000 (MHz) >2.0 (GHz)

PipeHawk 135–835uwb

Radar System 900s 1.0s,h 1.5s, 2.0u

Radarteam 900d,s,df 1.0s,bt 1.3a,sep

Radiodetection

SenSoft 900s 1.0 1.2s

Terraplus 1.0s 1.2s, 1.3a, 1.6s 2.3s

Toikka 1.0h 1.5h

US Radar 900 1.0 1.5, 1.6, 2.0 2.5, 2.6

Utsi 1.0a 1.5a 4.0a, 6.0a

Vermeer

3D-Radar 200–3000sf 200–3000sf 200–3000sf 200–3000sf
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Table 3  Further information on Geoscanners antennas

Centre  
frequency (MHz)

Antenna’s model 
ID

Antenna’s 
type

Antenna’s 
configuration

Shielded or 
unshielded

Weight (kg)

64.75 Gekko-
60/Gekko-60 
Bistatic

Monostatic 5.0

Bistatic 10.0

80 Gekko-
80/Gekko-80 
Bistatic

Monostatic 3.3

Bistatic 6.6

103 GCB GCB-100 Quarter 
wavelength 
bowtie

Bistatic Shielded 2.1

119.5 BA-100 Borehole 2.1

120 Gekko-
120/Gekko-120 
Bistatic

Monostatic 2.5

Bistatic 5.0

210 GCB-200 Quarter 
wavelength 
bowtie

Bistatic Shielded 3.5

250 FLB-250 Airborne 4.5

307 GCB-300 Quarter 
wavelength 
bowtie

Shielded 2.6

380 GCB-400 Quarter 
wavelength 
bowtie

Shielded 1.65

390 FLB-390 Airborne 3.0

480 GCB-500 Quarter 
wavelength 
bowtie

Shielded 1.7

485 BA-500 Borehole 1.45

675 GCB-700 Quarter 
wavelength 
bowtie

Shielded 1.35

692 BA-1000 Borehole 1.4

890 HA-1000 Horn 6.5

1000 GCB-1000 Quarter 
wavelength 
bowtie

Shielded 1.05

1500 GCB-1500 Quarter 
wavelength 
bowtie

Shielded 1.05

1900 HA-2000 Horn 6.5

2000 GCB-2000 Quarter 
wavelength 
bowtie

Shielded 1.05

20, 25, 33.3, 50, 
100

MFC-
1250/MFC-1250 
Bistatic

Monostatic Unshielded 2.25

Bistatic 4.5
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National de la Recherche Scientifique (CNRS) and Laboratoire d’Electronique, 
Antennes et Télécommunications (LEAT), two loaded bow-ties from the Italian 
manufacturer IDS Ingegneria dei Sistemi SpA, two spirals from the University of 
Liverpool, and a patch from the Institute of Communications and Computer Systems 
in Greece. The near-field antenna footprint is a three-dimensional set of data (two 
space coordinates and time), characterising the antenna radiation into the ground: 
from the time slices of the footprint, the spatial distribution of the radiated energy 
can be determined. By Fourier transforming the data over the time coordinate, a 
spectral analysis of the radiation can be done; moreover, radiation patterns in the 
ground can be calculated via near-to-far field transforms of the measured data.

A similar test facility is available at the Delft University of Technology 
(Yarovoy et al. 2007). It consists of a 2 × 2 × 1.5 m3 wooden box filled with 
dry sand, a mechanical scanner, a couple of loop sensors (Yarovoy et al. 2000a, 
b) buried at a depth of 17 cm in the sand, a set of pulse generators, a stroboscopic 
receiver, and a vector network analyser. The lowest frequency, at which accurate 
antenna measurements can be performed, is about 170 MHz, whereas the highest 
is approximately 9 GHz.

This facility was used during the above-mentioned ACE Network of Excellence 
to measure both the antenna footprint and elevation profile of two exponentially-
tapered slots from CNRS/LEAT and a balanced dielectric-wedge antenna. The 
elevation profile provides important information about antenna coupling to the 
ground: to measure it, the AUT has to be placed right above the probe and the 

Table 4  Further information on GSSI antennas

Centre  
frequency (MHz)

Antenna’s 
model ID

Antenna’s 
type

Antenna’s 
configuration

Shielded or 
unshielded

Weight (kg)

15–80 3200 MLF 15.0
23.0

100 3207AP 3207F Monostatic Shielded 13.0

Bistatic 26.0

200 5106/5106A Shielded 20.5

270 50270S Shielded 8.6

400 50400S Shielded 5.0

900 3101A/3101D Shielded 2.3

1000 41000S Horn 7.3

1000 5101 1.8

1600 5100B 1.8

1600 51600S 1.8

2000 62000-
003/62000-007

1.3
1.8

2000 4105 Horn 7.3

2000 42000S Horn 7.3

2600 52600S 1.8

300, 800 D50300/800 5.0
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Table 5  Further information on IDS antennas

Centre  
frequency  
(MHz)

Antenna’s  
model ID

Antenna’s 
type

Antenna’s 
configuration

Shielded or 
unshielded

Weight (kg)

25 TR U 25 Dipole Bistatic Unshielded 18.0

40 TR U 40 Dipole Bistatic Unshielded 18.0

80 TR 80 Dipole Bistatic Shielded 23.0

100 TR 100 B Dipole Bistatic Shielded 22.0

TR 100 M Monostatic

150 BA 150 Dipole, 
borehole

Unshielded 1.5

200 TR 200 Dipole Monostatic Shielded 6.0

300 BA 300 Dipole, 
borehole

Unshielded 1.0

400 TR 400 Monostatic Shielded 5.5

600 TR 600H Dipole Monostatic Shielded 5.5

600 TR 600V Dipole Monostatic Shielded 3.0

900 TR 900 Monostatic Shielded 3.0

1000 HR1000 Horn 6.5

1200 TR 1200 Monostatic Shielded 1.6

1600 TR 1600 Monostatic Shielded 1.5

2000 HR2000 Horn 6.5

2000 TR-HF Dipole Shielded 1.3

2000 TR B IP Dipole Shielded 1.5

2 × 600 VA600-DK Dipole Shielded 8.0

1 × 200  
+ 2 × 600

1 × TR 
200 + 2 × TR  
600 (RIS S)

Array 
(dipole)

Monostatic Shielded 17.0
Bistatic

1 × 200  
+ 2 × 400

1 × TR 
200 + 2 × TR  
400 (RIS S)

Array 
(dipole)

Monostatic Shielded 16.5
Bistatic

3 × 400 3 × TR 400 
(RIS S)

Array 
(dipole)

Monostatic Shielded 16.5
Bistatic

3 × 600  
+ 1 × 200

TRMF SMA Array 
(dipole)

Monostatic Shielded 10.0

200, 600 TRMFTX Array 
(dipole)

Shielded 6.0

200, 600 TRMFRX Array 
(dipole)

Shielded 6.0

200, 600 DUAL F 6.0

4 × 200, 600 DCL 200, DCL 
600 (RIS MF 
Hi-Mod)

Array 
(dipole)

58.0 (full 
configura-
tion)

4 × 400, 900 DCL 400, DCL 
900 (RIS MF 
Hi-Mod)

Array 
(dipole)

Shielded 58.0 (full 
configura-
tion)

(continued)
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field radiated into the ground is recorded at different antenna elevations. Then, the 
measured signals are shifted in time, to compensate the time delays due to the dif-
ferent antenna elevations, and compared. If the waveform of the signals remains 
similar and only its amplitude varies with antenna elevation, this means that the 
ground is not influencing the antenna performance, which will reasonably remain 
similar for different types of soils.

Further studies are desirable, in this area. Challenging ideas can definitely 
come by looking at test facilities specifically designed for medical-imaging anten-
nas. The wideband biomedical imaging is a subject that has much in common with 
GPR: both fields frequently employ antennas designed to operate very close to 
the matter or in contact with it, over the widest possible bandwidth, and to radiate 
pulse waveforms. Medical imaging antennas work at higher frequencies than GPR 
and radiate into a medium with a much higher permittivity. Despite these dissimi-
larities, sharing and integrating expertise in GPR and biomedical antenna testing 
will definitely be fruitful.

Table 5  (continued)

Centre  
frequency  
(MHz)

Antenna’s  
model ID

Antenna’s 
type

Antenna’s 
configuration

Shielded or 
unshielded

Weight (kg)

2 × 200  
+ 4 × 200, 
600 + 2 × 200

DML 
200 + DCL 
200, DCL 
600 + DML 200 
(STREAM-EM)

Array 
(dipole)

90.0 (full 
configura-
tion)

1000 STREAM MT Array 
(dipole)

1 × 200 DML 200 
(STREAM-X)

Array 
(dipole)

40.0

1 × 600 DML 600 
(STREAM X)

Array 
(dipole)

36.0

2 × 600 DML 600 
(STREAM X)

Array 
(dipole)

40.0

4 × 1600 TR HIRESS Array 
(dipole)

Shielded 3.7

600, 2000 TR 
600 + TR-HF

Array 
(dipole)

Shielded 7.0

200, 600 DUAL F Dipole Shielded 6.0

400, 900 TR Dual-F 
400/900

3.0

600, 1600 TR-AL Dipole Shielded 5.0

250, 700 ST Duo Shielded 15.0
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Table 6  Further information on Malå antennas

Centre 
frequency 
(MHz)

Antenna’s 
model ID

Antenna’s 
type

Antenna’s 
configuration

Shielded or 
unshielded

Weight (kg)

25 Dipole Unshielded 3.85

30 RTA 30 MHz Unshielded 7.8

50 Dipole Unshielded 2.65

50 RTA 50 MHz Unshielded 7.0

80 GX80 HDR 24.6

100 Dipole Unshielded 1.1

100 Dipole 5.5

100 RTA 
100 MHz

Unshielded 6.0

100 Borehole 
(dipole)

6.9 (full 
configuration)

100 Shielded 25.5

160 GX160 HDR 10.7

200 Dipole Unshielded 0.55

200 Shielded 4.2

250 Dipole 4.5

250 Shielded 7.85

250 Borehole 
(dipole)

9.5 (full 
configuration)

250 Shielded 12.0

350 Shielded 19.0

400 Shielded 2.1

450 GX450 HDR 5.5

500 Shielded 5.0

500 Shielded 18.0

750 GX750 HDR 3.6

800 Shielded 2.6

1000 Shielded 2.4

1200 Shielded 1.0

1300 Shielded 1.5

1600 Shielded 0.6

2300 Shielded 0.5

200, 400, 
1300

Array Shielded
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Table 7  Further information on SenSoft antennas

Centre fre-
quency (MHz)

Antenna’s 
model ID

Antenna’s 
type

Antenna’s 
configuration

Shielded or 
unshielded

Weight 
(kg)

12.5 Dipole Bistatic Unshielded 7.2

25 Dipole Bistatic Unshielded 3.6

50 Dipole Bistatic Unshielded 1.8

50 Borehole 3.4

100 Dipole Bistatic Unshielded 1.2

100 Borehole 2.9

110 Monostatic Shielded 9.0

200 Dipole Bistatic Unshielded 0.8

200 Borehole 2.3

225 Monostatic Shielded 1.0

450 Monostatic Shielded 0.7

900 Monostatic Shielded 0.7

1200 Monostatic Shielded 0.5

50, 100, 200 Monostatic 25.0

Table 8  Further information on 3D-Radar antennas

Centre fre-
quency (MHz)

Antenna’s 
model ID

Antenna’s 
type

Antenna’s 
configuration

Shielded or 
unshielded

Weight 
(kg)

200–3000 VX0909 Array Stepped 
frequency

20.0

200–3000 VX1213 Array Stepped 
frequency

24.0

200–3000 VX1821 Array Stepped 
frequency

32.0

200–3000 VX2125 Array Stepped 
frequency

36.0

200–3000 VX2429 Array Stepped 
frequency

42.0

200–3000 VX3341 Array Stepped 
frequency

56.0

200–3000 DX1821 Array Stepped 
frequency

28.0

200–3000 DX2125 Array Stepped 
frequency

33.0

200–3000 DX2429 Array Stepped 
frequency

38.0

200–3000 DX3341 Array Stepped 
frequency

50.0

200–3000 DXG0908 Array Stepped 
frequency

25.0

200–3000 DXG1212 Array Stepped 
frequency

32.0

200–3000 DXG1820 Array Stepped 
frequency

42.0
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5  Electromagnetic Modelling of GPR Antennas

Aided by powerful computer modelling techniques, GPR antenna designers are 
increasingly able to predict and understand the performance of proposed design in 
realistic electromagnetic environments.

In order to predict correctly the GPR response from a particular scenario, 
Maxwell’s equations have to be solved, subject to the physical and geometrical 
properties of the considered problem and to its initial conditions. Several tech-
niques have been developed in computational electromagnetics, for the solution of 
Maxwell’s equations. These methods can be classified into two main categories: 
differential and integral equation solvers, which can be implemented in the time 
or frequency domain. The differential solvers include the Finite Difference Time 
Domain (FDTD) (Yee 1966; Taflove 1980; Taflove and Hagness 2005; Taflove 
et al. 2013) and Finite-Volume Time-Domain techniques (Shankar et al. 1989), 
the Finite Element Method (Jin 2014) and Transmission Line Method acronym 
(TLM) (Christopoulos 1995); the spectral-domain and differential Cylindrical- and 
Spherical-Wave Approaches may also be mentioned (Di Vico et al. 2005; Frezza 
et al. 2013). The Method of Moments (Harrington 1993) is a well-known integral-
equation approach. All of the different techniques present compromises between 
computational efficiency, stability, and the ability to model complex geometries.

The FDTD technique has several advantages over alternative approaches: it 
has inherent simplicity, efficiency and conditional stability; it is suitable to treat 
impulsive behaviour of the electromagnetic field and can provide either ultra-
wideband temporal waveforms or the sinusoidal steady-state response at any fre-
quency within the excitation spectrum; it is accurate and highly versatile; and it 
has become a mature and well-researched technique. Moreover, the FDTD tech-
nique is suitable to be executed on parallel-processing CPU-based computers and 
to exploit the modern computer visualisation capabilities.

Hybrid methods were developed through the years, to combine advantages and 
mitigate disadvantages of different techniques (Huang et al. 1999; Monorchio 
et al. 2004; van Coevorden et al. 2006).

A GPR numerical simulation includes, at some degree of detail, a model of 
the source or antenna, a model of subsurface or structure, and models of the tar-
gets. Implementing an accurate model of the antenna is important for the inves-
tigation of new antenna designs, as well as when the goal of the simulation is to 
calculate the response from a complex structure in order to achieve a better under-
standing and interpretation of GPR data. In the latter case, if a description of the 
real antenna is omitted from the model and an ideal source is used (as a Hertzian 
dipole), the simulations cannot accurately replicate the amplitudes and time-
domain shape of real responses, since the interactions between the targets and the 
antenna are not being taken into account.

Most GPR simulations prior to 1991 were simple two-dimensional models. 
In Moghaddam et al. (1991) the first 2.5D model was developed. Subsequently, 
Giannopoulos developed and compared 3D models of GPR by using TLM 
and FDTD technique (Giannopoulos 1997); later, he developed GprMax 
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(Giannopoulos 2005), which has been improved through the years and is nowa-
days a very well-known and largely validated FDTD simulator, available for free 
public download (both for academic and commercial use) on www.gprmax.com, 
together with a detailed user guide.

In Shlager et al. (1994), an FDTD model of a resistively loaded bow-tie, fed 
through an image plane by a coaxial line, was implemented, and the antenna design 
was optimised for pulse radiation. This work is of particular interest as it faced two 
important FDTD antenna-modelling problems, namely the issue of how to model the 
feed region of the antenna and the potential errors associated with staircasing.

Few researchers have combined a realistic antenna model with a realistic model 
of the investigated subsurface or structure.

In Bourgeois and Smith (1996), for the first time a realistic description of a 
GPR antenna was included in a wider FDTD model, replicating an experimental 
scale-model of a GPR system. In particular, bow-ties were simulated, together 
with their loading resistors and rectangular cavity shielding; the feed was repre-
sented through a transmission line. The constitutive parameters of the scale-model 
emulsions were simulated by fitting a Debye model. E-plane patterns were calcu-
lated for different antenna elevations above the surface of the emulsion; scattering 
responses from buried metallic and plastic pipes were obtained, too, and showed 
acceptable agreement with measured data.

A second-order accurate in time and fourth-order accurate in space FDTD 
model was developed in Cassidy (2001), where a pulseEKKO 1 GHz antenna was 
simulated. Numerical results and measured data showed good agreement.

In Lampe and Holliger (2001), Holliger et al. (2003), Lampe et al. (2003), 
Lampe and Holliger (2005), FDTD models of low-frequency bow-ties were imple-
mented; a sub-gridding technique was used. Antenna radiation patterns over loss-
less and lossy half-spaces, with shielded and unshielded antennas, were calculated; 
the effect of including cavity absorbing material and loading resistors was inves-
tigated; how topographic roughness and subsurface heterogeneities affected the 
GPR responses was studied, too; the consequences of Wu-King loading of bowties 
were finally explored.

In Klysz et al. (2006), the FDTD technique was employed for the first time to 
simulate a commercial antenna (GSSI 1.5 GHz). Simulated and measured free-
space radiation patterns were compared; moreover, data measured on two concrete 
cells of different moisture contents were compared with numerical results; the 
agreement was acceptable in both cases. The simulation did not include the receiv-
ing antenna and the concrete was assumed to be a homogeneous material.

Detailed FDTD models of two commercial high-frequency ground-coupled 
GPR bow-ties, namely a GSSI 1.5 GHz antenna and a MALA 1.2 GHz antenna, 
were developed in Warren (2009), Warren and Giannopoulos (2011). Taguchi’s opti-
misation method was successfully used to determine the values of some unknown 
parameters. The result of the optimisation was a 98 % cross-correlation match of 
the modelled and real crosstalk responses in free-space for both antennas. Further 
validation was carried out using a series of oil-in-water emulsions, with different 
steel and composite rebar, as well as a rectangular metallic box, embedded in the 

http://www.gprmax.com
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emulsions as targets. The achieved accuracy of both the antenna models was very 
good, therefore they were subsequently used in more advanced studies. In Warren 
et al. (2014), the radiation characteristics of the GSSI 1.5 GHz antenna were investi-
gated over a range of different lossy dielectrics; FDTD results were compared with 
measured data. In Giannakis et al. (2014a), the FDTD model of the GSSI 1.5 GHz 
antenna was incorporated in a highly-realistic model including soil inhomogenei-
ties, vegetation, rough surface and water puddles, for humanitarian demining appli-
cations. Finally, an air-coupled horn antenna was implemented in Giannakis et al. 
(2014b), by using GprMax: it was tested in a realistically modelled pavement sce-
nario and compared with the previously-implemented GSSI 1.5 GHz antenna.

6  Conclusions

Antennas are a fundamental hardware component of a radar system, dictating its 
performance in terms of capability to detect targets. In this Chapter a review on 
Ground-Penetrating Radar (GPR) antennas is provided. In Sect. 1, the general 
characteristics of GPR antennas are resumed and the requirements they have to 
satisfy are listed. In Sect. 2, an overview on the most frequently used GPR anten-
nas, for both pulsed and stepped-frequency radar systems, is presented, including 
references to recent studies and information on GPR antenna arrays. In Sect. 3, 
commercial antennas of a number of GPR manufacturers are surveyed, the centre 
frequencies and general features of the antennas available on the market are sche-
matically organised in tables. Section 4 of the Chapter is devoted to presenting two 
antenna test facilities, allowing an experimental characterisation of GPR antennas 
in different media. Finally, Sect. 5 of the Chapter focuses on the numerical charac-
terisation of GPR antennas.

Activities on GPR antenna design should progress in various directions. These 
include:

•	 Design of antenna arrays, with high directivity and the capability of a steerable 
beam.

•	 Design of adaptive GPR antennas, with electronic control of characteristics, to 
adapt to different soils and materials.

•	 Application-specific antenna designs.
•	 Miniaturisation of GPR antennas.
•	 Design of reconfigurable antennas.
•	 Development of improved measurement facilities, allowing the experimental 

characterisation of GPR antennas in realistic working environment.
•	 Improvement of electromagnetic-modelling techniques for an efficient and 

accurate numerical characterisation of GPR antennas in realistic scenarios.
•	 Use of metamaterials to improve the characteristics of GPR antennas.
•	 In Appendix, a list of companies associated with the manufacturing and supply 

of GPR equipment is provided.
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Appendix—List of Companies Manufacturing and Offering 
Ground Penetrating Radars

The following is a list of companies associated with the manufacturing and supply 
of GPR equipment. No endorsement is implied by the inclusion of these compa-
nies in the list.

Ditch Witch, USA—http://www.ditchwitch.com/
Geological Prospecting CO., Ltd., Russia—http://www.trgeo.ru/main_eng.htm
Geophysical Survey Systems Inc., GSSI, USA—http://www.geophysical.com/
Geoscanners AB, Sweden—http://www.geoscanners.com/
Geotech, Russia—http://www.geotechru.com/en/
Ingegneria Dei Sistemi SpA, IDS, Italy—https://www.idscorporation.com/
K-S Analysis, Germany—http://www.ks-groundradar.com/
Malå Geoscience AB, Sweden—http://www.malags.com/home
Non-Intrusive Inspection Technology Inc., NIITEK, USA—http://www.niitek.com/
Penetradar Inc., USA—http://www.penetradar.com/
PipeHawk Plc, U.K.—http://www.pipehawk.com/
Radar Systems Inc., Latvia—http://www.radsys.lv/
Radarteam Sweden AB, Sweden—http://www.radarteam.se
Radiodetection Ltd., U.K.—http://www.spx.com/en/radiodetection/
Radiolocation Ltd., Hong Kong—http://www.radiolocation.com.hk/eng/index/
index.php?
Sensors and Software Inc., Canada—http://www.sensoft.ca/
Terraplus USA Inc., USA—http://www.terraplus.ca/
Toikka Engineering OY, Finland—http://personal.inet.fi/business/toikka/ToikkaOy/
Transient Technologies Company, Ukraine—http://viy.com.ua/e
Utsi Electronics Ltd., U.K.—http://www.utsielectronics.co.uk/
Vermeer, USA—http://www2.vermeer.com/vermeer/AP/en/N/
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Abstract This project is in line with the interests of one of the four working 
groups’ activities within the COST Action project—TU1208. The project con-
cerns diagnostics of transport infrastructure structures—pavements, bridges and 
tunnels—by ground penetrating radar (GPR). It includes individual applications 
which are currently in use and those which are still in the phase of research and 
verification. Furthermore, it introduces issues which need to be dealt with, so that 
this NDT method can be applied to a greater extent in this area.

1  Introduction

GPR has had a certain tradition in the field of diagnostics of transport infrastructure 
structures. GPR is usually not used as an acceptance test of new structures, but rather 
for the identification of weak and damaged parts of a structure, which occur within 
its use. GPR is often combined with other methods (see Chap. 13). Some applica-
tions are standard practice; others are still being verified within research projects.

Not only can it be used for one-off structural condition diagnostics, but it can 
also be used for a comparison of the development of certain defects over a certain 
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time period. Results of GPR surveys can be used to supplement information 
gained from visual inspections in order to optimize maintenance, repair and recon-
struction works.

The first three chapters provide a brief description relating to the diagnostics 
of pavements, bridges and tunnels by ground penetrating radar, while focusing 
on individual applications. The remaining two chapters outline the need for more 
intensive application of this NDT method and open issues.

Retaining walls (Hugenschmidt and Kalogeropoulos 2009) and railway tracks 
(Hugenschmidt et al. 2013) are important transport infrastructure structures which 
are also diagnosed by GPR; however they are not included in this chapter.

There exist a large number of papers and research projects concerning these 
issues but only selected and the most state-of-the-art papers and projects are 
described here. The results of a European project—Mara Nord (2011a, b, c)—
and American reports from the Strategic Highway Research Program 2 (SHRP 2 
2013a, b, c) are examples of the more complex studies.

2  Pavement Diagnostics

2.1  Introduction

GPR measurements are performed on flexible pavements (asphalt bound layers 
laid onto unbound sub-base layers), semi-rigid pavements (asphalt layers laid onto 
hydraulically bound layers) and rigid pavements (with thick concrete layers on 
top), as well as on pavements overlaid by new asphalt or concrete layers, which all 
have specific properties.

Road pavements are line structures; therefore, the accuracy of measurement 
location plays an important role.

Measurements can be carried out at road network scale or project scale. 
Network scale means the searching measurements for finding problematic road 
sections, which is often not very detailed. Project scale means the detailed meas-
urement of a road section which has been selected for intervention (maintenance 
or repair) or detailed diagnostics. Nowadays, GPR is mainly used for pavement 
diagnostics at project scale.

One of the first GPR applications in road engineering was the continuous deter-
mination of pavement layer thicknesses, with a focus on bound layers—mainly 
asphalt pavement layers.

Another extended application is the localization of the in-built reinforcement 
(dowels and tie bars in jointed unreinforced concrete pavement or rebar in continu-
ously reinforced concrete pavement or in-built steel grids).

Figure 1 shows examples of recordings taken from measurements of road 
asphalt layer thicknesses (radargram with visible surface course, binder course and 
roadbase) and the localization of the positions of dowels and tie bars in concrete 
slabs of road pavement.
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The aim of other applications is the locating of hidden (under surface) dis-
tresses, spots with delamination of layers etc. and evaluation of their severity.

Individual applications of GPR pavement diagnostics are shown below, classi-
fied into common and research applications:

Common applications:

•	 thickness of asphalt pavement layers (Saarenketo and Scullion 2000; Muller 
2012; Saarenketo 2006; Fauchard et al. 2008; Loizos and Plati 2007; Edwards 
and Mason 2011);

•	 thickness of concrete pavement layer (with or without dowels, tie-bars or rebar) 
(Fauchard et al. 2008; Edwards and Mason 2011);

•	 thickness of bound or unbound sub-base layers, including depth to the bottom 
of the embankment (Saarenketo 2006; Edwards and Mason 2011);

•	 position of reinforcement in concrete pavement (Stryk and Matula 2013);
•	 de-bonding and delamination of pavement layers (Krysiński and Sudyka 2012);
•	 heterogeneity of pavement:

– changing of pavement layer structure;
– identification of caverns (e.g. under concrete slabs, as a result of floods) 

(Cassidy et al. 2011);
– identification of frost heaves (Saarenketo 2006; Berthelot et al. 2010), etc.

Fig. 1  Examples of records from GPR measurements of road pavements—radargram of 60 m 
long section of flexible pavement with three selected asphalt pavement layers: surface course, 
binder course, roadbase (on top), radargram of 11.5 m long section near a transversal joint of 
concrete pavement with visible positions of 41 dowels in three slabs (in the middle), radargram 
of 13 m long section near a longitudinal joint of pavement with visible positions of eight tie-bars 
in two concrete slabs (at the bottom). Source CDV
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Research applications:

•	 condition of reinforcement in-built in concrete pavement (e.g. corrosion);
•	 depth of surface cracks (Krysiński and Sudyka 2013);
•	 localization of bottom-surface initiated cracks (Krysiński and Sudyka 2013);
•	 pavement pumping prediction (Tosti and Benedetto 2012);
•	 heterogeneity of pavement (see Chaps. 5–7):

– moisture content;
– air voids content;
– compaction;
– segregation of aggregate.

2.2  Equipment and Methods Used

GPR systems with antennas providing a range of several hundreds of MHz up to 4 GHz 
are used for the diagnostics. Most of the GPR equipment used in road surveys utilise 
pulse radar principles. For detailed studies, stepped frequency radar is also used, which 
measures the phase and amplitude of the reflected signal on each frequency in addition 
to using an inverse Fourier Transform of these data to build a time domain profile.

Air coupled antennas are mainly of the horn antenna configuration, with central 
frequency 1 or 2 GHz. These antennas have proven to be effective in cases con-
cerning identification of layer thicknesses of bituminous bound pavements. If road 
construction details are needed for depths greater than 0.6 m, the ground coupled 
antennas could potentially be used too.

Measurements at the network scale are performed in the longitudinal direction 
under high speed, so that traffic is not affected. In these cases, the measurement 
is mainly carried out with the use of one or several air coupled antennas. On the 
contrary, measurements at the project scale, including special applications, require 
a measurement at slow/walking speed, which is normally performed with one or 
more ground coupled antennas, e.g. measurements of cross sections or crack depth 
identification. 3D data recording is normally performed using an array of anten-
nas, allowing the measurement of the whole width of the traffic lane in its entirety 
leading to 100 % survey of the road pavement.

Distance measuring and referencing instruments are used to trigger the con-
trol unit as the system covers the required survey length. GPS has also been used 
widely in recent years as an integral part of the GPR data collection process.

Digital video or still images are often collected to help with the data interpreta-
tion and to avoid confusion with positioning.

Examples of typical GPR systems used for the diagnostics of road pavements 
are shown in Fig. 2.

The biggest manufacturers and operators of GPR systems are associate mem-
bers of the European Association EuroGPR (http://www.eurogpr.org). A num-
ber of these manufacturers and operators have in-house developed software for 

http://dx.doi.org/10.1007/978-3-319-04813-0_5
http://dx.doi.org/10.1007/978-3-319-04813-0_7
http://www.eurogpr.org
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processing and evaluating collected field data within the context of road pavement 
surveys (RoadScan Module, Interactive 3D module, SliceView, etc.).

In addition, there is further software which is not related to any specific man-
ufacturer and which is able to work with the data collected with different GPR 
systems, or they combine diagnostic results with other data, e.g. software Road 
Doctor, which combines GPR data with results of pavement deflection measure-
ments by a falling weight deflectometer, parameters of road surface properties, 
performed bore holes and image recording. (Fig. 3)

The velocity of the radar signal within a layer is related to relative dielectric 
permittivity εr of layer material (in short, the dielectric constant). Examples of the 
most common road materials, their εr values and influencing factors are presented 
in Table 1 (ASTM D6432-11 2011).

Wet concrete and concrete with a high chloride ion content (or other conductive 
materials) can significantly affect a GPR signal’s penetration and/or attenuation. 

Fig. 2  GPR systems for road diagnostics—a two-channel pulse radar system with a combina-
tion of ground coupled and air coupled antennas (upper left), a cart for measuring the position of 
dowels and tie bars with two ground coupled antennas (upper right), stepped frequency systems 
for 3D measurements—ground-coupled (lower left) and air-coupled (lower right). Source Roads-
canners, cart—CDV
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Survey during the winter period is not recommended due to the freeze and thaw 
effect of concrete as well as compromise in the contrast due to moisture ingress in 
concrete. This situation is exacerbated by the presence of sprayed salt/grit which 
in turn can result in significant signal attenuation.

The velocity of signal propagation through a layer is required for calculation of 
the layer’s depth. The most commonly used methods for determining signal veloc-
ities are as follows:

•	 utilization of available published data of mean velocities for pavement materi-
als—the least accurate method for preliminary interpretations only (the pres-
ence of moisture in the material will greatly affect the velocity);

Fig. 3  Software road doctor—form of presentation of measurement results for laser scanning, 
georadar and falling weight deflectometer FWD. Source Roadscanners

Table 1  Approximate electromagnetic properties of selected materials used in road pavements 
(ASTM D6432-11 2011)

d = function of density, w = function of porosity and water content, f = function of frequency

Material Relative permittivity εr Signal velocity (m/ns)

Air 1 0.3

Asphalt 3–5 0.173–0.134

Quartz 4 0.15

Sand—dry (d) 4–6 0.15–0.12

Granite—dry 5 0.134

Concrete (w, f, age) 5–10 0.134–0.095

Dolomite 6–8 0.122–0.106

Limestone—dry 7–9 0.113–0.1

Sand—saturated (d, w, f) 25 0.055

Water 81 33
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•	 drilling core methods—provide point specific information at selected areas of 
pavement (localized ideally at sections with homogenous features, often used 
for calibration purposes);

•	 Common Mid Point (CMP) technique—use ground coupled antennae which 
measure in line with different positions of transmitter and receiver to a cen-
tral point (point specific information or continual information in case of set of 
antennas);

•	 Wide-Angle Reflection and Refraction (WARR) technique—use set of ground 
coupled antennas which measure in line with different positions of receiver 
from transmitter/s (point specific information or continual information in case 
of set of antennas);

•	 Reflection Coefficient Technique—calculates velocity from horn antenna meas-
urement using a metal plate on the pavement surface.

The selection of antenna is of paramount importance for specific applications. For 
example, typical penetration depths for GSSI antennas with different central fre-
quencies are presented in Table 2 together with their recommended application 
areas.

2.3  Selected Results and Recommendations

The American standard ASTM D4748-10 entitled Standard Test Method for 
Determining the Thickness of Bound Pavement Layers Using Short-Pulse Radar 
(ASTM D4748-10 2010) concerns exclusively the application of GPR when 
determining the thickness of bound pavement layers. It mentions the fact that 
antennas with the central frequency of 1 GHz are used, which are able to iden-
tify surface layer thickness up to 40 mm with the accuracy of ±5 mm, or in some 

Table 2  Typical depth of penetration for different GSSI antennas

HORN = type of air coupled antenna

Center frequency
(MHz)

Depth of penetration (m) Travel time
(ns)

Typical applications

2600 0.4 8–15 Thickness and condition 
assessment for shallow depths1600 0.5 10–15

900 1.0 10–25 Subbase evaluation and layer 
condition assessment

400 4.0 20–100 Void detection, utilities, thick 
concrete structures, subgrade 
evaluations

270 6.0 50–200 Geotechnics

2000 HORN 0.75 8–15 Pavement thickness and road 
condition assessment

1000 HORN 0.9 10–20 Pavement and bridge deck 
evaluations
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cases antennas with the central frequency of 2 GHz which are able to identify a 
layer of thickness lower than 25 mm with the accuracy of ±2.5 mm. Three meth-
ods of finding dielectric value/signal velocity (metal plate calibration, taking 
cores, or CMP method) are mentioned. The standard contains a table with dielec-
tric constants for different road materials (asphalt εr = 2–4, concrete εr = 4–10). 
According to this standard, the error of this method for determination of thickness 
should be lower than 15 %.

The American standard ASTM D6432-11 entitled Standard Guide for Using the 
Surface Ground Penetrating Radar Method for Subsurface Investigation (ASTM 
D6432-11 2011) is probably the most detailed standard concerning the use of GPR 
for diagnosing subsurface properties of soils, rocks and other materials, including 
those used for the constructions of roads. It also contains a method for the localization 
of inbuilt objects, particularly engineering networks, reinforcements, etc. The stand-
ard describes individual measurement steps and evaluation of measured data, poten-
tial sources of disturbances, 3 methods of determination of EM signal velocity (CMP 
or WARR mode, hyperbolic geometry, depth to the known reflector methods), and 
effects which are crucial for correct evaluation (temperature, frequency, density, water 
content, salinity, and other conditions). The standard shows tables of average electro-
magnetic properties of selected materials (asphalt ε r = 2–5, concrete ε r = 5–10) and 
resolution properties of antennas of different frequencies for different environments.

The technical specification of Great Britain DMRB 7.3.2: Data for pavement 
assessment—annex 6 HD 29/2008: Ground-Penetrating Radar (DMRB 7.3.2 
2008) was issued by Highway Agency in 2008. This specification amends the use 
of GPR for the evaluation of road conditions. It defines four classes of accuracies 
of the use of GPR A to D, assigning them with individual applications:

A—routine measurement; sufficient accuracy and reliability;
B—it is necessary to verify measured characteristics with another method;
C—only in exceptional cases;
D—unverified.

Furthermore, measurement speed is important, where we distinguish low speed 
(<30 km/h) and traffic flow speed (>80 km/h). Class A corresponds with the iden-
tification of changes in construction and measurement of bound and unbound road 
layer thickness. Class B for measuring under low speeds corresponds with the 
identification of voids under non-reinforced concrete pavement and identification 
of changes in subbase layer moisture (under repeated measurements). Class B is 
not applied for the traffic flow speed. Determination of depths of cracks propagat-
ing from the asphalt pavement surface is classified in Class C (for slow measure-
ments). The accuracy of measurements of bound layer thickness under slow speed 
of measurement is ±5 % (regarding measurements under high speeds, it is ±9 %). 
Regarding subbase layers, it is ±15 % (±30 % under high measurement speeds).

Mara Nord is an international cooperative project, which has been initiated 
among Finland, Sweden and Norway. The level of knowledge, awareness and 
experience regarding the use of GPR in the Road Administrations vary in Finland, 
Sweden and Norway and there was a need to develop procedures to ensure a better 
quality of GPR services.
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The Mara Nord project report entitled Recommendations for guidelines for the use 
of GPR in road construction quality control Mara Nord (2011a) was issued in 2011.

The current practice is described precisely here so that new contractor will 
know how the GPR surveys should be done and what the basic quality level for the 
results should be. It describes the technology, equipment, survey planning and per-
formance, data processing, data interpretation and reporting. The following impor-
tant information is mentioned there:

•	 air coupled antennas will be used especially when the interest is bituminous 
pavement and unbound base thickness and their quality;

•	 normally, only pavement, base course and total thickness of pavement structure 
is surveyed;

•	 normally, accuracy in GPR surveys is ±10 % of the depth without reference 
samples and ±5 % if accurate reference samples are available;

•	 preliminary interpretation of construction thickness is made using dielectric 
values;

•	 normally, the minimum number of longitudinal lines is one line per lane;
•	 for ground coupled systems with 300–600 MHz antennas, distance from 

the road surface may not exceed 8 cm and with 1.0 GHz or higher frequency 
antenna the distance may not exceed 5 mm;

•	 reference data can typically be drilling or sampling information or excavator 
test pits, the dielectric value of different structures can also be verified using 
WARR or CMP soundings;

•	 GPR interpretations must be recorded at least at one meter intervals;
•	 the results and collected data should always be delivered also as data that has 

been used in interpretations;
•	 the thickness of the measured structures should be presented in longitudinal 

profiles, longitudinal profiles presentencing the difference of the measured data 
with the designed data or in GIS format;

The Mara Nord project report entitled The Use of GPR in Road Rehabilitation 
Projects Mara Nord Project (2011b) was issued in 2011. It specifies separately 
the procedure that should be followed in surveys projects made in 2 dimensional 
(2D) and 3 dimensional (3D) GPR projects. The following important information 
is mentioned there:

•	 digital video or digital images collected during the GPR data collection have 
proven to be essential during GPR data analysis;

•	 surveys with ground coupled antenna systems can typically be made any time of 
the year;

•	 when using air coupled antennas in the winter, measurements should be when 
the frost front is deeper than 0.8 m from the road surface;

•	 2D GPR surveys can be made with a multi-channel system, for example with a 
1.0–2.5 GHz air coupled antenna and a 300–600 MHz ground coupled antenna;

•	 the basic principle is that the measurement is done in outer wheel path in the 
main direction of the road;
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•	 maximum longitudinal difference is 2.5 m presented in the data with individual 
objects;

•	 the sampling interval in GPR surveys should be at least 10 scan /m in longitudi-
nal survey profiles and at least 40 scans /m in cross section profiles;

•	 normally reference coring should be made at 2–3 km intervals, with a minimum 
1/10 km road section.

The American report from Transportation research board’s second Strategic 
highway research program (SHRP 2) entitled Nondestructive Testing to Identify 
Delaminations Between HMA Layers (SHRP 2 2013a) was issued in 2013.

It compares 7 different NDT techniques in identifying anomalous reflection 
activity within asphalt layers or at asphalt layer boundaries, or both, that may be 
associated with asphalt mixture stripping or moisture infiltration into debonded 
areas.

Stripping develops when the aggregates and asphalt binder are incompatible, 
adhesion is lost, and water separates the asphalt binder from the aggregate.

Three different GPR systems were used (GSSI, MALA, 3D-Radar).
GPR is particularly sensitive to moisture, so a GPR system can pick up areas 

of moisture infiltration and damage. The detection of the debonded interface was 
enhanced by introducing moisture.

The conclusion based on laboratory slab testing and field testing is that GPR 
can identify variations in the pavement, isolate the depth of a discontinuity in the 
pavement, and provide a relative degree of severity. Severe conditions, such as 
stripping, can be observed with conventional analysis software. Detecting debond-
ing between asphalt layers is only possible when there is moisture trapped in the 
debonded area between the layers using current analysis methodology.

None of the NDT technologies can conclusively distinguish between types of 
pavement discontinuities.

GPR, impact echo, and spectral analysis of surface waves can be valuable pro-
ject-level tools used independently or in series. GPR equipment should have an 
array of antennae and frequency sweep pattern ranging up to 3 GHz.

Saarenketo and Scullion (2000) summarize in their paper the principles of oper-
ation of both ground coupled and air coupled GPR systems together with a dis-
cussion of both signal processing and data interpretation techniques. In the area 
of subgrade soil evaluation GPR techniques have been used to non-destructively 
identify soil type, to estimate the thickness of overburden and to evaluate the com-
pressibility and frost susceptibility of subgrade soil. In road structure surveys, 
GPR has been used to measure layer thickness, to detect subsurface defects and to 
evaluate base course quality. In quality control surveys, GPR techniques have been 
used for thickness measurements, to estimate air void content of asphalt surfaces 
and to detect mix segregation.

The Australian paper from 2010 (Muller 2012) describes a network-level road 
investigation trial with a new type of traffic-speed noise-modulated ground pen-
etrating radar (NM-GPR) technology. The system is capable to measure using its 
array of 24 ground-coupled antennas at up to 100 km/h.
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The aim of the trial was to assess if this new equipment could operate 
 effectively at network-level scales for typical Queensland road pavements, and 
reliably produce information of interest to road asset managers. It was targeted on 
total pavement depth, depth of structural asphalt, pavement homogeneity and loca-
tion of changes of construction.

All the examples of the NM-GPR data shown in this paper are raw, gain-
adjusted data.

The technology has the capability of determining pavement layering informa-
tion where none currently exists, while reducing the amount of time, cost, public 
disruption and effort compared with current physical pavement investigations.

3  Bridge Diagnostics

3.1  Introduction

Diagnostics of bridges by the GPR method is usually carried out on  concrete 
bridges, or stone-masonry arch bridges, respectively (Solla et al. 2012). 
Measurement is performed when problems are identified within a visual inspec-
tion (crack occurrence, evidence of rebar corrosion, leaking etc.). This can be done 
directly from the pavement surface or separately on individual bridge elements 
(bridge girders, piers or columns).

Measurements can be carried out for the whole length of the bridge or only for 
selected areas of interest.

GPR application on bridges usually concerns a condition evaluation of a bridge 
deck. Another significant application is location of reinforcement in the form of 
construction bars and pre-stressed or post-tensioned tendons (or their ducts).

Individual applications are shown below, classified into common and research 
applications.

Common applications (Tarussov et al. 2013; Hugenschmidt and Mastrangelo 
2006; Sbartaï et al. 2007; Benedetto et al. 2012; Benedetto 2013):

•	 position of reinforcement in bridge deck (spacing);
•	 concrete cover of reinforcement in bridge deck;
•	 thickness of bridge deck;
•	 position of pre-stressed or post-tensioned tendons or tendon ducts (Dérobert and 

Berenger 2010);
•	 de-bonding and delamination of pavement layer;
•	 bridge deck deterioration (cracks, caverns, etc.);
•	 bridge girder diagnostics (Beben et al. 2012).

Research applications:

•	 diameter of reinforcement in-built in concrete (Chang et al. 2009);
•	 condition of reinforcement in bridge deck (e.g. corrosion) (Hubbard et al. 2003);
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•	 evaluation of sealing course (waterproofing layer) on bridge deck (Dérobert 
et al. 2011);

•	 moisture content (see Chap. 7).

3.2  Equipment and Methods Used

Most commonly dipole antennas with frequencies higher than 1 GHz are used. 
Measurement of the bridge deck is usually performed at low speed in longitudi-
nal as well as transversal directions. Devices with sets of antennas are preferred 
because they allow wider width measurements and therefore shorten the time 
required for a survey, see Fig. 4. Some systems allow the measurement of nearly 
the whole width of a traffic lane with higher speed, see Fig. 2. Some systems use 
antennas arranged with different polarisation.

Presentation of GPR data is usually carried out in the form of maps at different 
depths, see example at Fig. 4, or in the form of longitudinal or transversal cuts, see 
Fig. 5, where at least the following parameters are identified:

•	 pavement surface;
•	 pavement bottom;
•	 top of the concrete deck (if it is not the same as the pavement bottom; the water-

proofing layer is normally too thin to be interpreted as a separate layer);
•	 top reinforcement of concrete deck;
•	 bottom reinforcement of concrete deck;
•	 bottom of concrete deck.

Measurement of vertical areas such girders, piers, etc., is commonly performed 
with a single antenna, often manually held.

Fig. 4  GPR system RIS Hi-BrigHT specially designed for bridge deck surveying (left), 
 visualisations of measured data at a depth of 10 cm with visible rebar grid and deteriorated area 
in the centre (right). Source IDS and (Alani et al. 2014)

http://dx.doi.org/10.1007/978-3-319-04813-0_7


83Innovative Inspection Procedures for Effective GPR Surveying …

A number of GPR system produces develop their own software for the eval-
uation of data measured on bridges (BridgeScan Module, GRED HD Bridge, 
SliceView 3D Visualization, BridgePro etc.).

3.3  Selected Results and Recommendations

American standard ASTM D6087-08 entitled Standard Test Method for Evaluating 
Asphalt-Covered Concrete Bridge Decks Using Ground Penetrating Radar 
(ASTM D6087-08 2008) shows the measurement procedure and subsequent 
evaluation. The measurement should be performed in a grid with the step in the 
transversal direction <1 m (for air coupled antenna) <0.6 m (for ground coupled 
antenna) and with the step in the longitudinal direction ≤0.15 m. Two methods of 
evaluating the measured data are described here. In both cases the signal attenu-
ation is taken into account in the propagation through the structure. The first one 
evaluates the ratio of amplitudes corresponding with the lower and upper bridge 
deck surface, which is used for determining spots where reinforcement is sepa-
rated from concrete. The latter evaluates relative changes in amplitudes corre-
sponding with individual bars of the upper layer of the steel reinforcement, from 
which damage of the concrete cover layer is derived. The error rate of this method, 
determined on the basis of the evaluation of 10 bridges, should be lower than 
11.2 % according to the standard. This procedure can only be applied for some 
tapes of monolithic reinforced concrete bridge decks.

The technical specification of Great Britain DMRB 3.1.7 entitled Advice notes 
on the non-destructive testing of highway structures—3.5 BA 86/2006: Ground 

Fig. 5  An example of a typical GPR data profile from a bridge. Source Mara Nord project 
(2011a)
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Penetrating Radar (DMRB 3.1.7 2006) was issued by the Highway Agency in 
2006. This recommendation specifies the use of GPR for diagnostics of masonry 
bridges and bridges with prestressed beams, where the tendons are placed in 
 plastic ducts.

It contains alternative measurement methods in the bistatic mode, when the 
receiver and transmitter are separated and moved along the tested structure sur-
face. The annex contains specific examples of evaluation for:

•	 testing of masonry bridges;
•	 laboratory experiments of GPR on concrete beams with plastic ducts.

Mara Nord’s project report entitled Recommendations for guidelines for the use 
of GPR in bridge deck surveys (Mara Nord Project 2011c) was issued in 2011. It 
describes GPR equipment, survey planning and performance, data processing and 
reporting. It states that in most cases, GPR alone cannot provide reliable enough 
information of damage and its nature, but it is an excellent tool for the initial map-
ping and specifying of locations, whereupon other non-destructive evaluation 
methods and limited ground truth testing can be used to verify the problems.

Detailed survey using 2D or 3D ground coupled antenna systems is recom-
mended with a longitudinal sampling rate of 100 scans/m and a distance between 
parallel profiles of 50 cm with the 2D system and a maximum of 12 cm with the 
3D system. With horn antenna systems the sampling rate should be at least 10 
scans/m. The qualitative interpretation and analysis includes detection of the areas 
of abnormal behaviour of the signal amplitude or frequency content of the signal. 
In addition to layer thicknesses, deterioration in the deck slab can be analysed 
through the signal amplitude strength, attenuation and dispersion calculated from 
the GPR data.

Results are presented as structural surface maps of the layer and deterioration 
maps of the bridge concrete deck slab.

Structural maps should be presented as a basic standard of a report (thickness 
of the asphalt pavement, concrete thickness to the top reinforcement bars).

Deterioration maps or time slices should be calculated and presented from 
different depths in the concrete deck slab, in order determine the extent of 
deterioration.

The following deterioration maps should at least be presented:

•	 amplitude/attenuation at the level of concrete deck surface (0–2.5 cm);
•	 amplitude/attenuation at the level of reinforcement;
•	 amplitude/attenuation below the reinforcement.

The dispersion/frequency content decay maps should also be presented from the 
same levels if possible. The maps can be very useful in detecting areas with hori-
zontal cracks in the concrete deck (delamination).

Using the same dispersion/frequency data, maps of moisture problems can also 
be produced.

The American SHRP 2 report entitled Nondestructive Testing to Identify 
Concrete Bridge Deck Deterioration (SHRP 2 2013a) was issued in 2013. It 
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compares 10 different non-destructive methods, including GPR. Evaluation of 
NDT technologies was carried out for the following four deterioration types: 
delamination, corrosion, cracking and concrete deterioration. The most serious 
deterioration types were identified as delamination and corrosion.

For categorizing and ranking the technologies, the following five performance 
measures were selected:

•	 accuracy;
•	 repeatability;
•	 ease of data collection, analysis and interpretation;
•	 speed of data collection and analysis, and
•	 cost of data collection and analysis.

Field validation was conducted on a two-span concrete deck (203 mm thick) of a 
steel girder structure. The laboratory validation testing was carried out on two test 
decks (a newly fabricated concrete deck with simulated defects, and a test deck 
removed from a bridge).

GPR maps are based on signal attenuation of the top rebar level. The delami-
nated areas are indirectly detected based on the areas with high-energy atten-
uation. The most significant results were obtained on the newly fabricated 
concrete deck with simulated defects. The artificial delamination was created 
through the placement of synthetic inserts and not through the penetration of 
moisture and chlorides that would create a corrosive environment leading 
to rebar corrosion. Results of this testing also confirm that corrosion-induced 
delamination in real bridge decks is not easily reproducible in the laboratory 
using inserts.

GPR was identified as the technology that provides the highest value in bridge 
deck deterioration detection in this study. It obtained the highest score for delami-
nation detection. In corrosion detection it holds third position, after the electrical 
resistivity and half-cell potential method.

GPR is the recommended tool because of its speed and ability to identify 
delamination and describe the corrosive environment.

The German document B 10 entitled Recommendation for non-destructive test-
ing of civil engineering structures by GPR (Bauwesen et al. 2008) was issued in 
2008 by the German Society for Non-Destructive Testing (DGZfP). It is a very 
detailed document covering the whole issue of GPR diagnostics. Apart from infor-
mation on the measurement principle, used equipment, and processing of meas-
ured data, applications in the following areas (materials) are described: concrete, 
masonry, foundations (geotechnics), asphalt and rail superstructures. Accuracy for 
the determination of layer thickness is determined to be 5 % and higher, depend-
ing upon the situation and on whether homogeneous material is present. Accuracy 
of the determination of reinforcement location (steel meshes) is shown at inter-
vals of 5–10 %, regarding the fact that in case meshes in several layers is con-
cerned, the distance between rebar in individual layers is crucial. In case this 
distance is >10 cm, it is possible to obtain information to the depth of 30–40 cm 
under these meshes. If this distance is <5 cm, no information on material condition 
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under this reinforcement can be obtained. The mentioned localization accuracy 
of  dowels and tie bars in concrete pavements is 5–10 % (taking into account the 
effects of concrete moisture on the determination of the position).

The German BASt-report B 55 entitled Examination of GPR in combination 
with magnetic techniques for the determination of moisture and salinity of con-
crete bridge decks with asphalt cover (BASt-report B 55 2007) was issued in 2007 
by the Federal Highway Research Institute (BASt). A combination method involv-
ing GPR and magnetic field measurement was developed. If the dielectric constant 
of a construction material in the microwave frequency range is known, it is possi-
ble to derive its moisture and salinity using calibration curves. With a 1 GHz GPR, 
the traveling time of the electromagnetic waves from the road surface to the upper 
reinforcement layer is measured. The depth of these reinforcement bars is deter-
mined independently using a static magnetic field measurement. From the com-
parison of the radar reflection time with the magnetically determined depth, the 
real component of the permittivity is derived. The analysis of the reflected radar 
amplitude allows an estimate of the salinity.

A novel GPR system that is designed and developed for bridge applications is 
presented by A. Benedetto in his paper (Benedetto et al. 2012). The system called 
RIS Hi Bright is a pulse GPR system which integrates two arrays (8 plus 8) of 
ground coupled antennas, having a central frequency of 2 GHz. This configuration 
makes it possible to optimise the survey increasing the reliability and the produc-
tivity of the system because the number of scan is reduced and, using a different 
polarisation in the array, it is possible to avoid any transversal scan.

The GPR inspection of bridges to detect corrosion and cracking problems is 
based on the concept that as the moisture and chloride concentration increase, the 
relative dielectric constant and conductivity of the concrete increase. This leads 
to certain characteristics of the radar waveform that can be reasonably associated 
with the presence of deterioration.

The automatic tracking of the cracks is done by processing the signal ampli-
tudes all over the 3D matrix. Three-dimensional visualisations of cracks and two-
dimensional tomographies and sections are shown to demonstrate the potentialities 
of the GPR system associated with the signal-processing algorithm. The effective-
ness and accuracy of the procedure have been calibrated and validated on four dif-
ferent bridges in Italy. A three-dimensional approach for tracking cracks in bridges 
using this system is described in more detail in (Benedetto 2013).

Alani et al. (2014) describes in his paper two case studies on two major bridges 
in the UK also carried out using the GPR system RIS Hi-BrigHT. The first case 
study was focused on the identification of possible structural defects including 
damaged rebar and moisture ingress at specific locations of the bridge deck. The 
second case study was focused on a full assessment of the bridge with particu-
lar emphasis on the identification of possible defects including structural cracks 
within the deck structure and establishing the layout of the upper and lower rebar 
positions throughout the bridge. It reports a remarkable similarity in the processed 
data concerning areas affected by ingress of moisture within the deck structures 
of the two bridges under investigation. The observed similarities in the processed 
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data between the two reported case studies present an interesting concept within 
the general context of the interpretation of GPR data, with the potential for use in 
many other forthcoming cases.

The application of GPR to determine the parameters of beams is presented by 
D. Beben in his paper (Beben et al. 2012). The subject of this study was a three-
span road viaduct made of simply supported reinforced concrete beams with 
unknown geometrical and strength parameters. The main objective of experimen-
tal tests was to determine the geometric parameters of viaduct beams and estab-
lish the steel reinforcements appearing in them. A ground coupled antenna with a 
frequency of 2000 MHz was used for the measurement and data were processed 
using the GRED 3D Utilities software. The locations of the main upper and bot-
tom reinforcing bars, the stirrups and their spacing and an internal hole in the main 
beams were identified. GPR proved to be an effective method of determining the 
parameters of the reinforced concrete beams.

4  Tunnel Diagnostics

4.1  Introduction

In relation to the applications of GPR diagnostics, the least documented field is 
the evaluation of the condition of tunnel structures (mainly focused on tunnel lin-
ings). The reason for this is mainly due to difficulty of access to tunnels (not easily 
affordable in terms of traffic interruption) as well as the adaptability of the antenna 
systems for tunnel survey purposes.

Different types of tunnel linings can be surveyed, including unreinforced con-
crete, reinforced concrete, shotcrete lining (sprayed concrete) and brick.

GPR cannot be used in a tunnel where steel fibres have been used in the 
shotcrete.

The examined areas are tunnel walls and tunnel roofs. The presence of cables 
and conduits on the sides of the tunnel roof made it impossible to collect GPR data 
in those areas.

Measurements can be carried out for the whole length of the tunnel with the 
use of air coupled GPR systems or only for selected areas of interest with ground 
coupled GPR systems.

The speed of measurement is walking or slow, up to 30 km/h, depending upon 
the nature of the tunnel structure and accessibility. Generally speaking, referencing 
during data collection in GPR applications during tunnel surveys is rather com-
plex. No doubt, utilization of GPS and similar referencing devices is limited in 
such cases. Referencing is mostly realized by using survey wheels connected to 
the antenna system.

The main focus of tunnel surveys is predominantly related to the determina-
tion of the thickness and condition assessment of the tunnel lining, including the 
 location of reinforcement positions. In addition to this, the case studies reported 



88 J. Stryk et al.

within the literature demonstrate that the gap between concrete and the rock face, 
as well as the verification of structural detailing of the tunnel, is of great interest to 
engineering practitioners and researchers.

Individual applications are shown below, classified into common and research 
applications.

Common applications (Silvast and Wiljanen 2008; Lalagüe and Hoff 2010; 
Zhang et al. 2010; Xiang et al. 2013; Alani and Banks 2014):

•	 location of reinforcement in tunnel lining;
•	 thickness of tunnel lining;
•	 homogeneity of tunnel lining;
•	 structural detailing;
•	 moisture ingress detection.

Research applications:

•	 condition of reinforcement in tunnel lining;
•	 evaluation of space between lining and rock;
•	 moisture content (see Chap. 7), etc.

4.2  Equipment and Methods Used

Both air coupled and ground coupled systems can be used in tunnel diagnostics.
The measurement is performed in lines at different heights with the use of spe-

cial mounts built in the measuring vehicle, or with a manually held antenna in case 
of smaller areas of interest.

Air coupled GPR systems provide good quality structural information from the 
concrete tunnels. The most critical speed-reducing factor is the antenna-wall dis-
tance, which had to stay roughly the same between measurements. The standard 
GPR data analysis consists of reflection amplitude and dielectric value calcula-
tions and their analysis.

One example of GPR system used for the diagnostics of tunnel lining is shown 
in Fig. 6.

A typical GPR data profile from a tunnel survey is presented in Fig. 7. Two 
layers of bars are visible in reinforced concrete lining together with an interface 
between two different materials (rockwall).

The same software is used for evaluation of GPR data as in case of bridges with 
the help of 3D analyses and slide views.

4.3  Selected Results and Recommendations

The American SHRP 2 report entitled Mapping Voids, Debonding, Delaminations, 
Moisture, and Other Defects Behind or Within Tunnel Linings (SHRP 2 2013c) 

http://dx.doi.org/10.1007/978-3-319-04813-0_7
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was issued in 2013. It compares 6 different NDT methods, including GPR (sep-
arately for ground coupled and air coupled systems). Deterioration detectability, 
detection depth and accuracy were evaluated for each method.

A ground coupled system with 1 GHz central frequency antenna and an air cou-
pled system with 1500 and 900 MHz central frequency antenna were used. They 
were tested on laboratory specimens and real tunnels.

The report states that ground-coupled GPR results can possibly detect defects 
at different depths within or immediately behind tunnel linings. The air coupled 
system results indicate areas of high moisture or low density (high air voids). Such 
areas may represent problems within or behind the tunnel lining. Data should be 

Fig. 6  The survey van for tunnel diagnostics equipped with GSSI horn 1.0 GHz antennas. 
Source Roadscanners

Fig. 7  An example of a typical GPR data profile from a tunnel, 11 cm deep: transversal layer of 
reinforcing bars with a spacing between 16 and 20 cm, 17 cm deep: second layer which indicates 
a second layer of rebar, 40 cm deep: interface between two different materials, likely to be the 
rockwall. Source (Alani and Banks 2014)
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collected every 304 mm along the tunnel lining. It is recommended that the sur-
face dielectric data from the air coupled GPR be used for determining where to 
conduct more in depth tests.

Both systems are suitable for the detection of delamination, air filled voids, water 
filled voids and moisture intrusion. However, for ground coupled GPR, the defects 
can only be detected if they contain significant air pockets or significant moisture.

Finally the report suggests the following sequence of testing:

•	 start with collection of thermal images and air coupled GPR data on the tunnel 
lining;

•	 analyse the data;
•	 select areas for in depth testing;
•	 conduct in depth testing with the ground coupled GPR and either the ultrasonic 

tomography, ultrasonic echo, or portable seismic property analyser device;
•	 evaluate the data collected from these devices.

It was stated that the GPR equipment requires considerably more training and 
experience than the other devices.

The pilot project results from various GPR tests performed on bedrock (tunnel 
without lining) are presented in the Roadscanners report from 2008 (Silvast and 
Wiljanen 2008).

The purpose of the tests was to determine the capacity of GPR in defining the 
depth and continuation of the excavation damaged or disturbed zones (EDZ).

Ground coupled systems with antenna frequency—400–1500 MHz, air coupled 
systems with antenna frequency 1 and 2.2 GHz and GeoScope 3D step frequency 
radar were used.

The scans were collected at 1–5 cm horizontal intervals depending on the 
measurement system. The bedrock surface was interpreted first and after that the 
reflections from single fractures were picked. The reflection zone of the possible 
EDZ was then interpreted from the profiles.

All systems provided good quality GPR data useful to the investigations of bed-
rock properties near the excavated surface. 3D and air-coupled GPR systems need 
to be measured by vehicle and are therefore more compatible for large-scale meas-
urements. Ground coupled GPR systems are effective for smaller scale projects 
and for research purposes.

The determination of space behind pre-cast concrete elements in tunnels using 
GPR is described in Lalagüe paper (Lalagüe and Hoff 2010). It is focused on tun-
nels in Nordic countries which are lined with prefabricated concrete elements to 
protect against frost and leakages. This protective lining is fixed to the rock face in 
a few points. Safety inspections have hitherto consisted of random drilling into the 
concrete lining. However, such random inspection is both unreliable and expen-
sive. Therefore GPR has been introduced in the vault walls to map the contours of 
the gap more systematically and to pinpoint potential rockfalls in the vault roof.

GeoScope 3D step frequency radar with the frequency range from 100 MHz to 
2 GHz was used in this study with scan width equals to 52.5 cm. To fit vertical 
surfaces, an arm has specially been designed. This was assembled to a lightweight 
frame which is directly mounted to the vehicle’s bumper.
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Each tunnel side was measured at two different heights: approximately 1.5 and 
2 m. Thirteen tunnels were investigated, this way. For all these tunnels (except one 
where the vaults were built of concrete with lightweight expanded clay aggregate), 
it was relatively easy to find bedrock surface and the back of the vault.

The pilot study gave promising results and it was shown that the equipment is 
well suited to find material that is in contact with the vault.

The application of GPR in grouting evaluation for shield tunnel construction 
presents Zhang in his paper (Zhang et al. 2010). In order to evaluate the effective-
ness of the grouting treatment before the tunnel operation, a nondestructive testing 
method using GPR was proposed to detect the grout thickness behind the lining 
segments. GPR has shown to be a viable approach due to the facts that:

•	 the detecting objects (concrete segments, grout and soil) were in the depth of 
one meter or less;

•	 dielectric parameters of all the materials can be obtained from the laboratory; 
the contrasts in the dielectric properties among these three materials were large 
enough;

•	 only the boundary between the grout and the soil needed to be found since the 
concrete segments had a known even thickness of 0.35 m.

Chinese paper of Xiang et al. (2013) demonstrates a case study of the Damaoshan 
Tunnel located in Fujian province to perform a condition assessment combin-
ing GPR and finite-difference time-domain (FDTD) techniques based on prior 
information regarding the designed tunnel structure. This combination was used 
to assist and improve the interpretation of field data. The aim of this survey was 
to locate the rebar, estimate the thickness of the second lining, and determine the 
presence and distribution of any damage for an annual inspection. Additionally, 
a symmetry-based algorithm and a hyperbola match method were combined to 
achieve these goals and determine the wave velocity inversion.

5  Common Needs

The issues which need to be dealt with in order to improve the use of ground pene-
trating radar in practice are shown below. These issues need to be explained to the 
common users of this NDT method as well as to administrators of civil engineer-
ing structures, who order diagnostics by this method.

•	 optimization of device settings for specific applications—number of channels, 
antenna frequency, measurement speed, way of localization of the measurement 
spot, etc. (it is connected to optimization of costs and required time of individ-
ual GPR applications);

•	 determination of measurement accuracy (in depth)—acceptance of this accu-
racy for basic applications, particularly for the determination of individual road 
pavement layer thicknesses and reinforcement location;
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•	 raster optimization of the measurement—3D measurement versus line measure-
ment (in two perpendicular directions);

•	 minimization of the number of drill holes for calibration purposes—the use of 
CMP (Common Mid Point), WARR (Wide-Angle Reflection and Refraction) 
and others techniques;

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

6  Open Issues

The issues mentioned in the previous chapter are being dealt with at a certain 
level. Apart from them, it is necessary to tackle other topics which need to be dealt 
with in the future:

•	 increase level of automation when evaluating the measured data for specific 
applications;

•	 widen training of personnel for different GPR applications in terms of measure-
ment and data evaluation (increased requirements for skilled personnel with suf-
ficient practice);

•	 integrate this non-destructive method and its different applications into 
European standards and national technical specifications (in Europe, there is no 
equivalent to standards ASTM D6432-11 (2011), ASTM D4748-10 (2010) and 
ASTM D6087-08 (2008); only in some European countries, there are technical 
specifications covering NDT diagnostics of civil engineering structures by GPR, 
e.g. in Nordic countries—Finland, Sweden and Norway (Mara Nord Project 
2011a, b, c), in UK (DMRB 7.3.2 2008; DMRB 3.1.7 2006), in Germany 
(Bauwesen et al. 2008; BASt-report B 55 2007) and their range and level of 
details is quite different);

•	 organize comparative tests of individual devices at national and international 
level for different GPR applications (at least for pavement diagnostics, where 
similar comparative tests are carried out for other devices measuring variable 
parameters e.g. surface unevenness, surface skid resistance or bearing capacity 
of pavement);

•	 harmonize prices of individual GPR applications and include them into offi-
cially issued price lists.

7  Conclusions

Ground penetrating radar is already in use for all three types of civil engineering 
structures (pavements, bridges and tunnels). A number of applications are stand-
ard procedures, but even for them there is still a room for improvement and there 
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is still need to set more strict requirements. The application of this method either 
separately or in combination with other NDT methods is being tested. The results 
of COST action TU1208 should support this effort.
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Krysiński, L., Sudyka, J.: Typology of reflections in the assessment of the interlayer bonding 
condition of the bituminous pavement by the use of an impulse high-frequency ground-pene-
trating radar. Nondestr. Test. Eval. 27(3), 219–227 (2012)
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Abstract A considerable number of studies about GPR applications in building 
inspection can be found in the literature. New advances in software development, 
laboratory tests under controlled conditions and numerous cases studies are rep-
resentative works in this field of knowledge. Some applications are focused on 
rebar detection, on concrete building assessment, and in modern masonry struc-
tures. However, the majority of the works are focused on cultural heritage build-
ings evaluations, presenting interesting and diverse cases studies. Remarkable 
results can be found about cracks detection and inspection of masonry walls and 
columns. Software development has been focused, in many cases, to the enhance-
ment of radar images to facilitate data interpretation. In other cases, synthetic 
models have been developed to compare results with GPR images from complex 
scenarios. Evaluations of quantitative properties of constructive materials have 
been developed based on laboratory tests. Other special works have been also 
based on laboratory tests: damp measures, concrete degradation due to corrosion, 
and damages due to tree roots are tested in laboratory specimens under controlled 
conditions. Although it is a promising subject, few studies have been applied in 
buildings, revealing the difficult inherent to these complex scenarios. Open issues 
have been defined as a final conclusion based on the revision of different works. 
Developments of radar imaging, models and new applications seem to be the most 
relevant future lines in the GPR building inspection, probably based in a proper 
and complete definition of casuistic and requirements in structures evaluations.
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1  Introduction

Buildings assessment is a decisive task before maintenance of the structures. All 
building materials deteriorate with age and exposure to the weather. Also, natural 
hazards can cause damage, although sometimes they cannot be detected by visual 
inspection. There are buildings that look in good conditions, but they are affected 
by hidden problems as damp in basements, deterioration of wood structures, cor-
rosion, etc. Examples of damages in different buildings are shown in Fig. 1. The 
money and interests investing in a building is considerable, and care use to be 
required to preserve its value. However, inconveniences and cost of inspections 
and maintenance cause that, in many cases, owners do nothing until great visual 
damages or failure. Particular remark is done in the case of ancient buildings or 
cultural heritage. In these cases, preventive maintenance is mandatory to safeguard 
our legacy. But maintenance requires extensive information about the real condi-
tion of the different members of the building. This information must be collected 
in broad inspections that usually should provide a realistic description about the 
building state, particularly referred to its fabric and its structure, and should define 
the extension of damages and defective parts. Based on this information, further 
plans for preventive maintenance could be designed, and decisions about repair-
ing parts of the building can be made. Building inspection is performed for diverse 
reasons. One of them is that, in many cities, a periodic inspection is required in 
some old buildings. Other possible reason for inspection is to conduct careful 
evaluations after an earthquake or other natural hazard. Also, inspection could 

Fig. 1  Different damage in assorted parts of buildings



99Inspection Procedures for Effective GPR Surveying of Buildings

be planned as a previous task in restoration of cultural heritage or special build-
ings, or to define risk maps in cities. In refurbished buildings, inspection could 
be made in order to evaluate restorations or changes in the structure of the build-
ing. However, one of the most usual causes for inspection is to evaluate structures 
when damages are already detected. A careful and minimally invasive inspection 
use to be required in all these cases, because buildings often should be kept in 
service.

Inspection information is crucial in the evaluation of strength and resistance of 
structural members. In order to obtain this information, visual inspection use to be 
the first evaluation, consisting of a visual scrutiny that provides information about 
external elements and damages. Conclusion about possible internal conditions and 
deterioration is defined with the external data. Bearing in mind the decisions of 
the expert evaluator, further intensive studies could be considered, selecting the 
most significant areas that must be fully evaluated. Slightly invasive testing is usu-
ally applied as more meticulous evaluation. Therefore, random destructive tests are 
executed in selected areas, providing valuable and punctual information about the 
building. However, in many cases, a more intensive scrutiny is required. Then, it is 
usual to perform complementary studies involving non-destructive testing (NDT) 
that supplies indirect information about the internal elements of the structure. 
Several of the NDT technologies applied in buildings are seismic or impact-echo, 
acoustic emission, ultrasounds, natural and modal frequency analysis, resistiv-
ity, infrared thermography, and GPR. A complete and interesting description of 
masonry building damage and defects, together to the most common and useful 
testing methodology can be found in Binda et al. (2000). A noteworthy review of 
the state of the art in non-destructive building inspection techniques is presented in 
Hola and Schabowicz (2010) and in McCann and Forde (2001).

Ground-penetrating radar (GPR) is one of the most usual NDT methods in 
buildings inspection because of the low cost and on the expeditious data acquisi-
tion, although in many cases this technique is applied combined with other inspec-
tion methods. Two of the most usual applications are in the detection of rebar and 
reinforcement (e.g., Barrile and Pucinotti 2005; Pérez-Gracia et al. 2008a), and 
in cultural heritage studies (e.g., Ranalli et al. 2004; González-Drigo et al. 2008; 
Hemeda 2012a). In these cases, GPR surveys use to be applied as a support or pre-
liminary analysis after visual scrutiny, in order to determine information needed in 
more extensive evaluations. Sometimes, GPR the result is a part of the data to be 
used in simulations of building behavior. Other times, GPR information is deci-
sive to select parts of the building that require further analysis with other methods. 
Consequently, precise data are usually required and, therefore, inspection in build-
ings needs accurate data acquisition, processing and interpretation.

GPR survey is an especially attractive technique in cultural heritage inspec-
tion, where noninvasive evaluations should be required. Examples as Barrile and 
Pucinotti (2005), Gonzalez-Drigo et al. (2008), Hemeda (2012a), Pérez-Gracia 
et al. (2009a) and Binda and Saisi (2009) highlight the importance of histori-
cal buildings radar explorations. Nevertheless, GPR usually is a complementary 
method often combined with others, applied to determine hidden elements in the 
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structures or damaged parts. Other proposed GPR applications are in the inspec-
tion of actual buildings that reach to a critical age (Ferrieres et al. 2009).

The great differences in structural solutions, as well as the different require-
ments depending on the projects, yield to a many different strategies and solutions 
and, in many cases, the potential of the method is still being verified, mainly in 
experimental laboratory tests or in simulations.

2  Classifying Buildings

Different building typologies require usually, different inspection methodologies. 
Until today, all applications depend on the construction materials and on the prob-
lems that must be evaluated. Perhaps, a broad association could separate between 
modern and ancient buildings. Modern buildings are concrete or mix structures, 
being concrete structures with steel reinforcements or concrete slabs with steel 
beams. Bricks are habitual materials in walls, but also concrete slabs. Ancient 
buildings include a wide number of typologies. Masonry buildings are usual con-
structions but materials could diverge greatly. Stones are usual in many cultural 
heritage constructions, but the nature of stone and its quality depends mainly 
on the achievable materials close the construction. Therefore, limestone, sand-
stone, marble, granite, are some of the rocks that can be found in these buildings. 
However, a large number of historical buildings are built with clay bricks, mud-
brick or wood. Supporting structures are, in many cases, wooden beams. In other 
cases, arches, columns and vaults support the structure. Metallic beams exist also 
in many buildings and, in many cases, combined typologies and modern materi-
als as a consequence of restorations, can be found. This great diverse typology 
involves a large number of different evaluation procedures.

Nowadays, a great number of applications related to buildings are conducted 
in cultural heritage. Several examples of these studies could be found in Ranalli 
et al. (2004), Gonzalez-Drigo et al. (2008), Hemeda (2012a), Leucci et al. (2012), 
Masini et al. (2010), Leucci et al. (2007). In some cases, when modern construc-
tive elements coexists with ancient masonry ones, the evaluation of reconstructed 
buildings involves the detection of the contacts between old and modern parts 
or between structures dating from different periods (Pérez-Gracia et al. 2008b, 
2009a). The evaluation could be also performed to detect metallic connecting ele-
ments between the structures of different epochs, or to confirm the existence of old 
remains under later structures (Imposa 2010; García-García et al. 2007).

Other buildings commonly studied by means of GPR are modern concrete 
structures. In these cases, frequent applications are detection of rebar, damages or 
beams under enclosures. Many examples can be found in the literature, especially 
based on rebar detection (Barrile and Pucinotti 2005; Pérez-Gracia et al. 2008a). 
The application does not differ much from evaluations of bridges and roads, espe-
cially since some of the most common studied parts are the flooring, walls and 
basement floors. Therefore, most of the analysis of the methodology and their 
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results, performed in order to examine the ability of GPR in concrete evaluations, 
can be applied in modern buildings surveys. These analysis conceive the  ability of 
GPR to determine the radius of steel rebars embedded in concrete (Chang et al. 
2009; Leucci 2012; Zanzi and Arosio 2013). However, other analysis are focused 
on damp analysis (Laurens et al. 2002, 2005; Klysz and Balayssac 2007; Dérobert 
et al. 2008; Kalogeropoulos et al. 2011), and on cracks and voids detection 
(Maierhofer et al. 2003; Zhu and Popovics 2005).

GPR applications in wooden buildings or in wooden members of combined 
buildings are unusual. However, buildings have structural wood elements in 
many cases. Numerous masonry buildings have wooden beams or wood supports. 
Deterioration of these timber elements occurs generally by dampness, woodworms 
and fungi, and it can affect roofs, beams, floors, etc. (Fig. 1). In the few studies on 
this subject (Leucci et al. 2013; Muller 2002), the importance of combined tech-
niques is highlighted to define clearly the cause of the anomalies and the resistant 
characteristics of the wooden elements.

3  Common GPR Studies in Buildings Assessment

Nowadays, the greatest part of GPR applications in buildings is performed in 
historic constructions. Different examples can be found related to Basilicas and 
Cathedrals (Ranalli et al. 2004), XIX century factories (Gonzalez-Drigo et al. 
2008), palaces (Hemeda 2012a), mediaeval highly modified houses (Pérez-Gracia 
et al. 2009a), or describing applications in Cultural Heritage and evaluating differ-
ent NDT techniques (Binda and Saisi 2009).

Furthermore, it is also necessary to emphasize that actual buildings are also 
evaluated with GPR and other NDT technologies, mainly when damages are 
detected after visual inspections (Pérez-Gracia et al. 2008a), and concrete and 
materials currently used in the construction are subject to careful studies (Klysz 
and Balayssac 2007; Dérobert et al. 2008; Maierhofer et al. 2003).

Main applications in buildings are based on common offset mode. Other 
radar acquisition methodologies (as common midpoint mode) are not usual in 
these evaluations, most likely because the studies are performed in small enclo-
sures, and the space available is not large enough. Moreover, the existence of col-
umns, stairs and furniture that is usually found in many buildings complicates the 
study. Sometimes three-dimensional images are obtained from the interpolation 
profiles. This is common in studies that aim to detect rebar and reinforcements. 
Tomography is one of the more unusual methods of study, although interesting 
results are presented in some studies comparing laboratory tests with mathematical 
models (Valle et al. 1999), and combined with sonic methods and common offset 
mode (Binda et al. 2003).

Sometimes the study with GPR is made solely on a structural element in which 
damage has been observed. This means that are studied in an isolated manner 
floors, beams, walls or columns, for example. The reduced size of many of these 
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members forces the use of high frequency antennas. Therefore, antennas with fre-
quencies higher than 500/400 MHz are usually are the most usual in buildings 
applications. Lower frequencies (400/500 MHz) are applied in the case of soils, 
while higher frequencies (900 MHz, 1, 1.6, 2.3 GHz…) are used in the evaluation 
of walls, columns and beams.

4  Application in Building Diagnosis: Detection of Damages

Landslides, earthquakes and the age of the buildings are usual causes for diagnosis 
studies, in order to evaluate the level of damage and deterioration of the structures. 
Other natural hazards, as subsidence sinkholes, gypsum dissolution, or floods are 
also cause of damage in man-made structures. Recent earthquakes have empha-
sized the importance of detailed assessments of the impaired buildings, prior its 
rehabilitation. Several proposals of diagnosis procedures include GPR as a sup-
porting methodology, being applied in different cases (Imposa 2010; García-
García et al. 2007; Chang et al. 2009). However, GPR is not actually a common 
tool in these evaluations, being applied mainly in the study of natural structures 
(Martín-Crespo and Gómez-Ortiz 2007), in order to determine the possible causes 
of visible damage. Examples of these applications are the studies reported by 
Pueyo-Anchuela et al. (2010). Nevertheless, promising studies demonstrate the 
viability of monitoring structures using GPR as a combined method. One suggest-
ing evaluation is the study of the progressive damage of a concrete beam apply-
ing the integration of several electromagnetic sensing techniques (Catapano et al. 
2012). Other interesting research evaluates the progress of damages in bricks dur-
ing and after floods (Binda et al. 2010), combining thermography, sonic pulse 
velocity tests and GPR. Other compared evaluation in constructive materials dur-
ing moist process changes determines the correlation between GPR changes in 
wave velocity and resistivity results, even conclude that GPR provides only quali-
tative results because no direct calibration between radar velocities and water con-
tent were obtained (Valek et al. 2010).

One of the most popular GPR applications is the diagnosis of damages in 
Cultural Heritage projects. Many Heritage buildings are additionally damaged 
after natural hazards by inadequate emergency interventions (Binda et al. 2010). 
Moreover, the age of these buildings, as well as possible external hazards, causes 
the appearance of visible damage in the structure or cladding, such as damp 
patches, cracking and detachment of materials. Often, damage to the structure has 
an extension greater than those observed in visual inspections. In these cases, GPR 
is applied as a successful tool, mainly as a combined methodology. This technique 
has been proved appropriate to detect damages in different members of historic 
buildings. In many cases, GPR is applied to detect internal cracks and unfilled 
joints in masonry buildings (Leucci et al. 2012; Massini et al. 2010). Therefore, 
it is usual to evaluate walls and, in some cases, other supporting structures, as col-
umns (Leucci et al. 2007; Pérez-Gracia et al. 2013; Masini et al. 2010). Results 
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allow defining the inner part of the structure and the possible existence of cracks 
or damp. However, accurate interpretation requires usually the application of other 
methodologies. In several cases, seismic data use to be applied combined with 
GPR to define internal structures (Fig. 2). In Fig. 2, radar images from stone col-
umns are shown. The homogeneous material (columns are built with one internal 
and four external stones was expected to produce homogeneous images. However, 
contacts between stones are visible, as well as other random anomalies. The 
knowledge of the internal contacts provides valuable information about the shape 
of the construction, helping in further models to determine the behavior of the 
member. Images could presumably be representative of the health and thickness 
of junctions. Random anomalies could be associated to cracks or inner defects of 
the stones. In general, radar data is clean and regular enough to allow accurate 
interpretations.

In other cases, GPR data provides obscure images showing a great number of 
irregular anomalies. In such cases, other studies as thermography, endoscopy or 
even other geophysical surveys provide useful and complementary results that 
facilitate the interpretation of the images (Fig. 3). It is remarkable that radar data 
processing allows suggesting images of the inner structures that facilitates the 
interpretation of the anomalies. Therefore, B-scans could be processed and inter-
polate in order to obtain pseudo three-dimensional images that represent the most 

Fig. 2  Radar and seismic inspection of the supporting structures in Cultural Heritage building. 
a Gothic cathedrals are one of the hugest cultural heritage buildings. b In many cases slender 
columns support loads. c Radar data profiles to study one column. d Radar data obtained along 
one of the profiles. e Synthetic profile obtained interpolating GPR data from vertical profiles.  
f Radar data acquisition with a 1.5 GHz center frequency antenna. g Accelerometer on the col-
umn surface. h Seismic configuration and coverage in a hypothetical homogeneous column.  
i Seismic tomography showing the p-wave velocity distribution inside the column (From Pérez-
Gracia et al. 2013)
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remarkable anomalies (Fig. 3). These results allow to visualize elements and, in 
many cases, could be a useful tool in restoration projects.

Figure 3 shows data from the study of several masonry columns. These col-
umns have an internal irregular structure and radar data is not capable to define 
entirely the shape and the state of all the internal elements. Therefore, it is not 
possible to use only one method of study, as additional information is required. 
Useful evidences are provided by endoscopy that provides a clear picture of the 
complex interior of the columns. The complexity of the system is consistent with 
the results offered by the GPR and seismic tomography. Both methodologies pro-
vide irregular images that change highly with the column and the position of the 
measurement in the same column. Only the most continuous reflector—a rainwa-
ter drainage pipe found inside some of the columns studied—is detected with GPR 
as a clear anomaly. Three-dimensional images also reflect this target and it is even 
possible to define the state of conservation of the tube.

In several cases, suggestive applications in historical buildings reveal the cor-
relation between GPR depth B-scans, time slices and damages observed visu-
ally in floors and walls (Orlando and Slob 2009). The study of floors allow also 

Fig. 3  Study of masonry columns that present high irregular internal shape and materials.  
a These masonry columns are the main load supporting structures of the building. b One of the 
studied columns, showing five of the GPR lines on its surface. c Seismic tomography results 
showing the irregular p-wave velocities distribution. d Endoscopy images that confirm the irregu-
lar distribution of materials inside the column. e Radar data obtained in one of the profiles along 
the shaft of the column. f Radar data from four of the perimetric parallel profiles. g Three dimen-
sional images of the most important GPR anomalies showing almost one concentric layer of 
internal elements in the lower part (data from Santos-Assunçao 2014)
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provide significant information about the construction solutions (Pérez-Gracia 
et al. 2009a). It is crucial in the case of ancient buildings that must be modified or 
restored, because usually they are buildings that have been modified several times 
throughout its life. Figures 4 and 5 show different flooring supporting structures 
in a second floor room of an old house in Barcelona (Spain). Brick vaults are fre-
quent constructions used to support roofs and floors in XVIII, XIX and XX centu-
ries. Usually, vaults are joined with metallic beams.

In Fig. 4, beams are concrete members as a consequence of a later restora-
tion. Over each one of the vaults, formed with clay massif bricks, several layers 
of leaky bricks support a mortar layer underlying pavement tiles. Under the vaults, 
equidistant metallic bars crosses between concrete beams. Moreover, the coffered 
ceiling of the floor below is supported by small wooden girders embedded in the 
concrete beams. There is a considerable space between vaults and wood paneling 
of the lower deck. This space was used in some cases to pass wires and climate 
control tubes. Radar data shows a well-defined image of the elements that con-
figure the whole structure. It is possible to define the concrete beams and rein-
forcement, the vaults, the metallic bars the bricks and different elements from the 
wooden coffered ceiling. The ability of the GPR to define also lateral changes 
between elements is also a suggesting possibility in the evaluation of masonry 
members and buildings.

Figure 5 shows images obtained in a second floor room supported by  metallic 
beams and small vault. That is a common structural support in many buildings 
from the beginning of the XX century, still in use. The study of vaults and arches 
are also applied and developed in different building studies (Pérez-Gracia et al. 
2009a; Mast et al. 1992). Radar data acquisition techniques and results are similar 
to those obtained in arch bridges, more widely developed (Diamanti et al. 2008; 
Solla et al. 2012a). Perhaps the main difference is that arches in buildings are, in 
many cases, structures hidden by other elements.

A great number of historical and actual buildings are masonry structures or 
contain masonry parts. Two of the most usual problems in masonry are the unfilled 
joints and internal cracks. Other problem is damp. An interesting evaluation 
about GPR abilities and limits in the study of different damages in masonry, can 
be found in Maierhofer and Leipold (2001). Interesting works shows its potential 
by means of simulation models and laboratory tests (Hamrouche et al. 2012), and 
several research projects are focus on the develop of new processing methodolo-
gies and strategies to obtain satisfactory results in the study of masonry damages, 
with promising results. These projects lead to a methodological approach for the 
detection of multiple defects inside dielectric or conductive media (Benedetti 
et al. 2007a, b). In other case, effectiveness of processing techniques is evaluated, 
focused in obtaining qualitative imaging of damages due to cracks. Advances to 
define crack shape and position are presented in different works. One of these 
evaluations, (Caorsi et al. 2001), present the possibility of using a microwave 
approach based on a genetic algorithm to detect defects inside a known host 
object.
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Fig. 4  Radar exploration of building floors (from Pérez-Gracia et al. 2009a). a Supporting 
structure based on vaults. b Schematic representation of the supporting structures. c Radar data 
obtained in a profile that crosses the vaults (P1). d Possible interpretation of P1. e 3D schematic 
drawing of the different structural elements and the two radar lines P1 and P2. f Radar imaging 
from P2 line, along the upper part of one vault. g Interpretation of the anomalies detected in P2
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Many existing buildings are constructed of reinforced concrete. The study of 
concrete buildings is successfully reported in different works. For example, GPR 
was applied to determine the concrete degradation in a factory floor, demonstrat-
ing that changes in concrete conditions could be clearly detected (Lorenzo et al. 
2001). Also, GPR was applied to determine damage in the reinforced slab of a 
 residential building (Pérez-Gracia et al. 2008a).

One of the most frequent causes of damage in these buildings is the steel cor-
rosion as a consequence of dampness. Several researches propose the application 
of GPR to detect this kind of damage. The content of ions in the porous water pro-
duces alteration in parts of the structure affected by corrosion. Therefore, the elec-
tromagnetic properties are modified, enabling the detection due to differences in 
travel times, amplitudes and peak frequencies (Ferrieres et al. 2009; Lai et al. 2013). 
The GPR ability to detect those altered parts could provide information to deter-
mine areas affected by the corrosion of internal elements. A preventive evaluation of 

Fig. 5  Radar images of supporting structure in buildings from the beginning of the XX  century 
(from Pérez-Gracia et al. 2009a). a Radar image. b Possible radar data interpretation.  
c Photograph of the supporting structures. d Possible reconstruction of the supporting members 
attending to radar information and endoscopy
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this damage is an important task because corrosion uses to be developed inside the 
affected structures, showing eventually visible effects that require costly repairs. In 
many cases, effects as a consequence of deterioration of the concrete in which steel 
elements are embedded are visible when the extension of the damage is relatively 
important. Moreover, reinforcement corrosion causes loss of section and, therefore, 
decreases of the load bearing capacity. The action of carbonation, presence of chlo-
rides, existence of fissures in concrete members and concrete porosity are usually 
principal causes of corrosion, combined with water. GPR ability to detect chlorides 
is also a subject of evaluation (Kalogeropoulos et al. 2011).

Many works are based on the detection of water and damp because humidity 
could produce steel corrosion and other different damages. One of these damages 
could be the undermining of the foundation by the action of water. It is a rela-
tively common damage cause in many cases by loss of water in pipes in walls or 
under the building. Water drags the ground and produce serious damages in foun-
dations and the base of the walls. As a consequence, cracks could appear in walls 
and other supporting structures and the building may even collapse. Other damage 
could be caused by water thrust on retaining walls. Defects in the drainage system 
could cause the ground water saturation and pressure on the walls causes cracks 
and fractures. Humidity in walls and floors can also produce damage as a conse-
quence of the expansion of ceramic pieces. This problem produces the appearance 
of fissures and cracks in the affected parts. Water could be also absorbed by bricks, 
causing an increase of their size. As a consequence, cracks and fissures appear in 
masonry elements and joints. Water absorption depends on the type and quality of 
bricks. Another problem as a consequence of humidity is the appearance of fun-
gus on the surface of the structure. Wooden elements are a particular case because 
water could produce rapid and important damages. Therefore, other usual appli-
cation is the detection of parts of the structure affected by humidity. Remarkable 
applications are developed in buildings (Pérez-Gracia et al. 2000, 2008a; Hemeda 
2012b; Cataldo et al. 2005), being one of the objectives the study the humidity in 
walls, in the floor or in other structural elements. Analogous studies are also suc-
cessfully applied to other different kind of structures such as bridges (Solla et al. 
2013) and towers (Binda et al. 2005), obtaining similar results and applying com-
parable methodologies.

5  Detection of Internal and Buried Elements

Detection of internal elements embedded in a matrix is a common application of 
GPR in buildings. This is the case of steel reinforcements, pipes, several structural 
supports and other elements forming part of a building but which are positioned 
inside the structure. Therefore, rebar, reinforcements, changes in constructive 
materials or embedded components use to be the most common targets detected 
with GPR (Barrile and Puccinoti 2005; González-Drigo et al. 2008; Topczewski 
et al. 2007; Mazurek and Lyskowski 2012; Chang et al. 2009). In a vast number of 
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applications, data is obtained from isolate radar acquisition lines, and elongated—
and usually metallic—members are detected as hyperbolas in B-scans (Fig. 6). 
Three-dimensional diagrams and time slices are also common image presentation 
in rebar detection (Bala et al. 2011).

Mazurek and Lyskowski (2012) compare the results obtained with two antennas 
commonly used in walls and floors building evaluations, concluding that 800 MHz 
could penetrate 1.5 times deeper than 1.6 GHz antenna, even detection of rebar 
is clearer with the second one. In general, center frequencies antennas of 1.5 and 
1.6 GHz are wherever used in all works about rebar detection.

GPR detection of buried elements combined with other techniques, like ther-
mography, offers successful results, showing wide and worthwhile information as 
a consequence of the employment of complementary methodologies. A relevant 
example is the study of thermal floors pipes. GPR and thermography were use in 
the analysis and characterization of thermal floors in as-built buildings. Figure 7 
shows the 3D GPR results obtained with a central frequency of 2.3 GHz, and the 
thermography mosaics of the radiant floor. GPR images illustrate the existence 
of 3 heating pipelines, clearly visible in the three-dimensional representations. 
Combination of those results with thermography data allows for the identification 
of a non-working pipe (the one in the middle).

Fig. 6  Study of concrete slabs in a house outdoor patio a and study of load walls in a basement 
b, with high frequency antennas. Typical images obtained in these studies are hyperbolas due 
to reinforcement of walls c, reflections in inner members embedded in walls d, and time slices 
obtained from several parallel radar data acquisition lines e (Data provided by the GIES research 
group of the Polytechnical University of Catalonia)
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Geophysical surveys, and predominantly GPR evaluations, are habitually 
applied in the detection of older constructions or constructive elements embed-
ded inside the walls or buried under the actual building structure (Pérez-Gracia 
et al. 2000, 2009b; Lorenzo et al. 2002). Figure 8 presents a typical radar imaging 
obtained in older remains under actual building structures. In many cases, B-scans 
are used to infer the existence of hidden elements, but currently are more habitual 
3D images and time slices, which make available tridimensional patterns of the 
embedded structures that facilitate the identification of the remains.

6  Foundations and Ground

The study of the ground and the building foundations is also a regular task in sev-
eral geophysical explorations of buildings. The objective of studying the ground 
under and around the building is, frequently, the detection of geological structures 
that could cause damages or failure of the building (Pérez-Gracia et al. 2009b; 

Fig. 7  3D GPR data obtained for the radiant floor with a central frequency of 2.3 GHz (a) and 
thermographic mosaics (b). The comparison of both data has revealed the existence of a non-
working heating pipeline (Data provided by the applied geotechnologies research group of the 
University of Vigo)
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Leucci 2006; Ramirez-Blanco et al. 2008; Elawadi et al. 2006), the finding of 
man-made structures that could affect the safety of the structure (González-Drigo 
et al. 2008; Lorenzo et al. 2002), or the location of wet ground areas that could 
be the cause of damp damages (Pérez-Gracia et al. 2008a; Leucci et al. 2006). 
Kannan (1999) proposes a ground evaluation prior building new constructions in 
areas close active sinkholes, being GPR one of the feasible methodologies. Data 
will assist in the computation of new building foundations. Otherwise, Gutierrez 
et al. (2009) applies GPR combined with electric survey, to determine the possible 
causes of a collapse affecting several buildings in a city. GPR was also proposed 
to study the ground because of root damages in buildings (Satriani et al. 2010). It 
is usual, in the above mentioned applications, the use of combined methodologies, 
being resistivity surveys the most common technique used in conjunction with 
GPR. Seismic surveys are also shared, in some cases, with GPR and resistivity, 
showing promising results.

However, even the ground is commonly evaluated by means of GPR surveys, 
few GPR applications deal with the evaluation of foundations, perhaps due to the 
difficult in the access, an important limit in GPR surveys. Examples of these kind 
of applications can be found in Dabas et al. (2000) and in Abbas et al. (2005). In 

Fig. 8  GPR images corresponding to ancient Arabian remains under a gothic cathedral. B-scans 
show irregular reflections caused by several man-made structures (a). Interpolation of parallel 
profiles (b) and the study of isoamplitudes (c) provide a three-dimensional pattern associated to 
the older elements (From Pérez-Gracia et al. 2009b)
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both cases, GPR is applied to the evaluation of part of Cultural Heritage buildings: 
the basement of a Cathedral (Dabas et al. 2000), combining GPR with resistivity 
surveys, and the ground under a museum (Abbas et al. 2005), being GPR used 
as a single method. In a complete GPR evaluation of a historical palace, Hemeda 
(2012a) also include part of the foundations, obtaining conclusions that could 
help in further restorations. In Perez-Gracia et al. (2009a), the study of the ground 
around columns allows defining the possible foundation structure of these col-
umns. Kadioglu et al. (2013) present the detection of structural damages affecting 
foundations, based on enhanced data processing, and applying the methodology to 
a mosque.

Detection of foundations of archaeological remains in urban environments 
(e.g., Booth et al. 2010) is a more common application. In these cases, integrated 
studies and combined methodologies—usually GPR and resistivity techniques—
are the most usual surveys.

7  Standard Methodologies

Radar data acquisition methodologies depend greatly on the building element 
being studied. In many evaluations, ground, walls and floor are scrutinized to 
detect buried elements or zones affected by water or cracks. In these cases, single 
radar lines use to be the most habitual data acquisition method, and many exam-
ples highlight its successful and valuable results (e.g., Pérez-Gracia et al. 2008a; 
Ranalli et al. 2004; González-Drigo et al. 2008; Hemeda 2012a).

Depending on the dimensions of the building, parallel radar profiles could be 
also used to obtain pseudo three-dimensional radar images, three-dimensional 
radar images and time slices of floors and walls, providing good visualization of 
cracks (Orlando and Slob 2009), detection of changes in materials (Masini et al. 
2010) and location of the internal elements such as rebar (Bala et al. 2011). These 
applications are mostly in ground, basements and floor studies. In some cases, 
authors discuss about the density of the grid to obtain better images (Novo et al. 
2010) by using a single antenna. Although it is possible to utilize an array of 
antennas in occasions in particular sites, it is not the most usual case inside build-
ing evaluations because of the dimensions of the arrays.

Other authors propose the tomography as a proper methodology to detect 
embedded objects within walls, showing impressive results and even detect-
ing wooden beams and polystyrene bodies inside masonry (Topczewski et al. 
2007). Application of microwave tomography processing is also proposed, 
developed and applied in interesting works in Kadioglu et al. (2013) and in 
Catapano et al. (2012).

Combined evaluations by using other geophysical techniques are also a good 
option proposed and used by different authors in the search of underneath remains 
under the building or in the ground evaluation to determine the cause of build-
ing damages. The method most often combined with GPR is resistivity survey 
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(Grangeia et al. 2008; Leucci 2006; Dabas et al. 2000). In some cases, other addi-
tional geophysical techniques are used together with these two methods. It is pos-
sible to find works where GPR and resistivity are applied jointly with very low 
frequency electromagnetic technique (e.g., Elawadi et al. 2006), and seismic meth-
ods (e.g., Pérez-Gracia et al. 2009b) or ultrasonic methods (e.g., Cassidy et al. 
2011).

8  New and Experimental Developments

The previous review of the state of the art demonstrates that GPR is often used 
in non-destructive detection of structural elements and in building appraisal, pri-
marily in the case of Cultural Heritage structures. Detection of hidden targets or 
evaluation of damage by means this geophysical technique provide valuable infor-
mation for further restorations, modifications or construction works affecting the 
building. However, although this information is very useful, sometimes a more 
quantitative knowledge is necessary to enhance the study of buildings and other 
man-made structures.

The challenge of getting to know structural characteristics about the materials 
that are part of buildings has been focused from laboratory tests. Simultaneously, 
synthetic models and new data processing methodologies have been developed. 
Usually, new developments have been tested in laboratory and simulation mod-
els. In a small amount of cases, the new methodologies have been utilized in more 
extended building evaluations. These few applications highlight the difficulties in 
obtaining quantitative results in building evaluations. Although significant quanti-
tative results are obtained in homogeneous media, in the study of buildings, results 
use to be more ambiguous. One of the problems could be complicate radar images 
produced by the non-homogeneous structures, due to the scattering in multiple and 
different targets. Reconstruction of the shapes of the scatterers is, in many cases, a 
complex task. Development and evaluation of numerical methodologies that facili-
tates pattern reconstruction (Benedetti et al. 2010; Oliveri et al. 2011; Hajihashemi 
and El-Shenawee 2010; Soldovieri and Solimene 2007) is an interesting working 
line that could get an effective improvement of the results and interpretations of 
GPR data from surveys in buildings. Synthetic and experimental data have been 
used to evaluate the new processing techniques, outperforming the most common 
techniques and obtaining in many cases better or equivalent resolution and a non-
negligible improvement of results (Benedetti et al. 2010).

Innovative software tools used in pattern reconstruction could be applied to the 
detection of cracks and structural damages in different parts of the buildings. In 
many cases, pattern reconstruction is focused to the detection and reconstruction 
of internal cracks and damages (Benedetti et al. 2007a, b, c) and on the detec-
tion of its position and its orientation (Caorsi et al. 2000). Processing strategies are 
focused in pattern reconstruction with the objective of future evaluations of thick 
walls and other supporting structures. Although radar systems based on wideband 
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antennas provide high-resolution images, a strong attenuation occurs as a result 
of its high spectral components. Therefore, the study thick member in structures 
is difficult. Integrating multi-focusing strategies with stochastic and determin-
istic reconstruction approaches appear to be a strategy effective in mitigating 
effects due to the non-linearity and poor conditions of the media, obtaining high 
resolution images without losing high numerical efficiency (Benedetti et al. 2010; 
Salucci et al. 2013).

Other interesting and relatively new GPR processing technique that provides 
good results is microwave tomography (Crocco and Soldovieri 2003; Catapano 
et al. 2010). Tests in and developments indicate that it is an effective tool to 
enhance radar images and pattern reconstructions to develop careful diagnostic of 
damages in structural members (Catapano et al. 2012). This technique seems to be 
a promising processing method that could provide quantitative information about 
the studied media and mitigate uncertainties. Different signal processing and mod-
els have been also applied in order to determine characteristics concerned to con-
structive designs, for example, thickness of concrete covers (Bourdi et al. 2013) or 
voids inside reinforced concrete (Xie et al. 2013).

Calibration and validation of the GPR ability to determine thicknesses under 
different conditions, and its resolution are other interesting lines of study, par-
tially applied in building studies. Usually, those evaluations are in-situ tests 
in which GPR data is compared to results from different methodologies. One 
example of these evaluations is presented in Solla et al. (2012b), where GPR 
data is compared to laser-scanning results during the study of stone masonry 
walls. In other cases, experimental controlled tests are in quasi homogeneous 
media are the tool to determine GPR resolution to detect embedded targets, in 
many cases rebars or other construction elements (Pérez-Gracia et al. 2008c; 
Rial et al. 2009). Laboratory tests have been especially effective since they pro-
vide significant results that help in the interpretation of radar images obtained 
from applied cases study in buildings. Some lab experiences were developed 
in order to define accurate methodologies in the detection of voids, combining 
GPR with other techniques like thermography (Dérobert et al. 2008) or capaci-
tive techniques (Maierhofer et al. 2003). However, some of the most interesting 
experimental measures under controlled conditions are focused on to establish 
methods for measuring constructive materials properties. The knowledge of 
these properties could be crucial in building assessment. In this line, remarkable 
laboratory analysis are dedicated to the characterization of the electromagnetic 
concrete properties (Ferrieres et al. 2009; Topczewski et al. 2007; Ihamouten 
et al. 2012; Robert 1998), to the detection of steel corrosion (Lai et al. 2011, 
2013; Hubbard et al. 2003), and to the estimation of moisture in structures or 
in constructive materials (Laurens et al. 2002, 2005; Klysz and Balayssac 2007; 
Sass and Viles 2006).

Together with new processing signal developments and lab or in-situ tests, 
other important advances are based on signal modeling. GPR response in front of 
complex media could be modeled with those developed tool (Giannopoulos 2005). 
Comparing results from synthetic numerical models to tests or field data, it is 
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possible to determine patterns to help in radar data interpretation. These numer-
ical tools could help also to understand the GPR detection mechanisms and the 
signal behavior in front of multifaceted structures. This fact could be highly use-
ful mainly in building evaluations, because data is obtained from ill-posedeness 
media. As a result, in many studies and tests related to building and structures 
appraisal, numerical models are usually determined and compared to GPR data 
(Orlando et al. 2010; Mayer et al. 2003; Czaja 2012). Numerical modeling has 
demonstrated its capabilities to provide meaningful results about the behavior of 
the electromagnetic signal from the presence of a hidden vaults, as shown in Fig. 9 
(Solla et al. 2010), or even the existence of internal faults such as cracks or cavi-
ties (Solla et al. 2014). Comparing GPR data to synthetic images is a useful tool to 
help and improve radar data interpretation and diminish uncertainties inherent to 
the methodology.

Fig. 9  GPR data provided by a central frequency of 200 MHz showing the presence of a prob-
able previously unknown vault (b) now hidden from view by later construction (a). Considering 
this reflection as a hidden vault, FDTD modelling was elaborated to analyze the pattern of reflec-
tions to obtain, and it corroborates the existence of a most probable hidden vault (c). In addition, 
the polarity of the signal produced informs that this unexpected vault would be not empty and 
probably filled (from Solla et al. 2010)
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Summarizing, a great part of the newest developments are mainly based in 
enhance data interpretation. The tools developed for this purpose are new process-
ing techniques that improve radar images, laboratory tests to reproduce in simplest 
media targets and constructive elements and, finally, radar synthetic models to 
compare simulated images to radar data from buildings and other structures.

Other ongoing research lines are focused on obtaining quantitative data to bet-
ter assess the condition of the structures. Therefore, structural members and mate-
rials are studied under laboratory conditions, comparing radar data to the results of 
other non-destructive and destructive tests.

9  Conclusion and Open Issues

The review of the GPR applications in buildings inspection reveals that this 
method is widely used to evaluate damages and to detect embedded targets. The 
greatest number of applications can be found in cultural heritage building inspec-
tions, usually combined with other geophysical techniques or non-destructive 
measures. In many cases, radar data is used as complimentary information to 
decide wider and more extensive studies. In other cases, radar data assessment is 
required as a preliminary evaluation in damaged buildings after natural hazards as 
earthquakes or landslides. In Heritage structures, GPR assessment is an effective 
tool to limit invasive inspections after disaster events.

In other building typologies, studies can be found in concrete structures inspec-
tion. The two main objectives of these evaluations use to be the detection of rebar 
and the location of zones probably affected by damp. Occasional works undertake 
corrosion detection in reinforce concrete, with successful result. Modern masonry 
buildings are also investigated by means of GPR. Detection of voids, humidity or 
unfilled joints are the most common evaluations. Three dimensional images as 
well as new processing techniques are utilized to enhance radar images.

Hence, concrete and masonry buildings are mostly the objective of GPR evalu-
ations. However, few applications can be found in wood structures, although GPR 
is sometimes used to determine the existence of wooden beams or structural ele-
ments in masonry buildings. In few cases, damages in wooden members are also 
analyzed, but these inspections are infrequent.

Evaluation of buildings usually means the study of some specific parts or 
members. Typical applications are in walls, with the aim of acquire information 
about constructive techniques, defects or reinforced concrete. Thermography is a 
method that is frequently combined with GPR to determine shallow defects and 
targets in walls and floors, because offers valuable complementary information. 
Assessing the robustness and thickness of walls is other classic GPR application. 
Other conventional GPR building evaluations concerned to the ground under the 
construction. Detection of hidden structures and voids, architectural elements, 
archaeological remains, or shallow stratigraphy are the common reasons for those 
explorations. Resistivity imaging is the method most often applied in conjunction 
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with the radar in ground and floor evaluations. In some cases, diagnosis of pil-
lars and columns are tasks performed by using GPR tests combined with sonic 
measurements which permit to define, in some cases, mechanical properties of 
materials. The study of walls and pavement is, in several cases, accompanied by 
thermography imaging. Those evaluations provide complimentary details about 
the shallowest members and targets.

However, these applications offer always qualitative results. In an effort to 
determine possible quantitative data, laboratory experiences under controlled con-
ditions have been developed, obtaining interesting results. Different structural 
members (masonry and reinforced concrete walls, beams or arches) have been 
evaluated under controlled conditions. Also, in some cases, defects and structural 
elements have been inserted in simple and homogeneous media, to determine 
physical properties or to observe radar pattern images. Regardless, few applica-
tions executed in existing buildings involve quantitative results, perhaps due to the 
inherent complexity of the studied structures, being one of the open issues in the 
study of buildings.

Noticeable advances in data processing, in pattern reconstruction and in the 
acquisition data technologies have facilitated the application of GPR in different 
problems associated to building inspection. Those innovative technologies have 
been developed with the purpose of reducing uncertainties and improving radar 
imaging, and preliminary results demonstrate that are promising solutions. Should 
be said that these new methods neither have been applied to the study of buildings 
extensively, although in some cases experimental results have been obtained from 
real test sites.

Different cases studies and advances in acquisition, processing and imaging, 
compared with actual requirements in building inspection, focus to the aspects to 
be improved in future developments. It is possible to define several open issues in 
GPR building assessment concerning to different aspects:

•	 Definition and classification of the most habitual casuistic in building inspec-
tion could be a useful tool for future evaluations. Recompilation of examples 
from cases studies could be the first step in this task. The classification could be 
complemented by the proposal of the most suitable radar data acquisition proce-
dures, associated to each case or problem. Defining clearly the requirements in 
building inspection could be also an open question.

•	 Definition of a normative or regulation with suggestions for the different 
casuistics.

•	 GPR imaging could be still enhanced. Significant advances show the possibility 
to obtain accurate imaging diagnosis, by using characteristic radar patterns and 
models.

•	 Laboratory developments and tests to obtain electromagnetic parameters and 
properties of constructive materials must be applied to real buildings. Those 
new cases studies, could define the scope of the proposed methodologies, and 
open new test lines.

•	 Foundation studies could be an interesting application that has been slightly 
developed until today. Few cases studies are related to foundation assessment, 



118 V. Pérez-Gracia and M. Solla

although this information could be crucial in buildings inspection, mainly in 
those ancient and historical structures. Perhaps the use of borehole GPR data, 
from directional drilling could be used in the evaluation of foundations.

•	 Development in the radar imaging processing, to define clear images of defects 
affecting structural elements.

•	 Advances in the analysis and detection of corrosion, applying the methodologies 
to real buildings, considering also the detection of oxidizing and corrosion agents.

•	 Development of advanced data processing algorithms based on suitable and 
complete mathematical models of scattering phenomenon.

•	 Integration of multi-focusing strategies with stochastic and deterministic recon-
struction approaches in order to mitigate the effects of the non-linearity and the 
indetermination inherent to geophysical studies.

•	 Development and application of efficient inversion algorithms, testing results 
under laboratory conditions.

•	 Application to real buildings the inversion algorithms developed until today, to 
define the effects of the complex media and complicate scenarios, and to check 
possible improvements.

•	 Development of GPR systems capable of provide images and models from the 
gathered data combined with suitable mathematical models.

•	 Development of enhance radar equipments adapting the antennas to the differ-
ent structural elements and spaces inside buildings.

•	 Development of arrays of antennas to acquire multi-view and multi-static data 
adapted to the specific requirements in building inspection.

Probably more issues will be opened in next years, based on the research tasks 
and the applications developed until today. As a previous step, in order to combine 
efforts and to improve the development of GPR building assessment, it could be 
useful to establish a catalog of significant publications related to building inspec-
tion and to gather the most significant results and methodologies associated to dif-
ferent studies.
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Abstract Ground Penetrating Radar (GPR) has proved its ability to act as a pow-
erful geophysical non-destructive tool for subsurface investigations. The remarka-
ble technological developments have increased, among others, the practice of GPR 
in sensing and mapping utilities and voids. In particular, GPR is effectively used 
to locate and map objects such as pipes, drums, tanks, cables and underground 
features or to detect subsurface voids related to subsidence and erosion of ground 
materials. Furthermore, deploying GPR methods prior to directional drilling pre-
vents damage to existing utilities, thus resulting in cost effective installations. In 
that frame, this paper presents some studies showing the GPR performances and 
limitations, from single-channel systems to the potential of multi-channel 3D 
imaging and integrating systems.

1  Introduction

Transportation agencies need accurate methods for measuring the near-surface 
and subsurface conditions of their transportation facilities. Determining pavement 
thickness, detecting voids beneath pavements and measuring the moisture content 
in pavement layers are examples of subsurface pavement conditions for which data 
are necessary. One promising technology for addressing these issues is Ground 
Penetrating Radar (GPR) (NCHRP 1998).
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It is of considerable interest to achieve as much information as possible about 
the subsurface before starting any underground construction work. In directional 
drilling it is important to avoid existing utilities as well as obstacles. In general 
means of utility locating, it can also be of interest to detect voids and pipe leakage. 
The most common solutions for detecting existing utilities are cable and pipe loca-
tors, based on the principle of electromagnetic induction. These devices are quite 
efficient for locating electric conducting cables and pipes. Most products are based 
on an external transmitter that is galvanically or inductively coupled to the target. 
A hand-held device is then used to locate the object. The major drawback of these 
locators is the fact that they do not detect non-metallic material such as plastics, 
concrete, ceramics or fiber optic cable. They will usually not save data, providing 
the possibility of mapping and further post-processing. In addition, electromag-
netic (EM) devices require prior knowledge of a utilities approximate location or 
access to a portion of the utility to excite the utility for detection by the receiver. 
GPR can detect utilities without any prior knowledge of their respective location 
and hence is a very powerful reconnaissance tool for areas containing complete 
unknowns (Nissen et al. 2001).

GPR is a non-invasive and non-destructive tool that has been successful in 
some transportation applications, such as profiling asphalt pavement thickness 
and detecting air filled voids. Furthermore it is used for a variety of applications, 
including: mapping underground utilities, profiling ice thickness, bathymetric 
(depth measurements) surveys of fresh water lakes, archaeological investigations, 
shallow bedrock profiling, measuring pavement thickness, measuring pavement 
base and subbase thickness, locating voids beneath pavements, detecting bridge 
deck delimitation, mapping soil stratigraphy and characterizing environmental 
contamination (NCHRP 1998).

In France, some legal accidents in 2007 and 2008 have led to modify the regu-
lation of work in the neighbourhood of utility networks which has been official 
since July 01, 2012, including one legislation, four decrees and a standard (NF S 
70-003-Part 1 to Part 3) (French Standard NF 2012).

In one hand, the responsibility of the owners is increased while three levels 
define the accuracy of localisation of a utility, from class A when the uncertainty 
of positioning is below 40 cm, to class C when it is above (for this last case, com-
plementary investigations being required). On the other hand, the SIG mapping 
of utility network has become the central subject of the territorial collectivities, 
which have to invest in geomatic science.

The first trials followed by two pilot cities have shown mitigated results. 
Indeed, three businesses are gathered: the knowledge of the utilities, the detection 
and geo-localisation techniques, but the professional community is not yet well 
prepared to such accuracy requirements. Indeed, training courses are under con-
struction, supervised by the Ministry of Ecology, Sustainable Development and 
Energy, due to the fact that two certifications in 2017, for detection and geo-locali-
sation, will be necessary for services companies.

Similar actions have been also performed in other countries. For example the 
American Society of Civil Engineers (ASCE) has created guidelines for the 
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collection and depiction of existing subsurface utility data.1 These guidelines pre-
sent a credible system for classifying the quality of utility location information 
that is placed in design plans. This assists engineers, project and utility owners, 
and constructors in developing strategies to reduce risk by improving the reliabil-
ity of information on existing subsurface utilities in a defined manner.

Also, in 2006, the Department of Survey and Mapping Malaysia (JUPEM) 
produced a Standard Guideline for Underground Utility Mapping with the aim to 
provide standard procedures for collection, compilation and presentation of under-
ground utility data (Jamil et al. 2012). This guideline is the culmination of con-
certed efforts of the Underground Utility Mapping Technical Committee chaired 
by JUPEM comprising underground utility stakeholders functioning under the aus-
pices of the National Committee for Mapping and Spatial Data, being the respon-
sible body for the coordination of mapping activities in Malaysia.

This guideline addresses issues such as the roles of stakeholders comprising 
utility agencies, land surveyors and JUPEM; utility quality levels which are cat-
egorized into quality level A, quality level B, quality level C and quality level D 
with quality level A being the most accurate and quality level D being the least 
accurate. This guideline also provides specifications on underground utility maps 
and creation and maintenance of underground utility database which stores related 
utility data that can be made available to utility agencies and all other relevant par-
ties whenever underground information is required. These data can then be shared 
and utilized by various agencies involved in the re-development of the area.

In such frame, GPR imaging is one of the promising non-destructive methods 
that have offered new opportunities for mapping the subsurface structures of shal-
low earth in highly urbanized regions2 (Jeng and Chen 2012). The present chapter 
refers to the procedures used for an effective GPR sensing and mapping of under-
ground utilities and voids with a focus to urban areas.

2  Mapping of Underground Utilities

The often-repeated infrastructural improvements in basic infrastructure facilities 
are road widening and relocation of utilities. If there are no proper care and sys-
tematic work approach observed, the road works may disrupt and cause damage to 
underground utilities. Hence, mapping of these underground utilities is necessary 
to avoid great loss and accidents (Ismail et al. 2013).

Underground utility mapping is a process of identifying the position and label-
ling public utility mains which are located underground. These mains may include 
lines for telecommunication, electricity distribution, natural gas, water mains and 

1 ASCE, American Society of Civil Engineers, “Standard guideline for the collection and depic-
tion of existing subsurface utility data”, (CI/ASCE 38-02).
2 ASTM Designation D 6432-11, “Standard Guide for Using the Surface Ground Penetrating 
Radar Method for Subsurface Investigation”.
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wastewater pipes (Fig. 1). In some location, major oil and pipe lines, national 
defence communication lines, mass transit, rail and road tunnels also compete for 
space underground (Jamil et al. 2012).

Underground utility mapping refers to the detection, positioning and identi-
fication of buried pipes and cables beneath the ground, corresponding to three 
businesses. It deals with features mainly invisible to the naked eyes. While the deter-
mination of position can be obtained with conventional or modern survey equip-
ment, the detection and identification of underground utilities require special tools 
and techniques (Jamil et al. 2012).

GPR is commonly used to locate and map objects such as pipes, drums, tanks, 
cables and underground features or utilities. In application of utilities detection, 
radar data are used to detect the existence of underground utilities which mainly 
have different conductivity and dielectric properties from its surrounding. Several 
studies have been carried out concerning the mapping of underground utilities 
from last 90s to now-a-days.

2.1  Case Studies

2.1.1  Detection of a Main Water Supply Pipe in Stockholm, Sweden

In 2001 the GPR technique was used for the detection of a main water supply pipe in 
Stockholm, Sweden (Nissen et al. 2001). The presence of the pipe was well known, 
although the exact location was unknown. It was of great importance to locate the exact 
position in advance of the construction of a big warehouse close to the pipe. The survey 
was performed over a road in which several pipes and cables were buried. In order to 
locate the pipe a large number of short profiles (16 parallel profiles) were conducted 
perpendicular to the presumed strike of the pipe, using a 500 MHz shielded antenna. 
The data were loaded into a 3D visualization and processing software for analysis.

2.1.2  Locating Underground Utilities in Malaysia

Another study was carried out in main campus of Universiti Sains Malaysia, 
Penang, specifically located at School of Social Sciences (Ismail et al. 2013). The 

Fig. 1  Underground utilities (Annan 2003)
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aim of the study was to locate and map underground utilities or pipes that existed 
at the study area that could be used as a preliminary study for utilities mapping. 
Eight parallel ground penetrating radar survey lines were executed with total 
length of 8 m and line spacing of 2 m. In this case, a shielded antenna with fre-
quency 250 MHz was used to detect and map utilities of the study area with suit-
able parameter setting. Anomalies were detected at depth <2.5 m at several survey 
lines that may be due to underground pipe, manhole trench, and underground 
cable that crosses the study area. Orientations of these utilities were successfully 
detected and well mapped.

In Kuala Lumpur, Malaysia, a GPR survey was performed using a 450 MHz 
antenna on a major road. The contractor needed to know where he could safely dig 
without hitting a utility while installing fiber optic communication cables. The sur-
vey was carried out in a few minutes, and locations of the utilities were marked on 
the pavement as the survey was being conducted. The fiber optic cable contractor 
quickly and safely trenched between sites of buried utilities (Annan 2003).

2.1.3  Workshop at Georgia, Atlanta

At the Underground Focus Utility Workshop which was held at Dekalb College in 
Covington, Georgia near Atlanta, the participants had the opportunity to see utility 
locating in action. The objectives of the workshop were to expose utility locators 
to new technologies and practices in the industry and to provide hands-on experi-
ence with the various techniques. After construction of the Dekalb College site, 
no as-builts were provided by the contractor. As a result, no records of the under-
ground utility pipes and cables were available. The technologies showcased at the 
workshop helped locate some of the buried utilities (Annan 2003).

GPR proved to be very effective at the site. One interesting exercise involved 
location a storm water drainpipe under the circular driveway outside the lecture 
hall. While the intake could be seen at the curb, the location of the storm drain-
pipe was unknown. Several GPR traverses around the intake located a large pipe. 
A series of GPR transects were then carried out to track the alignment of the pipe. 
Three transects perpendicular to the pipe are indicated on the photo in Fig. 2. The 
drainpipe was expected to continue down grade to the right in the photo of Fig. 2. 
Instead, the pipe ran in the opposite direction.

To address the drainage/slope issue, profiling along transect (Line 4) was per-
formed, which joined the pipe location determined from Lines 1, 2 and 3. This 
data provided a continuous profile along the axis of the pipe. From the GPR 
response, it was apparent that the depth of the pipe increased from right to left 
by about 3 ft (1 m). In addition, it was possible to see the reflections from the top 
and the bottom of the pipe. The storm drain appeared to be a concrete pipe with 
no apparent metallic structure associated with it. Using the depth of the top and 
bottom of the pipe and assuming the pipe was air filled, since there had been no 
rain for an extended period of time, it was possible to estimate the pipe diameter at 
about 36 inches (90 mm).
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This example illustrated the power of using GPR. The exercise of locating the 
pipe, marking the alignment and tracking the depth as well as estimating its diam-
eter took about 10 min.

2.1.4  Utility Surveying in Hong Kong

Utility surveying was also performed at three sites in Hong Kong, which repre-
sented three different kinds of utilities. In this research, general procedures on 
how to design the grids and to conduct the radar surveys were reviewed. The main 
objective was to compare the radar results with the conventional survey methods 
in three trial sites. Finally, it was crucial to evaluate the use of antenna frequency 
and the accuracy of the obtained data. These utilities were:

•	 Drains along Kong Sin Wan Road, Cyberport, (Sites 1A and 1B, KSWR)
•	 Watermains at Nam Fung Path, Aberdeen (Site 2, NFP) and
•	 Electricity cables at Hong Tat Path, Tsim Sha Tsui East (Site 3, HTP) (Cheng 

2013).

All are paved in flat surface without any irregularities. Site 1 was built for the pur-
pose of accessing facilities nearby in 2009. Similarly, Site 2 was formed for the 
purpose of road facilities in 2008. Field inspection revealed that the study area was 
close to the construction site of the Mass Transit Railway south island line. With 
regard to Site 3, it contained a brunch of cables lying under pavements. General 
survey information relevant to these sites is described in Table 1.

Each plot was surveyed in two directions, but only the longitudinal transects 
were used subsequently for analysis, because it was more difficult to distinguish 
the reflectors along short horizontal profiles. Simply, one or two reflectors could 
be possibly collected in every two or three-metre horizontal profile, whereas 
plenty of reflectors along the longitudinal profiles could be identified as sample 
points.

Fig. 2  Location of storm 
drain intake and GPR lines 
(Annan 2003)
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In the study three ground coupled centre frequency antennas—100, 270 and 
400 MHz were used. However, the use of 100 MHz antenna was abandoned 
because of lack of precise horizontal distance measurement without the usage of 
survey wheel. To ensure transect lines easily and to maintain a complete coverage 
of the targets a grid was used for the survey. It was achieved that the 400 MHz 
antenna was good at distinguishing underlying objects less than 2 m, whereas 
270 MHz one was 2 m below.

2.1.5  Utility Mapping in São Paulo City, Brazil

Another utility-mapping was performed in two areas located in downtown São 
Paulo City, Brazil (Porsani et al. 2012). The main objective of this work was to 
locate subsoil utilities, such as, piping, galleries, electric cables etc., as well as 
concrete columns supporting the Roosevelt Road tunnel–viaduct complex in 
advances of the construction of the Line 4 subway (yellow) tunnel in São Paulo.

GPR measurements were performed using 200 MHz shielded antennas. Lines 
were surveyed along both the north-south and east-west directions in a polygonal 
area in order to achieve a pseudo 3D grid by 2D data interpolation. Interpretations 
of GPR results, combined with lithological information available from boreholes 
and trenches opened in the study areas provided important information for accu-
rate location of shallow utilities in the subsurface. The study showed that the GPR 
method was a very important and useful step to precede excavation of São Paulo 
subway tunnels, providing the precise location of utilities in subsoil, as well as 
an estimate of their depths of occurrence. As a final point, based on these results, 
geotechnical work was safely carried out, and risks of dangerous accidents were 
avoided (Porsani et al. 2012).

Through these few examples the benefit of performing several parallel profiles 
was clearly demonstrated. An object located in one profile only could easily be 
interpreted as a pipe, if interpretation were done in 2D only. By combining several 
profiles and load them into a 3D software, it’s easy to check whether the object is 
extending linearly or not. Thus this kind of interpretation improves the security of 

Table 1  Survey details of three sites

Site Grid dimensions Total number 
of transects 
(horizontal and 
longitudinal)

Types of utilities Burial depths 
(m)

1. KSWR 
(A)

19 × 1 m, 1 m 
spacing

22 300 mm diameter 
concrete drains

1.93–1.96

KSWR (B) 24 × 3 m, 1 m 
spacing

29 225 mm diameter 
concrete drains

1.89–1.93

2. NFP 19 × 2 m, 1 m 
spacing

23 150 mm diameter 
water drains

0.49–0.64

3. HTP 26 × 2 m, 0.5 m 
spacing

58 25-58 mm diam-
eter power cable

0.45
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the investigation, at the cost of time. It is especially valuable when the site condi-
tions are more difficult e.g. when many pipes and boulders are present. Moreover 
these researches showed that the ability of GPR to detect not only metallic objects, 
but also non-metallic objects (e.g. plastic, concrete ceramics or fiber optic cable), 
makes it a powerful tool to complement traditional methods in utility locating. 
This is of considerable importance, since an increasing fraction of buried pipes are 
non-metallic.

2.1.6  Utility Mapping in Trondheim, Norway

Utility mapping using a single-antenna GPR is a time consuming operation espe-
cially when large areas are to be covered. Data acquisition can be performed 
much more efficient by using an electronically scanned antenna array. An ultra-
wideband GPR system was developed at the Norwegian University of Science and 
Technology (Eide and Hjelmstad 2002). The radar can be programmed to oper-
ate in the frequency range from 10 MHz to 3.4 GHz using a stepped- frequency 
waveform.

The radar is designed to operate with an antenna array for efficient 3D data 
acquisition of GPR data as shown in Fig. 3. The system uses a 1 meter wide 
antenna array which consists of 31 pairs of transmit/receive bow-tie monopoles 
mounted on a common ground plane. The antenna array is mounted on a light-
weight trailer that is pulled by a vehicle along the street being surveyed. In this 
way, data can be collected on a 3.2 × 3.2 cm grid at a velocity of 1–2 m/s depend-
ing on the integration time required at each antenna element. During operation, the 
radar uses one transmit/receive antenna pair at the time and records radar trace at 
each spatial point.

The radar has successfully been used for mapping of pipes, cables and old 
tramlines in Trondheim during 2001. The wide bandwidth gives high enough 

Fig. 3  3D data acquisition using the electronically scanned antenna array (Eide and Hjelmstad 
2002)
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resolution to map the asphalt thickness and the details of the base layers in addi-
tion to the utility lines. In this way the data from a survey can serve more than one 
customer. The results from the field test demonstrate the high user potential of 3D 
imaging compared to standard 2D GPR profiling (Eide and Hjelmstad 2002).

2.1.7  Utility Mapping in New York

In the framework of a research program performed by the New York State 
Department of Transportation (NYSDOT) utility-mapping at two sites was suc-
cessful in that GPR was able to (a) identify buried utility infrastructure both at pre-
viously known and unknown locations, (b) successfully cover the entire pavement 
intersection at both sites in relatively short period of time, and (c) achieve superior 
3D image quality because of the multi-channel (array system) GPR/GPS capabil-
ity that is not available in typical single-channel and even two-channel GPR sys-
tems (Grivas 2006).

The system used covers 5.12 feet with each instrument pass obtaining 14 chan-
nels of GPR data within each swath. Multiple parallel and transverse instrument 
passes were done at each site in order to obtain sufficient coverage to produce the 
3D images. Post processing and interpretation were performed to generate the 3D 
images, maps and CAD drawings that were delivered for the project. These 3D 
images produced from specialized proprietary multiple antenna hardware and pro-
cessing software, are much more illustrative and accurate than the vertical slice 
provided by a single antenna. For instance, the images can be rotated to achieve 
the optimal view of a critical utility crossing, and can be superimposed over pave-
ment edges, curbs and other surface features for ease of identification. The system 
produces utility locations in X, Y and Z coordinates to within a few centimeters, 
usually within one or two centimeters. The results of this study illustrated the abil-
ity of multi-channel GPR technology to detect and map buried utilities, indicating 
the utility depths, orientations, and proximities to other surrounding infrastructure.

2.1.8  Tree Root Mapping and Utilities, South Africa

Sometimes, a problem may be encountered in civil engineering/urban areas, where 
subsurface utilities such as water and drain pipes and electricity and telecommuni-
cation cables often occur in close proximity to growing trees with laterally extend-
ing root systems. Over time, these developing root systems may cause significant 
damage to utilities and to other types of infrastructure such as road surfaces and 
building foundations. GPR can be used as a monitoring tool in cases where tree 
root damage is suspected or anticipated (van Schoor 2009). A relevant case-study 
is presented below.

The survey site is a grassed area located on the campus of the Council for Scientific 
and Industrial Research (CSIR) in Pretoria, South Africa. A Burkea Africana (Wild 
Syringa) tree and an Ochna Pulchra (Lekkerbreek) tree are located in close proximity to 
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a number of known subsurface utilities. Both tree types typically have lateral and fairly 
shallow root systems. A small 12 m × 12 m survey area, approximately the same size 
as the trees’ combined canopy, was defined. This area is traversed by two separate sub-
surface electricity lines as well as two separate water pipe lines.

A total of 51 GPR profiles were acquired along two perpendicular directions. 
Data acquisition was done using a 500 MHz antenna. A profile length and spac-
ing of 12 and 0.5 m, respectively, were used throughout the survey. The analysis 
showed that individual lateral tree roots that approach a linear geometry can be 
detected with GPR provided the property contrast with the background is suffi-
cient. The GPR profile direction should ideally be perpendicular to the strike of 
the root. However, the variable geometry and unpredictable nature of tree roots 
often make them more difficult to pick out on individual 2D radargrams. Utilities 
are much easier GPR targets due to their typically distinct property contrast with 
the surrounding soil and their fairly predictable or known linear geometry and 
depth. Where discrimination between utilities and tree roots is required a detailed 
3D survey approach is recommended (van Schoor 2009).

2.1.9  Water Leakage Detection, USA

Leaks not only waste precious natural resources, they create substantial damage to 
the transportation system and structure within urban and suburban environments. 
Surface geophysical methods are noninvasive, trenchless tools used to characterize 
the physical properties of the subsurface material. This characterization is then used 
to interpret the geologic and hydrogeologic conditions of the subsurface. Many geo-
physical techniques have been suggested as candidates for detecting water leakage, 
including GPR, acoustic devices, gas sampling devices and pressure wave detec-
tors. In (Eyuboglu et al. 2003) a series of laboratory experiments were conducted to 
determine the validity and effectiveness of GPR technology in detecting water leak-
age in metal and plastic PVC pipes of an underground distribution system.

Initially, a prototype laboratory model was designed to simulate a pipe leak. 
Holes were drilled in the middle of the pipe to allow the water leak into a simulated 
soil (sand). The metal and PVC pipes were tested separately by burying them in sand 
to a depth of 18 and 20 cm, respectively. Water was then injected into the pipe from 
the surface through a plastic hose. A 1.5 GHz antenna was used to collect GPR data. 
Although the experiment was very well controlled, results obtained so far indicate 
that GPR is effective in detecting water leaks. Also, an outdoor test bed was under 
construction in collaboration with Central Arkansas Water (CAW) to simulate and 
detect water leaks in underground water systems using the GPR technique.

2.1.10  Water Leakage Detection from Plastic Pipes, Turkey

The effectiveness of GPR techniques in detecting and identifying water leaks from 
plastic pipes has been also investigated in (Demirci et al. 2011). For this purpose, 



135Inspection Procedures for Effective GPR Sensing …

experiments were conducted in a partly homogeneous outdoor soil environment. 
A PVC pipe with a diameter of 5 cm was located at a depth of 20 cm from the 
ground surface. Before embedding the pipe in soil, a small hole was drilled for 
the leakage of water. First, a reference scan measurement of the water free pipe 
was performed. Then, after starting injecting water into the pipe, three scan experi-
ments at regular time intervals were performed. For each scan, a synthetic aper-
ture of length 64 cm with 33 discrete spatial points and a frequency band from 0.8 
to 5 GHz with 301 discrete frequency steps were used. Two double-ridged horn 
antennas with a length size of 0.5 m were utilized in a bistatic configuration during 
the measurements. After collecting data, the scan images were reconstructed by 
using a near-field back-projection algorithm.

From the analysis it can be interpreted that, as the water content of the soil 
around the leak become larger for an evolved time, the size of the region that 
causes strong EM wave reflections becomes also larger. Hence, EM wave could 
not penetrate beneath this water-saturated region. This phenomenon manifests 
itself as voids in the GPR images providing valuable information about the loca-
tion of the leak. As the time passed, the reflecting area became larger and the leak 
position became more visible. Hence, it could be assessed that water leakages 
from plastic pipes can be successfully detected by GPR techniques.

2.1.11  Investigation at Road and Bridge Research Institute

In addition, Road and Bridge Research Institute (Internal Project PW.S 531) have 
investigated the implementation of 3D Radar into practical use in road meas-
urements in order to assess its real abilities in road diagnostics (Krysiński and 
Sudyka 2012). This radar model is a step-frequency system working in range 
300 MHz–3 GHz what correspond in practice to resolution of 700 MHz impulse 
antenna. The antenna chamber contains 15 transmitter-receiver pairs allowing simul-
taneous data acquisition along 15 parallel profiles on road lane of width 2.4 m. The 
system has odometer and GPS antenna that allow excellent synchronisation of data 
sets collected in different measurement passages and next construction of horizontal 
slices of some wider area. Using real-time GPS equipment, one decimetre precision 
of data positioning and synchronisation is available. Thus the system has excellent 
possibilities in identification and localisation of utilities, combining proper software 
that developed by the producer, for such large data sets.

The identification of linear objects is based on wide review of horizontal slices, 
where thick linear objects have fine manifestations, with the possibility to visual-
ise sets of horizontal slices and sets of vertical cross-sections. The effective pen-
etration depth in road environments can be estimated to about 1 up to 1.5 m where 
some ground horizons were observed in rare cases. Thus the system has some 
possibilities of sub-base thickness estimation, and can give also fine evidence of 
media having complicate, strongly irregular, chaotic structure. The equipment is 
very noise resistive giving fine results in difficult electromagnetic environment 
where typical impulse antennae fall.
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This system has also some disadvantages, from intense multiplications which 
occur in the case of strongly reflective horizons, inducing reverberations inside 
the antenna chamber and then difficulties in echogram interpretation. Moreover, 
the echograms have low resolution and clarity in comparison to corresponding 
impulse antennae. Nevertheless, the evolution of such array systems tends to pro-
pose accurate approach due to high density of measurement, with precise position-
ing, enabling similar resolution at lower frequencies than single antenna systems.

2.2  GPR and Other Techniques

Among these experimental approaches estimating the performances of GPR sys-
tems, signal processing and imaging have been largely studied in numerous 
research laboratories. In the last few years, the ELEDIA Research Center (DISI—
University of Trento, Italy) developed several techniques for real-time detection 
and classification of buried objects based on learning-by-examples (LBE), such 
as Support Vector Machines (SVM) (Massa et al. 2005; Lizzi et al. 2009). A lot 
of work has been also addressed towards the development of inversion schemes 
based on the integration of both global and local search algorithms with multi-
focusing strategies. As a significant example, the integration of the Inexact Newton 
Method (INM) with a computationally efficient multi-focusing scheme has been 
successfully validated in (Salucci et al. 2013) when dealing with GPR measure-
ments. A significant interest has been also addressed towards the application of 
innovative inversion procedures based on Bayesian Compressive Sensing (BCS) 
(Poli et al. 2013) and Interval Analysis (Manica et al. 2013) to the problem of sub-
surface prospecting. The localization of sparse metallic targets has been recently 
addressed in (Poli et al. 2013) by means of a new technique that models the targets 
through the local shape function (LSF) approach and solves the inversion problem 
in a BCS sense.

In (Lester and Bernold 2007) a data processing method, called Translation 
Invariant Wavelet Packet Detection (TIWPD) is presented. The method is applied 
to filtering GPR data collected on a university campus. The paper presents the 
results of experimental deployment of the system during a construction project 
that involved the extensive excavation trenches to lay chilled water pipes. The 
significance of this paper lies in its use of real-world GPR data to demonstrate 
the performance characteristics of the filtering process and its validation with the 
actual condition found during excavation. The encouraging results of this work 
can provide the basis for developing a near real time utility detection system that 
can be used by laborers in the field.

Moreover, another study has been performed at the Construction Automation 
and Robotics Laboratory (CARL) at North Carolina State University (NCSU). The 
investigation concerned a novel technology for detecting and locating buried utili-
ties that attaches to the digging equipment and utilizes both EMI (Electromagnetic 
Induction) and GPR (Bernold et al. 2002). The newest effort involves the 
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development and performance analysis of algorithms to detect and extract the fea-
tures and characteristics of these utilities, such as their orientation, diameters etc. 
One prime focus is to minimize the percentage of false alarms. For that purpose, 
the two sensor systems are fused to create a multi-sensory approach to 3-D map-
ping of all the utilities without a priori knowledge of their location.

Figure 4 shows a data fusion model adapted to the Multi-Sensory Buried Utility 
Detection System (MS-BUDS). The data from the two sensors are initially condi-
tioned by independent signal processing modules which later feed into a parallel 
processor running a multisensory algorithm.

3  Detection of Voids

The development of voids beneath roadways can lead to major pavement failures. Voids 
typically develop because of subsidence and erosion of the base and subgrade materials. 
Void-related roadway problems have often developed near water supply pipes or drain-
pipes. Leaks, pipe breaks or dislocated joints allow fines to be carried away, resulting 
in local base or foundation erosion and the formation of weak areas, which eventually 

Fig. 4  Simplified data fusion 
model adapted to MS-BUDS 
(Bernold et al. 2002)
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become voids. Voids continue to increase in size until the load carrying capacity of the 
roadway is compromised (Holt and Eales 1997). Voids can be either air or water filled. 
Void detection beneath roadways using GPR is performed in many countries (Holt and 
Eales 1997; Morey 1998). Some related case-studies are presented below.

3.1  Case Studies

3.1.1  Detecting Voids Under Roadway Pavements by TxDOT and TTI

The Texas Department of Transportation (TxDOT) and Texas Transportation 
Institute (TTI) have successfully used the GPR technology to locate voids under 
roadway pavements (TxDOT 2010). The case-study presented here concerns the 
maintenance of a continuously reinforced concrete pavement (CRCP) section, 
which presented longitudinal cracks just after a patch repair. This has prompted 
district personnel to request an investigation to assess the safety of the structure 
and to determine if there were significant voids under the CRCP.

A 400 MHz ground-coupled antenna was used to survey and map the subsur-
face condition. GPR data was collected in the longitudinal direction parallel to the 
faulted joint and at selected transverse locations. A significant anomaly adjacent to 
the drainpipe was found which started directly under the CRCP. Based on the GPR 
image, the estimated size of the suspected void was significant (Fig. 5).

The GPR data indicated an anomaly over the transverse storm drain. This drain 
was separated and it was verified that this separation caused water to erode the 
area around the drain. Fortunately, the disjointed storm pipe was identified before 
severe roadway failure occurred.

3.1.2  Detecting Voids Under Roadway in Minnesota

A GPR survey of Interstate 94 at Reference Post (RP) 134 + 00 was performed on May 
10, 2005 (Cao et al. 2007). The purpose of this survey was to investigate the potential 
of subsurface voids surrounding two steel-encased water and force mains that under-
lie the roadway at this location, at an approximate depth of 13 ft below surface. This 
potential manifests itself in a noticeable surface dip, especially in the EB driving lane. 
For the GPR survey of 30 ft length a 100 MHz Ground-Coupled antenna was used. Two 
surveys were taken, one in the eastbound passing lane and the other in the westbound 
passing lane at the location where three pipes have been. The GPR images indicated the 
potential presence of an underground void in the westbound driving lane and the east-
bound passing lane at a depth ranging from 12.5 to 17 ft.

3.1.3  Detecting Voids Beneath Concrete Sections in UK

In terms of concrete investigation, GPR has an excellent reputation for being 
able to image voids beneath concrete sections (Cassidy et al. 2011). This kind of 
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application was performed in United Kingdom where a test slab was used. The test 
slab forms part of the NSGG (Near-Surface Geophysics Group of the Geological 
Society) shallow geophysics test facility at the University of Leicester. The focus 
of this research was the practical detection of sub-metre scale voids located under 
steel reinforced concrete sections in realistic survey conditions (a capped, relict 
mine shaft or vent). Figure 6 shows the general layout of the reinforced concrete 
test slab and images of data collection with the GPR.

A GPR unit with 450 and 900 MHz shielded antenna was used for all GPR 
surveys, in orthogonal grid, with each trace collected manually at defined inter-
vals and processed using conventional methodologies. The average of thirty 
two trace stacks were recorded at each collection point with each manually 
triggered trace having a temporal increment of 0.1 ns and a total time window 
of 40 ns (approximately 2 m total depth of investigation). The choice of both 
450 and 900 MHz antenna was based on the anticipated depth of investigation 
(<2 m), likely target size (a sub-metre isolated volume) and data collection time 
constraints. 1.2 GHz antenna surveys were initially considered, but the addi-
tional data collection time required for the more densely spaced data (0.1 m 
line spacing and 0.01 trace increments) was deemed prohibitive. The results 
of these surveys have shown that the selection of antenna frequency is impor-
tant and that care must be taken with the mode and configuration of the survey 
geometries.

Fig. 5  Example of a drop-off 
of a continuously reinforced 
concrete pavement due to 
voids (TxDOT 2010)
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3.1.4  Detecting Voids in Malaysia

GPR surveys were executed in Shah Alam, Selangor, Malaysia with the aim of 
identifying a ground subsidence area and detecting voids. This region is located 
about 25 km west of the country’s capital, Kuala Lumpur. GPR survey was con-
ducted along the road of interest at main campus of public university in Shah 
Alam.

This study implemented a 250 MHz shielded antenna for data acquisition. 
There were total of 12 GPR survey lines conducted with different length as it 
is shown in Fig. 7. Survey line L1 and L2 were executed along brick pedestrian 
with total length of 16 and 33 m respectively. For survey line L3–L11, spacing 
between lines were 5 m with average length of 7 m for each lines. Orientations of 
these lines are across the road where cracks are obviously found. Line L12, with 
a length of 35 m, executed opposite L1 and L2. Site photos and sinkhole are also 
shown in Fig. 7.

From GPR profiles obtained, results show feature of soil subsidence observed 
at several depths. For L2, ground subsidence detected along the line with one sus-
pected air-filled void identified at distance 31.3 m with depth of >2 m. For L3–
L11, ground subsidence was also detected, resulting in cracks that were obvious 
on asphalt road. GPR profiles successfully detected areas of subsidence and void, 
generally with depth <5 m (Ismail et al. 2012).

Fig. 6  Target void layout 
and data collection across the 
reinforced concrete test slab 
(Cassidy et al. 2011)
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3.1.5  Estimation of Asphalt Air Void Content in Finland,  
Sweden and Norway

In 2011, Mara Nord, an international cooperative project financed by Interreg IV A 
Nord, has been initiated among Finland, Sweden and Norway. In this project, one 
goal was to produce common guidelines for the use of GPR in asphalt air voids 
content measurement that could be used as a reference in procurement processes 
in all three countries (Interreg IV A Nord Program 2011). In this framework, GPR 
technology was used to measure the dielectric value of the asphalt pavement, 
which was then used to calculate the air void content of the pavement. The method 
is suitable for measurement of air void content of new bituminous pavements only, 
regardless of the quality of the base course. It is suggested to be followed when 
doing survey design, data collection, analysis and reporting with a 2D GPR system 
prior to an asphalt air voids content measurement.

In pavement and top part of the pavement structure quality control surveys it 
is recommended that air coupled antennas be used especially when the interest is 
bituminous pavement and unbound base thickness and their quality. According to 
these guidelines, in normal cases, it is recommended that a 1 GHz antenna be used 
in asphalt air voids content surveys, but if the amount of new asphalt is 60 kg/m2 
or less then it is recommended that a 2 GHz antenna be used.

Concerning the number and location of survey lines Finland has required data 
collection only from the outer wheelpath and Swedish guidelines require the sur-
vey to be done from the outer wheelpath and between wheelpaths. Swedish guide-
lines can eliminate the effect of traffic compaction from the results. That is why 
these guidelines recommend that, if only one survey line is measured, it should be 

Fig. 7  Site photos a cracks on the road, b sinkhole with depth <7 m, c survey line L1 and L2 
and site sketch map (Ismail and Saad 2012)
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measured between the wheelpaths. However recent test results have shown that in 
addition to the two lines per lane it is also recommended that one line be measured 
along the pavement joint in lane centre (Interreg IV A Nord Program 2011).

When using air coupled antennas, after every survey session and before the 
GPR unit is switched off, a metal pulse reflection should be recorded. It is recom-
mended that a metal reflection is also taken before the start of the measurement. 
Moreover, air voids content calculations using GPR technique requires calibration 
drill cores and at least 2 drill cores have to be taken and analyzed. The place of 
the drill cores should be selected first by measuring the whole road section and 
then by selecting places for the calibration cores from homogenous sections where 
dielectric value of the asphalt surface is close to the approximate average dielectric 
value of the new asphalt.

3.1.6  Detection of Air Voids During ICF Construction

GPR has been also used for detecting voids during the insulated concrete form 
construction (ICF) (Roger et al. 2011). Insulated concrete form construction con-
sists of interlocking polystyrene forms and poured-in-place concrete. The forms 
are left in place after the concrete is poured to form an efficient insulation bar-
rier. Consequently, it is difficult to ascertain the presence of flaws in the concrete, 
such as voids at the boundary between the form and the concrete, using traditional 
inspection methods without removing, and thus damaging the polystyrene forms.

In a research investigation, it was found that GPR utilizing a 1.6 GHz center-
frequency antenna is useful for locating voids at the concrete-form boundary and 
voids buried in the concrete. Data were collected on the concrete over a number 
of days starting one day following pouring. The detection of voids buried 2.5–
10.8 cm (1.0–4.3 in.) in the concrete was also achieved after 3 days of curing.

The detection of these voids could conceivably be performed during pouring to 
locate sections of concrete that require additional vibration. Alternatively, after the 
concrete is consolidated, GPR can be used as a quality control tool to assess the 
extent of voids flush to the back side of the form. The data collection methodol-
ogy could consist of either a random set of vertical profile lines of data in which 
the percentage of voids detected per linear meter of data could be extrapolated to 
estimate the percentage of voids in the entire concrete structure. A second, more 
detailed, approach is to obtain data at a regular spacing and map the void extents 
in 3D coordinates so as to reconstruct the void surface area and provide an esti-
mate of void depth (Roger et al. 2011).

3.1.7  Considerations

Several processing techniques, such as GA-based integrated strategy, have been 
proposed and assessed in (Benedetti et al. 2007) with unknown defects both 
in location and in size situated inside dielectric host mediums. Moreover, in 
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(Benedetti et al. 2010) a new approach based on the integration between a multi-
scaling procedure and the level-set-based optimization has been proposed, aimed 
at the reconstruction of the shape of multiple and disconnected homogeneous scat-
ters. Such an approach can be clearly applied to the problem of void detection, as 
well as to the retrieval of metallic objects, by exploiting measurements collected 
from GPR systems.

4  Conclusions

GPR has been used successfully with other technologies to identify and locate util-
ities—often previously unknown—prior to excavation, coring, or boring activities. 
Yet its full potential for augmenting subsurface utility-mapping has not been ade-
quately researched, demonstrated, or determined. Part of this limitation has been 
due to the overwhelming use of single-channel GPR systems, as well as highly 
variable training and expertise in its use on an ad hoc basis.

Over the past several years, significant technological progress has been made 
both in the hardware and software imaging systems dedicated to simplifying 
utility-detection, particularly multi-channel 3D imaging and mapping systems 
integrating GPR with complementary technologies and survey-grade GPS. These 
systems are capable of collecting larger areas of data more efficiently and more 
accurately demonstrating the results. It is expected that these collective technolog-
ical changes will benefit the inspection procedures for effective GPR sensing and 
mapping of underground utilities and voids.
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Abstract This paper is a review of methods related to assessment of construc-
tion details and material properties using of GPR. The focus is on recent research 
activities of the Project “Innovative procedures for effective GPR inspection of 
construction materials and structures” (project 2.4) in COST Action TU1208. 
The electromagnetic properties of investigated media are interesting because 
they reflect physical features of the materials (e.g. their composition), enabling a 
non-invasive inspection of their condition. Moreover, the assessment of electro-
magnetic properties (e.g. wave velocity) is an inherent part of any GPR structural 
study necessary for correct depth determination or amplitude interpretation. As a 
result of the review major directions of research are highlighted and some benefits 
and limits of different approaches are described.

1  Introduction

GPR datasets are characterised by the electromagnetic properties of the media 
and these properties play a crucial role in the further interpretation of the data. 
Structural interpretation of GPR datasets requires the wave velocity of the medium 
(Tosti et al. 2013a; Benedetto and Pensa 2007; Hugenschmidt 2002). On the other 
hand, the electromagnetic properties are closely related to other physical features 
of the investigated materials, for example to their composition and small-scale 
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structure (heterogeneous distribution of the components). Thus, the GPR data and 
the results of their interpretation provide, in many cases, important information 
on the structural details and the material properties of the inspected object. Data 
acquisition, processing and interpretation require adopted strategies depending on 
the type of object, the materials that are involved and the questions that have to 
be answered. In addition, advanced techniques, such as inversion may be consid-
ered. The choice of strategy requires experience and a thorough knowledge of the 
method. The investigation of particular types of civil engineering (CE) structures 
is associated with specific problems and different techniques were developed for 
an effective inspection and assessment of structural and material properties. The 
further development of these procedures and strategies has a large importance for 
the practical application of the method.

The issues related to GPR inspections of material properties and structures have 
several levels and relate to different types of research activities:

•	 Methodologies for efficient data collection, processing and visualization for dif-
ferent kinds of CE objects,

•	 A possible use of advanced techniques such as inversion,
•	 Methodologies for interpretation of GPR data aiming at an assessment of elec-

tromagnetic material properties (reflection amplitude determination, velocity 
analysis, travel time modelling, migration, hyperbola fitting, etc.),

•	 Methodologies for direct investigation of the electromagnetic properties of the 
materials,

•	 Combination with other methods,
•	 Investigations of the electromagnetic properties of specific categories of materi-

als and their relation with other physical features.

The following sections present the basic notions and facts concerning real con-
struction materials, the major research directions related to the most common con-
struction materials and characterisation of the current research efforts in material 
and structural assessment of concrete constructions and bituminous pavements.

2  Electromagnetic Properties of Construction Materials

Most of phenomena observed in GPR practice can be described by the use of com-
plex relative electric permittivity ε∗

r
= εr

′ + i · εr ′′, characterising interaction of 
the homogeneous medium with electromagnetic field. The imaginary part of the 
permittivity εr ′′(ω) is responsible for wave absorption and it is closely related to 
frequency dependence of the real part εr ′(ω), described by the Kramers-Kronig 
relations (Jackson 1975). The electrical conductivity of the medium, influenced for 
example by salt water or porous rocks filled with electrolytes, is a phenomenon 
belonging to the category described by the imaginary part of permittivity, but 
absorption is not necessarily associated with explicit conductivity (e.g. dry 
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concrete, clay minerals) (Jackson 1975; Cassidy 2009). Secondary electromag-
netic properties used for material characterization, such as wave velocity, reflec-
tion coefficients are determined by εr* (and permeability μr*).1

A special category of electromagnetic phenomena (reflection, refraction, dif-
fraction etc.) is related to interaction of the GPR signal with inhomogeneities in 
media. These phenomena are referred to as scattering. These effects are particu-
larly interesting when the characteristic dimensions of permittivity anomalies 
are comparable to the local wavelength of the GPR signal to cause significant 
response (scattering), but they are not strong enough for the generation of large 
scale manifestations on echograms which could be interpreted as a large-scale 
medium structure. Such effects are typical for real media and have important prac-
tical consequences which can be illustrated by the following examples.

The continuous depth stratification is an example for heterogeneity (Fig. 1). In 
the presented case, the permittivity in a core taken from a subbase slab made of 
cement stabilised sand increases significantly with increasing depth. It can be con-
cluded that the slab has significantly different permittivity values at the top and at 
the bottom.

1 In the case of materials containing significant amount of ferromagnetic minerals the magnetic 
permeability μr* can play important role (Cassidy 2009) in formation of GPR response, but it 
is very rare exception among construction materials. Thus usually the relative permeability is 
assumed to be equal to one.

Fig. 1  Characteristic features of the permittivity distribution in cement stabilised sand determined 
by the use of capacimetric electrode (PercometerTM) at about 50 MHz (after Krysiński 2013)
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Moreover, in this case the reflection amplitude (peak-to-peak amplitude) meas-
ured at the top of the plate (where gradient occurs) is frequency-dependent (Fig. 2) 
although the permittivity of the mediums is not frequency-dependent. In the 
recorded (in our case modelled) GPR data, the stratification is manifested only as a 
change in the shape of the surface reflection.

The second important type of heterogeneity is related to media of granular 
structure such as stone-asphalt (aggregate-binder) mixtures (Fig. 3). In the pre-
sented example the smoothed permittivity observed in centimetre space scales 
ranges from 6 to 8. This distribution illustrates the ‘problem of scaling’ in defini-
tion and determination physical properties (and their spatial distribution) of real 

Fig. 2  Numerical 1-D simulation of the GPR response (air-coupled configuration) of concrete slab 
having velocity stratification at the top. The shape and amplitude of the surface reflection (about 
zero time) visibly depends on the center frequency, although the medium is non-dispersive

Fig. 3  Map of the permittivity distribution on the lateral surface of the drilling core (from the 
right), panoramic photo of the lateral surface and the depth distribution of the level average per-
mittivity and photo of the core (Krysiński and Sudyka 2012b)
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media. Any determination is dependent on resolution (smoothing scale) and results 
have large variation related to local inhomogeneity.

Electromagnetic properties are well determined material characteristics for 
homogeneous media only. But for inhomogeneous media the primary meaning of 
these notions falls down and these terms are used in practice as some provisional 
characterisation of the medium in the frame of the given method. Granular media 
also exhibit a special type of signal attenuation due to lateral scattering (non-dis-
sipative attenuation). The absorption related to the imaginary part of permittivity 
should be distinguished from wave attenuation related to scattering. In practice, it 
is usually difficult to make this distinction.

3  Major Directions of the Research Related  
to Material Properties

Among research efforts, several directions related to different material types can 
be distinguished. Nowadays, concrete plays an important role among construction 
materials. Bituminous mixtures are very important in the road construction indus-
try. We should note also shortly “improved (reworked) soils” which are treated 
also as construction materials, playing a fundamental role in engineering. These 
three examples will serve for a presentation (in following sections) of some major 
issues related to the GPR assessment of structural and material properties of object 
relevant in civil engineering. Obviously, further materials can be of interest but 
are not considered here. Despite of their shared methodological background, the 
inspection procedures have large technical differences with respect to data acquisi-
tion, properties being investigated, processing, imaging, and interpretation meth-
ods for different construction and material types.

Soils and subgrade materials have relatively long tradition of GPR investiga-
tions (Gołębiowski 2012). Field investigations are focused on the  determination 
of water content (Ortuani et al. 2013; Benedetto et al. 2009, 2012, 2013a) and 
composition. The content of clay minerals (Benedetto and Tosti 2013a; Tosti 
et al. 2013b) responsible for important bearing properties of subbase (Benedetto 
and Tosti 2013b; Benedetto et al. 2013b) is of special interest. Among laboratory 
methods, one can find determinations of frequency-dependent complex permittiv-
ity of soils (Patriarca et al. 2013) and specific methods for aggregate permittivity 
determination based on ‘frequency peak shift’ (Benedetto and Tosti 2013a; Tosti 
et al. 2013b).

Investigations of concrete are focused on moisture content and composition 
manifested mostly in permittivity value, and on electrolytes (e.g. chlorides) con-
tent increasing the absorption. Chlorides are important because they are caus-
ing corrosion of the steel bars present in reinforced concrete structures. A simple 
approach (Hugenschmidt and Loser 2008) is based on the assumption that the 
combination of moisture and chlorides increases the electric conductivity and thus, 
the damping of the GPR signal. In a laboratory experiment nine specimens were 
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built. The size was 0.90 m × 0.75 m × 0.08 m and the bottom of the specimens 
was a metal plate. Chlorides were added directly to the mixing water. The amount 
of chlorides added corresponds to 0, 0.4 and 1 % chloride content with respect 
to the cement mass. After the production, the specimens were stored at different 
relative humidities (35, 70, 90 % r. h.) for 97 days. Data were acquired using horn 
antennas (Fig. 4, left). The amplitudes of the recorded GPR signals were analysed. 
It was shown that the reflection amplitudes at the concrete surface increased both 
with increasing moisture and chlorides. In contrast, the amplitudes at the bottom 
of the specimen (at the metal plate) decreased with increasing moisture and chlo-
ride content. The quotient of the amplitudes (Fig. 4, right) at the concrete surface 
and the bottom of the specimen showed a clear relationship between moisture and 
chloride content on the one hand and the computed quotients on the other hand.

Several other approaches have been suggested by different authors, such as the 
analysis of the direct wave amplitude (Laurens et al. 2002; Sbartaï et al. 2006a) 
the analysis of amplitude, relative attenuation and spectrum of the slab bottom 
reflection (Laurens et al. 2005; Klysz and Balayssac 2007) full waveform inver-
sion (Kalogeropoulos et al. 2013) and numerical modelling of the signal interac-
tion with slab simulating the real geometry of the measuring system (Klysz et al. 
2006; Ferrieres et al. 2009). These efforts allow for non-invasive determination 
of the slab permittivity and absorption in adequate (Ferrieres et al. 2009) and 
efficient way (Sbartaï et al. 2009) and some of them can be used in field inves-
tigations (Sbartaï et al. 2006b). Laboratory investigations of concrete properties 
focus on the determination of the complex permittivity as a function of frequency 
(Ihamouten et al. 2011, 2012), dependence of the permittivity on composition 
(Villain et al. 2010; Dérobert et al. 2009) and considerations related to perspec-
tives of complex permittivity determination on the base of refracted wave analysis 
(Ihamouten et al. 2012). Investigations of concrete properties are of great interest 
in the scientific community and are likely to have an increasing significance for 
the construction industry.

Investigations of asphalt mixtures are focussed on composition, estima-
tions of void content (Sebesta and Sculion 2002; Plati et al. 2013) and moisture 

Fig. 4  Data acquisition with GPR antennas above specimen (left) and quotient of the concrete 
surface reflection and the metal plate reflection amplitudes (right)
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content. Permittivity values are dominated by the properties of the stone fraction 
of mixtures but the degree of compaction may also have some significance. The 
laboratory determination of permittivity and its relation with composition is very 
difficult due to the coarse grain structure of this material. Thus, the investigations 
of fundamental properties are rare (Roimela 1999; Liu and Guo 2002; Krysiński 
and Sudyka 2012b; Fauchard et al. 2013) and some predictive relations (Cassidy 
2009) are frequently used (Sebesta and Sculion 2002) instead of reliable estima-
tions. The strongly heterogeneous structure of asphalt mixture (Krysiński and 
Sudyka 2012b) and its interaction with the high frequency GPR signal are likely to 
be an important field for future research.

For alternative determinations of permittivity and absorption some auxiliary 
non-GPR techniques are being used (capacimetry, resistivity measurements and 
imaging, TDR etc.). The combination of different methods can be very useful 
(Breysse 2012). Combinations can verify results obtained with a single method 
and can be used for limiting the width of ranges for results. In addition, combi-
nations can be useful for the development of innovative methods and for the 
improvement of existing approaches. Comparative studies help also to identify 
problems which are not visible in the frame of one approach.

4  Advanced Data Processing and Inversion

In the following section, an example of advanced data processing and inver-
sion is presented for a reinforced concrete structure. Data were acquired on a 
retaining wall using two antennas with a nominal center frequency of 1.5 GHz 
(Hugenschmidt et al. 2010). Both antennas were placed in an antenna box with 
orthogonal orientation. Data were recorded along vertical lines. The distance 
between the lines was 0.01 m. Data were processed in three different ways. First, 
data were processed in 2D using the dataset from one antenna only. In the sec-
ond approach, the datasets from the two antennas were processed separately in 3D 
and merged afterwards using a fusion algorithm. The third approach used an inver-
sion algorithm developed by Solimene et al. (2007). The results of the three differ-
ent approaches are presented in Fig. 5. The vertical extent of the Fig. 5b, c is 2.6, 
2.4 m for Fig. 5a. The horizontal extent is 1.40 m. The first approach (Fig. 5a) pro-
vides a mapping of the horizontal rebars. Vertical bars cannot be mapped properly 
because of the polarization (horizontal E-field) of the single antenna and the 2D 
data processing. The result of the 3D processing followed by the fusion of the two 
datasets (Fig. 5b) enables a complete mapping of both horizontal and vertical bars. 
In addition, increased reflection amplitudes can be spotted. The increased reflec-
tion amplitudes near the bottom and the top and left of the center of the time slice 
have a vertical orientation. The inverted result using both datasets (Fig. 5c) enables 
a complete mapping of both horizontal and vertical bars. In addition, the reason 
for the increased reflection amplitudes that are visible at the top and bottom of the 
Fig. 5b can be identified as caused by overlapping bars.
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5  Challenges in GPR Studies of Bituminous  
Mixtures and Pavements

Bituminous pavements have a relatively simple and flat planar structure. Usually 
horizontal layering is assumed in depth and thickness assessment (Plati and Loizos 
2012). Despite this, there are numerous challenges related to the interpretation of 
the GPR data.

For inspections of large sections of road pavements high-frequency air-coupled 
antennas mounted on vehicles are used in reflection, zero-offset configurations. 
This equipment provides detailed (high resolution) insight into pavement struc-
tures (Hugenschmidt et al. 1998) based on a large amount of reflection data i.e. 
amplitude of surface reflection as well as arrival times and amplitudes of interlayer 
reflections if significant permittivity contrasts occur between contacting layers. 
These data are useful for non-invasive methods of layer thickness determination, 
but they are also an important source of information as to the material properties 
of construction materials (Roddis et al. 1992). The details of permittivity distribu-
tion in the vicinity of interlayer contact are also important for studies of the forma-
tion of the reflection signals (Krysiński and Sudyka 2012a) and conclusions have 
some consequences for precise localisation of the contact depth.

The field data are usually affected by significant EM noise. Thus, the processed 
data (e.g. bandpass filter, moving average, gain correction) are interpreted as a 
manifestation of the pavement permittivity. Some additional perturbations can also 
be caused by surfaces roughness in decimetre length scales or other effects, such 

Fig. 5  a Time-slice, 1.45–1.95 ns, conventional 2D processing using one antenna only (Hugen-
schmidt et al. 2010). b Time-slice, 1.45–2.08 ns, 3D processing followed by data fusion.  
c Depth-slice, depth = 0.06 m, pre-processing followed by inversion using both datasets
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as inhomogeneity of pavement material. The largest technical problems are related 
to instability of the GPR systems (Hugenschmidt 2000; Poikajärvi et al. 2012). It 
was observed that the GPR signal drifts both in time and amplitude even after a 
more than one hour after switching on the system (warm-up period). This phenom-
enon affects the resulting data changing amplitudes by up to 20 %. Thus the local 
relative changes of amplitudes are more reliable than its absolute values. Frequent 
calibrations (metal plate reference) and controlling repetitions of scanning are nec-
essary to secure data quality, particularly if the reflection amplitudes are used for 
the calibration of signal velocities (Roddis et al. 1992). In this case, the interpreta-
tion of the surface reflection from the top layer of the asphalt layer package results 
in largest precision in permittivity and velocity determination. In the case of the 
deeper reflections, the transitions through upper layers must be accounted for 
(Plati and Loizos 2012; Tahmoressi et al. 1999) and the precision of the permittiv-
ity and velocity determination deteriorates. For newly constructed pavements, the 
tendency toward almost identical permittivities of subsequent layers is frequently 
observed in practice. In the case of the roads of long history a large variability of 
materials applied in layers occurs as a result of numerous repairs. In extreme situ-
ations there is not possible to distinguish precisely single horizons in their dense 
sequence (Hugenschmidt 1998). An example of a dataset with a length of 400 m 
from a Swiss pass road is presented in Fig. 6. Although the presented section has 
a length of only 400 m, at least 5 different sections (marked with yellow and red 
bars) can be distinguished. The problem of permittivity distribution determination 
in such densely layered system is a large challenge in practice.

5.1  Compositional Interpretations of Permittivity Value

The aggregates constitute usually more than 90 % of the stone asphalt mixture mass. 
Thus, the permittivity of the stone fraction has a decisive influence on effective 

Fig. 6  Example from a dataset from a Swiss pass road, length = 400 m
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permittivity of the mixture. Extensive surface reflection amplitude observations of 
bituminous pavements (Fig. 7) show that the range of its values corresponds well 
to the electrical properties of regional rocks. The change of lithology is usually 

Fig. 7  Examples of the surface reflection amplitude observed along three road sections (bitumi-
nous pavements, 2.2 GHz)
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associated with a change of reflection amplitude. The extreme values can be asso-
ciated with some specific lithological types. The quantitative material interpreta-
tions of the reflection amplitude values need a database of characteristic permittivity 
values for regional rock materials (Ulaby et al. 1990; Fauchard et al. 2013). Some 
approximate values of permittivity for asphalt binders are also useful. Then the 
effective permittivity can be predicted by the use of mixing formulas. Some addi-
tional decrease of effective values can be related to unknown void content, but the 
variable lithology of stone fractions seems to be the major reason of local variations 
of the reflection amplitude (Fig. 7).

The method has some use as an auxiliary control tool, especially interesting in 
the case of airport pavements, where material specifications are rigorous. Some 
provisional assessment of the stone fraction type can be made by comparison with 
the table of characteristic values of regional rocks, but semi-quantitative discus-
sion should use the recipe of the mixture assumed for the construction and mixing 
formulas for effective permittivity.

5.2  GPR Assessment of the Void Content

The compaction of the stone-asphalt mixture is one of the critical factors for the 
durability of bituminous pavements. Too large void content causes fast material 
deterioration. Thus, the possibility of void content estimation based on reflection 
amplitudes (Plati and Loizos 2013) is a very interesting area for material diag-
nostics. The permittivity of the asphalt mixture has an obvious relation with the 
void content. However, the variable mineral composition of the stone fraction has 
potentially much larger influence on the permittivity value. Thus, the variations of 
permittivity related to this compositional variability seem to be the major reason 
for the masking of the effect caused by the void content. The current diagnostic 
criteria put attention on distinct, local (several meters long) and significant anoma-
lies of decreased permittivity value (more than 0.5 smaller than in neighbourhood, 
Saarenketo 2009; Tahmoressi et al. 1999). This form of anomalies can be associ-
ated with problems during paving (e.g. decreased temperature of the mixture).

The identification of the physical reasons of permittivity variations, the reduc-
tion of the noise level and the instability of the GPR system have to be addressed 
for a successful application of this technique. Another problem occurs in direct 
laboratory determination of the mixture permittivity dependence on void content. 
The inhomogeneity of the stone-asphalt mixtures (Fig. 3) and mineral variability 
of the stone fraction seem to be the main reasons for these difficulties. The results 
described in the literature show an extremely large variety (Roimela 1999; Liu and 
Guo 2002; Saarenketo 2009; Poikajärvi et al. 2012) and they differ when com-
pared to results of combined laboratory-field approaches (Tahmoressi et al. 1999; 
Al-Qadi et al. 2011) and to successful laboratory tests well accordant with mixing 
formulas (Fauchard et al. 2013).
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5.3  Characterisation of the Interlayer Interface Structure

The detection of internal defects in asphalt pavements is part of the characterisa-
tion of the construction. Insufficient or lacking bonding at interlayer interfaces of 
the asphalt pavement is an important problem in pavement technology. The predic-
tions based on models of the mechanical behaviour of such system suggest that 
a lack of bonding leads to a significant decrease (several times) of the pavement 
durability (Sudyka et al. 2011). On the other hand it is very difficult to assess the 
actual decrease of the durability of real constructions. In some cases (e.g. grains 
interlocking at the interface) the loss of durability could not take place even if 
there is no bonding.

The GPR technique has some abilities in assessment of the interlayer connec-
tion problems. There is one important terminological difference between the two 
disciplines: in pavement technology interlayer connection refers to mechanical 
bonding, while in GRP technique it refers to permittivity contrasts at the contact 
(i.e. contrast between layers and thin contrasting lamina at the contact, Krysiński 
and Sudyka 2012a). Thus the result of GPR interpretations may have ambiguous 
material and mechanical interpretations. Delamination without gaps may not be 
visible in GPR data. Delaminations with air-filled gaps could be mistaken as nor-
mal interfaces with generously applied adhesives (Sudyka and Krysiński 2011). 
Delaminations with gaps filled with water or some high permittivity networks pre-
sent at interface, produce strong positive double reflections well visible in GPR 
datasets. Although, the detection of delaminations or assessment of the interlayer 
connection type is not a well posed practical task, this kind of analysis usually 
provides interesting conjectures as to the properties of the construction. From the 
practical point of view, the development of diagnostic criteria is one of the major 
necessities in this area. In this particular case, these criteria have form of catalogue 
describing what kind of material phenomena at the interface (including some typi-
cal technical solution) can be expected for the given reflection type.

Delamination is only one example of different interlayer connection prob-
lems. The investigations of the physical phenomena occurring in the vicinity of 
the interface and its influence on the GPR signal has also more basic significance 
for GPR data interpretation. The interlayer boundaries in the bituminous pavement 
frequently are not thin laminas associated with simple single or double reflec-
tion in high-resolution echograms. But they are usually thicker, transitional zones 
manifested by elongated and deformed response signals. Such blurred zone would 
correspond to: undulated boundary surface, the belt where interlocking of the 
aggregate grains of the two contacting layers occurs, zone of changing porosity 
(e.g. insufficient compaction) or zone of intense material degradation, e.g. aggre-
gate crumbling. These gradual zones cause significant changes in the resulting 
reflected signal shape and amplitude. Numerical simulations show that significant 
efficiency in backscattering has only these parts of the transitional zones, where 
the strongest velocity gradients occur. This effect can lead to improper interpreta-
tion of the boundary type and attribution of inadequate average velocity contrast 
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between the two layers e.g. as a result of insufficient compaction in the base of 
the upper layer. Thus, the structure of the interlayer connection and the shape of 
its GPR response (Krysiński and Sudyka 2012a) have also some consequences for 
the boundary depth estimation when high precision is needed. Very wide zones of 
a smooth velocity change have weak backward scattering as a result of destructive 
interference, which leads to the disappearance of reflection signals.

5.4  Crack Detection and Characterisation

Cracks are common defects of the bituminous pavement and their detection and charac-
terisation belongs to basic characterisation of the material quality. The detail search for 
GPR detection criteria shows (Krysiński and Sudyka 2013) that the cracks having clear 
manifestations on echogram are usually huge, well developed structures like several 
centimetre wide crevices filled with foreign material or widespread zones of material 
degradation or lithological changes. The initial, unopened cracks like new ones are not 
visible using GPR and the use of higher frequencies shouldn’t make them visible due 
to masking signal generated in a strongly inhomogeneous, granulated medium like the 
asphalt mixture. Some parts of widespread cracking structures can have blurred charac-
ter with vague boundaries. It was noted that the use of lower frequencies allow a better 
detection of large features of this structure shape, while higher frequencies can outline 
details. Therefore, using different frequencies (covering several octaves of the electro-
magnetic spectrum) is very helpful in crack diagnostics. Some other GPR manifesta-
tions are associated with dense cracks systems (e.g. alligator cracks) representing strong 
material degradation. Although the single crevices cannot be distinguished on echo-
gram, the large amount of foreign material results in strong inhomogeneity and large 
change of the material effective permittivity.

GPR technique is useful in identification and localization of hidden (but well 
developed) cracks e.g. covered by newer layer, in determination of some geometri-
cal features of cracks like depth range, width or shape, and sometimes it allows 
commenting on the reasons and course of cracking process. The method is more 
effective when a long term GPR observation (with constant equipment configu-
ration) is performed; moreover, the availability of documentation describing the 
original state of the construction is very helpful. It should be noted that the pseudo 
3D approaches with appropriate imaging (Benedetto 2013) has particular effi-
ciency in cracks detection and studies with respect to possibility of tracing the lat-
eral continuation of their manifestation.

6  Conclusions

The review of the research efforts related to construction materials GPR test-
ing shows the large importance of comparative studies of the different methods. 
These comparisons are necessary for ability assessment and verification of these 
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methods. This diagnostic discipline is an interesting and fruitful area for numerical 
modelling commenting on measuring procedures (with regarding the real geom-
etry of the measuring systems). Investigations of heterogeneous materials and their 
GPR response constitute a large and relatively new research area.
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Krysiński, L., Sudyka, J.: Typology of reflections in the assessment of the interlayer bonding condi-
tion of the bituminous pavement by the use of an impulse high-frequency ground-penetrating 
radar. Nondestr. Testing Eval. 27(3), 219–227 (2012a). doi:10.1080/10589759.2012.674525
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Abstract Volumetric water content evaluation in structures, substructures, soils, and 
subsurface in general is a crucial issue in a wide range of applications. The main 
weaknesses of subsurface moisture sensing techniques are usually related both to 
the lack of cost-effectiveness of measurements, and to unsuitable support scales with 
respect to the extension of the surface to be investigated. In this regard, ground-pen-
etrating radar (GPR) is an increasingly used non-destructive tool specifically suited 
for characterization and imaging. Several GPR techniques have been developed for 
different application purposes. Moisture evaluation in concrete is important for diag-
nosing structures at early stages of deterioration, as water contributes to the transfer 
of degrading and corrosive agents e.g., chloride. Traditionally, research efforts have 
been focused on the processing of GPR signal in time domain, although more recent 
studies are being increasingly addressed towards frequency domain analysis, provid-
ing additional information on moisture content in concrete. Concerning the evalu-
ation of subsurface soil water content, different models ranging from empirical to 
theoretical are used for converting permittivity values into moisture. In this regard, 
two main GPR approaches are commonly employed for permittivity evaluation in 
time-domain measurements, namely, the ground wave method and the reflection 
method. Furthermore, the use of borehole transmission measurements, traditional 
off-ground methods, and of an inverse modelling approach allowing for a full 
waveform inversion of radar signals have been developed in the past decade. More 
recently, a self-consistent approach based on the Rayleigh scattering theory has also 
allowed the direct evaluation of moisture content from frequency spectra analysis.
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1  Introduction

Volumetric water content (VWC) θ dynamics in structures, substructures, soils, 
and subsurface in general is a key component in many fields of application such 
as agriculture, construction, geotechnical stability analyses, hydrology, and other 
environmental studies.

Traditional methods for moisture evaluation in concrete provide the use of 
destructive techniques, such as coring, drilling or otherwise removing part of the 
structure to allow inner visual inspections. Despite the high reliability of such 
techniques, they reveal as expensive and time-consuming and damages induced by 
their application usually become source points for further degradation processes.

More recently, non-destructive testing methods have been drawing more and more 
attention to the inspection of concrete structures by means of recent advances in both 
reliability and effectiveness of measurements. The capability to test directly in situ is 
being increasingly recognised so that a rising trend away from the traditional random 
sampling of concrete for material analysis or visual inspection is occurring to the use 
of enhanced non-destructive techniques (NDTs) on structures. Such methods may be 
direct or indirect, since information about size, depth or physical condition can be, 
respectively, directly measured or inferred from one or more measured parameters 
which in turn may be further used to evaluate risk of damage or on-going deteriora-
tion processes. Additionally, information related to strength and deformation proper-
ties of materials, their potential durability or bearing capacity can be inferred.

Amongst the most used NDTs for evaluating the condition of structures about 
the effects of moisture penetration into the concrete pore networks, half-cell 
potential is mainly used to determine the corrosion activity of steel in concrete 
(ASTM Standards 2009). Its apparatus consists of a voltmeter with one lead con-
nected to a reference electrode placed on the surface of the concrete, and a sec-
ond lead connecting the voltmeter to the reinforcing steel. Current passes from the 
reference electrode to the concrete surface through a sponge soaked with an elec-
trolytic solution. The objective of such instrumentation is to measure the voltage 
difference between the rebar and the reference electrode.

Subsequently, a galvanostatic pulse measurement (GPM) technique has been 
developed and used combined with the above half-cell potential, which pro-
duces an enhanced potential map and enables the estimation of the corrosion rate 
(Gowers and Millard 1994).

The electrical resistivity (ER) of concrete is known to be sensitive to the degree 
of saturation (Lopez and Gonzalez 1993) and to chloride variations in concrete 
(Saleem et al. 1996). ER of concrete can be measured by several means (Polder 
et al. 2000) that can differ in the type of current applied e.g., alternating current 
(AC) and direct current (DC), and electrode configuration used. Typically, elec-
trodes are placed on the surface and the resistance is measured. The resistivity can 
be therefore calculated from the cell geometry.

The use of ultrasonic impulse echo techniques in testing concrete has been 
widely analysed since the 1980s (Krause et al. 1995). Ohdaira and Masuzawa 
(2000) measured the ultrasound velocity and the frequency component on ultrasonic 
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propagation in concrete as a function of water contents ranging from 0 to 8 % by 
weight, and dependence between those parameters was found.

According to a smaller scale of investigation, X-ray radiography has been used 
for on-site concrete inspections since the 1950s. Roels and Carmeliet (2006) ana-
lysed the moisture flow in microfractured cellular concrete specimen and assessed 
moisture content by logarithmic subtraction of a reference image (e.g., sample at dry 
state) from images of the wet sample. Nevertheless, its field of application can cover 
a very limited extent, partly due to the cost and immobility of X-ray equipment, 
which requires high voltages (Mitchell 1991).

Overall and despite the satisfactory levels of reliability, the above-mentioned 
methods are relatively slow, and require lane closures and traffic constraints for 
the sounding operations of bridge decks. In that respect, GPR has proved to be a 
powerful geophysical technique, relatively insensitive to environmental conditions, 
and suited to investigate large surfaces in a relatively short time. Many efforts have 
been devoted to the use of GPR since the 1960s, particularly in archaeology and 
civil engineering applications for detecting buried objects or investigating sub-
surface structures (Rodeick 1984; Vaughan 1986; Davis and Annan 1989; Bevan 
1991; Maser and Scullion 1992; Annan 2002; Daniels 2004).

With regard to soil moisture sensing, the main physical properties investigated 
are traditionally the bulk electrical conductivity σa and the relative dielectric per-
mittivity εr; alternatively, soil thermal properties as soil thermal conductivity λ, 
volumetric heat capacity C, and soil thermal diffusivity α are being increasingly 
considered alternatives to other techniques for assessing soil properties and param-
eters (Robinson et al. 2003).

Usually, water content measurement techniques at the field scale have proved 
to be invasive and time-consuming methods. In addition, a gap between small- 
(<0.01 m2) and large- (>100 m2) scale measurements is still encountered, with 
only a few amount of instruments being suitable for intermediate-scale (0.01–
100 m2) characterization of shallow subsurface soil properties.

Amongst the most widely used methods, thermogravimetric measurements 
from core drilling can be considered the major and more established destructive 
techniques for moisture sensing.

By lower levels of invasiveness, neutron probes have the advantage of pro-
viding a linear relationship between the count ratio and θ, thereby allowing for a 
smoother calibration. Nonetheless, the sampling volume is dependent on moisture 
content, so that it is generally within 0.15 m in wet soils and 0.50 m in dry soils.

Furthermore, electromagnetic (EM) sensors are widespread; these may include 
high-frequency impedance measurements i.e., capacitance probes (Wobschall 1978), 
and transmission line methods e.g., time domain reflectometry (TDR) (Fellner-
Feldegg 1969). In particular, TDR can simultaneously determine θ and σa (Dalton 
et al. 1984), and operates at frequencies greater than 0.5 GHz such that a lower influ-
ence of σa is encountered. Nevertheless, capacitance probes generally operate in the 
frequency range between 5 MHz (Borhan and Parsons 2004) and 150 MHz (Gaskin 
and Miller 1996) and are they characterized by a geometry more suited to short elec-
trodes and borehole applications.
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In addition, heat pulse sensors (Campbell et al. 1991) allow to estimate both 
soil thermal properties and θ by inducing a short heat pulse from one sensor needle 
and by measuring the temperature response at a second sensor.

On a much broader scale of inspection, remote sensing instruments are 
employed for measuring θ without any contact with the ground, thereby enabling 
a high efficiency of measurements. The principle inspiring the evaluation of θ 
changes relies on the influence of soil on potential fields e.g., electric, magnetic, 
and gravitational fields. Three main remote sensing methods for measuring θ can 
be distinguished nowadays. In particular, passive (Njoku and Entekhabi 1996) 
and active (Ulaby et al. 1996) remote sensing methods account for, respectively, 
the electromagnetic radiation naturally emitted by the target, and the radiation 
scattered by the target once this is illuminated by a known source of radiation. 
Concerning this last method, detection is focused on changes in the gravity poten-
tial field above the soil which in turn are related to changes in the density of the 
soil and, thus, to θ variability (Tapley et al. 2004).

On the other hand, geophysical methods include a wide-ranging set of tech-
niques for evaluating θ, with the main advantage to be minimally or fully non-
invasive and to cover a huge spatial area for soil properties determination. Two 
main categories can be broadly identified, namely, those measuring ground electri-
cal conductivity e.g., direct current (DC) resistivity (Samouelian et al. 2005) and 
electromagnetic induction (EMI) (Sheets and Hendrickx 1995), and those working 
through the transmission/reception of electromagnetic waves into the ground e.g., 
the above-mentioned GPR. With regard to the first group, DC resistivity is a direct 
current method for resistivity assessment providing electrodes inserted in the 
ground generally from 0.5 to 5 m distances between each other. It was first intro-
duced by Briggs (1899) and has the twofold advantage to yield data rapidly and to 
monitor temporal changes associated with θ. Keller and Frischknecht (1966) gave 
an early description of EMI as a non-invasive borehole logging geophysical tech-
nique. The instrument is composed of a receiver at one end and a transmitter loop 
at the other, and enables to measure ground conductivity. Once the transmitter is 
energized, it creates magnetic field loops in the ground that produce electrical field 
loops, thereby creating in turn a secondary magnetic field. The ground conductiv-
ity depends non-linearly on the combined primary and secondary magnetic fields 
measured in the receiver. As a rule of thumb, the penetration into the ground is 
assumed to be directly proportional to the spacing of the loops and is also affected 
by their orientation, being 1.5 times the transmitter-receiver loop spacing for a ver-
tical electromagnetic dipole configuration, and 0.75 times the spacing for a hori-
zontal dipole.

In such a framework, GPR can reveal as a good compromise in near-surface 
moisture sensing for its intermediate scale capability of investigation and its 
higher time efficiency relative to other destructive and non-destructive sensing 
techniques. Several GPR-based methods focused on moisture sensing have been 
developed according to different applications (Nakashima et al. 2001; Mínguez 
Maturana 2012) and materials, concrete structures (Hugenschmidt and Loser 
2008), natural soils (Lambot et al. 2004a; Benedetto and Pensa 2007) as well as 
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hot-mix asphalt layers (Sybilski et al. 2012). They require specific approaches and 
model assumptions to reliably estimate the subsurface volumetric water content.

In this paper, a review on the most diffused techniques in VWC sensing of 
structures, substructures, and soils is presented. Some insights for further develop-
ments of the research are also provided.

2  GPR Principles

2.1  Overview

GPR principles took place from the electromagnetic theory wherein Maxwell’s 
equations mathematically describe the physics of EM fields, while material prop-
erties are quantified by constitutive relationships. By combining such two ele-
ments, it is possible to quantitatively describe GPR signals.

2.2  Maxwell’s Equations

EM fields and relationships can be expressed as follows:

where ⇀E is the electric field strength vector (V m−1), q is the electric charge den-
sity (C m−3), ⇀B is the magnetic flux density vector (T), ⇀J  is the electric current 
density vector (A m−2), ⇀D is the electric displacement vector (C m−2), t is time (s), 
and ⇀H is the magnetic field intensity vector (A m−1).

All classic EM fields of application (e.g., induction, radio waves, resistivity, cir-
cuit theory, etc.) can be derived from these equations when combined with consti-
tutive relationships to characterize material electrical properties.
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2.3  Constitutive Equations

Constitutive relationships allow to describe a material’s response to EM fields. In 
the case of GPR, both electrical and magnetic properties are highly important. A 
macroscopic description on the response of a group of bow electrons, atoms, and 
molecules to the application of an EM field can be described by the following lin-
ear constitutive equations:

When an electric field is present, free charge movement is characterized by elec-
trical conductivity σ̃. Resistance to charge flow leads to energy dissipation. The 
displacement of charge constrained in a material structure to the presence of an 
electric field is characterized by dielectric permittivity ε̃. Charge displacement 
results in energy storage in the material. Magnetic permeability µ̃ describes the 
response of intrinsic atomic and molecular magnetic moments to a magnetic field. 
For simple materials, distorting intrinsic magnetic moments store energy in the 
material.

Furthermore, the history of the incident field plays a crucial role in material 
properties. For GPR applications, the dielectric permittivity is an important quan-
tity. It is defined as follows:

where ε is the absolute permittivity (F m−1), and ε0 is the permittivity of vacuum, 
8.89 × l0−12 F m−1.

3  Volumetric Water Content in Concrete Structures

The detection of moisture is important for the diagnosis of concrete structures at 
early stages of deterioration as it determines most of the physicochemical patholo-
gies, such as steel reinforcement corrosion, alkali-aggregate reaction, and freez-
ing-and thawing-cycles.

Under normal conditions, the high pH-value of the pore solution protects rein-
forcement in concrete from corrosion, such that a stable film is formed on the 
steel surface, which renders the reinforcing steel chemically passive and prevents 
the electrochemical processes taking place during corrosion (Pourbaix 1966). 
Nevertheless, carbonation of concrete or penetrating chlorides can destroy such 
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protective passivity (Neville 1995). In this respect, corrosion of the reinforce-
ment can take place when exceeding a certain threshold value of chlorides and, 
in combination with water and oxygen, the protective passivity layer on the steel 
surface is locally destroyed (Montemor et al. 2003). Two main consequences of 
chloride inducing corrosion of steel can be encountered, namely, (i) cracking and 
spalling of the concrete cover since a volume several time larger than the original 
steel is occupied by the products of corrosion, and (ii) pitting of the steel reducing 
its cross-sectional area due to the highly localized chloride-induced corrosion at a 
small anode. Corrosion of the reinforcement is the main cause of structural con-
crete deterioration, thus it is one of the main factors affecting the rising of reha-
bilitation costs. In this review, techniques based on time domain and frequency 
domain analysis of radar signal are separately analysed.

3.1  Time Domain Analysis

3.1.1  Reflection Methods

The EM wave propagation is governed by the concrete permittivity, which is 
influenced by free water (Soutsos et al. 2001) and chlorides (Al-Qadi et al. 1997; 
Robert 1998). On the basis of such approach, changes of the wave reflected by 
asphalt–concrete or concrete–rebar interfaces have been used to assess corrosion 
probability. In this regard, Laurens et al. (2000) used a high-resolution ground-
coupled 1.5 GHz antenna for detecting the possibility of steel corrosion in a bridge 
deck. By relating the corrosion probability to the reflectivity rate of a bridge area, 
the authors compared the amplitude of a reflective signal with the amplitude of the 
emitted pulse. High attenuation areas were considered as slightly reflective; on the 
contrary, low attenuation areas corresponded to highly conductive concrete. GPR 
and potential histogram analysis led to similar diagnosis concerning the general 
state of corrosion.

Hugenschmidt and Loser (2008) used an off-ground 2.5 GHz antenna to 
investigate the effects of moisture and chlorides in concrete on radar amplitudes 
through laboratory experiments. Nine concrete slabs from three concrete mixtures 
were built, with three different chloride contents being used for manufacturing the 
specimens. The base of the mould was covered with an aluminium sheet simulat-
ing the reflecting reinforcement. The change of the quotient of reflection ampli-
tudes was evaluated as a possible method for mapping blackspots on concrete 
bridge decks covered with asphalt pavements.

Nevertheless, the presence of a reflector and a prior knowledge of its posi-
tion is required for on-site applications of reflection methods. This issue can be 
considered one of the main drawbacks of the aforementioned laboratory-based 
approaches, since the exact position of rebars is difficult to determine in real 
conditions.
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3.1.2  Direct Wave Methods

Direct wave methods rely on the use of the direct wave propagating in the first few 
centimeters of the concrete, such that an independence from the presence of any 
reflector can be taken into account. In addition, the distance between the transmit-
ter and the receiver is fixed and known.

For reinforced concrete structures, the presence of steel bars in the near sub-
surface makes multi-offset radar measurements difficult to process and analyse. 
In particular, two main problems may be encountered, namely, the disturbance 
caused by reinforcements to the direct wave propagation and, moreover, an over-
lapping of direct and reflected signals.

For single offset measurements, when the receiving dipole is located in the 
near-field of the source (Roberts and Daniels 1997), it is possible to use the plane 
wave approximation for calculating wave velocity and dielectric permittivity. Some 
authors have shown that the amplitude of the near-field direct wave is affected by 
water content (Laurens et al. 2002; Klysz et al. 2004; Sbartaï et al. 2006a, b) and 
possible presence of chlorides (Sbartaï et al. 2006a). Laurens et al. (2005) devel-
oped an experimental study on the effect of concrete moisture on radar waves 
propagating through laboratory concrete slabs. Attention was particularly focused 
on the amplitude, velocity and frequency spectrum of the waveforms recorded. In 
particular, the behaviour of the transmitter-receiver direct wave was observed to be 
greatly influenced by moisture in concrete: according to theoretical expectations, 
the permittivity of the medium increases with increasing saturation degrees in con-
crete slabs. Moreover, a linear increase was observed in the amplitudes of the two 
those signals associated with the decrease in the degree of pore saturation.

Sbartaï et al. (2006a) demonstrated good correlation between direct wave and 
reflected wave attenuation concerning the physical state of the concrete. This correla-
tion was validated on two bridges by comparison of direct wave attenuation maps with 
reflection attenuation maps. In addition, Sbartaï et al. (2007) used single offset radar 
measurements to compare information retrieved from direct wave measurement and 
those inferred from ER method. Results from laboratory tests showed that variations 
in concrete moisture and chloride contamination level strongly affected the radar direct 
signal. Tests performed in real road environment confirmed good correlation between 
radar direct wave attenuation and electrical resistivity and, thus, the possibility to detect 
concrete conditions leading to reinforcement corrosion through radar direct wave 
measurements. The attenuation A (dB) of the direct signal in concrete is given by:

where Ac is the peak-to-peak amplitude of the direct wave signal recorded in con-
crete, and Aa is the peak-to-peak amplitude of the air wave signal (Fig. 1).

Overall, such promising results suggest that direct wave analyses of ground-
coupled antenna systems can be applied for the rapid physical characterization of 
reinforced concrete in real conditions, thereby providing a great contribution in 
detecting the risk of steel bar corrosion.

(9)A = −20× log

(

Ac

Aa

)
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3.2  Frequency Domain Analysis

Research efforts on moisture content evaluation in concrete structures have been 
widely focused on time domain signal analysis, while there are still limited studies 
concerning signal processing in the frequency domain.

Klysz et al. (2004) studied concrete moisture changes according to the veloc-
ity analysis of the direct wave in frequency domain on the basis of Wide Angle 
Reflection Refraction (WARR) measurements, such that several profiles at the 
same place were taken using different distances between the two antennas. The 
authors demonstrated a difference between velocity values measured on dry and 
wet concretes in the 0.1–1.3 GHz frequency range. In addition, it was shown that 
the velocity of the radar direct wave is not affected by a low dispersive medium 
(e.g., concrete) at the considered frequency range, due to the slight dispersion 
observed on frequency-velocity curves.

Laurens et al. (2005) analysed the relation between the spectral content of 
the signal reflected by the bottom of laboratory slabs and the degree of satura-
tion of the concrete by using a high-resolution ground-coupled 1.5 GHz antenna 
system. It was observed that the center frequency lies approximately between 
1.18 GHz (saturated concrete) and 1.4 GHz (dry concrete). This behaviour can be 
explained by the presence of water causing electromagnetic dispersion of concrete. 
Specifically, high frequencies are generally more attenuated than low frequencies 
in concrete, and the presence of water contributes to amplify such behaviour.

Fig. 1  Typical radar signal recorded on concrete slab
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Sbartaï et al. (2009) developed frequency analyses of the direct wave signal of 
a 1.5 GHz ground-coupled antenna in order to enhance the assessment of concrete 
water content in civil engineering structures. Several signals were recorded on con-
crete samples having various rates of saturation, from dry up to saturated conditions. 
A Fast Fourier Transform (FFT) algorithm was implemented to extract the frequency 
spectra of each signal, and the direct wave recorded in air was used as a reference 
signal for calculating the attenuation-frequency curve. An empirical model was there-
fore developed by relating the frequency attenuation to the concrete water content. 
The authors found that the spectrum attenuation of the direct signal increased with 
respect to frequency in the range analysed (i.e., 0.5–1.8 GHz); in particular, a change 
of the direct wave spectrum was induced by moisture variations in concrete, and 
more attenuation at high frequencies was observed if compared with low frequencies. 
Attenuation analyses on moisture variations in frequency domain seemed to provide 
more detailed information with respect to attenuation analyses in time domain.

Dérobert et al. (2009) have focused on the electromagnetic characterization of 
hydraulic concretes within the ground-penetrating radar frequency band. The evalu-
ation of the complex dielectric properties was carried out in laboratory environment 
on mixtures manufactured according to a specific experimental design. In more 
details, various parameters of the mixing, namely, nature of aggregates, nature of 
cement, cement content, water to cement ratio (w/c), and chloride content were con-
sidered. A multi-linear polynomial model was used such that it was possible to eval-
uate the influence of each parameter and their interactions on the permittivity. It was 
demonstrated that the porosity has a relevant impact on the permittivity of the con-
cretes, through their water content. Such effect was increased by chloride presence 
in the saturated mixing. In dry conditions, their effects remained negligible, with the 
nature of the aggregates being the most relevant. In this regard, completely different 
behaviours of chloride could be observed according to its ionic or crystallized state.

More recently, Ihamouten et al. (2012) studied the validity of a new technique 
for the complex permittivity extraction of several dispersive media, carried out by 
characterizing four concrete mixtures at different water contents on a large GPR 
bandwidth. Such approach was based on a coupling between the results of the 
wave–field transforms (transformations from time–displacement domain to tempo-
ral-frequency–spatial-frequency domain) and those of the Q-estimation methods. 
Promising results were obtained: the characterization of the hydric status of vari-
ous concrete mixtures was possible by taking into account both the real and imagi-
nary parts of permittivity over a large GPR bandwidth (0.05–3.0 GHz).

4  Volumetric Water Content in Unsaturated Soils

Over the past decades, GPR has been a widespread instrument in the areas of unsat-
urated zone hydrology and water resources. Amongst the various applications, it has 
been used to identify soil stratigraphy (Davis and Annan 1989), to assess subsurface 
hydraulic parameter (Hubbard et al. 1997), to locate water tables (Nakashima et al. 
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2001), and to measure soil water content (Hubbard et al. 2002; Huisman et al. 2003; 
Serbin and Or 2003). Different surveying techniques exist to estimate θ from GPR. 
Traditionally, an estimation of εr at the GPR measurement scale is carried out and a 
petrophysical relationship is used to convert εr to θ. More recently, research efforts 
have been devoted to find more self-consistent methods in order to directly evalu-
ate near-surface moisture in soils without the need of petrophysical relationships and 
calibration of the GPR system (Pettinelli et al. 2007; Di Matteo et al. 2013).

4.1  Water Content Estimation Methods by Permittivity 
Measurements

4.1.1  Permittivity Estimation Methods

Overall, five main classes of GPR surveying techniques for permittivity estimation 
can be identified: (i) reflection methods (Fig. 2a, b), (ii) ground wave measure-
ments (Fig. 2c), (iii) borehole transmission measurements (Fig. 2d), (iv) surface 
reflection methods (Fig. 2e), (v) inverse modelling of off-ground monostatic GPR 
systems (Fig. 2f). Herein, a review of the existing literature is aimed at grouping 
both traditional and recent research works under the above relevant categories.

4.1.2  Reflection Methods

The estimate of soil water content from reflected wave travel time data can be dis-
tinguished in two classes. In particular, methods that use a single antenna separa-
tion for soil water content estimation are included in the first class, while methods 
that require multiple measurements with different antenna separations can be 
grouped in a second one.

4.1.3  Single-Offset Reflection Methods

Estimation of θ by using single-offset reflection measurements has been mainly 
addressed on modelling the reflection hyperbolae originating at scattering objects 
in the subsurface (Grote et al. 2002; Loeffier and Bano 2004) or from zero-offset, 
two-way travel time to horizontal reflectors (Lunt et al. 2005).

It is worth noting that in both cases scattering objects and horizontal reflectors 
must be located at known depths. In fact, by using a single zero-offset measurement, 
prediction of reflector depth from GPR data is not possible from travel time informa-
tion alone, and either true amplitude data must be available or an upstream knowledge 
of the target depth is needed for converting travel times measured into θ estimates.

Alongside the direction of scan x, a hyperbola is traced out by the reflected 
events in the radar section, as the anomaly below the GPR measurement is 
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characterized by the shortest travel distance (i.e., time distance) and larger dis-
tances to travel will be encountered for all other waves. The average wave velocity 
in soil determines the convexity of the reflection hyperbola. By fitting the follow-
ing hyperbola to measure arrival times at several positions x, it is possible to deter-
mine the average velocity between the ground surface and the anomaly, vsoil, as 
follows:

(10)vsoil =
2
√
x2 + h2

tx

Fig. 2  Sketch of GPR inspection techniques for moisture evaluation through permittivity. a Sin-
gle-offset reflection method. b Multi-offset reflection method. c Ground wave method. d Single- 
and cross-borehole transmission measurement. e Surface reflection method. f Inverse modelling
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where x is the position of the scattering object at the apex of the hyperbola, h is 
the depth of the scattering object, and tx is the travel time distance of the reflected 
wave at position x, filtered out by the additional travel time at the beginning of 
each measurement, that is mainly due to inner coupling to the antenna array.

For GPR systems with a significant antenna separation, s, (10) is expressed as 
follows:

Concerning the zero time correction of arrival times, a standard procedure pro-
vides to align the arrival times of the air wave to correct possible shifts in the zero 
time, followed by the estimation of the average arrival time of the air wave and 
a calculation of the zero time correction from the average arrival time and the 
known antenna separation.

In the literature, scattering targets were embedded at known depths in test pits 
(Grote et al. 2002) such that a fit of the reflection hyperbolae, recorded while mov-
ing the single-offset GPR instrument, to a single average velocity representing 
the material between the target and the known scatterer depth was possible. Good 
agreement between θ estimates, assessed by converting permittivity values through 
a site-specific petrophysical relationship, and θ observed by gravimetric measure-
ments was found. Furthermore, Loeffler and Bano (2004) obtained good corre-
spondence between GPR-predicted θ and water volume added or removed from a 
tank at various known reflectors.

4.1.4  Multi-offset Reflection Methods

The average velocity between reflector and surface and depth can be estimated 
by a series of reflection hyperbola fitted by multi-offset GPR reflection datasets 
recorded over horizontal interfaces. Traditionally, two multi-offset GPR acquisi-
tion geometries, namely, Common MidPoint (CMP) and Wide Angle Reflection 
and Refraction (WARR) are used.

CMP acquisition provides an increasing distance between the antennas by 
fixing a common midpoint. Conversely, WARR acquisition is characterized by 
an increasing distance between the antennas with the transmitter at a fixed posi-
tion. In case of multi-offset GPR measurement scenarios with consistent reflected 
waves, the average velocity to the reflecting layer, vsoil, can be directly estimated 
as follows:

(11)
vsoil =

√

(

x − 1
2
s
)2

+ h2 +
√

(

x + 1
2
s
)2

+ h2

tx

(12)
vsoil =

2

√

h2 +
(

1
2
s
)2

tx
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Soil water content can be therefore estimated by fitting vsoil to the zero time cor-
rected arrival times of the reflected wave, tx, for different antenna separations, s, at 
depth h (Tillard and Dubois 1995).

In order to provide reliable soil water content estimates and more time efficient 
analyses, many efforts have been devoted to develop approaches for velocity deter-
mination from reflected GPR waves, analogous to the velocity analysis approaches 
used in seismic data processing (Yilmaz 1987). Semblance analysis is a well-
known method. The main goal of such approach is to evaluate velocity and travel 
time by considering a point wherein the reflection energy of a reflected wave in a 
multi-offset measurement collapses. In particular, the semblance plot is defined by 
evaluating again the arrival times of the CMP for a range of velocities (x axis), and 
by summing the normalized energy for each arrival time (y axis) for each velocity. 
Basically, reflected waves at certain arrival time are well described by the corre-
sponding velocity when high values in semblance plot are obtained.

In order to convert the manually or semiautomatically determined average 
velocities to interval velocity vint,n of each layer n, the Dix (1955) formulation can 
be used:

where vsoil, n is the average velocity from the surface up to the bottom of layer n, 
vsoil,n−1 is the average velocity up to the bottom of layer n − 1, tn is the two-way 
travel time to the bottom of layer n, tn−1 is the two-way travel time to the bottom of 
layer n − 1, being n = 1 the upper layer of the soil. Similarly to single-offset meas-
urements, water content estimates with the multi-offset GPR reflection method require 
appropriate signal penetration and subsurface dielectric contrasts acting as GPR 
reflectors. Moreover, such method is usually time-consuming and do not allow for 
monitoring of soil water content variation. Examples of GPR-based θ estimation with 
multiple-offset methods can be found in several research works (Tillard and Dubois 
1995; Greaves et al. 1996; van Overmeeren et al. 1997; Garambois et al. 2002).

4.1.5  Ground Wave Methods

Near-surface soil water content measurements can be performed using the direct 
ground wave travel time (Huisman et al. 2001). By definition, the direct ground 
wave propagates directly from the transmitter to the receiver through the top of 
the soil. Regardless from the presence of clearly reflecting soil layers, the ground 
wave is detected by the GPR receiver (Du and Rummel 1994; Berktold et al. 
1998). One major requirement of ground wave methods concerns the need for a 
ground coupling of both transmitter and receiver, due to the intrinsic fading of 
the ground wave. A second one provides the ground wave to have a fixed velocity 
between transmitting and receiving antennas for single offset measurements.

Moisture content θ can be extracted using multiple-offset measurements from 
the linear relationship between travel time and offset for the direct wave. The direct 

(13)vint,n =

√

tnv
2
soil,n − tn−1v

2
soil,n−1

tn − tn−1
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dependence between slope of the ground wave in a multi-offset measurement and 
the ground wave velocity is a factor contributing to water content determination.

Nevertheless, it is also possible to use single-offset GPR measurements after 
knowing the approximate arrival time of the ground wave from a multi-offset 
measurement. In this respect, Du (1996) and Sperl (1999) proposed a procedure 
for mapping θ through ground wave methods providing, (i) identification of an 
approximate ground wave arrival time for different antenna separations in a multi-
offset GPR measurement; (ii) selection of an antenna separation where a clear sep-
aration of the ground wave from the air and reflected waves occurs; (iii) use of this 
antenna separation for single-offset measurements and set relationships between 
changes in ground wave arrival and changes in soil permittivity.

Sperl (1999) provided a relationship between ground wave arrival time, tG (s), 
antenna separation, s (m), and soil permittivity εr:

where tA is the air wave arrival time, included as part of the zero time correction.
Overall, ground wave methods have proved to be promising techniques for map-

ping the spatial distribution of near-surface moisture (Huisman et al. 2002; Grote 
et al. 2003). Grote et al. (2003) suggested that this technique has the potential to 
detect θ values in the top 20 cm of soil depending on ground conditions and instru-
mentation settings. Notwithstanding the potential of the direct wave method, Huisman 
et al. (2003) suggested some drawbacks including (i) difficulties in separating the 
ground wave from refracted and reflected waves, (ii) difficulties in determining the 
proper antenna separation in field with varying soil water content, (iii) high attenua-
tion of the ground wave causing constraints in the maximum antenna separation.

More recently, Laurens et al. (2005) used the ground wave technique for evaluat-
ing moisture content in pavement, while Weihermuller et al. (2007) demonstrated the 
unsuitability of such method for highly silty and clayey soils, due to poor data quality.

4.1.6  Borehole Transmission Measurements

The setup of borehole transmission measurements provides the transmitting and 
receiving antenna to be lowered into a pair of vertical access tubes. θ is evaluated 
by measuring the travel time of direct waves travelling across the distance separat-
ing the two nearby-placed boreholes. Two methods are commonly used namely, (i) 
the zero-offset profiling (ZOP) mode, where the midpoints of the lowered antennas 
are always at the same depth, and (ii) the multi-offset profile (MOP) where inver-
sion of a large number of direct wave travel time between transmitter and receiver at 
multiple locations along the borehole lengths occurs for reconstructing two- or three-
dimensional images of the soil water content distribution between the boreholes 
(Hubbard et al. 1997; Alumbaugh et al. 2002). In addition, vertical radar profiles 
(VRP) providing the measurement of the direct wave travel time between surface 
transmitter and receiver in a borehole are used to calculate vertical θ profiles.

(14)εr =
(c

v

)2
=

[

c(tG − tA)+ s

s

]2
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Peterson (2001) obtained 2D tomograms by discretizing the area between the 
boreholes in rectangular cells of constant velocity and by minimizing an objective 
function for the estimate of each cell velocity.

One of the main issue related to the acquisition of 2D tomogram is the time 
required for obtaining the processed data that made the MOP mode particularly 
suited for steady-state θ conditions. Day-Lewis et al. (2003) studied the subsurface 
variations at the same radar data acquisition time scale and proposed an inversion 
of time-lapse tomographic data through a sequential approach aimed at providing 
more accurate imaging.

Another issue concerning borehole measurements is related to the correct iden-
tification of the path of the first arrival. In fact, in case of layered soils with a high 
degree of θ variation the first arrival may not configure as a direct wave. Rucker 
and Ferré (2003) and Rucker and Ferré (2004) showed that this may occur when 
antennas are in the low-velocity zone, since earlier arrivals of waves refracted can 
be observed at the layer interface.

4.1.7  Surface Reflection Methods

Surface reflection methods provide the measurement of the surface wave reflection 
through high-frequency off-ground GPR systems. θ is estimated by comparison 
between the reflection coefficient of the air-soil interface and the reflection coef-
ficient of the air-perfect electric conductor (PEC) (Davis and Annan 2002; Serbin 
and Or 2004, 2005; Ghose and Slob 2006; Benedetto et al. 2013).

Theoretically, the reflection coefficient can be expressed as follows:

where εr is the soil permittivity that can be determined from the measured ampli-
tude Ar and the amplitude Am of the wave reflected from a PEC e.g., a metal plate 
larger than the footprint of the radar (Davis and Annan 2002; Redman et al. 2002) 
following the relationship given by:

The footprint of the radar can be calculated as the diameter of the first Fresnel 
zone (FZD) as follows:

where � represents the wavelength calculated at the center frequency of the GPR 
antenna, and h is the height of the antenna above the surface.

(15)R = 1−√
εr

1+√
εr

(16)εr =
(

1+ Ar
Am

1− Ar
Am

)2

(17)FZD =
(

�

4
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Evaluation of θ by this technique therefore occurs as a function of wave amplitudes, 
and it is not related to measurement of travel time through the medium e.g., in case of 
the aforementioned permittivity evaluation methods. Huisman et al. (2003) showed that 
the depth domain of such technique can cover the top 20 cm of soil. On the contrary, 
Serbin and Or (2004) estimated that such influence is concerned to only the top 1 cm 
of soil. Overall, the main drawbacks of this technique concern (i) the high dependence 
on surface roughness, such as in case of vegetation, as the reflection coefficient R is 
reduced by scattering from the combination of both varying θ profiles and roughness. 
Moreover, (ii) in case of lower θ values, this technique is very sensitive to θ variation.

4.1.8  Inverse Modelling

Over the last decade, inverse modelling of off-ground monostatic GPR sys-
tems has proved to be a very effective technique for achieving a better accuracy 
in the estimation of the surface dielectric permittivity and relevant water content 
(Lambot et al. 2004a, b, 2006a, b).

Overall, amongst the main advantages that can be reached, antenna effects can 
be filtered out through the antenna model so that a better accuracy in the estima-
tion of the surface dielectric permittivity and correlated θ can be obtained. Such 
benefit increases when a need for a better horizontal resolution occurs, and lower 
distances of the antenna from the ground may be required. In addition, information 
on antenna height above the ground or measurements above a PEC are not neces-
sary. This method can also take into account near-surface layering effects (Minet 
2010), and various laboratory and field applications have recently confirmed its 
high reliability (Lambot et al. 2008, 2009).

4.1.9  Antenna Equation in the Frequency Domain

In the intrinsic far-field antenna model of Lambot et al. (2004a), which applies to 
plane layered media, the backscattered field over the antenna aperture requires a 
local plane wave field distribution such that the antenna radiation properties can be 
described by an equivalent single dielectric dipole.

On the basis of the linearity of Maxwell’s equations, complex, frequency-
dependent global reflection, and transmission coefficients account for wave prop-
agation between the point source or field point and the radar transmission line 
reference plane. Antenna-medium interactions are accounted for as the above-
mentioned reflection and transmission coefficients determine the antenna and 
transmission line internal transmissions and reflections. In the frequency domain, 
the radar equation expressing the relation between the radar-measured field and 
the 3-D layered medium Green’s functions is given by Lambot et al. (2004a):

(18)S11(ω) =
b(ω)

a(ω)
= Ri(ω)+

T(ω)G
↑
xx(ω)

1− Rs(ω)G
↑
xx(ω)
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where S11(ω) is the raw radar signal expressed here as the ratio between the back-
scattered field b(ω) and incident field a(ω) at the radar transmission line reference 
plane, being ω the angular frequency; Ri(ω) is the global reflection coefficient of 
the antenna in free space, T(ω) = Ti(ω) · Ts(ω) with Ti(ω) being the global trans-
mission coefficient for fields incident from the radar reference plane onto the point 
source and Ts(ω) being the global transmission coefficient for fields incident from 
the field point onto the radar reference plane, Rs(ω) is the global reflection coef-
ficient for the field incident from the layered medium onto the field point, and 
G
↑
xx(ω) is the layered medium Green’s function.

4.1.10  Green’s Function

The theoretical basis for GPR wave propagation is given by Maxwell’s equations. 
Green’s function (i.e., the solution of the three-dimensional Maxwell’s equa-
tions) for electromagnetic waves propagating in multilayered media is well-known 
(Michalski and Mosig 1997), and it is defined as the scattered x-directed electric 
field Ex(ω) at the field point for a unit-strength x-directed electric source Jx(ω) 
at the source point. A recursive scheme to compute the global reflection coeffi-
cients of the multilayered medium in the spectral domain can be used to derive the 
Green’s function. The evaluation of the semi-infinite integral with a fast numerical 
procedure (Lambot et al. 2007) allows to perform the transformation back to space 
domain. In order to determine the antenna characteristic coefficients, a system of 
equations similar to (18) with different known Green’s functions must be solved. 
Such functions correspond to different configurations for which the radar measure-
ments are performed, such as measurements with the antenna at different heights 
over a PEC.

It has to be noted that when the antenna characteristic functions are known, it 
is possible to fully filter out the antenna effects from the raw radar data S11(ω) to 
derive the measured medium Green’s function G↑

xx(ω).

4.1.11  Model Inversion and Objective Function

Subsurface parameter identification by inverse modelling is a problem of non-lin-
ear optimization with the main goal to find the parameter vector b = [εn, σn, hn], 
n = 1, …, N, where N is the number of medium layers, such that an objective 
function ϕ(b) is minimized.

The parameter vector b can be estimated for the nth layer with εn being the die-
lectric permittivity, σn [S m−1] being the electrical conductivity, and hn [m] being 
the thickness of the layer. In particular, the electrical conductivity σ is frequency-
dependent assuming a linear relationship, valid if the bandwidth is not too large 
(Lambot et al. 2005):

(19)σ(f ) = σfmin + a
(

f − fmin
)
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where σfmin is the reference apparent electrical conductivity at the minimum fre-
quency, and the medium-specific constant a is the linear variation rate of σ(f).

The objective function ϕ(b) to minimize is given by:

where G∗↑
xx = G

∗↑
xx (ω) and G↑

xx = G
∗↑
xx (ω b) are the vectors which take into 

account, respectively, the observed and simulated Green’s functions. The solu-
tion of this minimization is found by using the global multilevel coordinate search 
(GMCS, (Huyer and Neumaier 1999)) sequentially combined with the Nelder-
Mead Simplex algorithm (Lambot et al. 2002), since the non-linearity of the prob-
lem usually leads to multiple local minima.

4.1.12  Petrophysical Relationships

It is well-known from the literature that the permittivity of liquid water ranges 
from 78 to 88 as a function of several parameters, such as temperature and salinity 
(Cassidy 2009; Steelman and Endres 2011), while considerably lower values are 
encountered for the permittivity of air, equal to 1, and the permittivity of the solid 
grains of sand and loamy soils, that typically ranges between 4 and 6 (Cassidy 
2009). Such large dielectric contrast between these three phases, mostly due to 
the high polarizability of water molecules, has led to the use of different types of 
approach for predicting volumetric soil water content. Overall, three classes of 
petrophysical relationships are commonly used, namely, the empirically-based 
relationships, the volumetric mixing formulae, and the effective medium approxi-
mations. It is worth noting that the use of an appropriate petrophysical relationship 
between the permittivity of the bulk material and its volumetric soil water con-
tent needs to be properly adopted for a reliable estimate of water content. In that 
respect, practitioners and end-users can exploit a wide range of research studies on 
various soils with different textural properties that may effectively lead to the best 
method to be adopted. A comprehensive comparison of petrophysical relationships 
for soil moisture estimation can be found in Steelman and Endres (2011).

Empirical Relationships

Empirical relationships are based on field and laboratory measurements. The main 
advantage from their use consists of a lower complexity than physical models, 
thus a higher ease of implementation is achieved according to specific soil textures 
and water content conditions. In this regard, very limited information about soil 
textural properties (e.g., porosity, bulk density, pore structure) are required.

(20)ϕ(b) =
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Over the last decades, many relationships between θ and εr have been devel-
oped by numerous researchers using different range of soil textures.

In line with this, Topp et al. (1980) proposed the most used empirical relation-
ship in the form of a third-order polynomial:

Such relationship was obtained by manufacturing four different fine-grained 
soil textures ranging from sandy loam to clay with a range of fresh and saltwa-
ter mixtures and saturation levels. The dielectric properties of soil samples placed 
in a coaxial transmission line were then evaluated through a TDR probe. Results 
demonstrated that this petrophysical relationship was suited to predict moisture 
conditions ranging from air dry to water saturated, with an error of estimate of 
0.013 m3 m−3. In addition, the authors found the independence of permittivity 
measurement from soil density, texture, dissolved salt content, and temperature 
within the range of soil conditions tested.

The effects of water content layering (e.g., dry over wet, wet over dry) in silt 
loam soil through different TDR probe designs were investigated by Nadler et al. 
(1991). Similarly to the Topp relationship, a third-order polynomial equation was 
obtained. The authors demonstrated the accuracy of soil water content estimates 
from the TDR method regardless from both probe type and soil layering, with the 
exception of very dry soil overlying very wet soil, wherein difficult interpretations 
of traces were encountered.

More recently, the frequency dependent effects of measurements on water esti-
mation in the GPR frequency range were tackled by Curtis (2001) and Patriarca 
et al. (2013).

More enhanced empirical relationships incorporating the effects of soil tex-
ture, density, and organic matter on permittivity measurements were developed 
by Jacobsen and Schjonning (1993) and Malicki et al. (1996), finding prediction 
errors of the same order of magnitude as Topp equation.

Volumetric Mixing Formulae

A more theoretical approach for relating θ to εr is based on volumetric mixing for-
mulae, which use the volume fraction and the dielectric permittivity of each soil 
constituent to derive a relationship (e.g., Dobson et al. 1985; Roth et al. 1990; 
Jones and Friedman 2000; Tosti et al. 2013).

Generally, the form of these relationships in a system accounting for n dielec-
tric components can be expressed as follows:

(21)θ = −5.3× 10−2 + 2.92× 10−2εr − 5.5× 10−4ε2r + 4.3× 10−6ε3r

(22)(εr)
α =

n
∑

i=1

fi
(

εr,i
)α
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where α is a geometrical fitting parameter describing the structure within the het-
erogeneous medium (Lichtenecker and Rother 1931). fi and εr,i represent, respec-
tively, the volume fraction and the permittivity of the ith constituent.

As regards near-surface soil moisture evaluation, it can be modeled as a typical 
three-phase system of air, solid, and water constituents as follows:

where ∅ is the soil porosity, εr is the permittivity of the bulk material, εa, εs, εw 
are the permittivity values of air, soil matrix, and water components, respectively. 
Enhanced versions of volumetric mixing formulae considered a four-phase mixing 
model incorporating the contribution given by bound water on the solid mineral 
grain to the bulk permittivity (Dobson et al. 1985). It is worth mentioning that the 
geometric fitting parameter ranges between −1 and 1 for electric fields oriented 
perpendicular and parallel to a layered medium, respectively. The geometric fac-
tor is equal to 0.5 by assuming the travel time through the mixture equivalent to 
the sum of the volume-weighted travel times through the individual components. 
In addition, if εa is assumed to be equal to 1, (23) becomes the complex refractive 
index model (CRIM) (Birchak et al. 1974; Dobson et al. 1985; Roth et al. 1990; 
Heimovaara et al. 1994; Gorriti and Slob 2005) given by:

The CRIM model has been found to produce adequate results in most cases. Over 
the past years, different values of the geometric parameter α have been proposed, 
ranging from 0.46 for a three-phase medium (Roth et al. 1990), or 0.65 for a four-
phase medium (Dobson et al. 1985). More recently, Brovelli and Cassiani (2008) 
showed α values spanning from 0.25 to 0.8 on the basis of geometry of mineral 
grains and pore fluids. Furthermore, Patriarca et al. (2013) presented a method 
for evaluating the optimal α values for two saturated sandy-textured soils at dif-
ferent clay rates from 0 to 25 % by weight. Such method revealed to be relatively 
helpful in three-phase systems (i.e., sand, air, and clay), and in four-phase systems 
(i.e., sand, clay, air, and water) in the dry end-member cases with 10 % clay con-
tent. The authors demonstrated that the application of a mixing model may fail for 
clayey soils in wet conditions, because of the swelling properties of clay. In par-
ticular, the use of such model in clay-rich soils may lead to under-predict electrical 
properties.

Effective Medium Approximations

This approach takes into account the textural and structural contribution of each 
component to the permittivity of a composite material.

(23)θ = εαr − (1− φ)εαs − φεαa

εαw − εαa

(24)θ = 1
√
εw − 1

√
εr −

(1− φ)
√
εs − n

√
εw − 1
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Effective medium approximations are based on microscale geometric models 
incorporating textural and structural information about the heterogeneous system 
into the prediction of dielectric properties.

Research works based on such methods have proved that the assumption of 
considering the dielectric properties of one medium as a function of porosity and 
water content is not sufficient for a comprehensive modelling, thus unreliable 
moisture content may be estimated.

Many researchers have used effective medium approximations (Fiori et al. 
2005) by incorporating pore structure or geometry (Endres and Bertrand 2006), 
grain shape (Sen 1984; Jones and Friedman 2000), and fluid distribution at the 
pore scale (Endres and Redman 1996; Chen and Or 2006).

Amongst the various effective medium approximations in literature, the 
EMA approach proposed by Fiori et al. (2005) provides an approximate water 
content-permittivity relationship obtained by employing the effective medium 
approximation in a random mixture of phases. The latter is modelled through the 
Multi-Indicator model with spherical elements of variable radii. The following 
equation was proposed:

where ∅ is the soil porosity, εr is the permittivity of the bulk material,, εa, εs, εw 
are the permittivity of air, soil matrix, and water components, respectively. The 
relative volume fractions are ns = 1 − ∅ (solid volumetric fraction), nw = θ (volu-
metric water content), na = ∅ − θ (air volumetric fraction). The permittivity values 
of air and water are kept fixed, and once the bulk porosity is given, the proposed 
formula depends on one parameter, namely, the permittivity of the solid phase εs.

Furthermore, another approach known as the differential effective medium 
(DEM) approach by Norris et al. (1985) has been widely used to examine the die-
lectric properties of soils and rocks (Sen 1984; Endres and Bertrand 2006). Such 
method provides infinitesimally small volumes of the inclusions sequentially embed-
ded into the heterogeneous system according to an iterative inclusion embedding 
process. The electrical property of the effective medium resulting from the afore-
mentioned embedding process accounts for the electrical property of the background 
material for the further embedding step. From a mathematical point of view, Endres 
and Bertrand (2006) used a homogenization variable p that monotonically increases 
from 0 to 1 at the beginning and at the end of the embedding process, respectively.

4.2  Water Content Estimation by the Frequency  
Shift Method

A recent method based on signal processing in the frequency domain was proposed 
by Benedetto (2010). The main point of strength relies on the not need for destruc-
tive core sampling to calibrate the system, such that the volume fractions of the three 

(25)θ = (εw + 2εr)[(εa + 2εr)(εr − εs)+ 3εrφ(εs − εa)]

2εr(2εr + εs)(εw − εa)
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phases in the medium are not accounted for. In that regard, θ can be directly esti-
mated by frequency analysis without evaluating the dielectric permittivity. The main 
assumption concerns that in unsaturated soils electromagnetic waves are scattered by 
water droplets (Drude 1902), thereby a shifting of the frequency of the waves occurs 
(Bekefi and Barrett 1987; Bohren and Huffman 1983). It is worth noting that such an 
approach can be only focused on water content estimation purposes.

Rayleigh scattering is used to explain the shifting of the frequency of the scat-
tered signals. A shift in the frequency distribution of the reflected signals has been 
observed in the past, although the cause of the shift was not identified or investi-
gated. Narayana and Ophir (1983) analyzed ultrasonic waves reflected by normal 
and fatty livers, thereby noticing that different frequencies were attenuated in dif-
ferent media. The authors identified the Rayleigh scattering as the primary cause 
of the observed non-linear behaviour of reflected waves in fatty livers. In par-
ticular, Rayleigh scattering was originated by the presence of fat globules, which 
exhibited fourth-order frequency dependence. More recently, Ho et al. (2004) 
showed that a frequency shift also occurs when detecting buried mines with differ-
ent shapes and sizes.

4.2.1  Rayleigh Scattering

It is well-known that scattering is generated by singularities or non-homogenei-
ties in electromagnetic impedance. The process is described as Rayleigh scatter-
ing whether the dimensions of these non-uniformities are much smaller than the 
wavelength of the EM wave. The size of a scattering particle can be defined ana-
lytically by the ratio x = 2πr/λ, with r being the radius of the particle, and λ being 
the wavelength of the signal. By definition, Rayleigh scattering occurs in the small 
size parameter regime x ≪ 1. Scattering from larger spherical particles is explained 
by Mie (1908) for an arbitrary size parameter x. In line with this, the Mie theory 
reduces to the Rayleigh approximation when small values of x are considered.

4.2.2  Theoretical Model

By means of both several assumptions on the three-phase porous medium prop-
erties and simplifications of the physics, Benedetto (2010) defined the following 
formulation:

(26)

I(θ , v) = I0(v)
1+ cos2 θ
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where R is the distance between the observer and the particle, θ is the angle of scat-
tering, v is the frequency of the electromagnetic signal, c0 is the velocity of free 
space, μr is the magnetic permeability, ε∞ is the dielectric constant of the full-polar-
ized medium at an infinite frequency electromagnetic field, Δε = εstatic − ε∞ is the 
difference between the permittivity values of a steady and an infinite frequency elec-
tromagnetic field, τ is the relaxation time, and d is the diameter of the particle.

A non-linear modulation of the electromagnetic signal is produced by scatter-
ing, as a function of the moisture content. In this regard, the peak of frequency 
is assumed to be a comprehensive indicator, negatively related to moisture. 
According to (26), the various frequency components of the frequency spectra are 
differently scattered, depending on the soil type and water content.

A regression law, based on experimental evidences, was proposed to predict 
moisture content θ, expressed in %, from the value of the peak of frequency fp, 
expressed in Hz × 108:

where A and B are regression coefficients. Table 1 lists the values of A and B and 
regression coefficients for five different soils (Benedetto 2010):

Further enhancements demonstrated the potential of this method to detect 
clay in soils, as the presence of clay is strictly related to moisture, by virtue of its 
strong hygroscopic capacity. In this regard, Tosti et al. (2013) proposed a semi-
empirical model for assessing clay content [%] in a bi-phase configuration (dry 
condition) of the medium for three types of soil. Benedetto and Tosti (2013) pre-
sented super resolution methods, namely, parabolic, triangular, and sinc-based 
interpolators, to further refine the location of the frequency peak, thereby allowing 
for more accurate prediction of clay content, even for small amounts of clay.

In addition, recent applications of the frequency shift method showed the high 
potential of such technique in the field of civil engineering. Benedetto et al. (2012a) 
developed an effective survey method for efficiently monitoring the geotechnical 
stability of transportation infrastructures at the rural road network scale. Both off-
ground (Tosti et al. 2014) and ground-coupled (Benedetto et al. 2013) radar sys-
tems with different center frequencies of investigation were used. A model for θ 
estimation from both traditional permittivity-based techniques (e.g., reflectivity 
and ground wave methods) and the frequency shift method was developed. In par-
ticular, θ variations along the longitudinal road axis that overcame an alarm thresh-
old were considered to be critical to landslide occurrence. The authors provided 
a relocation of the former old dated landslide boundary, such that the most effec-
tive rehabilitation and maintenance actions were identified. Moreover, Benedetto 

(27)θ = (A− fP)
/

B

Table 1  Values of the parameters of the model from (27) (Benedetto 2010)

Sandy soil Alluvial soil Subgrade 
material (Sm)

Sm + 5 % 
clay

Sm + 20 % 
clay

Average 
value

A × 108 5.7 7.0 6.2 5.6 5.3 5.7

B × 107 1.1 2.1 2.3 1.7 1.5 1.4
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et al. (2013) provided field measurement of a ground-coupled radar system over a 
16 m × 16 m parcel within an agricultural field in order to map soil moisture vari-
ations. Very promising results were obtained by comparing the moisture map from 
the use of a site-specific empirical relationship by Topp et al. (1980), wherein near-
surface permittivity was evaluated through the surface reflection technique, and the 
map of frequency peaks of spectra by using the frequency shift method, considered 
as a proxy of the near-surface moisture spatial field (Fig. 3).

5  Summary

In this chapter, it is demonstrated that the contribution of GPR in volumetric water 
content determination is being increasingly spread over a wide range of applica-
tions. In moisture content assessment of concrete structures, analysis of GPR 
signal in time domain have been traditionally carried out through reflection and 
direct wave methods, showing good results if compared to other common non-
destructive techniques (Laurens et al. 2005; Sbartaï et al. 2006a; Hugenschmidt 
and Loser 2008). Nevertheless, the need for a reflector and a prior knowledge of 
its position i.e., reflection methods, and the weakly proportional linearity between 
signal parameters and water saturation levels, as resulted in some direct wave anal-
yses, suggests the integration with other processing techniques, that could provide 
additional information on moisture content. In this regard, signal processing in 
the frequency domain may allow to assess the frequency dependence of water in 
concrete. Promising results were obtained over the last few years (Dérobert et al. 
2009; Sbartaï et al. 2009) in laboratory environment, although further works is 
needed for validating results through in field tests.

Fig. 3  Comparison between wet (solid yellow line) and dry (grey dashed line) areas using time 
domain and frequency domain methods for moisture evaluation. a Soil moisture map inferred by 
using a site-specific empirical relationship from Topp et al. (1980) after evaluating near-surface 
relative permittivity trough surface reflection method. b Map of frequency spectra peaks derived 
by the frequency shift method
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On the other hand, soil moisture sensing in soils can rely on more case stud-
ies and processing techniques. Traditionally, an estimation of εr at the GPR meas-
urement scale is firstly carried out and a petrophysical relationship is then used to 
convert εr to θ. In such a case, particular care must be taken to the mineralogical 
properties of the soil, since commonly used petrophysical relationships could not 
be suitable at every site. In addition, the scale-dependency between θ and εr plays 
an important role in the selection of the local-scale petrophysical relationship rela-
tive to the field-scale to investigate. Overall, five main classes of GPR surveying 
techniques for permittivity estimation can be identified, namely, (i) reflection meth-
ods, (ii) ground wave measurements, (iii) borehole transmission measurements, 
(iv) surface reflection methods, (v) inverse modelling of off-ground monostatic 
GPR systems. The first four listed above, are established techniques often revealing 
as time-consuming (i.e., reflection methods), minor invasive (borehole transmis-
sion measurements), dependent on soil surface roughness (i.e., surface reflection 
methods), and difficult in filtering out antenna effects from the raw radar data (i.e., 
ground wave measurements). In this regard, inverse modelling of off-ground mon-
ostatic GPR systems has proved high effectiveness in accurately predict surface 
dielectric permittivity and water content correlated (Lambot et al. 2004a). More 
recently, a self-consistent method has been developed based on signal processing 
in the frequency domain (Benedetto 2010). In particular, such method is focused 
on the Rayleigh scattering of the signal according to the Fresnel theory. Its main 
advantage consists in avoiding destructive core sampling for calibrating the system.

Concerning further insights, one of the major open issues is in determining 
hydraulic soil properties in a changing water content profile from time-lapse moni-
toring measurements. Another important open issue to be addressed in the future is 
related to the possibility of converting the measured εr to estimates of hydrogeo-
logical properties.
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Abstract Methods developed to solve forward electromagnetic scattering by buried 
objects are useful tools for interpreting data from Ground Penetrating Radar responses. 
Time-domain methods, as Finite-Difference Time Domain or space-time integral 
equations, are well established tools in the modeling impulse Ground Penetrating 
Radar systems. Integral equation methods, when solved with Method of Moments 
discretization, lead to dense linear system. Therefore, the implementation of novel 
approaches approximating the integral equation via series expansions with lower com-
putational complexity is called for. Analytical techniques have the advantage to be 
accurate and fast, as the geometry of the scattering problem is taken into account by an 
expansion of the fields in terms of suitable basis functions.

1  Introduction

The modeling of forward electromagnetic scattering by buried objects has a wide 
interest in the field of Ground Penetrating Radar (GPR) (Daniels 2004; Jol et al. 
2008), for several aims. The analytical and numerical modeling of the GPR sce-
narios can improve the understanding of the complex interaction occurring 
between the electromagnetic field radiated by the radar antenna and the buried tar-
gets. The simulated data can be also used to test new inversion algorithms and data 
processing techniques, and in general as useful tools to rightly understand data 
from GPR surveys.

Several physical as well geometrical parameters must be taken into account in 
the scattering model to make it as realistic as possible. Such parameters deal with 
the target geometry, the nature of the background medium, the source field radiated 
by the radar antenna, and the general environment affecting the measurements.
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Many GPR applications, from the geophysical investigations, to the civil engi-
neering surveys of roads, or the mapping of buried pipes, cables, conduits and 
tunnels, may be modeled by a two-dimensional (2D) scattering problem, as the 
transverse cross-section of the targets is small compared to the longitudinal size. 
In the simplest scenario, two dielectric half-spaces bounded by a planar interface, 
and a cylindrical target, dielectric or perfectly-conducting, buried in the lower 
medium may be used. Anyway, even with targets of canonical shape, as circu-
lar cross-section cylinders, the development of an analytical solution turns out to 
be not straightforward as in free space (Balanis 1989; Bowman et al. 1987), due 
to the presence of the planar discontinuity relevant to the interface. A very com-
mon technique for the modeling of 2D problems of scattering by buried objects 
is the integral-equation method (D’Yakonov 1959; Howard 1972; Ogunade 1981; 
Mahmoud et al. 1981; Budko and van den Berg 1999; Butler et al. 1985; Hongo 
and Hamamura 1986; Naqvi et al. 2000a, b; Ahmed and Naqvi 2008). The first 
analytical solution to the scattering of a line source by a cylinder in a homogene-
ous half-space has been proposed in the pioneering work by D’Yakonov (1959). 
Numerical evaluation of theory developed in D’Yakonov (1959) was done by by 
Howard (1972), who solved a two-dimensional integral equation by point-match-
ing technique, in case of line source excitation. D’Yakonov’s analytical work was 
extended by Ogunade (1981) in a for more suitable to obtain numerical results.

The analytical modeling of the 2D scattering problems by buried objects in a 
semi-infinite medium has been implemented with the Cylindrical Wave Approach 
(CWA) in Di Vico et al. (2005a, b); Frezza et al. (2012, 2013a, c).

The simple 2D model with two half-spaces has to be extended in many cases 
to model a multilayered medium as background of the scattering problem. Even 
the basic layered geometry with a dielectric slab between two half-spaces needs a 
cumbersome modeling, taking into account all the multiple reflections between the 
interfaces bounding the slab (Michalski and Zheng 1990a, b; Naqvi et al. 1998; 
Naqvi and Rizvi 2000; Jia and Yasumoto 2005; Lee 1999; Zhuck and Yarovoy 
1994; Frezza et al. 2009, 2010). A multilayers model has important applications to 
characterize a soil with layers of different permittivities, a pavement, a or a wall of 
a building (Lambot 2014; Paknys 2003). The multilayered layout may also be use-
ful to implement problems of Through-Wall scattering, when the targets are placed 
below the multilayer, as proposed with the CWA in Frezza et al. (2013b).

One or more rough interfaces may be also taken into account to deal with 
the typical unevenness of natural interfaces bounding the medium hosting bur-
ied targets. An analytical solution based on spectral plane-wave representation 
of the fields is employed by Lawrence and Sarabandi (2002); solution is given 
in the far-field as spectral integrals are evaluated with asymptotic techniques. 
Integral equation with numerical discretization approaches are also proposed in 
the literature. The particular case of a sinusoidal interface is solved by in Cottis 
and Kanellopoulos (1992), using Green’s function theory combined with the 
extended boundary condition approach. In Altuncu et al. (2006), surfaces with 
arbitrary and localized roughnesses are considered, and the problem is solved 
with an integral equations/MOM approach. A geometry with a cylinder buried in 
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layered media with rough interfaces is proposed in Kuo and Moghaddam (2002). 
Extended Boundary Condition Method and T-matrix algorithm are applied to con-
struct reflection and transmission matrices of arbitrary rough interfaces as well 
as of an isolated single cylinder, respectively. A cylinder buried below a slightly 
rough interface is solved with CWA in Fiaz et al. (2012, 2013, 2014). In Fiaz et al. 
(2012, 2013), numerical solution is given for a sinusoidal surface profile, whereas 
an arbitrary profile is tackled in Fiaz et al. (2014).

The most common approach for the scattering by buried objects turns out to 
be the integral equation method. The resulting equations are solved in an approx-
imated way, mainly with Method of Moments (MoM), as in (Michalski and 
Zheng 1990a, b), or asymptotic techniques, as in (Butler et al. 1985; Hongo and 
Hamamura 1986; Naqvi et al. 2000a, b; Ahmed and Naqvi 2008). Asymptotic 
techniques lead to limitation in the burial depth of the cylinder, or can lead to 
results only in the far-field region. As to MoM solution, the integral equations are 
solved in a discretized way, generally leading to a dense linear system, that turns 
out to be more and more costly the more complex is the scenario to be modeled. 
Another approach is the Contrast Source-Extended Born (CS-EB) method, i.e., a 
full-wave integral equation model proposed by Isernia et al. (2004) for free space 
scattering problems, and extended by Crocco et al. (2009) to the analysis of two-
dimensional subsurface scattering problems. In the CS-EB method a rewriting of 
the traditional integral equation of two-dimensional scattering problems in terms 
of the so-called Contrast-Source equation is performed, exploiting the proper-
ties of Green’s function in lossy media. Then, the obtained equation is linearized 
via series expansions, in a way very similar to the EB approximation. In this new 
approach, forward scattering problems can be conveniently solved by means of 
very simple series expansions, which allow a lower computational complexity and 
memory storage with respect to other iterative schemes.

In Bourlier et al. (2013), the integral equation solved with Method of Moments 
are addressed to evaluate the scattering by canonical objects, as a cylinder or a 
plate, by a randomly rough surface, and also by an object below or above a flat 
or rough surface. In the same book, the MoM is also combined with Extension-
Propagation Inside Layer Method to efficiently solve the scattering by two scat-
terers, i.e. a coated cylinder, a cylinder below a flat or rough surface, or two rough 
surfaces.

Time-domain techniques, especially Finite-Difference Time-Domain (FDTD) 
method (Taflove and Hagness 2000; Kunz and Luebbers 1993), are the most 
suitable to simulate GPR responses. A free of charge FDTD software tool devel-
oped to simulate GPR responses is GprMax, developed by Giannopoulos (2005). 
Both two-dimensional (GprMax2D) and three-dimensional (GprMax3D) models 
can be analyzed with this FDTD software. GprMax2D is mainly used for GPR 
“signature” simulations, whereas GprMax3D is used for a more realistic mod-
eling of GPR problems, especially when comparisons with measured GPR data 
must be performed. The main limitations in the FDTD method are in the staircase 
approximation of curved interfaces, and in the conditionally stable nature of the 
FDTD; moreover, the choice of small spatial steps in the simulation of structures 
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of fine geometry in a large computation domain results in high computer mem-
ory requirements and long execution times. A solution to this problem has been 
proposed in Diamanti and Giannopoulos (2009, 2011), where subgrids with small 
spatial steps are introduced in a coarser FDTD grid. The implementation of the 
subgrids is particularly useful to model parts of the computation domain with finer 
detail, or when regions with high dielectric constants supporting waves propagat-
ing at very short wavelengths are included in the computational mesh.

The Chapter is organized as follows; in Sect. 2 the main issues relevant to defi-
nition of a simulation layout for a problem of forward electromagnetic scattering 
by buried objects are defined. Two techniques of simulation of forward scatter-
ing by buried objects are presented. In Sect. 3, Finite Difference Time Domain 
Method fundamentals are described. In Sect. 4, the theory of CWA is illustrated, 
through an example of application of scattering by buried circular cross-section 
cylinders with excitation from a line source.

2  The Simulation Layout

The scenarios measured in of the GPR surveys are often complex. The target is 
placed in a natural environment that can be difficultly modeled in a schematic 
way. The background medium, that may be a subsurface soil, a road, or a build-
ing is often non homogenous, and the target itself may have an irregular shape. 
The physical and geometrical parameters implemented in the forward solvers 
must be capable to represent the scattering scenario in a manner which is as real-
istic as possible. The basic elements to be modeled are the target, the source field 
radiated by the radar antenna, and the background medium. Such elements are 
represented at the bottom in the flow diagram in Fig. 1, showing the main issues 
relevant to the solution of a scattering problem: (1) Layout definition; (2) Method 
for the forward solution; (3) Computational issues. The final layout is decided 
on the basis of the modeling technique. On the side of numerical methods, quite 
general scenarios can be modeled, whereas on the side of analytical techniques 
it is often necessary to approximate the problem using canonical geometries. 
Therefore, the modeling technique determines the degree of complexity that can 
be achieved in the simulation of the scattering scenarios. The choice of the tech-
nique is made also on the basis of a time versus frequency analysis. The used 
technique entails three fundamental issues: accuracy, computational times, and 
memory requirements. High degree of complexity in the simulation of physical 
as well as geometrical details has a cost in terms of long execution times and high 
memory requirements.

In many cases, a simple scheme may be adopted for the characterization of 
the space under analysis. In particular, when the transverse dimensions of the 
target are much longer than the cross-section, a two dimensional model may be 
used. Moreover, according to the wavelength and the dissipative properties of the 
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hosting material, a short penetration depth may justify a modeling of the prob-
lem in a limited domain. This is the simplest case reported in Fig. 2a, where the 
problem is represented by a 2D problem with two half-space separated by a flat 
interface. The upper half-space is filled with air (permittivity ε1 = ε0), and is the 
medium of propagation of the field radiated by the source mounted on the GPR 
equipment. The lower half-space (permittivity ε2 = ε0 εr2) models the medium 

Fig. 1  Flow Diagram for the modeling of a scattering problem, from the definition of the geo-
metrical and physical layout, that include models for the source, the target, and the background, 
to the choice of the modeling technique, and the computational issues deriving from the chosen 
technique
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hosting one or more buried scatterers. Real surfaces have unavoidable irregulari-
ties (Fig. 2b), which must be taken into account in the scattering model according 
to the working frequency of the radar antenna. More often the target is buried in 
a layered medium (Fig. 2c), with bounding interface that may be flat or rough, to 
be modeled as a stack of dielectric layers with different thickness and permittiv-
ity. The simplest layered layout is the one in Fig. 2c, that has to be modeled when 
penetration depth is such that it reaches the next medium. Otherwise, target itself 
may be buried below a multilayer, as in the basic case of Fig. 2d. A particular case 
of target may be also the multilayer itself, used in the modeling of roads’ internal 
structure or of a general subsurface soil, in the frame of geophysical investigations.

The cross-section of target may be canonical (circular, square, …): this is the 
case of the buried services, as pipes and cables, or subsurface conduits and tun-
nels. Such targets may be accurately modeled through analytical techniques, 
as the involved geometries can be easily taken into account with suitable field 
expressions.

Fig. 2  Possible simple layout of two-dimensional modeling of a scattering problems, with circu-
lar cross-section targets buried: a in a semi-infinite medium, below a flat interface; b in a semi-
infinite medium below a rough interface; c in a layered medium, d below a layered medium



203Methods for the Electromagnetic Forward Scattering …

3  The Finite-Difference Time-Domain Method

Time-domain techniques are well suited in the frame of GPR applications, deal-
ing with the scattering by a pulsed signal (Taflove and Hagness 2000; Kunz and 
Luebbers 1993). Among the possible approaches, FDTD method is a well-estab-
lished one.

The starting point for the implementation of FDTD are the time-dependent 
Maxwell’s equation:

Equations (1)–(4) are written in a linear isotropic medium, with field and sources 
set to zero at the initial time, conveniently taken as time zero. The fields defined in 
the Maxwell equations are:

•	 E: electric field (V/m)
•	 H: magnetic field (A/m)
•	 D: electric induction field (A/m)
•	 B: magnetic induction field (A/m)
•	 J: electric current density (A/m2)
•	 ρ: volumetric charge density (C/m3)

where:

The two divergence equations turn out to be redundant, as already contained in the 
curl Eqs. (1) and (2). After replacing the (5) and (6) in (1) and (2), and the relation 
J = σE, curl equations are cast in the form used in the FDTD analysis:

The curl Eqs. (1) and (2) are discretized using a rectangular grid, that stores the 
field components and the material properties εr and μr. On the same grid, central 

(1)∇ × E = −∂B

∂t

(2)∇ ×H = −∂D

∂t
+ J

(3)∇ · D = ρ

(4)∇ · B = 0

(5)D(r) = ε0εr(r)E

(6)B(r) = µ0µr(r)H

(7)
∂H

∂t
= − 1

µ
∇ × E− σ∗

µ
H

(8)
∂E

∂t
= −σ

ε
E− 1

ε
∇ ×H
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differences for space and time derivatives are evaluated. The procedure returns a 
set of finite-difference equations, and updates the field components in time.

Finite differences replace derivatives as follows:

where in the approximation the time and space intervals have been turned into 
finite from infinitesimal.

The total volume must be discretized in a three-dimensional grid of unit ‘field 
cells’ of size Δx, Δy, and Δz. Cell size must much less than the smallest wave-
length to get accurate results. Once the cell size has been fixed, the maximum time 
step follows from Courant condition.

For a 3D cell with size Δx, Δy, and Δz, the stability condition is the following:

Therefore, the temporal discretization step Δx and the spatial discretization Δx, 
Δy, and Δz cannot be assigned independently of each other, as FDTD is a con-
ditionally stable numerical process. For a 2D case, the stability condition can be 
derived from (11) putting �z → ∞.

The electric and magnetic field are defined within each individual cell through 
a Cartesian component, i.e., E(x, y, z) and H(x, y, z), and they are staggered in such 
a way to form the Yee cell (Fig. 3).

Using the finite difference approximation of Maxwell equations, the electric 
field can be evaluated at any point in space, and at any time, from the knowledge 
of its neighboring magnetic field.

Let us examine how to build the Yee cell on the xy plane (Fig. 4). We solve the 
following scalar equation from the vector Eq. (8), supposing for the current den-
sity J = 0:

The x-component of the magnetic field Ey(x, y, z) on the Yee cell is defined as 
follows:

The field components and Ez(x, y, z) and Hx(x, y, z) are expressed in a similar man-
ner within the Yee cell. Equation (12) must be turned to a finite difference form 

(9)
∂f

∂t
= lim�t → 0

f (x, t2)− f (x, t1)

�t
≈ f (x, t2)− f (x, t1)

�t

(10)
∂f

∂x
= lim�x → 0

f (x2, t)− f (x1, t)

�x
≈ f (x2, t)− f (x1, t)

�x

(11)
�t = 1

c

√

(

1
�x

)2
+

(

1
�y

)2
+

(

1
�z

)2

(12)
∂Hx

∂t
= − 1

µ

(

∂Ey

∂z
− ∂Ez

∂x

)

(13)En
y (i�x, j�y, k�z, n�t) = En

y (i, j, k)
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from a differential one, in order to remove space and time derivatives. Using 
approximations (9) and (10), Eq. (12) becomes:

(14)

H
n+1/2
y (i, j + 1/2, k + 1/2)− H

n−1/2
y (i, j + 1/2, k + 1/2)

�t

=
[

En
y (i, j + 1/2, k + 1)− En

y (i, j + 1/2, k)

�z

− En
z (i, j + 1, k + 1/2)− En

z (i, j, k + 1/2)

�x

]

Fig. 3  The Yee cell geometry

Fig. 4  The Yee cell in the 
xy plane
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Equation (14) is cast in a form more suitable for FDTD computations:

The equations for the field components Ex, Ey, Ez, Hx, and Hz are determined in a 
similar manner. In the Yee algorithm, the E-field components, calculated at times 
nΔt, are located at the edges of the grid cell, whereas the H-field components, 
evaluated at times (n + 1/2)Δt, are located at the face-centered points.

Using the finite-difference approximation of the Maxwell equations, the elec-
tric field can be evaluated at any point in space and any time from knowledge of 
the magnetic field in four neighboring points, and vice versa.

As to the source field, in the FDTD formulation it is specified analytically 
through any function of time f(t). In the GPR applications, the source field is a 
pulse that may be given by a sine, Gaussian pulse, or a Ricker one.

The computational domain in the FDTD technique is necessarily bounded. 
Therefore, when modeling open boundary problems, as the GPR ones, the com-
putational space is truncated at a finite distance from the source and the targets. 
Absorbing Boundary Conditions (ABC) are applied, that, while truncating the 
computational domain, absorb any waves impinging on them in order to simulate 
an unbounded space. ABC may be accomplished with several schemes. The most 
common are the Mur Absorbing Boundary conditions by Mur (1981), and the 
Perfectly Matched Layer (PML) by Berenger (1994). PMLs are special anisotropic 
and non-physical layers, that placed at the boundaries of the FDTD absorb any 
incident wave.

FDTD is a general-purpose electromagnetic technique. When used for the sim-
ulation of forward scattering by buried objects in the frame of GPR applications, 
FDTD has several advantages over other numerical methods. Being developed in 
the time-domain, the simulation of broadband GPR responses is straightforward. 
Dispersive materials can be also considered. Highly complex scenarios can be 
simulated, where fine details of the targets as well as of the surrounding environ-
ment can be taken into account through a suitable geometrical decomposition. 
Among the main limitations of such technique are its conditionally stable nature 
and the use of staircase approximation of curved geometries. When a small spatial 
step must be introduced for an adequate modeling of the objects in the computa-
tion domain, the allowable discretization time-step is small as well. Moreover, the 
choice of small spatial steps in the simulation of structures of fine geometry in 
a large computation domain results in high computer memory requirements and 
long execution times. A solution to this problem has been proposed by Diamanti 
and Giannopoulos in (2009), where subgrids with small spatial steps are intro-
duced in a coarser FDTD grid. The implementation of the subgrids is particularly 

(15)

Hn+1/2
y (i, j + 1/2, k + 1/2) = Hn−1/2

y (i, j + 1/2, k + 1/2)

+ �t

µ�z

[

En
y (i, j + 1/2, k + 1)− En

y (i, j + 1/2, k)
]

+ �t

µ�y

[

En
z (i, j, k + 1/2)− En

z (i, j + 1, k + 1/2)
]
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useful to model parts of the computation domain with finer detail, or when regions 
with high dielectric constants supporting waves propagating at very short wave-
lengths are included in the computational mesh.

4  The Cylindrical-Wave Approach

In this Section is described an example of analytical method for the analysis of 
the forward scattering by buried objects, the Cylindrical Wave Approach (CWA). 
CWA is a technique developed in the spectral domain to solve two-dimensional 
scattering problems by buried circular cross-section cylinders, with parallel radii 
and parallel to a planar interface. In its original formulation (Borghi et al. 1997) 
the technique was introduced to solve the scattering of a cylinder placed above 
a planar interface, and then extended to the modelling of scattering by buried 
objects, placing the cylinders below the interface, in a semi-infinite medium (Di 
Vico et al. 2005a, b).

Among the fundamentals of the method are:

•	 use of expansions into cylindrical waves to express the fields scattered by the 
cylinders;

•	 use of the plane-wave spectrum of a cylindrical function to evaluate the interac-
tion of the cylindrical waves with the planar boundary, in terms of reflection and 
transmission;

•	 accurate evaluation of the obtained spectral integrals, to get results in far- as 
well near-field region.

The idea to expand the scattered fields by circular cross-section cylinder into 
cylindrical waves is also the basic principle of the analytical scattering by an iso-
lated cylinder in free space (Balanis 1989). Anyway, the presence of at least one 
planar discontinuity to bound the medium hosting the buried cylinders turns the 
analytical solution to a higher degree of complexity, as the main geometry with 
circular boundaries is broken up. Due to the introduction of the interface, evalua-
tion of transmission and reflection of the cylindrical waves used as basis functions 
of the scattered fields must be done. As Fresnel reflection and transmission coef-
ficients are introduced only for plane-wave reflection and transmission, reflection 
and transmission of cylindrical waves is accomplished using plane-wave spectrum 
of cylindrical waves, presented in Cincotti et al. (1993).

A suitable use of the plane-wave spectrum of a cylindrical has been success-
fully applied in further extensions of the CWA, to deal with more compound 
geometries of the scattering problem. In Frezza et al. (2009, 2010), the method 
has been extended to scatterers buried in a dielectric layer, whereas in Frezza et al. 
(2013b) scatterers have been placed below a layer, to implement a through wall 
geometry. Scattering by a cylinder placed below a rough surface has been solved 
in Fiaz et al. (2012), with solution in the case of a surface with sinusoidal pro-
file. The same surface profile has been proposed in Fiaz et al. (2013), but in this 
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work spectral integrals have been solved with asymptotic techniques. Solution to 
scattering by an arbitrarily rough surface has been developed in Fiaz et al. (2014), 
where a surface with Gaussian roughness spectrum has been implemented.

In the above-mentioned works, the involved dielectric media are linear, iso-
tropic, homogeneous, and losses. Solution of CWA in case of a lossy medium has 
been presented in Frezza et al. (2013a, c). In Frezza et al. (2013a), an isolated cyl-
inder is buried in a semi-infinite and dissipative half-space, having developed a 
solution for the spectrum of a cylindrical wave in a medium with complex permit-
tivity. In Frezza et al. (2013c), CWA is solved for a set of cylinders buried in the 
same dissipative half-space.

The possibility to simulate a source field alternative to the plane wave excita-
tion has been firstly investigated in Frezza et al. (2012), where the field radiated 
by a line-source excitation has been considered. In the frame of CWA, such a field 
is itself a cylindrical wave, and its interaction of a planar surface of separation 
between two media leads to a reflected and a transmitted cylindrical waves.

In order to introduce the CWA, the analytical solution of the method to a geom-
etry of scattering of a line source by cylinders buried in a semi-infinite medium 
is here presented. The geometry is pictured in Fig. 5. Two semi-infinite media 
are considered, which are linear homogeneous, isotropic, and lossless. The upper 
medium is filled with air (ε1 = ε0, μ1 = μ0). A main reference frame of normal-
ized coordinates (O, ξ, ζ) is used, being ξ = k0x and ζ = k0z, with k0 the vacuum 
wavenumber. Cylinders have radii αp, and centres in (χp, ηp), with p = 1, …, N, 
with axes parallel to the y-axis. Further N coordinates frame centred on each cyl-
inder are introduced, i.e., (O, ξp, ζ p,), with ξ p = k0xp and ζ = k0zp, and p = 1, …, 
N. In this spectral-domain analysis a time-dependence eiωt is omitted.

Fig. 5  Geometry of line-source scattering
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The incident field is a line-source with center in (χL, ηL); a further reference 
frame centred on the source is used: (O, ξL, ζ L). The total field in each medium is 
described by a scalar function V(ξ, ζ), which stands for the electric field Ey, in the 
TM or E polarization state, or for the magnetic field Hy, in the TE or H one. Such 
a function is decomposed into several field contributions which are due to the 
interaction of the incident field, i.e. the scalar function Vi, with the interface and 
the cylinders. In particular, the reflected and transmitted fields Vr and Vt, respec-
tively, are defined (Fig. 6a): they describe the interaction between the incident 
field and the interface, in the absence of the buried cylinders. Furthermore, as the 
transmitted field Vt impinges on the buried objects, scattered fields are also defined 
(Fig. 6b), i.e. the field Vs scattered by the cylinders in Medium 1, and the fields 
Vsr and Vst, i.e. the scattered-reflected and scattered-transmitted field, respectively, 
dealing with reflection and transmission of Vs by the interface (Fig. 6b).

The line source radiates a y-directed field expressed through a Hankel function 
of first kind and zero order, with argument proportional to the distance from the 
source to the observation point:

In the frame of CWA, expression (16) can be written in the following more com-
pact form, highlighting that the first-kind Hankel function is cylindrical wave of 
zero-th order:

Reflection and transmission of the field Vi(ξ, ζ) through the planar interface in 
ξ = 0 can be evaluated expressing the cylindrical function CW0 as a plane-wave 
spectrum (Cincotti et al. 1993):

with n|| the parallel component with respect to the z-axis of the generic plane wave 
of the spectrum. The explicit expression of the spectrum F0, evaluated in ξL > 0, is

To obtain the reflected field Vr(ξ, ζ), the generical plane wave (19) is evaluated on 
the plane ξL = −χL and multiplied by the Fresnel reflection coefficient Γ01(n||). A 
Reflected Cylindrical Function of zero-th order is derived

(16)Vi(ξ , ζ ) = −V0H
(1)
0

[

√

(ξ − χL)
2 + (ζ − ηL)

2
]

(17)Vi(ξ , ζ ) = −V0CW0(ξL, ζL)

(18)CW0(ξL, ζL) =
1

2π

+∞
ˆ

−∞

F0(ξL, n||)e
in||ζLdn||

(19)F0(ξL, n||) =
2e

iξL

√

1−n2||
√

1− n2||

(20)RW0(ξ , ζ ) =
1

2π

+∞
ˆ

−∞

Ŵ10(n||)F0(−ξ − χL, n||)e
in||(ζ−ηL)dn||



210 C. Ponti

The reflected field can be also written as follows

In a similar manner the transmitted field Vt(ξ, ζ) is expressed. The generical plane-
wave of the spectrum (19), is evaluated on the plane ξL = −χL and multiplied by 
the Fresnel reflection coefficient T01(n||). A Transmitted Cylindrical Function of 
zero-th order is defined

(21)Vr(ξ , ζ ) = −V0RW0(ξ , ζ )

Fig. 6  Decomposition of the total field: a the incident file from the line-source, and the reflected 
and transmitted contributions, evaluated in the absence of any buried scatterer; b the scattered fields
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thus obtaining

Since the final solution of the scattering problem is obtained imposing boundary con-
ditions on the cylinders’ surface, an expression of the transmitted field in (23) as a 
function of polar coordinates centered on the p-th cylinder’s axis has to be employed. 
For this purpose, the cylindrical function (22) can be written in the following form

where the expansion of a plane-wave into Bessel functions has been used:

Being ϕt the angle of transmission of the generic plane wave of the spectrum.
The transmitted field Vt impinging on the cylinders’ surface in Medium 1 

excites a scattered field Vs(ξ, ζ). It is expressed as an expansion into cylindrical 
functions with unknown coefficients cqm:

where the m-order cylindrical function is proportional to the first-kind Hankel 
function

Making use of the Addition Theorem of Hankel functions, the scattered field (28) can 
be written in a reference frame centred on the q-th cylinder (q = 1, …, N), as follows

(22)
TW0(ξ , ζ ;−χL) =

1

2π

+∞
ˆ

−∞

T10(n||)F0(−χL, n||)e
in1
√

1−(n||/n1)2ξ ein||(ζ−ηL)dn||

(23)Vt(ξ , ζ ) = −V0TW0(ξ , ζ )

(24)

TW0(ξ , ζ ;−χL) = −V0

+∞
∑

ℓ=−∞
iℓJℓ(n1ρp)e

iℓθp
1

2π

+∞
ˆ

−∞

T10(n||)F0(−χL, n||)

× ein1
√

1−(n||/n1)2χpein||(ηP−ηL)e
−iℓ arctan

[

(n1n||)/
√

1−(n||/n1)2
]

dn||

(25)ein1(n⊥ξP+n||ζP) =
+∞
∑

ℓ=−∞
iℓJℓ(n1ρp)e

iℓθpe−iℓϕt

(26)Vs(ξ , ζ ) = V0

N
∑

q=1

+∞
∑

m=−∞
cqmCWm(n1ξq, n1ζq)

(27)CWm(n1ξq, n1ζq) = H(1)
m (n1ρq)e

imθq

(28)

Vs(ξq, ζq) = V0

+∞
∑

ℓ=−∞
i
ℓ
Jℓ(n1ρp)e

iℓθP

×
N
∑

q=1

+∞
∑

m=−∞
i
m
cqm

[

CWm−ℓ(n1ξqp, n1ζqp)(1− δqp)+
H
(1)
ℓ (n1ρp)

Hℓ(n1ρp)
δqpδℓm

]
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The scattered-reflected field Vsr(ξ, ζ) is derived expanding the cylindrical function 
CWm into a Fourier spectrum:

The spectrum Fm is given by (Cincotti et al. 1993):

Reflected Cylindrical Waves, which are the basis functions of the scattered-reflected 
field, are obtained evaluating the reflection on each plane wave of the spectrum (30):

An expression of the Cylindrical Wave (31), which is a function of polar coor-
dinates centered on the p-th cylinder, is used when boundary conditions are 
imposed. The resulting expression of the scattered-reflected field is

In (32), the expansion of a plane wave into Bessel functions has been used.
In a similar way, Transmitted Cylindrical Waves are defined

as basis functions of the scattered-transmitted field, which is defined as follows

If the scatterers are perfectly conducting cylinders, boundary conditions of zero 
electric field on the cylinders’ surface are imposed, i.e.,

(29)CWm(ξL , ζL) =
1

2π

+∞
ˆ

−∞

Fm(ξL , n||)e
in||ζLdn||

(30)Fm(ξ , n||) =
2e

i|ξ |
√

1−n2||
√

1− n2||

{

e
−imarccos n|| , ξ ≥ 0

e
imarccos n|| , ξ ≤ 0

(31)RWm(n1ξ , n1ζ ) =
1

2π

+∞
ˆ

−∞

Ŵ10(n||)Fm(n1ξ , n||)e
in1n||ζdn||

(32)

Vsr(ξ , ζ ) = V0

+∞
∑

ℓ=−∞
Jℓ(n1ρp)e

iℓθp

×
N
∑

q=1

+∞
∑

m=−∞
cqmRWm+ℓ

[

−n1(χq + χp), n1(ηq − ηp)
]

(33)
TWm(ξ , ζ ,χ) =

1

2π

+∞
ˆ

−∞

T10(n||)Fm(−n1χ , n||)

× e−i
√

1−(n1n||)2(ξ+χ)ein1n||ζdn||

(34)Vst(ξ , ζ ) = V0

N
∑

q=1

+∞
∑

m=−∞
cqmTWm(ξq, ζq,χq)

(35)Vt + Vs + Vsr|ρp=αp
= 0
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in TM polarization, and

in TE polarization.
From boundary conditions (35) and (36), after some algebra, a linear system in 

the unknown expansion coefficients cqm is derived

being

and

In (38), and (39), it is G(TM)
ℓ (·) = Jℓ(·)/H(1)

ℓ (·) and G(TE)
ℓ (·) = J ′ℓ(·)/H

(1)′
ℓ (·).

Dealing, instead, with dielectric scatterers, a further field contribution has to be 
taken into account, i.e., the field transmitted inside the q-th cylinder:

As to boundary conditions, the continuity of tangential electric field to the cylin-
ders’ is imposed

in TM polarization, and

In the TE one.

(36)
∂

∂ρp
(Vt + Vs + Vsr)|ρp=αp

= 0

(37)
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∑

q=1

+∞
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p
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ℓ = 0,±1, . . . ,±∞
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ℓ (n1ρp)
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+ RWm+ℓ
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−n1(χq + χp), n1(ηq − ηp)
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+ δqpδℓm

G
(TM,TE)
ℓ (n1ρp)

}
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(TM,TE)
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+∞
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∂
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∣
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From boundary conditions (42) and (43) two linear systems with two sets of 
unknowns, cqm and dpℓ, are derived. Such systems can be solved by eliminating the 
coefficients dpℓ, thus obtaining a linear system with coefficients cqm as unknowns:

with D
pq(1,2)
mℓ = L

p(2,1)
ℓ A

pq(1,2)
mℓ − L

p(1,2)
ℓ A

pq(2,1)
mℓ

 and M
p(1,2)

ℓ
= B

p(1,2)

ℓ
L
p(2,1)

ℓ
−

B
p(2,1)

ℓ
L
p(1,2)

ℓ
, and where

Furthermore, it is G(1)
ℓ (·) = Jℓ(·)/H(1)

ℓ (·) and G(2)
ℓ (·) = J ′ℓ(·)/H

(1)′
ℓ (·), with the 

superscript (1) and (2) relevant to TM and TE polarization, respectively.
A key issue of the CWA is the numerical evaluation of spectral integrals intro-

duced to define the cylindrical functions, that in the presented layout are the 
Eqs. (18), (20), (24), (31), and (33). Integrands are highly oscillating functions, 
definite on an infinite integration domain. An accurate integration algorithm has 
been developed for such integrals, the general rules of which are illustrated in Di 
Vico et al. (2005b). In the procedure the overall contributions of plane waves of 
the spectrum are evaluated, decomposing the total integration domain into sub-
intervals. An evanescent, a homogeneous evanescent and a fully homogeneous 
interval are detected. Such sub-intervals are further decomposed having checked a 
regular behavior in the integrand, applying adaptive integration techniques. In the 
final integration subintervals, low order Gaussian rules, as Gauss-Legendre ones, 
are applied. The advantage of this integration technique is the possibility to obtain 
solution in any point of the spatial domain, i.e. in both near and far-field regions.

The analytical theory developed with CWA is restricted to cylindrical scatterers 
with circular cross-section. Anyway, in several works implementing the CWA it is 
proved that the technique may be extended to the simulation of arbitrary cross-section 
cylinders through a suitable arrangement of smaller cylinders. A buried perfectly con-
ducting cylinder can be efficiently simulated in the frame of wire grid-approximation, 
as checked in Di Vico et al. (2005a), provide that the wires satisfy the same area rule 

(43)
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(Ludwig 1987). A buried dielectric cylinder of arbitrary cross-section may be also 
modeled, as described in Di Vico et al. (2005b), with smaller cylinders obeying in 
this case to the same volume rule (Elsherbeni and Kishk 1992).

5  Conclusions

Forward scattering by buried objects has been coped with in the literature with 
several techniques. The wide interest to this topic is especially due to the interest-
ing applications in the frame of GPR technique.

The developed methods are mainly based on Integral Equation Method or analyt-
ical techniques, as Cylindrical Wave Approach. Direct solution with numerical tech-
niques is also possible, and it is widely applied thanks to its extreme versatility in 
the simulation of arbitrarily complex scattering scenarios. Moreover, with a view to 
GPR applications, such a technique has the further advantage to be directly imple-
mented in the time domain. Analytical techniques, as Cylindrical Wave Approach, 
show limitations in the arrangement of the scattering scenario. Anyway, several 
scattering problems, dealing with the scattering from pipes and tunnels, voids, as 
well as with rebars of reinforced concrete, may be successfully simulated with sim-
ple circular cross-section geometries relevant to the buried scatterers. Furthermore, 
approximating techniques may be used to implement the simulation of scatterers 
with arbitrary cross-section through suitable arrangements of smaller cylinders.

A further effort may be done on the side of purely numerical techniques, in 
order to reduce execution times in the simulation of complex shape targets and 
improve the accuracy in the approximating grid. On the side of analytical meth-
ods, as the Cylindrical Weave Approach, the technique may be further generalized 
to a wider class of scattering scenarios, due to its advantages in terms of accuracy 
of solution and reduced computation times.
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Abstract Proper description of antenna effects on ground-penetrating radar (GPR) 
data generally relies on numerical methods such as the Method of Moments (MoM) 
or Finite-Difference Time-Domain (FDTD) modeling approaches. Yet, numerical 
methods are computationally expensive and accurate reproduction of real measure-
ments has remained a major challenge for many years. Recently, intrinsic modeling 
approaches, through which radar antennas are effectively described using their fun-
damental features, have demonstrated great promise for near-field radar antenna 
modeling. Although such approaches are not suited for designing radar antennas, 
they are particularly powerful for fast and accurate modeling, which is a prerequisite 
when full-wave inversion is applied, e.g., for estimating medium electrical proper-
ties. These approaches are also of great interest for filtering out antenna effects from 
measured radar data for improved subsurface imaging.

1  Introduction

Ground-penetrating radar (GPR) for nondestructive imaging and  characterization 
of the subsurface has been subject to intensive research for many years  
(Huisman et al. 2003; Giannopoulos 2005; Lambot et al. 2008; Slob et al. 2010). 
A major shortcoming in current knowledge is the modeling of the radar signal, 
which is necessary for quantitative reconstruction using full-wave inversion. 
Existing techniques usually rely strongly on simplifying assumptions regarding 
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electromagnetic wave propagation phenomena, and in particular, neglect antenna 
effects, which include frequency-dependent radiation pattern, gain, phase delay, 
mutual coupling, and coupling with the medium of interest.

Radar antennas can be modeled using numerical approaches, such as the 
finite-difference time-domain (FDTD) method (Hyun et al. 2009; Warren and 
Giannopoulos 2011; Meles et al. 2011; Millington et al. 2011), the finite ele-
ment method (FEM) (Venkatarayalu et al. 2008; Ilic et al. 2009), or the method of 
moments (MoM) (Craeye et al. 2009; Chen et al. 2010). Yet, numerical approaches 
need significant computing resources to reproduce 3-D models and suffer from 
inherent differences between the real and conceptualized antenna models due to 
the discretization and sensitivity to small differences between the model and the 
reality: the computational domain needs to be modeled in detail (Diamanti and 
Giannopoulos 2011). For instance, Warren and Giannopoulos (2011) used a 3-D 
FDTD approach through which the different parts of transmitting and receiving 
bowtie antennas were reproduced in the discretized model. Although relatively 
good modeling results were obtained for data collected over different emulsions, 
still significant modeling errors could be observed. These issues can be addressed 
through the implementation of subgrids into the conventional FDTD mesh to 
simultaneously account for antenna details and economize on computational 
resources (Diamanti and Giannopoulos 2009). Pantoja et al. (2009) extended a 
MoM in the time domain for the transient analysis of thin-wire antennas located 
over a lossy half-space. Numerical analyses showed good results for near-field 
cases for which the antenna was not too close to a half-space medium.

More efficient techniques are based on electric field integral equation (EFIE) 
formulations (Sarkar and Taaghol 1999; Alvarez et al. 2007; Craeye and Gonzalez-
Ovejero 2011; Crocco et al. 2005; Frezza et al. 2013a, b; Fiaz et al. 2013), through 
which, for the particular case of antennas, a set of infinitesimal electric dipoles 
and field points is used. The parameterization of these dipoles to properly describe 
real antenna radiation patterns is, however, not straightforward (Alvarez et al. 
2007; Serhir et al. 2010). In addition, such formulations do not directly account 
for wave propagation between the source or field points and the radar transmis-
sion line reference plane, i.e., where the field is actually measured, and hence, 
antenna-medium interactions and mutual coupling are either not accounted for or 
not adequately described. For instance, Gentili and Spagnolini (2000) modeled a 
GPR horn antenna at some distance over a 3-D layered medium using an array 
of frequency-independent source dipoles and a feeding line characteristic imped-
ance. Yet, with this approach the multiple reflections between the antenna terminal 
section and the medium were not accounted for. Slob and Fokkema (2002) used a 
thin-wire approximation to study the effects of two antennas placed close together 
on the Earth’s surface, and in particular, investigated the coupling between the 
antennas. They observed that the coupling is not negligible for GPR applications. 
The influence of the half-space medium on antenna behavior is strong but limited 
to a fraction of the wavelength in depth.

For the particular case of far-field GPR with applications to planar layered 
media, Lambot et al. (2004) proposed a closed-form, frequency-domain, radar 
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equation that simultaneously accounts for: (1) all antenna effects through fre-
quency-dependent global reflection and transmission coefficients and (2) wave 
propagation in layered media through 3-D Green’s functions. This intrinsic 
antenna-medium model relies on the assumption that the spatial distribution of the 
backscattered field locally tends to a plane wave over the antenna aperture, which 
is asymptotically valid in far-field conditions. The model has demonstrated a high 
level of accuracy for describing radar data and retrieving medium electrical prop-
erties, including frequency dependence, in a series of hydrogeophysical and engi-
neering applications (Lambot et al. 2004; Minet et al. 2010; Soldovieri et al. 2011; 
Patriarca et al. 2011). In addition, the validity of that model being theoretically 
independent of frequency and antenna type, the approach also applies to electro-
magnetic induction (EMI), i.e., in the kHz frequency ranges where diffusive phe-
nomena are dominant. In that respect, Moghadas et al. (2010) successfully applied 
this model to a loop antenna operating in the 30–60 kHz range for soil electri-
cal conductivity determination. Whether for GPR or EMI, it was observed that 
the so-called far-field condition for the planar field approximation holds when the 
distance between the antenna and the medium is larger than the antenna aperture 
dimension. For subsurface characterization and imaging, the far-field condition 
however strongly limits resolution and penetration depth.

More recently, by resorting to the superposition principle, the far-field model 
of Lambot et al. (2004) was generalized to near field conditions (Lambot and 
Andre 2014), for which the backscattered field distribution over the antenna aper-
ture depends on the medium distance and properties. With this approach, the radar 
antennas are described using an equivalent set of infinitesimal electric dipoles 
and characteristic, frequency-dependent, global reflection, and transmission coef-
ficients. These coefficients determine through a planar field decomposition over 
the antenna aperture wave propagation between the radar reference plane, point 
sources, and field points. The fields are calculated using 3-D Green’s functions for 
wave propagation in planar layered media. In this chapter, a general overview of 
this antenna modeling approach is presented and insights are provided for future 
research avenues.

2  Intrinsic Antenna Method

2.1  Far-Field Model

In the far-field radar model of Lambot et al. (2004), which particularly applies to 
planar layered media, a local plane wave field distribution is assumed for the back-
scattered field over the antenna aperture, and hence, an equivalent single electric 
dipole approximation holds for describing antenna radiation properties. Relying 
on the linearity of Maxwell’s equations, wave propagation between the point 
source or field point and the radar transmission line reference plane is accounted 
for by means of complex, frequency-dependent global reflection and transmission 



222 A.P. Tran and S. Lambot

coefficients resulting from the impedances changes within the antenna (see Fig. 1). 
These characteristic coefficients determine the antenna and transmission line inter-
nal transmissions and reflections, and thereby antenna—medium interactions. In 
far-field conditions, the relation between the radar-measured field and the 3-D 
layered medium Green’s function is described in the frequency domain as follows 
(Lambot et al. 2004):

where S(ω) is the radar signal expressed here as the ratio between the backscat-
tered field b(ω) and incident field a(ω) at the radar transmission line reference 
plane, with ω being the angular frequency; R0(ω) is the global reflection coef-
ficient of the antenna for fields incident from the radar reference plane onto the 
source point, corresponding to the free-space antenna response; Ts,1(ω) is the 
global transmission coefficient for fields incident from the field point onto the 
radar reference plane; Ti,1(ω) is the global transmission coefficient for fields inci-
dent from the radar reference plane onto the source point; and Rs,1(ω) is the global 
reflection coefficient for fields incident from the layered medium onto the field 
point. Subscript 1 denotes the index of the source point or field point. The source-
field point corresponds to the antenna phase center. The Green’s function G0

11 is 
defined as the scattered x-directed electric field Ex,.(ω) at the field point for a unit-
strength x-directed electric source Jx,. which is situated at the same location. The 
Green’s function is derived using a recursive scheme to compute the global reflec-
tion coefficients of the 3-D planar layered medium in the spectral domain (Chew 

(1)S(ω) = b(ω)

a(ω)
= R0(ω)+

Ts,1G
0
11Ti,1

1− G0
11Rs,1

Fig. 1  Linear block diagram representing the far-field antenna model with global reflection and 
transmission coefficients that describe wave propagation between the radar reference plane and 
the source or field point
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1990; Michalski and Mosig 1997; Slob and Fokkema 2002). The transformation 
back to the spatial domain is performed by evaluating numerically a semi-infinite 
integral, for which a fast procedure is applied (Lambot et al. 2007). The spatial-
domain Green’s function is defined as:

where the spectral Green’s function is

In this expression, J0 and J2 are, respectively, the first kind zero- and second-order 
Bessel’s functions; ρ and θ are, respectively, the distance and angle in the xy-plane 
between the field and source points (referred to by the dots in G.., respectively). 
In the far-field expression (1), we consider ρ = 0. Subscript 0 refers to the upper 
half-space (free space); h0 is the distance between the source/receiver points and 
the first medium interface; RTM and RTE are, respectively, the transverse magnetic 
(TM) and transverse electric (TE) global reflection coefficients accounting for 
all reflections in the multilayered medium; Ŵ is the vertical wave number defined 
as Ŵ =

√

k2ρ − k2 while k2 = ω2µ

(

ε − jσ
ω

)

 with the magnetic permeability μ, 

dielectric permittivity ε, and electrical conductivity σ. For the free-space layer 0 
(upper half-space), we have k20 =

(

ω
c

)2 with c being the free-space wave velocity.

2.2  Near-Field Model

When the layered medium is situated in the near-field of the antenna, the planar 
field assumption over the antenna aperture does not hold anymore and the scat-
tered field distribution depends on the antenna—medium distance and medium 
properties. An efficient approach for producing the correct antenna radiation field 
and capture the scattered field distribution is to consider an equivalent set of infini-
tesimal electric dipoles (Jx,n, n = 1, …, N) for the source and a set of points (Ex,m, 
m = 1,…, N) where the field is sampled for the receiver (Serhir et al. 2010; Gentili 
and Spagnolini 2000), thereby resorting to the superposition principle. The num-
ber of points to consider depends on the complexity of the scattered field distribu-
tion, which is intrinsically decomposed into a number of elementary distributions, 
i.e., local plane waves. As for the far-field model described above, wave propaga-
tion between the point sources or field points and the radar transmission line ref-
erence plane is accounted for by means of complex, frequency-dependent global 

(2)G.. =
1

8π

+∞
∫

0

G̃..(kρ)kρdkρ

(3)

G̃..

(

kρ
)

=
[

J0
(

kρρ
)

(

Ŵ0R
TM
0

σ0 + jωε0
− jωµ0R

TE
0

Ŵ0

)

−J2
(

kρρ
)

cos(2θ)

(

Ŵ0R
TM
0

σ0 + jωε0
+ jωµ0R

TE
0

Ŵ0

)]

exp(−2Ŵ0h0)
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reflection and transmission coefficients related to the variations of impedance 
along the field paths. The generalized model is depicted in Fig. 2. Because of the 
scattered field antenna reflection coefficients, the field points act as well as point 
sources within infinite reflection loops. Although the part of mutual antenna cou-
pling that depends on the medium is not explicitly included in the proposed model 
(only free-space coupling is physically described through T0), it can be shown that 
it is implicitly accounted for through the linearity of Maxwell’s equations. The 
antenna block diagram shown in Fig. 3 can be solved in a closed form in the fre-
quency domain as the solution of a system of linear equations as follows:

(4)S(ω) = b(ω)

a(ω)
= T0(ω)+ Ts

(

IN −G
0
Rs

)

GTi

Fig. 2  Linear block diagram representing the transmitting and receiving antenna model where 
the fields are decomposed into plane waves to which correspond global transmission and reflec-
tion coefficients. This block diagram permits to describe wave propagation between the radar 
reference plane, point sources, and field points
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with

And

where the different quantities are defined as in (1), with T0(ω) being the global 
transmission or reflection coefficient of the antenna in free space (referred to by 
subscript 0) for non-zero or zero-offset source-receiver, respectively; G0

.. and G.. 
being the layered medium Green’s functions for fields incident from the field 
points onto the field points themselves and from field points to source points; IN 
being the N-order identity matrix; and superscript T denoting transpose. When the 
number of source and receiver points limits to 1 (far-field, zero-offset configu-
ration), (4) reduces to (1) and the block diagram shown in Fig. 2 reduces to the 
scheme of Fig. 1.

Ts = [ Ts,1 Ts,2 . . . Ts,N ]
Ti = [ Ti,1 Ti,2 . . . Ti,N ]T

Rs = diag(Rs,1,Rs,1, . . .Rs,N )

G
0 =











G0
11 G0

12 . . . G0
1N

G0
21 G0

22 . . . G0
2N

...
...

...
...

G0
N1 G0

N2 . . . G0
NN











G =











G11 G12 . . . G1N

G21 G22 . . . G2N

...
...

...
...

GN1 GN2 . . . GNN











Fig. 3  GprMax3D synthetic (a) and near-field modeled GPR data (b) in the time domain for the 
calibration stage with the antenna located at different heights above a PEC [modified from Tran 
et al. (2013)]
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2.3  Determination of the Antenna Characteristic 
Coefficients

The antennas global transmission coefficients T0(ω), Ti,.(ω) and Ts,.(ω), and reflec-
tion coefficients Rs,.(ω) can be determined by solving (4) for known layered media 
for which the Green’s functions G..(ω) and G0

..(ω) can be calculated and the cor-
responding radar measurements S(ω) can be performed, thereby formulating an 
inverse problem that can be solved numerically. A practical configuration is to 
consider near- and far-field measurements with the antenna situated at different 
heights over a copper plane considered as a perfect electrical conductor (PEC). 
The size of the copper plane should be large enough so that it can be considered 
as an infinite plane. The antenna calibration inverse problem involves the optimi-
zation of a multidimensional objective function, the topography of which is rela-
tively complex and thereby requires a specific optimization strategy that is outlined 
below. The proposed optimization scheme is solved independently frequency per 
frequency and, for one specific frequency, relies on a progressive calibration using 
radar subdatasets. First, far-field measurements are used to determine the antenna 
coefficients assuming a single point source and field point [see (1)]. This optimi-
zation problem is formulated analytically in a closed form in terms of a system 
of linear equations (Lambot et al. 2006). Subsequently, these coefficient values 
are used as initial guess for the near-field calibration procedure, and in particular, 
are uniformly distributed over the full set of antenna coefficients pertaining to the 
complete set of point sources and field points, thereby constituting an initial guess 
for the complete optimization problem. The initial guess for the transmission func-
tions is T.,.(ω) = T.,1(ω)/N where T.,1(ω) comes from the far-field model calibra-
tion [see (1)] and N represents the number of source/field points. As the incident 
transmission coefficients Ti,n (n = 1,…, N) are mathematically fully correlated to 
their scattering counterpart Ts,n, only the products Ti,nTs,n can be estimated, which 
thereby reduces the number of unknown functions to determine. It is worth noting 
that although the T0(ω) function is obtained from the far-field calibration, it can 
also be obtained from a free space measurement. This function is therefore known 
for the near-field calibration phase. The initial guess for the reflection functions is 
Rs,.(ω) = Rs,1(ω) where Rs,1(ω) comes from the far-field model calibration. The 
symmetry of an antenna can be used to decrease the number of unknowns in the 
calibration inverse problem. Once the initial guesses from the far-field calibra-
tion are determined, a subset of the near-field radar data pertaining to the high-
est heights is added to the initial far-field subset and the antenna coefficients are 
updated using local optimization (e.g., using Levenberg–Marquardt algorithm) to 
fit (4) to the new radar dataset. The procedure is repeated until the full radar data-
set (down to an antenna height of zero) is used. The selection of the radar data 
subsets should be made such that the optimization algorithm iteratively progresses 
in the correct direction in the parameter space. Thus, the height steps should be 
relatively small with respect to the wavelength to ensure proper convergence of 
the optimization procedure. The antenna heights should be known with a relatively 
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high level of accuracy, especially relative to each other. When the frequency step 
in the radar data is sufficiently small, the optimization procedure can be acceler-
ated by using the solution from a previous frequency as initial guess to directly 
invert the full radar dataset. It is noteworthy that the antenna characteristic coeffi-
cients fully describe the antenna, including antenna-medium coupling effects, and 
do not depend on the medium. Theoretically, they should only be determined once 
for a specific transmitting-receiving antenna system.

3  Model Validation

In this section, we summarize some studies that validated the intrinsic near-field 
antenna model presented in Sect. 2. These studies range from numerical evalua-
tions to real field applications.

3.1  Numerical Evaluation

We evaluated the near-field, full-wave antenna model by comparing it with the 
GprMax3D model. The GprMax3D is part of a suite of electromagnetic simula-
tion software, developed by Giannopoulos (2005) originally in 1996, which is 
particularly suited to modeling GPR. The model is based on the FDTD method 
and approximates Maxwell’s equations to simulate the propagation of elec-
tromagnetic waves in different media. The near-field antenna model was com-
pared with the GprMax3D by inverting synthetic GPR data generated from the 
GprMax3D to retrieve the electric properties of an artificial medium with differ-
ent scenarios of layering, thickness, electrical properties and antenna height. The 
1.5 GHz GSSI bowtie antenna from Geophysical Survey Systems, Inc. (GSSI, 
Salem, Massachusetts, USA) was modeled in details in GprMax3D (Warren and 
Giannopoulos 2011).

For calibrating the near-field antenna model, 98 numerical measurements cor-
responding to antenna heights ranging from 0 to 0.82 m above an artificial PEC 
were generated by the GprMax3D model. Figure 3 presents the GPR data gener-
ated by the FDTD antenna model and those obtained from calibrating the near-
field antenna model described above. The figure shows that all main reflections 
are well reproduced by the intrinsic antenna model, with a correlation coefficient 
of 0.9995. The constant horizontal lines represent the direct coupling between the 
transmitter and the receiver. Below the antenna coupling signals is the PEC reflec-
tion whose travel time increases with increasing antenna height. The other reflec-
tions under the PEC reflection are multiple reflections between the antenna and the 
PEC. It should be noted that when the antenna height is less than 10 cm, the PEC 
reflection and the antenna coupling occur at almost the same time, and therefore, 
they cannot be readily distinguished.
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Based on the data obtained from the FDTD antenna model, we applied near-
field full-wave inverse modeling to reproduce the GPR signals and predict the 
electric permittivity and conductivity of the 1- and 2-layered scenarios considering 
different antenna heights. To control the number of parameters, we also assumed 
that the thickness of the dielectric layer was already known. Accordingly, there 
were 3 unknown parameters, namely, the antenna height (h0), electric permittivity 
(εr) and conductivity (σ) for the 1-layered scenarios, and 5 parameters (h0, ε1r, σ1, 
ε2r, σ2) for the 2-layered scenarios.

Figure 4 shows an example of synthetic and modeled GPR data in the time 
domain for the scenarios 2 (1-layered medium) and 5 (2-layered medium) for an 
antenna height of 5 cm. The results indicate that the near-field full-wave GPR 
model can reproduce very well the GPR signals synthetically generated by the 
FDTD antenna model. The main reflections are accurately reproduced both in 
arrival time and amplitude. We can see that antenna-medium coupling is visible at 
around 0.9–1 ns in both figures. Reflections from the medium surface are difficult 
to detect as they are coupled with the antenna-medium coupling. The reflections 
from the PEC appear, respectively, at 2.3 ns for the 1-layered scenario, and at 3 ns 
for the 2-layered scenario. For the 2-layered scenario, we also observed the reflec-
tions from the upper–lower layer boundary at 2 ns.

Figure 5b–d presents the relative errors of the optimized permittivities and 
conductivities as a function of the antenna height. The optimized permittivities 
are in excellent agreement with the modeled values with relative errors lower 
than 5 %. However, the difference between model and optimization lessens 
with increasing antenna height. This indicates that the agreement between the 
GprMax3D and near-field antenna models reduces when the antenna is nearer 
the medium surface. Figure 5a compares the antenna heights used by the 
FDTD antenna model with those derived from GPR signal inversion. It shows 
that for each of the antenna heights the optimized antenna heights are slightly 

Fig. 4  Example of the synthetic and modeled GPR data for 1- (a) and 2-layered (b) 
medium scenarios with the antenna located at a height of 5 cm. a εr = 11.2, σ = 0.095 S/m,  
b ε1r = 4.5, σ1 = 0.0015 S/m, ε2r = 11.2, σ2 = 0.095 S/m
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overestimated but approximately identical in all scenarios. The largest difference 
is found at the height of 2 cm with errors around 4–6 mm. However, when the 
antenna height is greater than 5 cm, the difference between model and optimiza-
tion is negligible.

3.2  Laboratory Evaluation

For laboratory evaluation, we used two GPR systems, working in the fre-
quency (FD-GPR) and time domain (TD-GPR). The FD-GPR system consists 
of a stepped-frequency continuous-wave vector network analyzer (VNA, ZNB8, 
Rohde & Schwarz, Munich, Germany) and a homemade single Vivaldi antenna, 
which simultaneously works as the transmitter and receiver. The antenna is 
made of aluminum and has an aperture of 24 cm and a height of 20 cm (Sarkis 
and Craeye 2010). The measurements were performed in the frequency range 
1–3.0 GHz, with a step of 6 MHz. The TD-GPR system is the model SIR-20 
from Geophysical Survey Systems, Inc. equipped with 900 MHz centre frequency 

Fig. 5  a Comparison of the estimated and synthetic antenna heights; b–d Relative errors of the 
estimated permittivity corresponding to 1-layered scenarios, upper and lower layers of 2-layered 
scenarios
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transmitting and receiving bowtie antennas with antennas box dimensions of 
33 cm × 18 cm × 8 cm. We recorded the GPR data with a time range of 50 ns 
and 512 samples per scan. The collected radar data in the time domain were trans-
formed into the frequency domain using the fast Fourier transform. Only data 
between 0.46 and 1.34 GHz, with the highest signal-to-noise ratio, were consid-
ered, resulting in 45 observation frequencies (frequency step of 20 MHz).

To calibrate the two antennas, measurements were performed with the antenna 
at 100 different heights in both the near- and far-fields (h0 = 0–0.72 m) over 
a 3 × 3 m2 copper sheet assumed as a PEC. Once these coefficients are deter-
mined, (4) can be used to simulate the radar data for any layered medium con-
figuration. Figure 6 shows the measured and modeled radar data, expressed 
in the time domain, over the copper sheet. The antenna coupling can be clearly 
observed at early times as well as the copper sheet reflection that appears at larger 
times for increasing heights (h0). Antenna-medium coupling in particular results 
in a decrease of the waveform frequency spectrum (larger periods are observed 
in the time-domain), which is well reproduced by the intrinsic model. At later 

Fig. 6  Measured (a, b) and modeled (c, d) GPR data expressed in the time domain for the 
antennas at different heights (h0) over the copper sheet [modified from Tran et al. (2014)]
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times, a first-order multiple between the antenna and the copper sheet can also 
be observed. The measured and modeled data agree remarkably well. The rela-
tive errors in terms of signal amplitude are lower than 8 % for the TD-GPR and 
3 % for the FD-GPR and their correlation coefficients are 0.9983 and 0.9993, 
respectively.

For further validating the model, GPR measurements were performed with the 
antenna at different heights above a 5-cm water and 15-cm sand layer as illustrated 
in Fig. 7. The sand layer is subjected to 7 volumetric water content values rang-
ing from 0.0 to 0.32 cm3/cm3. A copper plane was used as the bottom boundary 
condition. We use the Debye model (Debye 1929) for describing the frequency 
dependence of free water electrical properties with parameterizations as provided 
by Stogryn (1970) and Klein and Swift (1977) for the complex permittivity values 
and relaxation time as a function of temperature and salinity. The water tempera-
ture was 17.2 °C and its DC electrical conductivity was 0.0806 S/m. For sand, we 
combined the complex refractive index model (CRIM) with the Debye model to 
take into account the frequency dependence of soil electric properties. The mod-
eled data were obtained by model inversion with the antenna height (h0) and water 
thickness (h1) as unknown variables for water, and sand thickness (h1), water con-
tent (θ) and DC soil conductivity (σDC) for the sand.

Figure 8 shows, in frequency and time domains, the measured and modeled 
radar data for measurements collected with the antenna at a height of 5 cm above 
the water. For the FD-GPR, a good agreement can be observed with no visible 
differences between the model and the measurements. Results for the TD-GPR 
are slightly less satisfactory, which may be attributed to the lower dynamic range 
of the instrument, the inherent drift issues (amplitude and time drifts), and pos-
sibly the larger complexity of the antenna geometry which may require another 

Fig. 7  Sketch of the laboratory experimental setup. The water layer thickness is h1 = 5 cm, the 
antenna height above water ranges h0 = 0…0.76 m [modified from Lambot and Andre (2014)]. 
A similar setup also applied for the sand experiments
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distribution of the source and field points over the antenna aperture. For both sys-
tems, the estimated heights were in very good agreement with direct height meas-
urements (errors are less than 1/100 wave length).

Figure 9 presents an example of measured and modeled GPR data correspond-
ing to sand in the frequency and time domains. The results were obtained by using 
the FD- and TD-GPR systems. The figure shows that the full-wave GPR inverse 
modeling well reproduces the measured radar signals in both time and frequency 
domains. The water content values obtained by both GPR systems are in close 
agreement with the reference sampling ones. The average and maximum errors of 
the GPR water content for the FD-GPR are 0.012 and 0.045 cm3/cm3. These errors 
are, respectively, 0.016 and 0.034 cm3/cm3 for the TD-GPR.

Comparing Figs. 8 and 9, we observe that the differences between modeled and 
measured GPR data corresponding to water are smaller than for the sand due to 
the fact that the water layer is much more homogeneous, thereby the homogene-
ous assumption of the near-field antenna model is better respected.

Fig. 8  Measured and modeled GPR data in the frequency (left) and time (right) domains with 
the antenna located at a height of 5 cm above a 5-cm water layer. The results were obtained by 
the frequency-domain Vivaldi (a, b) and time-domain GSSI GPR systems (c, d)



233Development of Intrinsic Models for Describing …

3.3  Field Application

The study was carried out in the Belgian loam belt region along a cultivated tran-
sect of 308 m long (50.6669°N, 4.6331°W) (Fig. 10a). The site has a maritime 
temperate climate, with an average annual temperature of 9.7 °C and an average 
annual precipitation of 805 mm (Wiaux et al. 2014). Along the transect, the soil 
porosity at the 30 cm top is quite uniform, varying from 43 to 45 % due to the fact 
that the field is plowed every year. The elevation along the transect varies from 
134 to 145 m. The higher topography is observed at the two extremities and the 
lower one around the middle of the transect.

The GPR field campaigns were conducted weekly during the period 23/03–
08/06/2011 (11 datasets, one missing in May) to characterize the spatiotem-
poral variability of soil moisture. The GPR system consists of a VNA (ZVNA, 
Rohde & Schwarz, Munich, Germany) connected with a broadband horn antenna 
by a 50-Ω coaxial cable. The antenna has dimensions of 950 cm in length and 
680 × 960 cm2 in aperture area. For each measurement, the frequency-dependent 

Fig. 9  Measured and modeled GPR data in both frequency (left) and time (right) domains. 
The antenna situated at a height of 5 cm above a 15-cm sand layer with θ = 0.11 cm3/cm3. 
The results were obtained by the frequency-domain Vivaldi (a, b) and time-domain GSSI GPR 
 systems (c, d)
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complex backscattered signal S11 was measured at a frequency range 200–
2000 MHz, with a frequency step of 6 MHz (301 measured frequencies). 
However, for soil moisture estimation, we selected GPR data within the frequency 
range 200–800 MHz to avoid noises in the signal occurring for larger frequencies 
due to the soil roughness and the presence of vegetation.

For rapid data acquisition, the GPR system was mounted on a 4-wheel motor-
cycle. A differential global positioning system device (DGPS) (Leica GPS1200, 
Leica Geosystems) was installed above the GPR radar to determine the measure-
ment locations. Distance between the antenna aperture and soil surface was set at 
0.3 m for the near-field soil moisture characterization. However, during the meas-
urement process, this distance varied due to the effect of the local field topog-
raphy. For each field occasion, there were from 85 to 120 GPR measurements 
collected in a period of around 1 h.

Figure 10b presents the time-domain B-scan GPR measurements collected on 
08/06/2011 as an example. The figure indicates that the reflections from top soil 
layer, which appear around 7–12 ns, are the strongest ones. Above the soil surface 
reflections are the antenna internal reflections inside the antenna. These reflections 
are relatively constant both in amplitude and travel time. The reflections from lay-
ers below the topsoil are not visible, indicating that there is no abrupt change in 
the shallow soil moisture which might be explained by the plowing activities. As a 
result, we used the lower half-space to model the soil layer. Two unknowns for the 
optimization are the antenna height and soil moisture.

Together with the GPR measurements, we also used the portable frequency 
domain reflectometry sensor (FDR) ML2x (Delta-T, United Kingdom) to measure 
soil moisture at several positions along the transect. Volumetric soil moisture was 
measured at the topsoil layer (thickness of 6 cm) using a portable five-rod 6 cm 
long FDR. At each measurement location, we carried out 6 FDR measurements 
within a rectangle with a size of 5 × 1 m2 next to the GPR measurement transect. 

Fig. 10  a Topography and soil map of the site study [modified from Wiaux et al. (2014)].  
b An example of B-scan GPR data along the transect [modified from Tran et al. (2015)]
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After that, these 6 measurements were averaged to represent FDR soil moisture. 
Totally, 78 FDR soil moisture values were performed during the field campaign 
period.

Figure 11 compares the soil moisture obtained from GPR and FDR measure-
ments at the same locations over the field campaign period. Here, we compared the 
soil moisture at the nearest distance with the center of FDR rectangle. The vertical 
bars represent the uncertainty of the full-wave GPR inversion, i.e., the confidence 
intervals corresponding to a confidence level of 95 %. The figure shows that there 
is a relatively good agreement of soil moisture derived from the two techniques. 
The bias between them is relatively small. The correlation coefficient and root 
mean square error (rmse) are 0.79 and 0.05 cm3/cm3, respectively. This agreement 
proves that the near-field full-wave GPR model can provide reliable soil moisture 
data. However, when soil becomes wetter, the agreement between GPR and FDR 
soil moisture reduces with a maximum error up to 0.15 cm3/cm3. This might be, 
firstly, explained by the increasing heterogeneity of soil moisture under the antenna 
footprint, which causes inherent differences between GPR and FDR measurements. 
For GPR, the errors mainly come from the violation of the homogenous assumption 
of the GPR model and the decrease of sensitivity of the GPR reflection coefficient 
with respect to permittivity when permittivity increases. For FDR, the errors are 
caused by the lack of samples to cover the high spatial variability of soil moisture. 
Secondly, the wetter soil causes the difference of the vertical characterization scales 
between GPR and FDR to be larger, thereby increasing the discrepancy between soil 
moisture estimated by the two techniques (Tran et al. 2015).

Fig. 11  Comparison of soil moisture derived from the GPR and FDR measurements during 
the field campaign period from 23/03 to 08/06/2011. The vertical bars represent the confidence 
intervals of the full-wave GPR inversion corresponding to a confidence level of 95 %
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As for the uncertainty of soil moisture estimated by the full-wave GPR inver-
sion, Fig. 11 shows that the uncertainties are relatively small with the ratios 
between the standard deviation of soil moisture and its estimated values vary-
ing from 3 to 12 %. The large uncertainties usually appear at high soil moisture, 
implying that the GPR soil moisture estimation is less accurate and less reliable in 
the wet soil conditions.

4  Conclusion

A strong requirement is the accurate modeling of the radar data for quantita-
tive reconstruction of medium properties using full-wave inversion as well as for 
improved radar imaging by removing artifacts that arise from the antenna effects, 
such as multiple reflections. Although available computing resources are ever 
increasing, the antenna modeling based on numerical methods is still impractical 
due to the fact that they require huge computational resources, especially when 
solving the inverse scattering problems. In that respect, a more effective solution 
to accurately describe the antenna is a necessity.

We introduced a closed-form equation for modeling antenna and wave propaga-
tion in the multilayered medium, which included in particular the antenna effects 
and its interactions with the medium. The model relies on a planar wave decom-
position and global transmission and reflection coefficients that are characteristic 
to the antenna, thereby providing an intrinsic antenna representation and effective 
way that takes maximum benefit from the linearity of Maxwell’s equations for fast 
computing. We summarized the results of some studies that successfully applied 
the model to quantify the electrical properties of medium under different condi-
tions. These results showed the great promise for planar material property retrieval 
through full-wave inversion, e.g., for road inspection.

Yet, it is worth noting that this approach only applies to planar layered media 
(at least locally). Considering buried objects or more complex structures in 
the subsurface still requires further developments. This closed-form modeling 
approach can, however, be integrated with numerical formulations such as FDTD 
or other EFIE-based methods that efficiently model scattering by an embedded 
object.
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Abstract Ground Penetrating Radar (GPR) is a non-destructive imaging system 
able to provide high-resolution images of the subsurface. From a theoretical point 
of view, it requires to solve an inverse scattering problem, where a set of param-
eters describing the underground scenario must be retrieved starting from samples 
of the measured electromagnetic field. In this chapter, an overview of different 
methods/algorithms for quantitative and qualitative buried scatterer reconstruction 
widespread in literature is provided.

1  Introduction

The problem of imaging buried targets (subsurface imaging) finds application in 
a very large number of research fields. Civil engineering diagnostics (Pastorino 
1998; Soldovieri et al. 2006; Hugenschmidt and Kalogeropoulos 2009; Randazzo 
and Estatico 2012), archaeological and geophysical prospecting (Conyers 1997; 
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Piro et al. 2003; Orlando and Soldovieri 2008; Catapano et al. 2012) and cultural 
heritage monitoring (Masini et al. 2010; Masini and Soldovieri 2011) are only a 
few of examples. Besides these “classical” fields of application, new fields such as 
through-wall imaging (Ahmad et al. 2005; Baranoski 2008; Solimene et al. 2009), 
contaminant detection (Bevan et al. 2003; Porsani et al. 2004), tunnel and under-
ground facility detection (Lo Monte et al. 2010; Meschino et al. 2013), and planet 
exploration (Watters et al. 2006) are gaining increasing interest.

In order to succeed in subsurface imaging a number of requirements, which span 
from hardware to signal processing, must be complied with. For instance, it is often 
required to use imaging systems having relatively small dimension (for portability), 
ultra-wide-band behavior, and low levels of the direct coupling between TX/RX 
antennas. Moreover, as the targets are usually buried within extremely complicated 
(in-homogeneous) scene, with media that can be lossy and dispersive, before imag-
ing a number of “preliminary duties” have to be accomplished. For example, clutter 
suppression procedures must be run in order to extract scattered field data (Lopera 
et al. 2007; Solimene et al. 2014b). In addition, medium estimation is mandatory in 
order to obtain properly focused reconstructions (Di Matteo et al. 2013; Gorriti and 
Slob 2005; Minet et al. 2010; Solimene et al. 2014c). Finally, antenna deconvolution 
is generally needed (Daniels 2004; Jadoon et al. 2011; Lambot et al. 2004; Patriarca 
et al. 2013), the latter being particularly difficult when antennas are deployed in 
close proximity of the air/soil interface (Lambot and André 2014).

In this contribution we focus only on the imaging step.
Basically, subsurface imaging entails solving an electromagnetic inverse scattering 

problem (Pastorino 2010). As is well known, such a problem is extremely difficult to 
solve due to its non-linearity (Chew 1999) and ill-posedness (Bertero and Boccacci 
1998). A large number of research activities have been developed and documented 
in the literature to address non-linear inverse scattering problems (Caorsi et al. 1994, 
1995; Franchois and Pichot 1997; Lobel et al. 1997; Dourthe et al. 2000; Liu et al. 
2002; Benedetti et al. 2006; Pastorino 2010; Ali and Moghaddam 2010; Meles et al. 
2010; Patriarca et al. 2011; Crocco and Soldovieri 2011). In this framework, the recon-
struction/imaging is usually recast as an optimization problem where the minimum of 
a suitable cost function accounting for the misfit between the scattered field data and 
the model data must be found. Newton-like iterative methods (Cui et al. 2001; Estatico 
et al. 2005, 2012; Ostadrahimi et al. 2013; Roger 1981; Rubek et al. 2007; De Zaeytijd 
et al. 2007) and gradient based solution procedures (Kleinman and van den Berg 1992; 
Harada et al. 1995; Lobel et al. 1996; Isernia et al. 1997; van den Berg and Abubakar 
2001) are generally the approaches upon which deterministic non-linear inversions are 
based. It is well known that, such a kind of inversion methods can suffer from conver-
gence problems and can experience limited reliability due to the occurrence of false 
solutions (Isernia et al. 2001). The latter problem is due to the non-quadratic structure 
of the function to be minimized. These problems are further exacerbated by the ill-pos-
edness, which makes the solution strongly sensitive to the uncertainties and the noise 
that “always” corrupt data. Nonetheless, if “quantitative” reconstruction (i.e., in terms 
of the shape and material composition of scatterers) are required, non-linear inver-
sions is the only way to follow. This stimulated researchers in finding out strategies to 
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overcome/mitigate the drawbacks mentioned above. For example, in order to reduce 
non-linearity, approximate (quadratic) and novel non-linear scattering models have 
been developed (Leone et al. 2003; Isernia et al. 2004; Estatico et al. 2005; Catapano 
et al. 2006a; Crocco et al. 2012). Again, in order to exploit in a clever way the ratio 
between independent data/number of unknowns (which affects the curvature of the 
functional range and hence the occurrence of local minima) enlarging the number of 
unknowns as minimization procedure evolves (Baussard et al. 2004b) or multi-resolu-
tion unknown representation have been employed (Catapano et al. 2004; Donelli et al. 
2006; Oliveri et al. 2012a). Also stochastic minimization schemes have been largely 
used (Rahmat-Samii and Michielssen 1999; Pastorino et al. 2000; Robinson and 
Rahmat-Samii 2004; Pastorino 2007; Rekanos 2008; Randazzo 2012). These meth-
ods are in principle able to overcome the problem of local minima, but their numeri-
cal complexity is often much higher than the one of deterministic approaches. Finally, 
despite advancement in numerical modeling and in computer science, effective use of 
non-linear inversion methods is still limited to relatively small spatial region.

The problem is drastically simplified if linearized scattering models are 
exploited. Linearization can be achieved by invoking the Born or Rytov approxi-
mations (Chew 1999; Pastorino 2010) in the case of penetrable scatterers and the 
Kirchhoff one for metallic objects (Pierri et al. 2006). The resulting imaging meth-
ods can be coarsely grouped in “migration” methods and “inverse-filtering” proce-
dures (Soldovieri and Solimene 2010).

Migration algorithms (Gazdag 1978; Stolt1978; Bleistein2001) were first devel-
oped within the framework of seismic prospecting. For a lossless medium they 
exploit the time “reversibility” to define the conjugate of the wavefield extrapo-
lation operator as a suitable inverse. Related imaging algorithms are the back-
propagation (Hansen and Johansen 2000), the time-reversal (Fink 1992), and the 
omega-kappa algorithm, the latter usual in SAR imaging (Gazdag 1978; Cafforio 
et al.1991). When the scenario becomes lossy, FFT cannot be any longer used and 
migration implementation can be conveniently cast by approximating the inverse 
operator in terms of the adjoint of the scattering operator (Bloemenkamp and 
Slob 2003; Soldovieri and Solimene 2010). Inverse filtering cast the imaging as 
a linear inverse problem where reconstructions are obtained by inverting the lin-
earized scattering operator for some object function that accounts for the support 
and the electromagnetic features of the scatterers (Bloemenkamp and Slob 2003; 
Soldovieri and Solimene 2010).

Linear inversion imaging methods are computationally effective as compared 
to non-linear methods and hence allow to deal with scattering scenarios which can 
be very large (in terms of wavelength) and do not suffer from reliability problems. 
However, ill-posedness still remains an issue. To this end, linear inversions must 
always be paired with some regularization scheme in order to establish a trade-
off between accuracy and stability against noise (Bertero and Boccacci 1998). In 
particular, while migration “implicitly” regularizes the problem, inverse filtering 
requires explicit use of a regularization scheme. This latter is obtained by enforc-
ing some constraint on the solution, dictated by a priori information, or by adopt-
ing iterative solving procedures where regularization is achieved by controlling the 
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number of iterations. However, it must be remarked that, since the class of scatterers 
for which linear models work is extremely limited, such imaging procedures gener-
ally do not allow to obtain quantitative reconstructions. Therefore, detection, locali-
zation and rough information about the scatterers’ shape is what one can expect to 
retrieve through a linear inversion methods (Slaney et al. 1984; Pike and Sabatier 
2002; Pastorino 2010). Fortunately, in many applicative contexts this is exactly what 
one is interested in. In many other frameworks this is not enough. However, linear 
reconstructions can be adopted to gain information about the setting of the starting 
point of non-linear inversions, the latter can strongly affect the outcome of a quanti-
tative reconstruction (Belkebir et al. 2000; Pike and Sabatier 2002; Pastorino 2010).

The computational advantages of linear model based inversion schemes are 
also shared by the so-called “qualitative” methods (Cakoni 2006). Such methods 
directly aim at retrieving the scatterers’ supports and do not require simplified 
models of the scattering phenomenon. In particular, they identify the spatial sup-
port of the scatterers by adopting certain indicator functions, which assume very 
different values in norm depending whether they are evaluated within or outside 
the scatterer supports. The linear sampling (Colton et al. 2000) and the factoriza-
tion (Kirsch 1999) methods as well as MUSIC based approaches (Devaney 2000; 
Marengo et al. 2007) belong to this class of inversion algorithms. They require 
a multistatic/multiview/single-frequency configuration and it has been noted that 
their performances are reduced when aspect-limited configurations are adopted 
(Brandfass et al. 2001; Liseno and Pierri 2004; Catapano et al. 2011).

In this chapter, an overview of different methods for subsurface imaging within 
the framework of the electromagnetic scattering equations is provided. Of course, 
material presentation will be unavoidable biased from authors expertise and is not 
intended to provide an exhaustive account of subsurface imaging literature.

First, different measurement configurations used to gather data for subsur-
face imaging are recalled (Sect. 2). The very popular migration algorithms are 
described in Sect. 3. In Sect. 4, the scattering equations are briefly introduced. It is 
shown that the subsurface imaging is a special case of inverse scattering problem 
and, as such, it is non-linear and ill-posed. Despite of that, we start by presenting 
imaging algorithms based on simplified linearized scattering models and establish 
a connection with the migration ones (Sect. 5). Non-linear inversion methods are 
then presented in Sect. 6, whereas Sect. 7 is devoted to the description of a more 
recent class of imaging algorithms, the so called “qualitative” methods. Finally, 
in Sect. 8 hybrid schemes are discussed, while new prospective are addressed in 
Sect. 9. Concluding remarks and open issues end the chapter.

2  Measurement Configurations

The basic/standard principle of GPR is the transmission of a short electromag-
netic pulse into the ground and the measurement of the reflected/scattered field 
as a function of time or frequency for different spatial positions over which 
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transmitting (TX) and receiving (RX) antennas can be arranged. Depending on the 
way TX and RX antennas are spatially deployed, different configurations can be 
adopted in GPR surveys (Fig. 1). The choice of the configuration to be adopted is 
dictated by different applicative motivations (e.g., the type of investigation to be 
made, the kind of targets to be detected, the extent of the investigated region, the 
hardware system at ones disposal, etc.).

The simplest setup, and by far the more common, consists of a single antenna 
moving along a line (or a surface) at the air-ground interface (monostatic con-
figuration) (Soldovieri et al. 2011a). In this case, the TX and RX antennas are 
co-located or even a single antenna acting as TX/RX can be used. A variant of 
this acquisition scheme is the bistatic setting. In this case, the scanning can be 
achieved by synthesizing the measurement aperture by moving simultaneously 
the TX and RX antennas while keeping fixed the spatial offset between them (this 
scheme is also addressed as Common Offset (CO)), or by moving the RX antenna 
while keeping fixed the TX one (Common Source), or vice versa (Common 
Receiver) (Huisman et al. 2003; Neal 2004). The Common Source and Common 
Receiver methods for GPR survey are also addressed in literature as Wide-Angle-
Reflection-Refraction (WARR) technique and generally used to delineate the pen-
etration speed (velocity) of the radar waves in a rugged terrain (Neal 2004). Again, 
the offset between the TX and the RX antennas can be progressively increased by 
moving the TX antenna and the RX one in opposite directions so as to achieve the 
so-called Common Mid Point (CMP) configuration (Bristow and Jol 2003).

The main advantage of the above setups reside in their simplicity. However, in 
some cases it is useful to employ more complicated measurement configurations 

Fig. 1  GPR measurement configurations. a Monostatic; b bistatic; c multistatic; d cross borehole
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in order to get more data. In particular, multi-static/multi-view setups can be used. 
In this case, the transmitting antenna is successively located at different positions, 
and, for each view (i.e., TX antenna position) the electromagnetic field scattered 
by buried objects is collected in several measurement points (an array of anten-
nas can also be used) (Counts et al. 2007). Note that this kind of configuration has 
recently experiencing a revival under the trendy denomination of MIMO GPR sys-
tems (Zhuge et al. 2010).

Cross-borehole configurations can also be employed to increase the available 
information. In this case, the transmitting and receiving antennas are buried inside 
boreholes located aside the investigation area, thus allowing to collect transmis-
sion data as well (Jang et al. 2011).

Some results concerning the comparison of many of previously mentioned con-
figurations in terms of the so-called retrievable spatial spectrum of the unknown 
when linear inverse scattering imaging is exploited can be found, for example, in 
(Persico et al. 2005; Persico 2006).

3  Migration Algorithms

This section is devoted to recall migration subsurface imaging methods. For the 
sake of simplicity, discussion is going to be developed for a two-dimensional 
and scalar configuration. Moreover, only the case of multimonostatic configura-
tion will be considered with Tx and RX antennas being just located at the air/soil 
interface. This simplifies discussion as scattering can be roughly assumed to occur 
within a homogeneous medium (the one coinciding with the lower half-space 
 representing the soil). Of course, generalization to stand-off configurations or to 
the case of layered soils do not put formal problems and only requires accounting 
for refractions law in algorithm development.

Consider a point-like scatterer located in the object space at rsc = (xsc, ysc) and 
denote as rO = (xO, yO) the positions where the scattered field is recorded. If sT (t) 
is the transmitted signal, the corresponding B-scan measurement (the so-called 
radargram) appears (in the xO − t data space) as a diffraction hyperbola whose 
apex is in (xsc, 2ysc/v), v being the soil propagation speed.

The basic idea of migration is to collapse such hyperbola on its apex in the 
object space. Migration was first conceived as a graphical method (Hagedoorn 
1954) based on high frequency assumption. Basically, it is noted that for each A 
scan (each time-trace), the scatterer’s position should lie on a semicircle centered 
on the source-receiver position and of radius equal to the distance obtained by 
multiplying the travel-time by half the wave-speed in the soil. Accordingly, each 
xO − t data point is equally distributed over a semicircle in the image space so 
that all the semicircle intersect at rsc. This procedure is schematically depicted 
in Fig. 2. Since the pioneering graphical method worked out by Hagendoorn, 
many migration algorithms that implement such a procedure have been devel-
oped (Bleistein 2001). In particular, algorithms implementing the Hagendoorn 
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procedure are known as Wave Interference Migration (Gazdag and Sguazzero 
1984), also addressed in the literature as A-scan-driven approach (Marklein et al. 
2002).

A counterpart of Wave Interference Migration is the so-called Diffraction 
Summation (Gazdag and Sguazzero 1984) [also known as pixel-driven approach 
(Marklein et al. 2002)]. In this method the object space is divided in pixels and for 
each of them a diffraction hyperbola is constructed in the data space. The recon-
struction at each pixel is then obtained by summing up all the traces (A-scans) 
that the synthetic hyperbola intersects. This procedure can be implemented auto-
matically and requires the evaluation of the following summation integral for each 
pixel (x, y)

where Σ and T are the measurement aperture and the interval of time during which 
data are being collected, respectively.

If we denote as SR(xO, k) the Fourier transform of sR(xO, t) then Eq. (1) can be 
recast as

where Ωk denotes the frequency band in the k domain. Equation (2) points out 
the equivalence between the Diffraction Summation and the Range Migration 
Technique presented in (Lopez-Sanchez and Fortuny-Guasch 2000) and also to the 
Synthetic Aperture Focusing Technique (SAFT) (Marklein et al. 2002).

(1)R(x, y) =
ˆ

Σ

ˆ

T

sR(xO, t)δ

(

t − 2

v

√

(x − xO)2 + y2

)

dxOdt

(2)R(x, y) =
ˆ

Σ

ˆ

Ωk

SR(xO, k) exp(j2k

√

(x − xO)2 + y2)dxOdk

Fig. 2  Illustrating the migration procedure. Left panel reports radargram whereas the right one 
shown how hyperbola is collapsed over scatterer’s position by A-scan driven approach
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After computing the spatial convolution in the spatial Fourier domain, the fol-
lowing equation is obtained

where Ωkx is the selected frequency band in the spatial spectral kx, f (kx, k) is an 
amplitude factor and ky =

√

4k2 − k2x . Equation (3) has the computational advan-
tage of being computed by FFT algorithms but also requires data to be interpo-
lated and re-sampled according to a rectangular grid in the kx − ky spatial spectral 
domain (Stolt 1978). It is also noted that Eq. (3) is identical to the Synthetic 
Aperture Radar (SAR) imaging algorithm presented in (Soumekh 1999) and also 
very similar to the F-K Migration (Gilmore et al. 2006).

Another way to derive migration starts from the wave equation and the so-
called “exploding source model”. Accordingly, the field spatial spectrum at quota y 
is related to the one at quota y′(y < y′) as

Therefore, the field in the object space can be determined by back-propagating the 
field measurements. Finally, a superimposition along the frequency ω returns

This is the so-called F-K Migration [also known as Phase Shift Migration (Gazdag 
1978)] which has been shown to be a generalization of the Doppler compression 
technique typical in SAR imaging (Cafforio et al. 1991).

As can been seen, Phase Shift Migration is very similar to the Diffraction 
Summation after it is recast as a double Fourier integral in the spatial/spec-
tral domain. However, it requires less approximations on the underlying model. 
Moreover, in the case of layered medium, it offers the great advantage of avoiding 
to solve transcendent equations necessary for the Diffraction Summation in order 
to take into account refraction while computing round-trip delay.

By inverting the Fourier transformation with respect to kx, Eq. (5) can be 
rewritten as

where G∗ is the complex conjugated Green’s function.
Migration of Eq. (6) is known as the Rayleigh-Sommerfeld holography which 

is a particular case (when data are collected over an infinite line) of the so-called 
Generalized Holography (Langenberg 1987) which in turn is founded on the 
Porter-Bojarski integral equation. This connection is import because it establishes, 
in rigorous way, the relationship between the migrated field and the secondary 

(3)
R(x, y) =

ˆ

Ωkx

ˆ

Ωk

f (kx, k)
kz

√

k2x + k2y

SR(kx, ky) exp(−jkxx) exp(jkyy)dkxdky

(4)SR(kx,ω, y) = SR(kx ,ω, y
′) exp[jkz(y − y′)]

(5)R(x, y) =
ˆ

Ωkx

ˆ

Ω

SR(kx ,ω) exp(−jkxx) exp(jkyy)dkxdω

(6)R(x, y) =
ˆ

Σ

ˆ

Ω

sR(xO, y = 0,ω)
∂

∂z
G∗(x − xO, y,ω)dxOdω
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sources, that is the ones arising from the interaction between the incident field and 
the scatterers, and hence between the migrated field and the scatterers. Finally, we 
observe that the time domain version of Eq. (6) is nothing else that the well-known 
Kirchhoff Migration (Berkhout 1986).

4  The Scattering Problem

In the previous section, different migration algorithms have been presented. It is 
shown that all those imaging schemes are very similar and one can pass from the 
different migration implementations by Fourier (spatial and/or temporal) trans-
form operators. However, the link between the migrated field and the scatterers 
to be reconstructed has not been clearly shown and remained only supported by 
intuitive arguments. To cope with this question the equations describing accu-
rately the scattering phenomenon are needed and are herein introduced. For the 
sake of brevity, only the case of penetrable scatterers is considered. Similar argu-
ments follow for strong and metallic scatterers. What is more, migration schemes 
actually arise from linearized scattering model pertaining to the case of penetrable 
scatterers, even when they are exploited to image metallic objects (Solimene et al. 
2014a).

Let us consider the scattering scenario shown in Fig. 3. The buried scatterers 
consists of in-homogeneities characterized by relative permittivity εx(r) and con-
ductivity σx(r) supported over a portion of the investigation area (termed as D), 
which is embedded in a background medium having relative permittivity εb and 
conductivity σb. The scatterers and the background medium are supposed to be 
isotropic and non-magnetic, so that their permeability μ is everywhere equal to 
that of free space µ0.

When the region D is probed by an incident electric field Einc, an electric cur-
rent is induced into the scatterers, or on their surfaces in the case of metallic 

Fig. 3  Schematic 
representation of the 
scattering scenario
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objects. Such a current radiates an electric scattered field, ES, that is measured by 
probes located on the measurement surface Σ outside the investigated region D. 
Whatever the measurement configuration one may/want/can adopt, the scattering 
phenomenon can be described by means of two coupled integral equations, which 
are directly derived by the Maxwell’s equations by taking into account the consti-
tutive equations and whose expression depends on the considered reference sce-
nario (Pastorino 2010).

In the frequency domain, as far as penetrable scatterers are concerned, for the 
TX antenna located at rt and the angular frequency ω, the “total” electric field 
E inside the investigation area and the scattered electric field Es at the generic 
observation point ro are linked by the following couple of Electric Field Integral 
Equations (EFIE):

In Eqs. (7a) and (7b), kb is the background (complex) wave-number, whereas Gi 
and Ge denote the so-called internal and external Green’s functions which cor-
respond to the field radiated by an elementary electric source inside and outside 
D, respectively, whose expressions depends on the considered reference scenario 
(Chew 1999). Moreover, χ is the contrast function accounting for the discontinuity 
between the (complex) permittivity of the scatterers, εeqx , and of the background 
medium, εeqb , whose expression is given by:

Finally, Ai:X → X and Ae:X → E are integral, linear and compact operators. 
Note that the quantities in Eqs. (7a, b) have been implicitly assumed to be square 
integrable functions. Different choices are possible as well if a priori information 
can be exploited in order to restrict the functional set within which the unknown 
must be searched for.

It is worth remarking that Eqs. (7a) and (7b) are commonly known as the data 
or external equation and object or internal equation (sometimes also referred as the 
state equation), respectively. These equations define scalar or vector relationships 
according to the hypothesis made to describe the wave propagation. In particular, 
the electric fields Einc,ES and E as well as the Green’s functions are scalar func-
tions when the scatterers are modeled as cylinders of arbitrary cross section and 
the primary source of the scattering experiment is modeled as a filamentary line 

(7a)

Es(rO, rt ,ω) = k
2
b

ˆ

D

Ge(rO, r,ω)χ(r,ω)E(r, rt ,ω)dr = Ae[χE] rO ∈ Σ , r ∈ D
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source directed along the invariance axis (TM polarization). Conversely, the elec-
tric field are vectorial quantities and the Green’s functions are dyads when a full 
3D scattering model is taken into account.

An equivalent scattering model is obtained by rewriting Eqs. (7a) and (7b) in 
terms of the “contrast source” current Jcs, which is related to the electrical field by 
the constitutive relation Jcs(r, rt ,ω) = χ(r,ω)E(r, rt ,ω). It is worth noting that Jcs 
is not formally a current being the multiplicative factor jωεeqb  missing. According 
to the Contrast Source (CS) formulation, the scattering phenomenon is described 
by the following two equations (van den Berg and Kleinman 1997)

A further alternative source-type formulation is the so-called Contrast Source—
Extended Born Model and it is obtained by simply rewriting Eq. (9b), while 
Eq. (9a) does not change. In particular, by adding and subtracting Jcs into the inte-
gral operator in Eq. (9b), simple passages lead to (Isernia et al. 2004; D’Urso et al. 
2007)

where

In order to stress that the three considered models are alternative and equivalent 
way to describe the wave propagation, let us observe that whatever is the adopted 
integral formulation (EFIE, CS, CS-EB) we take into account the integral equation 
can be synthetically expressed as

(9a)Es(rO, rt ,ω) = −k
2
b

ˆ

D
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2
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wherein the function γ, the scalar quantity η and the operator B are specified as:

Finally, it is worth remarking that several other forward models can also be con-
sidered. In particular, efficient analytical and semi-analytical solutions have been 
devised for objects with canonical shapes, e.g., multilayer circular and elliptical 
cylinders (Chew 1999; Caorsi et al. 1997; Di Vico et al. 2005; Frezza et al. 2007).

5  Linear Inverse Scattering Schemes

Linear inverse scattering methods rely on linearized scattering equations. As men-
tioned above, different approximations can be invoked in order to linearize the 
scattering problem. However, here, the analysis is restricted to the case of penetra-
ble scatterers. Accordingly, linearization can be achieved by arresting at the linear 
term the Neumann series expansion of the state equation (i.e., Eq. 7a) (Krasnov 
et al. 1976). Basically, this consists in assuming E ∼= Einc within the scatterer 
region and the so-called Born linear model is obtained (Chew 1999). Accordingly, 
the scattering model is now described by

wherein the contrast function frequency dependence has been also ignored. The 
imaging problem is then cast as the inversion of the linear operator

where χ and ES are the unknown and the data of the problem, respectively. 
Moreover, X and E represent the functional sets within we search for the con-
trast function and the one we assume the scattered field data belong to. Usually, 
they are assumed to be Hilbert spaces of square integrable functions. The first 
one is made by complex valued functions defined on the investigation domain D, 
whereas the second one is the set of those functions supported over Λ = Σ ×Ω.  
In general, the data space depends on the adopted configuration, that is on the 
choice of the measurement domain as well as the adopted strategy of illumination 
and observation.

It is worth remarking that the choice of X and E as Hilbert spaces of square 
integrable functions accommodates the circumstance of a priori information 

(13)

γ =
�

E EFIE

J CS/CS-EB-s
, η =







1 EFIE

χ CS

p CS-EB-s

,

B[·] =







Ai[χ ·] EFIE

Ai[·] CS

AiMOD[·] CS-EB

(14)

Es(rO, rt,ω) = −k2b

ˆ

D

Ge(rO, r,ω)χ(r)Einc(r, rt,ω)dr

= Ae[χEinc] = L[χ] rO ∈ Σ , r ∈ D

(15)L:χ ∈ X → ES ∈ E
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available on the unknown except that one on the finiteness of its “energy” dictated 
by physical consideration. On the other side, it assures that E is “broad” enough to 
include the effect of uncertainties and noise on data. If a priori information about 
the unknown is available, X can be chosen in order to accommodate those prioris. 
For example, if it is known that contrast function has some degree of regularity, 
i.e., it is differentiable up to a certain order, then X can be chosen to be a suit-
able Sobolev space and so on. Thus, the problem amounts to inverting Eq. (15) 
to determine the contrast function. Since the kernel of the operator in (15) is a 
continuous function on X× E, then the linear operator is compact (Taylor and Lay 
1980). As stated above this means that the inverse problem is ill-posed (Bertero 
1989). For compact and non-symmetric operator (as the one at hand) the singular 
value decomposition is a powerful tool to analyze and solve the problem.

Let us denote as {σn, un, vn}∞n=0 the singular system of operator L. In particu-
lar, {σn}∞n=0 is the sequence of the singular values ordered in non-increasing way, 
{un}∞n=0 and {vn}∞n=0 are orthonormal set of functions that are solution of the fol-
lowing shifted eigenvalue problems

where L+ is the adjoint operator of L (Taylor and Lay 1980). L+ and L span the 
orthogonal complement of the null of L, N(L)⊥, and the closure of the range of L, 
R(L), respectively.

A formal solution of Eq. (15) has the following representation (Bertero 1989)

where �·, ·�E denotes the scalar product in the data space E.
By virtue of the compactness of L, R(L) is not a closed set (Krasnov et al. 

1976). This implies that the Picard’s conditions is not fulfilled for any data func-
tions (i.e., the ones having non null component orthogonal to R(L)). Hence, the 
solution may not exist and does not depend continuously on data (Bertero 1989). 
This is just a mathematical re-statement of ill-posedness. From another point of 
view, we have to take into account that the actual data of the problem are cor-
rupted by uncertainties and noise n, hence

Now, because of the compactness, the singular values tend to zero as their index 
increases. This implies that, the second series term (noise-related) in (18) does not 
converge generally. This leads to an unstable solution since even small error on 
data are amplified by the singular values close to zero.

(16)
Lun = σnvn

L+un = σnvn

(17)χ =
∞
∑

n=0

�ES , vn�E
σn

un

(18)χ̃ =
∞
∑

n=0

�ES , vn�E
σn

un +
∞
∑

n=0

�n, vn�E
σn

un
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The lack of existence and stability of solution can be remedied by regular-
izing the addressed ill-posed inverse problem (De Mol 1992). For example, this 
can be achieved by discarding, in the inversion procedure, the “projections” of 
data on the singular functions corresponding to the “less significant” singular 
values. This means to filter out the singular functions corresponding to the sin-
gular values which are below to a prescribed noise dependent threshold. This reg-
ularizating scheme is known as Numerical Filtering or Truncated Singular Value 
Decomposition (TSVD) and is the simplest one within the large class of window-
ing based regularizing algorithms (Bertero 1989). More in general, the basic idea 
of regularization theory is to replace an ill-posed problem by a parameter depend-
ent family of well-posed neighboring problems

In Eq.(19) α denotes the so-called regularization parameter (in the TSVD this cor-
responds to the truncation index NT) and n is the noise level, so that to establish 
a compromise between accuracy and stability (Groetsch 1993). In particular, as 
n → 0 also α → 0, and the regularized reconstruction must tends to the general-
ized inverse whose outcome is just shown in Eq. (17).

Another, is a widespread adopted regularization scheme is the Tikhonov one, 
which takes advantages from exploiting a priori information about the unknown 
(Tikhonov and Arsenine 1977). In this case the inversion problem is cast as a con-
strained optimization problem

Here the constraint arises from the available a priori information expressed by 
the operator C. Note that for energy constraint only, C coincides with the identity 
operator. Problem of convergence in this case has been elegantly studied in (De 
Micheli et al. 1998).

Finally, the Landweber regularization scheme recasts the first kind integral 
equation to be inverted as an integral equation of second kind so that a well-posed 
problem is obtained (Groetsch 1993). Accordingly, Eq. (20) is recast as

and a solution is obtained by means of an iterative procedure. In this case the regu-
larization parameter is the number of iteration NI.

Tikhonov and Landweber regularization schemes can be compared if all are 
analyzed in terms of the operator properties. This can be done by expressing the 
different regularized reconstruction in terms of the singular system. By doing so, 
one obtains

(19)χ = Ln
αES

(20)χ̃ = min{�Lχ − ES�2L2(Σ)
+ α�CES�2L2(Σ)

}

(21)X̃ = L+ES + (I − L+LES)χ

(22)χ̃ =
∞
∑

n=0

σn

σ 2
n + α

�ES , vn�Eun
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for the Tikhonov regularization with C = I, and

for the Landweber method. Other regularizzation methods are based on metric or 
statistic information criteria (De Micheli and Viano 2002). All these regularization 
methods result (in a different) filtering of the unknown spectral expansion.

It is clear that, apart from the computational convenience that can dictate the 
regularization algorithm to adopt, the key question is the choice of the regulari-
zation parameter. This choice must compromises the noise level, the mathemati-
cal features of the operator to be inverted and available a priori information about 
the unknown. Different methods exist to select the regularization parameter. 
Such methods can explicitly exploit the knowledge of the noise level (such as the 
Morozov discrepancy principle) or not (such as the generalized cross validation) 
(Hansen et al. 2006).

It is worth noting that the scattered field has finite number of degrees of free-
dom (Bucci and Franceschetti 1989; Bucci and Isernia 1997; Bucci et al. 1998; 
Solimene and Pierri 2007; Solimene et al. 2013b, c) and the amount of available 
independent data depends on the parameter of the adopted measurement configu-
ration. Such information can be exploited to select the regularization parameter.

The singular system formalism can be also employed to compare migration 
and inverse filtering. It can be easily recognized that migration (see for example 
Range Migration) substantially, corresponds to achieve the inversion by means of 
the adjoint operator, that is

whose expression in terms of the singular system is

It is readily noted that, migration allows to obtain a stable reconstruction because 
the singular values now appear at the numerator. However, it is not a regulariza-
tion scheme in the sense of Tikhonov (Tikhonov and Arsenine 1977) because even 
in absence of noise the actual unknown is not retrieved. From a practical point of 
view, this entails an intrinsic limit on the achievable resolution regardless of the 
noise level (Soldovieri and Solimene 2010).

Finally, in the framework of inverse filtering, it is worth mentioning the class 
of inversion algorithms that have being developed on the basis of a new paradigm 
subtended by compressive sampling (Donoho 2006).

The approach is of relevant interest when the scattering scene is sparse with 
respect to a suitable representation dictionary (roughly saying, if the target occu-
pies a small fraction of the area to be imaged). In this case, the imaging problem 

(23)χ̃ =
∞
∑

n=0

1− (1− σ 2
n )

NI

σn
�ES , vn�Eun

(24)χ̃ = L+ES

(25)χ̃ =
∞
∑

n=0

σn�ES , vn�Eun



254 I. Catapano et al.

is formulated as in Eq. (20), but the regularization term is based on the L1norm 
(Soldovieri et al. 2011b), that is

Details on why such a kind of inverse filtering allows to obtain highly resolved 
reconstructions with sparse set of data is left to the pertinent literature. Here, we 
just mention the paper (Baraniuk 2007) where an intuitive geometrical interpreta-
tion is provided in terms of the “shape” of the iper-spheres in L1. Of course, also 
for this scheme, the choice of the regularization parameter α is crucial, since it dic-
tates the degree of sparsity at which the scene is reconstructed.

6  Non-linear Inversion Schemes

Linear inversion schemes are computationally effective and flexible. However, they 
generally allow to retrieve only approximate information about targets’ geometric 
features. In order to obtain “quantitative” reconstructions, the full non-linearity of the 
problem must be tackled. A first step towards this direction is to consider high order 
Born models. For example, several works considered the second-order Born approxi-
mation as direct model for relating the measured scattered-field data to the contrast 
function (Chew 1999; Pastorino 2010). In this case, the scattering equations reduces to

The main advantage of this approach is that the dependence upon the internal elec-
tric field is removed. Moreover, it has been found that such an approximation is 
able to provide better results than its first-order counterpart (Caorsi et al. 2001a; 
Leone et al. 2003; Estatico et al. 2005). Higher-order approximations have suc-
cessfully been used, too (Azaro et al. 2006).

However, in general the full-nonlinearity must be addressed. To this end, two 
main classes of approaches have been developed in the scientific literature: deter-
ministic and stochastic methods.

6.1  Deterministic Inversion Procedures

Deterministic approaches usually start from an initial guess (e.g., an empty inves-
tigation area if no a priori information is available) and iteratively modify the 
solution according to some deterministic rule. It is worth noting that most of this 
approaches aim at obtaining a solution, at each iteration, that minimizes the error 
between the measured data and the model ones, i.e., the scattered fields computed 
by using the current estimate of the unknown contrast profile. In this frame, two 
main classes of approaches can be identified.

(26)χ̃ = min{�Lχ − ES�2L2(Σ)
+ α�CES�L1(Σ)

}

(27)ES = Aeχ(Einc + AiχEinc).
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In the first one, the formal solution of the object equation, i.e.,

is substituted in the data equation in order to obtain the following non-linear model

Then the imaging problem is solved by looking for the contrast function that mini-
mizes the L2 nom of the difference between the left and right hand side terms of 
Eq. (29). In particular, such a kind of approaches minimize the quantity:

where x = (χ). The normalization constant is usually set equal to wd = �ES�−2
L2(Σ)

. In order to face the ill posedness of the inverse problem, a proper Tikhonov term 
is often added in Eq. (30) as a way to regularize the problem and obtain a stable 
solution against noise and measurement uncertainties affecting the data.

An example of this type of approaches is the Born or the distorted-Born itera-
tive method (which are equivalent to the Newton-Kantorovich method) (Chew and 
Wang 1990; Remis and van den Berg 2000). In such solving strategy, Eq. (28) is 
solved by iteratively constructing a linearized problem by means of the distorted-
Born approximation. Given a reference contrast χk (e.g., the solution at the kth 
iteration), such approximation is defined as

where Ek
S and Ek denote the external scattered and internal total fields in the inho-

mogeneous medium χk and Ak
e(r) =

´

D (·)gkdb
(

r, r′
)

dr′, being gkdb the Green’s 
function for an inhomogeneous background characterized by the contrast function 
χk. The obtained linear problem is then solved, for example, by using a conjugate 
gradient method and the solution is then updated with χk+1 = χk + δχ. Clearly, at 
every step it is necessary to solve a forward problem in order to update the Green’s 
function needed in the operator Ak

e and the scattering model (28).
It is worth noting that, although substituting the formal solution of the object 

equation into the data equation allows to remove the explicit dependence upon 
the internal electric field, it has some disadvantages. In fact, the strong nonlinear 
dependence (especially when dealing with very large contrasts) could make the 
inversion algorithms converge to false solutions corresponding to local minima. In 
order to avoid such a problem, it is necessary the use of a priori knowledge for 
properly initializing the iterative procedure.

In the second class of approaches, the two equations describing the scattering 
phenomenon are kept separate and solved simultaneously, i.e., the contrast func-
tion is the solution of the following system of equations

(28)E(rO) = (I − Aiχ)
−1Einc(rO), rO ∈ D,

(29)ES(r) = Aeχ(I − Aiχ)
−1Einc(r), r ∈ Σ

(30)f (x) = wd

∥

∥

∥
ES − Aiχ(I − Aiχ)

−1Einc

∥

∥

∥

2

L2(Σ)
= wcfc(x),

(31)ES
∼= Ek

S + Ak
eδχE

k

(32)

{

ES(r) = AeχE(r) r ∈ Σ

E(r) = Einc(r)+ AiχE(r) r ∈ D
.
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Clearly, both the contrast function χ and the electric field E inside the investiga-
tion area are unknown. Consequently, the inversion algorithms must retrieve the 
unknown array x = (χ ,E).

In this case, the necessity of solving a forward problem at each iteration of the 
inversion procedure (e.g., for computing the Frechét derivatives or for updating 
the internal electric field) is avoided. In addition a moderate degree of nonlinearity 
(Bucci et al. 2001a) is achieved, since the imaging problem is linear with respect 
to the product χE (Isernia et al. 1997). Conversely, this kind of approaches could 
lead to account for search spaces of very high dimensions. In fact, the number of 
unknowns is as twice as that used by methods that try to solve Eq. (30) in the sin-
gle-view case, and increases linearly with the number of views in the multi-view 
case, since the total field E changes with the direction of the probing wave (i.e., 
the location of the primary source of the scattering experiment). Moreover, since 
χ and E are physical quantities, which vary in different ranges, the overall number 
of iterations needed by the inversion algorithm for converging to the final solution 
could increase significantly.

In this framework, several methods have been devised. One of the first devel-
oped approaches is the modified conjugate gradient method, in which at each 
iteration the field and the contrast function are alternatively updated by using a 
conjugate gradient scheme (Kleinman and van den Berg 1992; Isernia et al. 1997). 
By this approach, the solution to the inverse scattering problem is looked for by 
minimizing the following cost function

The weights wd and ws should balance the two terms of the cost function. A com-
mon choice is wd = �ES�−2

L2(Σ)
 and ws = �Einc�−2

L2(D)
, for which wdfd = wsfs = 1 

when χ = E = 0. Moreover, such a choice also ensures that the approach is insen-
sitive to the magnitude of the incident field. More recently, inversion methods 
based on new inner-outer schemes have also been proposed (Bozza et al. 2006, 
2007; Pastorino and Randazzo 2012). In such inversion approaches, an outer 
Gauss-Newton linearization loop is used to linearize the system of Eq. (32). In 
the inner loop, the obtained linearized problem is solved in a regularized sense by 
means of a truncated Landweber method. Such approach has been found to exhibit 
very good regularization capabilities.

In the previous class of approaches, the unknowns were the contrast function 
and the internal electric field. However, it is also possible to consider inversion 
approaches based on the CS form of the scattering equations. Accordingly, it is 
possible to recast the imaging problem as the solution of the following system of 
equations:

(33)
f (x) = wd�ES − AeχE�2L2(Σ)

+ ws�E − Einc − AiχE�2L2(D)
= wdf

EFIE
d (x)+ wsf

EFIE
s (x).

(34)

{

ES(r) = AeJ(r) r ∈ Σ

J(r) = χEinc(r)+ AiJ(r) r ∈ D
.
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In this case, the data equation is now linear with respect to the contrast source J. 
However, the inversion of such an equation is still ill-posed. Moreover, it has been 
showed that it admits nontrivial solutions and that solving directly such equation 
(e.g., by finding the minimum norm solution) could lead to false solutions (see 
(Pike and Sabatier 2002) and the reference therein). Consequently, it is necessary 
to jointly solve the two equations.

In this framework, one of the main successful approaches is the contrast source 
inversion method proposed in (van den Berg and Abubakar 2001). In this solv-
ing procedure, the inverse problem is recast as an optimization problem, which is 
solved by using a conjugate-gradient strategy for updating, at each iteration, the 
contrast source and the contrast function in an alternate way. In this case, the cost 
function to be minimized is:

where, the weights of the cost functional are wd = �ES�−2
L2(Σ)

 and 
ws = �χEinc�−2

L2(D). It must be remarked, however, that as the cost function is not 

defined for χ = 0, it is not possible to start the inversion with an empty domain. 
A common choice for the initial value is to use the estimate obtained by means 
of backpropagation (van den Berg and Abubakar 2001) or other linear inversion 
schemes.

Other approaches based on the contrast source equations have also been pro-
posed in the literature. As an example, the outer/inner inexact-Newton approach 
proposed in (Bozza and Pastorino 2009) has been found to be very effective in 
reconstructing dielectric structures. In fact, such approach combine the advantages 
of the CS formulation with the good regularization capabilities of the outer/inner 
inexact-Newton method. Moreover it is worth noting that differently from (van 
den Berg and Abubakar 2001), where the two unknowns are updated in an alter-
nate way, the updates of all the problem unknowns are contemporarily found by 
solving a single linear problem.

Finally, it is worth remarking that the minimization problem defined in Eq. (35) 
can be rewritten by using the Contract Sources–Extended Born model as an alter-
native form of the scattering equations and solved by looking for the auxiliary 
function p and the contrast source J, simultaneously. By doing so, improved recon-
struction accuracy, as compared to those obtained by using the traditional EFIE 
and CS forms, can be achieved (Isernia et al. 2004; Crocco et al. 2005; Catapano 
et al. 2006a; D’Urso et al. 2010). This is due to the fact that the rearrangement 
of the scattering equations, on which the CSEB model is based, leads to a reduc-
tion of the “degree of nonlinearity” (Bucci et al. 2001a), in many cases of practi-
cal interest and in particular when lossy media are surveyed, (Isernia et al. 2004; 
D’Urso et al. 2007, 2010). Accordingly, an increased robustness against false solu-
tions is obtained.

(35)
f (x) = wd�ES − AeJ�2L2(Σ)

+ ws�J − χEinc − AiJ�2L2(D)
= wdf

CS
d (x)+ wsf

CS
s (x).



258 I. Catapano et al.

Whatever deterministic inversion scheme is adopted, crucial issues are to avoid 
local minima, i.e. that the reconstruction procedure can be trapped into a false 
solution (Fig. 4), and to properly account for the ill-posed nature of the inverse 
problem. Of course this means that the inversion algorithms have to be carefully 
initialized, but also that the use of a regularization strategy is mandatory to pre-
vent unreliable results. A possible and widely adopted regularization scheme is 
to consider an unknown function belonging to a finite dimensional space whose 
dimension does not exceed the essential dimension of the data space (Bucci and 
Isernia 1997). In most cases, the unknown quantities, i.e. the contrast function and 
the electric field (or, correspondingly, the contrast source) are discretized by using 
pulse basis functions. By doing so, a simple relationship for computing the matri-
ces representing the scattering operators is obtained but also a large number of 
unknowns has to be retrieved, i.e., the unknown array has very large dimensions.

A convenient strategy to reduce the number of unknowns without affecting the 
accuracy of the contrast representation is the regularization by projection. In this 
case, different basis functions, such as sinusoidal, Fourier, wavelets and spline 
functions have been considered. It is worth noting that the use of wavelets and 
spline functions allows a quite straightforward implementation of multi-resolution 
or sparse representation of the unknowns (Catapano et al. 2004; Baussard et al. 
2004a, b; Winters et al. 2010, Scapaticci et al. 2012). Another effective possibility 
is the use of a multi-resolution strategy (Caorsi et al. 2003a). In this approach, the 
inversion is performed at different scales, and at each resolution step the investiga-
tion is focused only on the estimated region containing the target. By doing so, 
a better exploitation of the information available from collected data is obtained, 
thus yielding both accurate reconstructions and high computational efficiency. 
Such strategies can also be combined with different inversion schemes in order to 
exploit their regularization properties (Randazzo et al. 2011) and the advantages of 
the contrast source formulation (Oliveri et al. 2012b).

A further relevant aspect is the choice of the measurement configuration. Since the 
goal is to collect as much independent data as possible, the use of a multiview, multi-
static and multi-frequency measurement setup is commonly preferable (Bucci et al. 

Fig. 4  Representation 
of multimodality of the 
minimized functional. Local 
minima corresponds to false 
solutions of the inverse 
problem
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2001b). On the other hand, while the contrast function does not depend on the direc-
tion of the probing waves, due to the dispersive nature of the materials, in general it 
changes with the frequency. As a consequence the exploitation of frequency diversity 
is not obvious. In this framework, the most common strategy is the frequency hop-
ping procedure, wherein the available multiple frequency data are sequentially pro-
cessed (Chew and Lin 1995). In particular, the optimization problem is solved at each 
single frequency starting from the lowest considered one. Then, one moves up in fre-
quency by using the obtained solution as starting point to perform the minimization 
of the cost functional at the higher frequency. It is worth noting that usually in the fre-
quency hopping scheme the number of unknown coefficients adopted to represent the 
contrast function is commonly progressively enlarged. This is consistent to the fact 
that the amount of independent data increases with frequency (Bucci et al. 2001b).

Further regularization strategies are those exploiting a penalty term that is 
added to the cost functional to be minimized.

In this frame, the exploitation of the total variation of the image has been found 
to provide significant enhancements in the reconstructions. To this end, the mini-
mized cost function is modified by adding a total variation term, which in its basic 
form is defined as

Such term can be added (van den Berg and Kleinman 1995) or multiplied 
(Abubaker and Van Den Berg 2001; Abubakar et al. 2012) to the original residual 
error term. The multiplicative approach has however been found to be more effec-
tive. Moreover, it does not require to define a proper weight for balancing the vari-
ous cost terms, as needed in the additive case.

An additive penalty term enforcing a priori knowledge on the homogeneous 
nature of the scatterers has also been proposed in (Catapano et al. 2004), to face 
the problem of imaging objects embedded in a homogeneous or layered medium 
from aspect limited data. In this frame, regularization by projection and multi-fre-
quency data have been also exploited. In particular, to make it possible to accom-
modate the unknowns in a non-uniform way within the investigated domain, 
Haar wavelet basis functions have been used to represent the contrast function. 
Moreover, multi-frequency data have been processed, without neglecting the dis-
persive behavior of the materials. The reconstruction capabilities of this approach 
have been assessed against experimental data gathered in laboratory controlled 
conditions (Catapano et al. 2006b).

Finally, it is worth mentioning that, more recently, the use of different regulari-
zation strategies has also been introduced in the field of electromagnetic imaging. 
In particular, the regularization schemes working in Banach spaces has been found 
to be very effective, especially in reconstructing targets with small dimensions and 
with sharp edges (Estatico et al. 2012, 2013). In fact, they are able to provide a 
reconstruction characterized by less over smoothing and background ripples than 
standard formulation based on square integrable Hilbert spaces.

(36)fTV (x) =
ˆ

Ω

(
√

|∇χ(r)|2 + δ2

)p

dr, 1 ≤ p ≤ 2.
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6.2  Stochastic Inversion Procedures

In stochastic approaches, the inversion of the scattering equations is recast as an 
optimization problem (Rahmat-Samii and Michielssen 1999; Robinson and 
Rahmat-Samii 2004; Pastorino 2007; Qing and Lee 2010; Randazzo 2012), which 
is solved by using stochastic minimization schemes such as evolutionary or swarm 
algorithms. The cost function is usually defined as the difference between the meas-
ured data and the field computed by means of the assumed propagation model. As 
an example, when considering the EFIE formulation, the cost function in Eq. (33) 
is usually used. Several terms can also be added, e.g., regularization terms, a priori 
information, total variation, etc. Clearly, in order to avoid the need of considering 
the internal electric field as an unknown of the optimization problem, the two scat-
tering equations can also be combined as in Eq. (29). However, such choice has the 
drawback of requiring the solution of a forward problem every time the cost func-
tion is evaluated, thus leading to significant computational requirements.

Stochastic approaches have several advantages with respect to the deterministic 
one (Rahmat-Samii and Michielssen 1999; Pastorino 2007). First of all, they are in 
principle able to reach the global minimum of the cost function, even starting from 
solutions very far from the actual one. On the contrary, deterministic approaches, 
as previously stated, are strongly dependent on the initialization. Moreover, a great 
advantage of stochastic approaches is the simplicity of including a priori information 
in the inversion procedure. In fact, it is possible to introduce arbitrary penalty terms 
in the cost function, even if they do not allow the computation of the derivatives 
(which are needed in most deterministic approaches). Moreover, it is possible to 
introduce a priori information on the search ranges and on the physical/geometrical 
structure under test by simply forcing some of the unknowns. The main drawback 
of stochastic approaches is however the high amount of computational resources 
needed to perform the inversion, especially when considering a pixel-based repre-
sentation of the contrast function since good spatial resolutions produce very high 
dimensions of the discrete representation of the unknowns. However, it should 
be noted that, in several cases, only a limited subset of parameters can be used to 
describe the underground scenario [e.g., the position, size and dielectric properties of 
buried targets (Li et al. 2008) or the coefficients of a parametric curve describing the 
shape of the object (Sun et al. 2010)]. Consequently, the use of simplified scattering 
models allows to efficiently reduce the unknowns’ number, allowing for faster recon-
structions. Moreover, stochastic algorithms can be easily implemented on parallel 
computers for speeding up the computation (Massa et al. 2005).

In the scientific literature, several different stochastic optimization schemes 
have been proposed. In almost all cases a set of trial solutions

is defined (where k denotes the kth iteration of the algorithm). Usually, the initial 
population ℘0 is randomly generated, e.g., by creating random distributions of the 

(37)℘k =
{

x(k)p , p = 1, . . . ,P
}
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contrast function. Clearly, a priori information on some of the characteristics of 
the investigated structures can be also added in this phase. Such population is then 
iteratively modified by applying stochastic operators. How such operators act on the 
population depends on the particular optimization scheme and impact on the conver-
gence properties of the algorithms. The iterations are stopped when some predefined 
stopping criteria is fulfilled. In particular, the stopping criteria can be composed by 
several conditions. Some of the most commonly used are the following:

•	 Maximum number of iterations—The method is stopped when a given number 
of iteration kmax is reached;

•	 Cost function threshold—The method is stopped when the value of cost func-
tion of the best trial solution falls below a given threshold fth;

•	 Cost function improvement threshold—The method is stopped if the improve-
ment of the cost function of the best individual after kth iterations is below a 
fixed threshold �fth.

Concerning the population update mechanism, several algorithms have been pro-
posed and used in electromagnetic imaging inversion schemes applied to GPR. 
One of the first algorithm employed in this field is the genetic algorithm (GA) 
(Haupt 1995; Chiu and Liu 1996; Weile and Michielssen 1997; Rahmat-Samii 
and Michielssen 1999; Caorsi et al. 2000, 2001a, b; Caorsi and Pastorino 2000; 
Chen and Chiu 2000; Qing et al. 2001; Pastorino et al. 2004). In GAs, the trial 
solutions are combined together with stochastic rules that mimic the crossover and 
mutation of biological genes. In this framework, several different implementations 
have been developed. In particular, both binary (i.e., the unknowns are encoded 
in binary strings) and real (i.e., the unknowns are encoded in arrays of real val-
ues) representations have been successfully used. However, in electromagnetic 
prospecting applications real-coded GAs are usually preferred since they avoid the 
need of decoding the unknowns when computing the cost function (which could 
increase the computational time needed to perform the inversion). Moreover, dif-
ferent crossover and mutation operators can be used to modify the population 
(Pastorino 2007).

Although GAs have been widely applied and very good results have been 
obtained, they usually require several iterations to converge. In order to reduce 
the time needed to perform the inversion, other optimization algorithms have 
been considered. An approach that have been found to be quite effective is the 
Differential Evolution (DE) algorithm. In fact, in the DE algorithm the crossover 
and mutation operators ensures a better exploration of the search space by also 
limiting the “destructive” effects of the mutation strategies usually employed 
in GAs (Qing and Lee 2010). The DE algorithm has been applied to subsur-
face imaging by considering simplified models of the scatterers, such as circular 
and elliptical cylinders and spheres (Michalski 2000, 2001; Breard et al. 2008). 
Moreover, it has been successfully used for the identification of the locations and 
shapes of PEC cylinders (Anyong 2003, 2006). Finally, DE-based strategies has 
been developed also considering a pixel-driven discretization of the unknown con-
trast function (Massa et al. 2004; Semnani et al. 2010).
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More recently, swarm optimization algorithms, which are inspired by the 
collective behavior of real entities such as particles, birds, ants, etc., have been 
found to be very effective for solving optimization problems (Clerc 2006; Blum 
and Merkle 2008; Randazzo 2012). In particular, the particle swarm optimization 
(PSO), which is inspired by the behavior of flocks of birds and shoals of fish, has 
been extensively used in electromagnetic problems (Robinson and Rahmat-Samii 
2004), and in particular for electromagnetic imaging (Caorsi et al. 2004; Rekanos 
and Kanaki 2006; Huang and Mohan 2007; Huang et al. 2008; Rekanos 2008; 
Semnani et al. 2009). The Ant Colony Optimization (ACO) has also been suc-
cessfully used for the reconstruction of 2D cylindrical structures and 3D objects 
(Pastorino and Randazzo 2013). In (Pastorino 2007), the ACO-based inversion 
approach is compared with GA and DE, showing that ACO “reaches a more accu-
rate reconstruction than those obtained by the other two methods” and “requires 
a lower number of function evaluations”. Finally, the Artificial Bee Colony 
(ABC) has also been used in imaging applications, both considering 2D problems 
(Randazzo 2012) and 3D (Donelli et al. 2011) configurations. In the latter case, it 
has also been shown that ABC outperforms GA, PSO, and DE approaches.

7  Qualitative Inversion Schemes

The general title of qualitative inverse scattering methods group those imag-
ing procedures avoiding approximate scattering models, on which the linear 
approaches are based, but, differently from the nonlinear procedures, they only 
look for limited information about the scattering objects.

In this Section the attention is restricted on those qualitative approaches that 
provide information on the geometrical features (i.e. location and shape) of 
unknown scatterers by taking into account the characteristic behavior of an indica-
tor function, whose construction depends on the adopted approach.

Generally speaking, this kind of qualitative approaches are attractive because, 
they face the imaging problem without introducing any approximation on the scat-
tering model, as opposed to linear inversion procedures. At the same time, non-lin-
earity of inverse scattering problem is avoided as they do not require to explicitly 
solve the scattering equation for the scatterer function. Indeed, imaging is cast as 
the inversion of a suitable auxiliary linear problem. Moreover, they are claimed 
to be able to achieve a characterization of the support of the scatterers (dielectric 
or metallic) even if such a support is not convex nor connected (i.e., in the case of 
multiple targets). Finally, at the expenses of some conceptual complication, they 
are effective in terms of the required processing time and computational resources.

Amongst the others, the so-called “sampling methods” are the most famous 
ones. They originated from the Simple Method (SM) introduced by Colton and 
Kirsch in (Colton and Kirsch 1996) and then developed into the Linear Sampling 
Method (LSM) (Colton et al. 1997) and the Factorization Method (FM) (Kirsch 
1998), which are among the most famous ones.
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According to the mathematical theory on which these methods are based, imag-
ing through LSM and FM consists in building up an indicator function I which 
assumes low values for points located within the targets’ support and it is large 
elsewhere (Colton et al. 1997; Kirsch 1998). Therefore, location and shape of 
the objects are retrieved by sampling the spatial domain under investigation into 
an arbitrary grid of points, by computing in each of them the value of I and by 
observing its spatial map.

Let Es(θ,ϕ) be the scattered field measured in the angular direction ϕ when 
the investigated region is probed by an incident field impinging from the angular 
direction θ. By introducing the integral operator

the LSM and the FM consist in solving, for each point rp in D, the linear equation:

In the case of the LSM, L is equal to the operator F as defined in Eq. (38), 
whereas it is defined as (F+F)1/4 when the FM is applied. In Eq. (38), x(·,rp) is the 
unknown quantity whose energy defines the indicator function I, whereas the right 
hand side term g(rp,ϕ) is the field radiated along the angular direction ϕ by an ele-
mentary source located in rp, i.e. the Green’s function, whose expression depends 
on the considered reference scenario (Chew 1999).

By using the Tikhonov regularization in order to obtain a stable solution of 
Eq. (39), for each sampling point rp, the indicator function is given by:

In Eq. (39), λn and un denote the n-th singular value and right singular vector of 
the MxV multistatic/multiview data matrix, whose i-th row is the scattered field 
collected at a fixed working frequency at M measurement points when the i-th 
of the V transmitters is radiating; N = min(M,V); ||·||2 denotes the L2-norm on 
Γ, 〈·,·〉 is the scalar product on Σ; α is the Tikhonov regularization parameter; g is 
the M dimensional vector containing the values of the electric field radiated at the 
M measurement points by an elementary source located in rp.

In the original implementation of the LSM and FM, the Tikhonov regulariza-
tion parameter is determined for each sampling point by means of the Morozov’s 
generalized discrepancy principle. However, in (Aramini et al. 2006; Catapano 
et al. 2007; Brignone et al. 2009) it has been shown that the same regularization 
parameter can be used for all the sampling points and an empirical practical rule to 
fix α has been proposed in (Catapano and Crocco 2010).
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It is worth remarking that, in the full 3D vectorial case, g depends on the spa-
tial orientation d of the elementary source (i.e., the electric dipole) and such an 
orientation can be considered as a degree of freedom. Hence, Eq. (39) represents 
a family of equations, having d as parameter. By taking this feature into account, 
the LSM and FM image is actually built by combining the results from at least two 
orthogonal orientations of the elementary source. For instance, one could use the 
indicator obtained as:

where Ix, Iy and Iz are the indicator functions defined as in Eq. (39) and corre-
sponding to elementary sources oriented along the three Cartesian coordinate axis. 
Notably, such a combined indicator does not require to perform additional meas-
urements, since the different orientations only regards the quantity g, which is 
computed and not measured.

From discussion above, it is evident that the main computational effort involved 
in the LSM and FM implementation is the computation of the SVD of the data 
matrix. However, since the dimension of such a matrix is dictated by the num-
ber of probing and measurement points, such an effort would be almost negligible 
even for a full 3-D reconstruction.

Summarizing, the main advantages of the LSM and FM are:

•	 the flexibility, as they can be applied regardless of the peculiar (i.e., metallic or 
dielectric) nature of the scatterers without requiring a priori information about 
the nature and number of the scatterers;

•	 a very simple implementation and a remarkable computational speed, since they 
mainly involve several repetitions (for each ‘sampling’ point) of a matrix-times-
vector product.

Despite these advantages, the widespread use of the LSM and FM has been sig-
nificantly limited up to now due to two main issues.

The first one is the complexity of the mathematical theory explaining why 
these methods work. The theoretical proof of the applicability of the LSM and FM 
is, indeed, based on not trivial mathematical concepts (Colton et al. 1997, 2003; 
Kirsch 1998, 1999, 2004; Collino et al. 2003; Arens 2004; Liseno and Pierri 2004; 
Arens and Lechleiter 2009) and currently it has not yet provided for all the pos-
sible configurations of scatterers and reference scenarios, in which it has been 
empirically shown that LSM and FM can provide accurate results. To overcome 
this drawback, several efforts have been done to provide a physical interpreta-
tion of these imaging approaches. In this framework, an interpretation of the LSM 
restricted to the case of perfect electric conductor targets and not valid for the 
complementary case of dielectric (i.e., penetrable) objects has been proposed in 
(Shelton and Warnick 2003). Conversely, a physical meaning dealing with penetra-
ble scatterers and assimilating the LSM to the problem of focusing into a point the 
field radiated by a collection of sources has been given in (Catapano et al. 2007). 
An alternative physical interpretation based on the energy conservation principle, 

(41)I = 1

3

[

Ix + Iy + Iz
]



265GPR Imaging Via Qualitative …

which does not depend on the penetrable or impenetrable nature of the scatterers, 
has been discussed in (Aramini et al. 2010, 2011).

The second issue limiting the use of both LSM and FM in applicative con-
tests is that these imaging strategies require multiview multistatic data collected 
all around the investigated domain, otherwise their performance dramatically 
get worse. In this framework, modified indicator functions compensating for the 
decreasing energy value of the right had side of Eq. (39), occurring when the dis-
tance between the sampling point and the measurement surface increases, as well 
as indicator functions exploiting frequency diversity have been proposed (Coyle 
2000; Gebauer et al. 2005; Catapano et al. 2008; Guzina et al. 2010; Sun 2012).

On the other hand, even if a modified indicator is used, a deterioration of the 
achievable reconstruction capabilities has been observed as long as the number of 
antennas, i.e. the number of source and measurement points, or the aperture of the 
(synthetic) array are reduced (Colton et al. 2000; Brandfass et al. 2001; Liseno and 
Pierri 2004; Fischer et al. 2007). An analytic tool to foresee the achievable LSM 
performance for a fixed array size and number of antennas has been proposed in 
(Catapano et al. 2011). Such a tool together with the recent development of array 
based GPR systems, which allows to collect multiview and multistatic data, sup-
port the adoption of LSM and FM as GPR data processing tools when the data are 
collected by means of short arrays moved above the investigated domain.

Further qualitative methods, belonging to the considered class and inspired by 
the LSM and FM or in some way related to them, are the Time Reversal-Multiple 
Signal Classification (TR-MUSIC) (Marengo et al. 2007), the probe method 
(Ikehata 1998), the method of singular sources (Potthast 2001), the no response 
test (Luke and Potthast 2003) and the multipole-expansion based LSM (Agarwal 
et al. 2010).

Among these approaches, in the following we limit ourselves to briefly recall 
the basic concepts of the MUSIC and the multipole-expansion based LSM. Such 
a choice is dictated by the fact that the former approach has been widely consid-
ered in the inverse scattering literature, while the second one provides the basis to 
understand, from a physical point of view, some mathematical details of the LSM 
and to improve its performances.

The MUSIC is a well-known procedure in the framework of signal process-
ing and can be considered as a precursor of the FM as far as point-like scatterers 
are considered (Cheney 2001). In particular, as it has been assessed in (Devaney 
2000), in the case of exact data and provided that the number of point like scat-
terers is lower than that of measurement points, the rank of data matrix coincides 
with the number of targets. Accordingly, one or more unknown point like objects 
can be retrieved by determining the essential range and the noise subspace of the 
multiview/multistatic data matrix.

More in detail, let g be the vector whose elements are the values of the field 
radiated by an elementary source located in a generic point rp of the investigated 
domain D as measured at the M measurement points on Σ. The point rp coincides 
with one of the scatterers if and only if g belongs to the essential range of the 
multiview, multistatic data matrix. Therefore, let Pnoise the operator projecting the 
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vector g onto the noise subspace of the data matrix, the MUSIC implementation 
requires to verify, for each one of the points rp in D, if the quantity Pnoise g is neg-
ligible or not. Then, the image of the unknown objects is provided by plotting the 
quantity:

The points wherein W exhibits large values identify the scatterers locations. The 
adoption of the MUSIC algorithm as an effective tool for locating small inclusions 
buried in a half-space has been considered in (Ammari et al. 2005) with refer-
ence to the applicative field of antipersonnel mines localization. In such a paper, 
a numerical analysis assessing the achievable reconstruction capabilities has been 
provided. A two-step MUSIC procedure has been instead presented in (Solimene 
et al. 2013a) in for a cylindrical layered background medium in the framework of 
rebar detection.

MUSIC method is extremely appealing as it shares the computational sim-
plicity of other qualitative methods. What is more, it allows the achievement of a 
resolution which can be much below diffraction limits that generally characterize 
linear inversion schemes. However, this is true for isolated small scatterers. When 
the scene becomes crowed this does not hold anymore, even for a little amount of 
noise (Solimene and Dell’Aversano 2014). Finally, it has been adopted to retrieve 
geometrical features of extended objects in (Marengo et al. 2007).

The multipole-expansion based LSM is a variant of the LSM exploiting a 
multipole expansion of the scattered field and has been formulated for the canoni-
cal 2D scalar case and homogeneous medium. In particular, first of all the field 
Es(θ,ϕ) is rewritten as:

where

J(r,θ) being the current induced in the generic point r belonging to the support of 
the scatterers S, Jq and Hq

2 being the Bessel and second kind Hankel function of 
order q. Then, Eq. (38) is rewritten by adopting an approximate expression of the 
scattered field wherein only monopole and dipole terms are taken into, while all 
the other terms of the summation in Eq. (43) are neglected. For a detailed descrip-
tion of the approach the reader is referred to (Agarwal et al. 2010).
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8  Hybrid Inversion Schemes

Inversion approaches, where standard optimization algorithms are hybridized with 
other methods, have been proposed to overcome limits of standard stochastic and 
deterministic approaches.

In the frame of deterministic approaches, strategies facing the imaging accord-
ing to a stepwise scheme have been proposed to reduce the overall complexity of 
the inverse problem (Fig. 5) and tested against experimental data (Crocco et al. 
2005; Catapano et al. 2009). In (Crocco et al. 2005) the limited bandwidth proper-
ties of the scattered field (Bucci et al. 1998), which are determined by accounting 
for the amplitude spectrum of the data, are taken into account for achieving a pre-
liminary estimation of the region wherein the scatterers are located. Differently, 
in (Catapano et al. 2009) the imaging process is split into two steps. In the first 
step, the LSM is used to estimate the support of the unknown targets. Then, such 
an information is exploited in the second step, where a CSEB inversion scheme 
is adopted to retrieve the (complex) permittivity of the targets. At this stage, mor-
phologic information is also exploited, together with the bandwidth properties of 
the scattered field, to set a simple procedure aimed at removing (to some extent) 
noise possibly present on the collected measures. Recently, a different way to 
combine different imaging procedures has been proposed (Crocco et al. 2012). In 
this approach, the LSM is exploited to devise an effective approximation of the 
scattering phenomenon, that leads to a noniterative linear inversion method for the 
estimation of the target’s electric contrast.

As far as stochastic approaches, whose main limit is the high amount of needed 
computational resources, two main strategies have been considered. In the first 
one, the hybrid schemes aim at reducing the number of unknowns. To this end, 
similarly to the approaches discussed above, it is possible to firstly localize the 
targets and then reconstructing only the distributions of dielectric parameters 

Fig. 5  Example  
of hybridization scheme
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inside the limited area previously identified. As an example of such strategy, the 
linear sampling method can be successfully used to find the support of the scat-
terers and successively only the dielectric properties of the identified regions are 
reconstructed (Brignone et al. 2008). Another approach is to use iterative multi-
scale strategies (Donelli et al. 2006). In such techniques, the investigation area is 
iteratively reconstructed at different scales. At every scale, the stochastic inversion 
methods are used to obtain quantitative reconstructions of the distribution of the 
dielectric properties. A clustering techniques is then used to identify the scatter-
ers and then the investigation area is refined in order to focus only on the objects. 
In this way, the “limited amount of the information content of inverse scattering 
data” is efficiently used, guaranteeing a sufficient resolution level in the retrieved 
image of the investigation domain.

In the second strategy, stochastic algorithms are hybridized with deterministic 
(quantitative and qualitative) approaches. In particular, different schemes can be 
followed. The first one is to use the stochastic algorithm to find a starting solu-
tion for the subsequent deterministic inversion (Caorsi et al. 2000). Clearly, since 
it is not required to obtain a high-resolution reconstruction in the first step, it is 
possible to use a limited discretization, allowing for a faster execution of the sto-
chastic algorithms. In the second scheme, quantitative deterministic procedures 
are inserted inside the population update mechanism, in order to refine the trial 
solutions in the population. The so-called memetic algorithm (MA) belongs to 
this class of hybrid approaches. In this case, the genetic operators are used and 
all the solutions are locally optimized by using a local deterministic optimiza-
tion procedure. All the elements of the population are then local minima and the 
best solution evolves by “jumping” from a local minima to another until the glob-
ally optimal solution is found (Caorsi et al. 2003b, c). Consequently, the dimen-
sionality of the search space is greatly reduced and a significant improvement is 
obtained.

9  Open Issues and New Prospective

Despite a large number of quantitative imaging approaches have been proposed, 
their use in GPR application seems to be still an open issue. This is mainly due 
to the requirement of a reasonable knowledge of the antenna radiation pattern, 
or equivalently of the incident electric field into the investigated domain. A first 
advancement to overcome this gap has been given in (Lambot et al. 2004). Herein, 
a laboratory realized off-ground monostatic GPR system has been used and a full-
wave inversion method exploiting a sophisticated model of the probing wavelet 
has been proposed and validated against experimental data.

Further relevant contributions have been presented in (Ernst et al. 2007; Meles 
et al. 2010; Klotzsche et al. 2010; Patriarca et al. 2011; van der Wielen et al. 
2012; Busch et al. 2012). In particular, a full-wave inversion scheme based on a 
2D finite-difference time domain scattering model has been proposed in (Ernst 
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et al. 2007) and it has been extended to the 3D vectorial case (Meles et al. 2010) 
and applied to process experimental cross-hall data (Klotzsche et al. 2010). With 
respect to the problem of detecting and characterizing a thin delamination layer 
in a concrete slab, a strategy based on an antenna calibration procedure has been 
considered in (Patriarca et al. 2011), while an inversion procedure accounting for a 
model of the probing antenna effects has been considered in (van der Wielen et al. 
2012). Finally, a full wave inversion procedure, whose peculiarity is that ampli-
tude and phase of the probing wavelet is optimized simultaneously with dielectric 
permittivity and electric conductivity of a single layered subsurface has been pro-
posed in (Busch et al. 2012). Such a procedure processes frequency domain data 
gathered under a common-midpoint measurement configuration.

Finally, it is worth noting that learning-based approaches have also been 
recently applied to GPR prospection. The first developed algorithms were based 
on neural networks (Gamba and Lossani 2000; Mydur and Michalski 2001). In 
this case, the network can be directly trained from measurements, thus avoiding 
the need of a reliable model of the scattering phenomena. Moreover, real-time 
detection can be achieved once the network is trained. Support Vector Machines 
(SVM) have also been used in buried target detection (Bermani et al. 2003). 
Finally, subarrays processing and triangularization technique have also been found 
to quite effective in the detection of tunnels and pipes (Sahin and Miller 2001; 
Meschino et al. 2012, 2013).
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Abstract Ground penetrating radar (GPR) is a non-destructive geophysical 
method that uses radar pulses to image the subsurface. Notwithstanding that it is 
particularly promising for soil studies, GPR is characterised by notoriously dif-
ficult automated data analysis. Hence, the focus of this chapter 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, we present an overview on noise 
suppression, deconvolution, migration, attribute analysis and classification tech-
niques for GPR data.

1  Introduction

Ground penetrating radar (GPR) consists primarily of a radar device which trans-
mits and receives electromagnetic pulses into the subsurface. Although the prin-
ciple of the GPR method is identical to the seismic reflection method, many 
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differences exist in terms of both data acquisition and processing. The GPR 
method is characterised by the rapidly decaying amplitude of the electromagnetic 
waves together with the loss of the relevant higher frequency harmonics. Thus, 
GPR data are highly non-stationary.

GPR technology has seen tremendous progress in its range of applications, as 
well in its analysis and processing algorithms, over the past 20 years. GPR appli-
cations include sedimentology, ground water contamination, glaciology, archae-
ology and geotechnical engineering (Jol 2009). Notwithstanding the undoubted 
promise for the technology in most of the above-mentioned applications, the most 
successful results have come from glaciology and geotechnical engineering.

In particular, GPR has proved to be very useful in road monitoring applica-
tions (Diamanti and Redman 2012; Le Bastard et al. 2007; Benedetto et al. 2005; 
Saarenketo and Scullion 2000), in the delineation of buried objects such as pipes, 
cables and tunnels (Zheng et al. 2011), the condition monitoring of railway bal-
last (Shao et al. 2011; Benedetto and Benedetto 2011), the inspection of concrete 
structures and bridge decks (Alani et al. 2013), the mapping of buried archaeologi-
cal ruins (Li et al. 2012) and many other relevant applications which have already 
been applied or are projected for the future.

The remainder of this chapter is organised as follows. First, we will present the 
most basic and commonly used signal processing techniques, before concentrat-
ing our focus on the enhancement of the GPR signal by the use of advanced signal 
processing methods such as denoising, deconvolution, velocity analysis, migration 
and attribute analysis and classification. Finally, we will review some interesting 
applications of GPR data processing techniques and conclude the chapter by sum-
marising what has been undertaken, what further work is necessary and what fur-
ther expectations the field holds.

2  GPR Data Processing

The interpretation of GPR data is affected by many factors related to the com-
plexity of the subsurface. The data interpretation requires dense grids of measure-
ments, optimum choice of transmitting frequency and effective signal processing 
techniques. The processing of GPR measurements is enhanced in the present day 
by powerful hardware. The choice of transmitting frequency antennas depends 
mainly on the target properties (size and depth) and the radio frequency proper-
ties of the target and the surrounding media. Accepting the fact that GPR meas-
urements are dense enough for the delineation of the target and that the optimum 
frequency is selected (Annan 2005), processing should enhance the GPR signal, 
providing sufficient data for interpretation. The GPR data processing system con-
sists of time-zero corrections, dewow, band-pass filtering, spatial filters and gain.

Drift of the zero time along the profile can occur due to temperature differ-
ences between the instrument electronics and the air temperature, or as a result of 
damaged cables. This drift causes a misalignment of the reflections and the zero 
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time has to be reset for all traces along the profile (Jol 2009). Dewow removes 
the low frequency harmonics caused by electromagnetic induction. Many auto-
matic algorithms exist for dewowing but, even though they correct for the low fre-
quency undesired harmonics, they sometimes cause reverberations. Time-varying 
low cut filtering can solve this problem (Battista et al. 2009). Spatial filters are 
mainly used for muting specific forms of reflections (horizontal or dipping). The 
most commonly used gain functions are exponential gain (SEC) and windowed 
gain functions (AGC). Even though SEC retains information that is lost by AGC, it 
also slightly alters the shape of the wavelet, making it time varying (Annan 2005). 
Conversely, AGC enhances low amplitudes, but can be misleading because it can 
also enhance unwanted information and lose the initial spatial relationship of 
amplitudes.

GPR data processing can also include the following techniques: time vary-
ing band-pass filtering (Schimmel and Gallart 2007; Bradford and Wu 2007; 
Economou and Vafidis 2010), time and frequency analysis (Bradford and Wu 
2007; Economou and Vafidis 2010; Bano 2004), deconvolution (Xia et al. 2004; 
Chahine et al. 2011; Economou and Vafidis 2011, 2012; Economou et al. 2012; 
Schmelzbach et al. 2011), velocity analysis (Pipan et al. 1999; Bradford 2008; 
Brown et al. 2009) and migration (Sena et al. 2006; Brooke and Maillol 2007) as 
well as attribute analysis and classification (Massa et al. 2005; Spanoudakis 2007; 
Economou et al. 2007; Pipan et al. 2001). The main purpose of all the above is to 
enhance the signal in order to improve the GPR images.

Time varying band-pass filtering mainly suppresses noise outside the selected 
band. Deconvolution acquires the reflectivity series by decreasing the time dura-
tion of the dominant wavelet. Velocity analysis in combination with migration is 
necessary for placing the reflections at the correct recording time, for collapsing 
diffractions to their apex and, further, for giving depth information. Attribute anal-
ysis aids in the interpretation of the GPR sections. Velocity analysis, aside from 
being a processing method together with the migration process, can also be treated 
as an attribute analysis method. In the following sections, we will review in detail 
each of the afore-mentioned techniques.

In summary, GPR data processing and subsequent display/presentation of the 
results are of paramount importance to GPR operators and end users and also 
should be considered as an integrated part as well as a prerequisite for successful 
surveying and data processing.

From a practical and applications point of view, GPR data processing depends 
upon a number of parameters and considerations which predominantly relate to 
planning, data collection and site operation as well as choice of antenna. Basically, 
data processing goes hand-in-hand with quality of the raw data collected. In real 
terms, regardless of choice of antenna system and skill of the GPR operator, data 
processing is achieved by means of suitable software. GPR manufacturers use 
and recommend specific software, which may or may not be a product of their 
own. No doubt, the knowledge and experience of individuals (GPR users) play a 
significant role in achieving the optimum outcome within the context of data pro-
cessing and presentation. However, as mentioned above, the success of any data 
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processing is directly related to parameters that one should be fully aware and 
have extended knowledge of. It must be emphasised that the nature and type of 
projects, in turn, will have an effect on the quality of data collection and the pro-
cessing of any GPR survey too.

The diagram depicted below by Cassidy (2009) can still be considered to thor-
oughly capture the GPR data processing steps, which in turn summarises what has 
been presented above (Fig. 1).

3  Deconvolution

Deconvolution is the process needed to improve the temporal resolution, in order 
to clearly visualise the reflections of interest (Economou and Vafidis 2012). The 
vertical resolution of reflection horizons in a GPR profile depends on the band-
width used and, thus, on the dominant frequency transmitted by the antenna which 
determines pulse duration. Relatively low frequency antennas may record strong 
signals from waves returning from depths greater than several metres, but the reso-
lution of the GPR section is reduced. A section additionally encounters a gradual 
reduction of resolution as the recording time increases because the attenuation of 
the electromagnetic (EM) waves is proportional to the frequency and the travel 
distance.

Initial basic processing 

Basic
processed 
data 

Fully processed data

Data acquisition 

Editing 
Simple filtering  
(dewow) 
Data display and gains 

At site 

Editing 
Rubber-banding   
Dewow 
Time zero correction 
Filtering 
Deconvolution 
Velocity analysis 
Elevation correction 
Migration 
Depth conversion  
Data display and gains 

Image analysis 
Attribute analysis 
Modelling analysis 

Post collection 

Interpretation 

CMP data 

Topography
data 

Fig. 1  Typical GPR data processing and analysis steps, after Cassidy (2009)
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When measuring thin layers or closely spaced targets using relatively low fre-
quency antennas, the reflections from the above mentioned structures may over-
lap. A deconvolution algorithm extracts the reflectivity series and thus improves 
the temporal resolution (Chahine et al. 2011). It is well understood that increased 
resolution is necessary when dealing with geotechnical GPR data. If deconvolu-
tion satisfactorily improves the resolution for the relatively low frequency anten-
nas, which penetrate deeper and have stronger responses (Diamanti and Redman 
2012), the higher frequency antennas may prove to be unnecessary and the num-
ber of involved antennas can be reduced. Additionally, it is necessary to distin-
guish overlapping reflections in the GPR sections for any antenna’s dominant 
frequency.

Despite the popularity of GPR reflection, successful deconvolution applica-
tions of GPR data are very rare (e.g. Xia et al. 2004; Turner 1994; Todoeschuck 
et al. 1992). The authors in Chahine et al. (2011) and Schmelzbach et al. (2011) 
performed blind deconvolution with GPR data. GPR data time varying deconvo-
lution related to geotechnical engineering was also applied in Economou et al. 
(2012), in order to successfully increase the bandwidth and hence the temporal 
resolution of the time series. Deconvolution of GPR data has been notoriously 
unsuccessful for many years mainly due to the non-stationarity of the GPR traces 
and the mixed phase of EM wavelets (Economou and Vafidis 2011). Even though 
Bano (2004), Turner (1994) and Irving and Knight (2003) presented methods 
for inverse Q filtering, in most cases this inverse Q filter suffers in the estima-
tion of the absorption value (Bradford and Wu 2007). The authors in Economou 
and Vafidis (2010) developed a narrow time-window methodology applied in the 
t-f domain (Stockwell et al. 1996) for spectral balancing (Neto and Medeiros 
2006; Belina et al. 2008). This approach is adequate for enhancing the ampli-
tudes and restoring the dominant frequency of the GPR traces. This technique is 
a precondition rather than an alternative technique for deconvolution as presented 
in Belina et al. (2008). Furthermore, wavelet deconvolution is successful when 
applied after spectral balancing and followed by the application of the maximum 
kurtosis method (Economou and Vafidis 2011, 2012; Van der Baan 2008; White 
1988; Longbottom et al. 1998; Levy and Oldenburg 1987; Economou 2010).  
In particular, the authors in Economou and Vafidis (2011) used a reference wave-
let, obtained experimentally, in the time varying deconvolution scheme. This ref-
erence wavelet is antenna dependent and is adequate for datasets measured with 
the same antenna.

Further developments of the methods for automatic enhancement of the tempo-
ral resolution of GPR data must be achieved. For instance, spectral balancing can 
be achieved by automatically selecting the frequency range where spectral balanc-
ing must be applied, in order to restore the GPR signal suffering attenuation.

In general, there is a lack of successful applications of deconvolution methods 
on GPR data. Further research should focus on the application of deconvolution 
operators such as predictive deconvolution on GPR data, which is a standard tool 
for seismic reflection data, in order to suppress multiples which mask the reflec-
tions of interest.
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4  Velocity Analysis of GPR Data

This section of the chapter discusses velocity analysis techniques for GPR data. 
Velocity estimation requires common-midpoint (CMP) data. The estimated veloci-
ties are useful for the migration of GPR data as well as for the time-to-depth con-
version, providing depth sections using migration techniques.

The travel time curve of reflected waves is approximated by a hyperbola. The 
time difference of this travel time at a given and at zero offsets is called normal 
moveout (NMO). The hyperbolic travel time equation is linear in t2-x2. The RMS 
velocity for a given reflector can be estimated from the time that best fits the travel 
times plotted in n t2-x2.

Alternatively, one can apply different NMO corrections to a CMP gather using a 
range of constant velocity values and choose the velocity that best flattens each event.

Another velocity analysis technique is based on computing the velocity spec-
trum, which displays a measure of signal coherency as a function of velocity and 
two-way zero-offset time. Signal coherency is computed in small time gates that 
follow a hyperbola trajectory. RMS velocities are interpreted from velocity spectra 
by choosing the velocity function that produces the highest coherency at times of 
significant event amplitudes. In particular, this technique is based on the cross cor-
relation of the traces in a CMP gather.

For an estimation of the velocity of the top layer, one can often utilise the direct 
or diffracted waves. The travel time curve of the direct waves in a CMP gather is 
a straight line. The stacked section is utilised to calculate the velocity from dif-
fracted waves. Namely, the hyperbolic travel time equation is linear in the n t2-x2 
plane. The slope of this line is equal to

5  Migration

Migration is a method which moves events to their correct time or spatial loca-
tions and collapses energy from diffractions back to their scattering points. Until 
three decades ago, migration was the final processing step for seismics (Gray et al. 
2001). Post-stack migration is always simpler and is usually enough for straight-
forward geology settings. Today, migrated seismic data almost always provide 
input for several steps, such as detailed analyses of attributes and signal processing 
methods like deconvolution. Pre-stack migration has gained popularity due to the 
increased computational power. The similarity between GPR and seismic reflec-
tion methods led to the application of processing techniques on the GPR data used 
in seismic data processing.

Still, the non-stationarity of the GPR traces makes the application of such 
methods insufficient. An improved Stolt migration algorithm for GPR data for 
relatively homogeneous velocity media was presented in Zhou et al. (2011).  

slope =
4

V2

RMS

.
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A split-step migration technique was implemented in Sena et al. (2006) in order 
to account for dispersion effects, while the authors in Di and Wang (2004) imple-
mented a finite element migration method which incorporates attenuation. Still, 
the problem of the rapidly varying velocity causes high degrees of distortion on 
the outcome. The insufficient application of migration on GPR data is mainly due 
to the inability to estimate an accurate velocity model. This is often the problem 
for seismics (Gray et al. 2001).

For the successful application of migration on the GPR data, multi-fold data 
must be acquired in order to build a high resolution velocity model (Pipan et al. 
1999, 2001, 2003; Bradford 2006, 2008; Brown et al. 2009; Booth et al. 2008). 
Multi-fold GPR data acquisition requires multi-channel GPR devices. Processing 
multi-channel GPR data involves corrections and velocity analysis prior stacking.

The complex EM response of the subsurface is a wide research area and the 
authors of this chapter can only direct the reader to the first problem referred 
above which also connects with resolution of the data (Economou and Vafidis 
2010; Irving and Knight 2003; Van der Baan 2012).

Migration can be considered as a smoothing technique which alters the ampli-
tude spectrum by lowering the dominant frequency. Thus, the migrated section is 
characterised by lower resolution (Bancroft et al. 2012). So, consideration should 
be taken in order to apply deconvolution methods to the migrated sections (Vafidis 
et al. 2012).

6  Noise Suppression

By discarding background noise, the visual quality of the reflections of inter-
est is enhanced (Cassidy 2009). Noise affects both deconvolution and migration 
techniques. There are many types of noise that can be observed in GPR data. 
These types can be divided into two major categories: coherent and incoher-
ent noise. Incoherent noise consists of noise that has no discernible pattern from 
trace to trace, while coherent noise does display regularity from trace to trace. 
Coherent noise is mainly attributed to multiples, direct air and ground waves, 
and side reflections. As long as coherent noise can be separated in the frequency 
domain, single channel techniques such as band-pass filtering can be utilised. 
Predictive deconvolution can also be used, by which multiple patterns are identi-
fied and removed from the data. Still, the most effective techniques for suppress-
ing coherent noise have turned out to be multichannel in nature. Multichannel 
filtering includes the weighted trace mix (background noise removal), f-k filter-
ing, Karhunen-Loeve (KL) transform, the tau-p transform, the generalised Radon 
transform, and the radial trace transform (Nuzzo and Quarta 2004; Jeng et al. 
2011; Kim et al. 2007; Carpentier et al. 2010).

A limited number of filtering techniques have been proposed to remove inco-
herent noise (Economou and Vafidis 2010; Baili et al. 2009). The simplest method 
of suppressing random noise is stacking. Simple stacking does not always result in 
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a satisfactory improvement of the signal due to amplitude fluctuations between the 
stacked signals, mostly caused by DC quantisation errors and imperfect alignment 
related to synchronisation errors when sampling (Lahouar 2003). The authors in 
Economou and Vafidis (2010) utilised user-defined time-varying band-pass filters. The 
seismic industry offers a variety of algorithms for the suppression of random noise 
but many of these methods (referred in seismic data) are related to common source or 
stacked data (e.g. F-x deconvolution). Random noise suppression can be realised by:

1. Stacking, using local correlation, can be automated and become part of the 
GPR devices (Liu et al. 2009).

2. Empirical mode decomposition (EMD) was introduced by NASA researchers 
in order to reduce random noise in non-stationary signals (Huang et al. 1998). 
Compared with wavelet or Fourier transform methods, this method has no pre-
defined basis, while it can capture non-stationary and nonlinear variations in 
the signal, acting like a time varying band pass filter (Flandrin et al. 2005).

3. Smoothing of the spectrum denoises the signal (Berkhout 1977; Taner et al. 
2003). Parameters, such as degree of smoothness and time window of the rel-
evant application, can be predefined.

7  Attributes

Attribute analysis and classification are useful for the interpretation of GPR data. 
Attribute analysis enhances signal characteristics otherwise not perceptible and 
contributes to interpretation. There are five main categories of attributes:

1. Instantaneous attributes provide useful local information and are calculated via 
Hilbert transform. The basic attributes are instantaneous envelope and phase. 
From these, other attributes can be calculated including instantaneous fre-
quency and instantaneous gain.

2. Wavelet attributes are computed at the peak of the envelope (Zhao et al. 2012).
3. Texture attributes describe the data samples, through gray-level co-occurrence 

matrices (GLCM). These matrices are calculated by rescaling the GPR records 
to a limited number of gray levels. Then, the co-occurrence or the joint prob-
ability of the gray values is calculated within a spatiotemporal sliding window. 
Various attributes can be extracted from the GLCM including energy, entropy, 
homogeneity and contrast (Gao 2008; McClymont et al. 2008).

4. Geometrical statistical attributes are calculated directly from the data, within a 
spatiotemporal sliding window. Local range, variance and standard deviation 
are the most common.

5. Coherency-semblance attributes provide spatiotemporal relations of the dataset 
(Lizzi et al. 2009).

Apart from interpreting specific attribute sections, several attributes can be com-
bined for classification. The classification reduces the amount of multidimensional 
data by categorising or grouping similar data. One of the motivations for using 
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classification algorithms is to aid the construction of categories by minimising 
human intervention. The authors in Spanoudakis (2007) used attributes and self 
organising maps to interpret GPR data. The authors in Economou et al. (2007) uti-
lised the same tools to map a three arched roman cistern and the ducts supplying 
water to the cistern, (Pipan et al. 2001) which focused on archaeological investiga-
tions, while (McClymont et al. 2008) utilised geometrical attributes for the visuali-
sation of active faults.

Other classification techniques are based on the exploitation of learning-by-
example (LBE) strategies for the detection and classification of buried objects 
by using support vector machines (Lizzi et al. 2009) or support vector regression 
(LeBastard et al. 2013). Great efforts have also been devoted towards the develop-
ment of inversion techniques, able to profitably combine global and local search 
approaches with multi-focusing strategies, such as the iterative multi scaling 
approach (Salucci et al. 2013) or imaging approaches based on Bayesian compres-
sive sensing (Oliveri et al. 2011; Poli et al. 2013) and interval analysis (Manica 
et al. 2013). Finally, specific processing has recently been developed, including the 
Jonscher parameterisation of the medium (Ihamouten et al. 2011) and the so-called 
transparent 3D half bird’s-eye view of the GPR data volume or its sub-volumes 
(Kadioglu 2008, 2010, 2013; Kadioglu and Daniels 2008).

8  Applications

In this section, three interesting applications of GPR data processing are reviewed.
The first application (the Omalos survey) highlights the usefulness of classifica-

tion techniques to the interpretation of 3D GPR data.
The second application (the Sandbox experiment) illustrates a controlled exper-

iment conducted in a sandbox at the University of Louis Pasteur in Strasbourg, 
France. This is a noteworthy example of time varying deconvolution and migration 
before visualization and interpretation. As a controlled experiment, it demonstrates 
what the GPR user should expect from the GPR data before and after data process-
ing. Finally, the third application depicts the importance of GPR data frequency 
domain analysis. In particular, a controlled experiment was carried out in the lab-
oratory of civil engineering at the University of Rome “Roma TRE”, Italy. The 
GPR data processing in the frequency domain has evidenced that a shift of the fre-
quency GPR spectrum towards lower frequencies is expected, as the clay content 
increases in the soil under investigation.

9  Omalos Survey

A GPR survey was conducted at Omalos Highlands, Western Crete, Greece for 
doline and karst system delineation. The mean height of the area is approxi-
mately 1500 m and consists of a typical karst terrain with subsidence phenomena. 
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Dolomitic limestone is covered by alluvium, whose maximum thickness is 100 m. 
A 110 MHz common-offset 3D GPR survey was performed on a rectangular grid 
of 41 approximately north–south oriented lines with line spacing of 1 m. Each 
GPR line contained 81 traces, equally spaced at 0.25 m. Antennas were oriented 
parallel to each other and perpendicular to the in-line direction. The separation 
between antennas was 1 m.

Processing of the 3D GPR dataset initially included dewow and high-cut fil-
tering (Spanoudakis 2007). The direct air and ground waves were effectively 
removed by subtracting the average of the traces across a horizontally moving 
window. Finally, the data were smoothed using a 3D moving average window.

The next processing step included attribute analysis. A set of four physical 
(instantaneous envelope, dB instantaneous envelope, instantaneous phase and 
instantaneous frequency) and two geometrical (semblance of pre-processed data 
and semblance of instantaneous phase) attributes was calculated. The final pro-
cessing step prior to classification was the extraction of 30 horizontal slices from 
each attribute volume within a window of 18 ns (equal to one pulse width). The 
classification was performed using the following steps (see Fig. 2):

•	 K-means cluster analysis to identify 50 cluster centres at each slice. The result 
was 1.500 cluster centres within the whole volume.

•	 SOM classification with these samples into 20 groups.

10  Sandbox Experiment

A controlled experiment was conducted in a sandbox at the University of Louis 
Pasteur in Strasbourg, France, using a Pulse-Ekko1000 GPR system with 1200 MHz 
shielded antennas (Loeffler and Bano 2004; Bano et al. 2009). The water level was 

Fig. 2  The classified geovolume (run 1–20 classes). The transparent mode emphasises the 
doline system (20th class in red color) together with a slice at 270 ns and sections at 11 and 26 m 
(Vafidis et al. 2004)
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72 cm below surface. The high amplitude reflection in the centre of the section 
(recording time around 10 ns) is caused by a steel pipe (see Fig. 3). Dewow and 
inverse amplitude decay gain were applied to the raw data (Fig. 3a). Time varying 
deconvolution and maximum kurtosis phase corrections successfully increased tem-
poral resolution for reflected waves traveling in both the unsaturated and the satu-
rated sand (Fig. 3b).

Time migration was followed by time to depth conversion, using velocities of 
0.116 m/ns for the first 72 cm (where the water table is) and 0.075 m/ns for the 
rest as proposed by Loeffler and Bano (2004); (Fig. 3c). The instantaneous ampli-
tude gave a very close to reality depth section of the sandbox (Fig. 3d). Note the 
different nature of the recordings below the water table (>0.72 m) and up to the 
base of the sandbox (~1 m).

Fig. 3  A GPR section from the sandbox experiment (Loeffler and Bano 2004). a A GPR section 
above a metal pipe buried in the sand, where water surface is at 72 cm depth, b after time varying 
deconvolution and kurtosis corrections, c is (b) after time migration and time-to-depth conversion 
and d is the instantaneous amplitude of (c)
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11  Clay Intrusion Estimation

Another controlled experiment was conducted in the laboratory of civil engineer-
ing at the University of Rome “Roma TRE”, Italy, to evaluate clay intrusion in 
soil, by GPR data processing in the frequency domain. This experiment was con-
sidered necessary as one of the most prevalent causes of road pavement damage is 
clay intrusion in structural layers. Hence, the development of methods for infer-
ring reliable estimates of clay content is a crucial research field involving eco-
nomic, social and strategic aspects in road safety for a great number of public and 
private agencies. In particular, a recent new approach was proposed to evaluate 
moisture content in a porous medium without using core sampling as a destruc-
tive means of calibration, based on the theory of Rayleigh scattering (Benedetto 
and Benedetto 2011). The authors showed that a shift of the frequency peak of 
the GPR spectrum towards lower frequencies is expected, as the moisture con-
tent increases in the soil. The controlled experiment at the Roma Tre University 
has highlighted the same trend also for clay intrusion in soil, i.e. a shift of the 
frequency spectrum towards lower frequencies is expected, as the clay content 
increases (Benedetto and Tosti 2013).

Ground-coupled radar antennas (the RIS/MF system produced by IDS S.p.A., 
Italy) were used for this GPR experiment. The GPR operates using two anten-
nas with central frequencies of around 0.6 and 1.6 GHz. The received signal is 
sampled in the time domain at 7.8125 × 10−2 ns. The vertical radar sweep has 
a duration of 39.936 ns which corresponds to a number of sampled data equal 
to 512. The number of vertical sweeps depends on the dimension of the GPR 
scanning on the horizontal axis. After collecting the GPR data, we have per-
formed the frequency-based analysis in post processing and only the signal at 
the monostatic channel at 0.6 GHz has been post-processed. The GPR has been 
calibrated in standard conditions extracting the spectra of reflected signals over a 
metal plate (total reflection) and over a sample of known dry material previously 
classified and without any clay. Moreover, the end-reflection of the antenna (or 
system reverberation) was measured from a free-space experiment and removed 
prior to processing. The sample is located in a box 0.40 m × 0.40 m and 0.13 m 
high, so that the tested sample of soil is 0.33 m × 0.33 m and 0.10 m thick. 
The box is impervious and electrically isolated. The laboratory configuration 
remains absolutely fixed during all the tests. In particular, the so-called Misto 
della Magliana soil (i.e. an alluvial soil with low ultrafine soil fractions) has been 
used for the tests, increasing the clay content in sequential steps. Figure 4 shows 
the GPR spectra of the tested soil in the presence of clay intrusion from 7 % 
(Fig. 4a), 14 % (Fig. 4b) and 22 % (Fig. 4c), and finally with a percentage of 
clay equal to 30 % (Fig. 4d).

These results experimentally show that a shift of the frequency spectrum 
towards lower frequencies is observed, as the clay content increases in the soil 
under investigation. This frequency shift is not only due to scattering but also to 
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attenuation which increases in the presence of clay. This makes higher frequency 
harmonics attenuate faster. Note that the spectrum corresponds to the trace and not 
to a part of it. Thus, this method could be used for the lateral (e.g. not in-depth) 
study of clay content, representing a qualitative estimation of the amount of clay 
in the soil.

12  Conclusions

This chapter has presented a review of the GPR data processing techniques 
required for geotechnical applications. We have focused mainly on the enhance-
ment of the GPR data by signal processing methods such as denoising, deconvo-
lution, migration and attribute analysis. Finally, some applications of GPR in the 
civil engineering field have been introduced and discussed.

As a final conclusion, it is the opinion of the authors that, although this research 
area has already been well studied by many researchers, more research is needed 
and, indeed, expected from automatic GPR data analysis.

Acknowledgments The authors acknowledge the COST Action TU1208 “Civil Engineering 
Applications of Ground Penetrating Radar”, in support of this chapter.

Fig. 4  GPR spectra of the tested soil in the presence of clay intrusion for: a 7 % of clay; b 14 % 
of clay; c 22 % of clay; d 30 % of clay intrusion (Benedetto and Tosti 2013)
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Abstract This Chapter deals with a compilation of published works in the frame of 
the applications of the GPR for humanitarian assistance and security. The fields of 
application, in which the technique has experienced more advances, are the detection 
of mines and unexploded ordnances, as well as the location of underground spaces. 
Different types of defensive constructions were built throughout history to protect 
people from natural catastrophes, aerial bombardments and other attacks. Moreover, 
the use of the GPR technology in rescue operations is considered by including the 
main contributions in locating human remains or living victims in disaster areas. 
An overview of the main GPR works in humanitarian missions and their results are 
therefore mentioned. Specific systems, methodologies and processing algorithms 
developed in these applications are also analysed. As result, the method has shown 
significantly benefits when compared to other traditional searching methods.

1  Introduction

The theory that deals with its principles or methods was developed by Maxwell 
JC and Hertz HR at the end of the 19th century. However, it was in 1935 when Sir 
Robert Alexander Wattson-Watt proposed and demonstrated the operation of the 
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terrestrial radar, which later developed together with the airborne radar, becom-
ing an effective military defensive system against enemy planes during World War 
II. Later, in the 1940s, an airplane incident (“LostSquadron”, 1942), caused by 
not detecting an ice layer, aroused the interest of scientists for the application of 
the radar as a subsoil prospective method. After that, the method fell into disuse, 
and its popularity increased considerably since the 1970s. There were therefore 
carried out the first studies in Lunar, geological and glaciological investigations 
(Campbell and Orange 1974; Annan and Davis 1976) and then, the technique was 
introduced into the civil engineering field (1970–1980s). After that, the applica-
tions of radar have been broadened in a number of fields. A comprehensive history 
of development of GPR has been compiled by Daniels et al. (1988).

Since its origins, the GPR has been commonly used as a prospecting method 
for security applications. Humanitarian security includes mining and UXOs (unex-
ploded ordnance), recognition of underground defensive spaces, human remains 
detection, as well as detecting and locating trapped people in disaster areas.

In the last decades, many countries have been affected by wars that have left 
the territory plagued by Explosive Remnants of War (EWR), like mines, clus-
ter bombs and unexploded objects: Afghanistan, Angola, Burundi, Cambodia, 
Democratic Republic of Congo, Iran, Iraq, the former Yugoslavia, Pakistan, and 
Rwanda are only a few examples. Clearing terrains from ERWs, is a difficult 
and dangerous task, that is made harder by variability of environmental variables 
(e.g., earth composition and humidity, climate, and vegetation) and by modifica-
tions happening over time (displacement and covering of objects). Cost of clear-
ance (typically 300–1000 € per item removed) is a limiting factor that prevents 
substantial progress (200,000 mines removed each year, compared to some 100 
million on the ground). Such cost, as well as slowness and danger of clearing 
operations, is largely determined by the difficulty of locating buried ERW (Balsi 
et al. 2009).

Landmines are a humanitarian challenge because they indiscriminately kill and 
maim people because they are weapons that cannot distinguish between a soldier 
and a civilian, and they remain active for decades. As a result, most of the victims 
of mines are innocent men, women and children. Landmines are used in so many 
conflicts, in such large numbers and so indiscriminately that during war they are 
a cause of displacement, and after hostilities they endanger the lives of returnees 
and humanitarian aid workers, delay return and impede reintegration and recon-
struction. Landmines are also being used in current conflicts to block humanitarian 
access. In this frame, the GPR technique supposes a promising method to assist in 
landmine clearance, as many authors propose (Gader et al. 2001; Daniels 2006).

It was in the mid-1970s that GPR appeared with archaeological purposes but 
the first contributions related to 3D GPR imaging were in the 1990s (van Deen and 
de Feijter 1992; Grasmueck and Green 1996). In fact, the 3D GPR surveying con-
tinuous to flourish during the last decades, and the technique has demonstrated its 
potential to produce more realistic images of the underground space, which allows 
not only for the location, but also for the 3D reconstruction of the buried targets 
(Leckebusch 2003; Lin et al. 2011; Novo et al. 2012a).
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There are still a large number of remaining defensive underground construc-
tions, mainly built during the World War I, World War II, and the Cold War, that 
could be reconstructed using 3D GPR methodologies. The most of them were 
initially constructed as defensive military installations, but then they served also 
to protect civilians from falling bombs and other attacks, as well as from natu-
ral catastrophes such in the case of tornadoes. Some examples of defensive spaces 
are: trench bunkers, blockhouses, artillery installations, underground tunnel-linked 
(as the case of the Maginot Line in France), and air-raid shelters, or bomb shelters, 
as protection from aerial bombardments (as in the case of the Spanish Civil War). 
In UK, for example, the subways were extensively used as bomb shelters during 
the World War II.

Other applications of GPR for rescue, surveillance and security operations are 
focused on searching and rescuing human remains and trapped people in disas-
ter areas. During the last decades, government and law enforcement agencies have 
promote the use of GPR in forensic investigations. Forensic anthropology includes 
the study of war crime and homicide victims, as well as mass disasters. Since the 
1980s, GPR has been successfully applied to assist in forensic investigations, and 
interesting information can be provided about the dimensions and limits of graves, 
as well as to detect buried bodies or bone remains (Freeland et al. 2003; Schultz 
and Martin 2011). These results allow saving time-consuming and efforts since 
smaller areas are highlighted for further testing with traditional searching meth-
ods such as excavations. In addition, the technique is non-intrusive, preserving the 
scene and avoiding the destruction of forensic evidences that allows also recon-
structing the events.

Disasters like earthquakes, floods, avalanches, explosions or similar occur-
rences result in structural collapses and then, probable trapped people under build-
ing debris, mudflows or avalanche snow. If people are buried alive, time for rescue 
is critical, and the GPR technology has shown its effectiveness to locate victims 
within minutes. The location of live victims hidden by walls or rubble was possi-
ble with GPR by detecting motion or even breathing and heartbeat when person is 
unconscious (Sachs et al. 2008).

In the next Sections, some of the published works in the frame of the men-
tioned security applications and field operations have been compiled to show the 
potential of the GPR. The purpose is to demonstrate how the method significantly 
benefits the procedures for inspection and also, successfully solved some of the 
limitations of traditional methods. On the other hand, the most important limita-
tions of the technique are also presented in this Chapter.

2  Landmine and UXO Detection

Mine detection is an ongoing concern that lasts in time because of the danger 
they represent for civil population. This is a real problem that involves millions 
of human beings all around the world. Due to the long lifetime of these artefacts, 
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the victims of landmines often have no relation with the original motivation for 
which they were settled. Nowadays, there still remain millions of anti-personnel 
mines in different countries around the world (Table 1). These mines kill or wound 
someone every 20 min, which supposes 70 people per day and more than 20,000 
people per year (Kowalenko 2004). Currently, in the arsenals of Governments and 
under control of armed groups, there are hundreds of million mines in use (Banks 
1997). The cost of producing one single anti-personnel mine is not elevated and it 
can be rapidly placed in large quantities by unqualified personnel. On the contrary, 
demining must be carried out by highly qualified personnel, and results consider-
ably more expensive. United Nations (UN) statistics indicate the decease of almost 
two deminers every 1000 removed mines (Joynt 1998). All these negative statis-
tics could be decreased in favour of human life by using an effective method to 
detect and remove landmines and unexploded ordnance (UXO), which still remain 
in minefields and former battle camps over the world.

As different authors recommend (Daniels 2006; Tesfamariam and Mali 2012), 
the ideal landmine detection equipment has to be designed to work in different 
environmental conditions such as, in a wide temperature range −20 to 60 °C, from 
arid deserts to overgrown jungle, from rocks to swampy areas, from plain roads to 
sloppy hill sides, rain, dust, humidity; at different soil types such as sand, clay soils, 
magnetic soils, loom soils, saline soils etc. All the above mentioned environmen-
tal conditions should be considered in the design of a landmine detector (Bruschini 
et al. 1998). According to that, many methods and combinations thereof have been 
tried for the detection of mines. These include: Acoustic Sensors, Infrared Imaging 
Systems, Nuclear Magnetic Resonance (NMR), Nuclear Quadrupole Resonance 
(NQR), X-Ray Backscatter, Microwave Techniques and Biological Detector (dogs, 
pigs and rats). Despite of disposing of all that amount of technology, the most usual 
techniques applied for mine detection are manual, concretely prodding. It consists 
of using a rigid stick (prodder) as unique supporting tool to scan the soil at a shal-
low angle of typically 30°. Though effective, this technique is slow and hugely 
dangerous for deminers. Besides prodding, another close-in hand-held technology 
currently used for landmine and unexploded ordnance detection is the metal detec-
tor (MD). The basic MD used for mine detection, based on the phenomenon of 

Table 1  Estimated world 
distribution of landmines and 
unexploded ordnance (UXO)

Source United States commitment to humanitarian demining

Country Landmines UXO

Afghanistan 4 million Large

Bosnia and Herzegovina 1 million Large

Cambodia 300,000–1 million 2.5 million

Croatia 1–1.2 million 0

Ecuador 50,000–60,000 Small

Egypt 5–7.5 million 15–15.5 
million

Ethiopia 1.5–2 million Large

Vietnam 3.5 million Large

Zimbabwe 2.5 million Unknown
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Electro Magnetic Interference (EMI), measures the disturbance of an emitted elec-
tromagnetic field caused by the presence of metallic objects in the soil. The major 
problem is that many modern mines are made of plastic and contain little or have 
no metal parts, except for the small striker pin. In addition, there is another handi-
cap concerning this detection technique. The usual presence of metal waste all over 
the minefields may lead to an increase of the False Alarm Rate (FAR), therefore, 
supposes an evident decrease of efficiency of the method.

The GPR method, which has proven its suitability for subsoil prospection, is a 
well-recognized technique by the scientific community for mine and UXOs detec-
tion (Gader et al. 2001; Sato et al. 2005; Daniels 2006; González-Huici 2012). In 
this sense, the GPR postulates as an ideal solution for mine clearance and unex-
ploded ordnance removal. The technique suitability is based on its rapidity and 
safety as non-destructive technique (Maierhofer 2003) compared to other more 
invasive procedures, such as excavations or traditional tastings methods, which 
may be obviously dangerous. Moreover, the GPR technique has the ability to 
detect either, metallic or non-metallic landmines, as far as there is a difference in 
electromagnetic contrast between the ground and the target. It must be also taken 
into account that the performance of the signal processors depend on the target 
type and size, the soil environment, the moisture and the roughness of the ground 
surface. Furthermore, the detection performance of a signal processor depend on 
the type of casing of the target (plastic, wooden, metallic, ceramic) and on the 
amount of metal that the target. There is no signal processing technique with better 
performance regarding all these named conditions and for all kinds of targets than 
GPR technology (Daniels 2006).

Thus, the GPR System meets the criteria for the ideal humanitarian demining 
system (Capineri et al. 2008), namely:

1. Low cost construction.
2. Easy transportation.
3. Possibility of operation and interpretation by non-experts.
4. Rapid deployment in emergencies.
5. High probability of detection for landmine.
6. Low false alarm rate.
7. Identification of landmine type.
8. No degradation in performance in the rugged conditions of actual minefields.

An example of application of GPR in mine detection is presented in Fig. 1. An 
experimental minefield scenario was simulated within the dependences of the 
Spanish Naval Academy (Marín, Spain). The aim of the work was to calibrate 
the GPR signal (central frequencies ranging from 2.3 GHz to 500 MHz) to better 
detect landmines and UXOs, as well as to characterize the patterns of reflections 
produced. As described in Fig. 2, different types of landmines (anti-personnel and 
anti-tank mines, as well as mortar and hand grenades) were assumed in testing. 
The whole scenario was designed with the targets disposed at several depths and 
dispositions to analyse their influence in detection. Figure 1 illustrates the partial 
results obtained with a central frequency 2.3 GHz, in which all the targets were 
successfully detected.
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Although promising, this technology has limitations. In particular, the resolu-
tion needed to detect small objects involves GHz frequencies, which decreases 
soil penetration and increases image clutter. A major difficulty for operation of 
GPR systems is the presence of clutter within or on the surface of the material, or 
in the side and back lobes of the antenna and sources of surface clutter (Daniels 
2006; Tesfamariam and Mali 2012). This has been modelled by Firoozabadi et al. 
(2007). Clutter is defined as sources of unwanted reflections that occur within the 
effective bandwidth and search window of the radar and are present as spatially 
coherent reflectors. Its presence can completely obscure the buried landmine and a 
proper understanding of its source and impact on the radar is essential.

The GPR sensors should not provide indications on the following sources of 
clutter (Tesfamariam and Mali 2012):

•	 Small metal fragments.
•	 Shrapnel.
•	 Spent bullet and cartridge cases.

Fig. 1  GPR data acquired with a 2.3 GHz central frequency in an experimental minefield sce-
nario, showing the pattern of reflection produced by each landmine or grenade (Data provided by 
the Applied Geotechnologies research group of the University of Vigo)

Fig. 2  Description of the landmines and grenades in Fig. 1: designations, dimensions, casing 
materials and depths of burial
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•	 Ground Topographical variations.
•	 Puddles of water.
•	 Tufts of grass.
•	 Rocks and stones.
•	 Animal borrows.
•	 Cracks and fissures in ground.

The advanced available signal processing techniques may be used to reduce the clut-
ter components, in order to reduce the false alarm rates and increase the probabil-
ity of detection. In this sense, Abujarad (2007) exposed different signal processing 
techniques to reduce clutter in GPR, namely: Singular Value Decomposition (SVD), 
Factor Analysis (FA), Principal Component Analysis (PCA), FastICA, Infomax, 
SOBI, JADE, Wavelet Transform and Wavelet Packets Combined with Higher-
Order-Satatistics. The comparison of these techniques was based on SNR and EPC 
curve. By using SNR as criterion to compare above techniques, it could be stated 
that the JADE based technique appears to have the best overall performance by a 
significant margin. Many authors are researching on the ways to improve the detec-
tion capability of GPR and improve the efficiency of landmine clearance process, 
Zoubir et al. (2002) used many techniques, giving emphasis to Kalman filtering 
for clutter reduction, Barakat et al. (2000) and Sun and Li (2003) have used time-
frequency analysis techniques for plastic landmine detection, Carevic (2000) used 
wavelet packet decomposition techniques, Carevic (1999) applied Kalman filter-
ing approach, Van der Merwe and Gupta (2000) used novel signal processing tech-
niques for clutter reduction in GPR measurements. Sezgin (2011) used fuzzy based 
techniques for background calculation and target energy moment calculation to sup-
press the clutter. The above mentioned techniques have shown that the performance 
of GPR is improved after the clutter components are suppressed. However, some of 
the techniques such as Kalman filtering approach are computationally expensive.

The influence of the homogeneity of the soil on GPR for landmine detection 
is another usual handicap that must be taken into account (Igel and Preetz 2009). 
In this frame, Takahashi et al. (2012) explain how landmine detection by GPR 
becomes challenging when soil is inhomogeneous. Soil inhomogeneity causes 
unwanted reflections (clutter) which disturb reflections from landmines and this 
scattering is governed by Mie scattering. Numerical simulation is currently being 
applied in some works, to facilitate the complex understanding of the electro-
magnetic waves propagation phenomena through the media. Thus, some authors 
(Balsi et al. 2009; Deiana and Anitori 2010; Nabelek and Ho 2013) use the Finite-
Difference Time-Domain (FDTD) method to assist in the characterization of the 
reflections patterns produced in the real data.

As the interpretation of the 2D GPR images (radargrams) is not trivial, the use 
of 3D processing and visualization techniques in landmine detection has been 
widely increased (Ligthart et al. 2004). Using 3D visualization produces more 
realistic images of the underground space, improving location and allowing for the 
3D reconstruction of the buried targets (Dyana et al. 2012). Therefore, 3D visu-
alization provides better interpretation of the results (Eide and Hjelmstad 2004; 
Capineri et al. 2008).
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Gader et al. (2001) proposed novel general methods for detecting landmine sig-
natures in GPR using hidden Markov models (HMMs). This method provides an 
alternative, trainable technique to model the time-varying, random signature of al 
landmine as a vehicle-mounted system moves over the mine. Results on real data 
indicate that the models are capable of discriminating between mines and clutter and 
can generalize from one geographical location to others. Frigui et al. (2005) presented 
a real-time software system for landmine detection with GPR using discriminative 
and adaptive Hidden Markov Models. Factor and Principle Component Analysis for 
automatic landmine detection was presented by Abujarad and Omar (2006). Their 
work proposes statistical signal processing for clutter reduction in stepped-frequency 
(SF) GPR data for detecting buried anti-personnel (AP) landmines.

Recent developments using dual sensor technology combining EMI and GPR have 
enabled improved discrimination against small metal fragments to be demonstrated in 
live minefields, as the case of the hand-held dual sensor ALIS (Feng et al. 2005; Sato 
et al. 2005). In this frame, reductions of up to 7:1 compared with the standard metal 
detector have been achieved in the field by hand-held systems such as the UK-German 
MINEHOUND/VMR2 system (Daniels et al. 2005) and the US AN/PSS-14 (formerly 
HSTAMIDS: Hand-held Standoff Mine Detection System) (Doheny et al. 2005).

At the current clearance rate, it will take about 1100 years to remove all land-
mines and UXOs that are already placed (Gao and Collins 2000). Alternatively, 
there has been recent interest in Ground Penetrating Synthetic Aperture Radar 
(GPSAR) for landmines and UXOs detection (Vickers 2002; Jin and Zhou 2007, 
2010). Such systems offer the advantage of a significant standoff distance to per-
form large area detection quickly.

Vehicle-based systems have been developed that use arrays of antennas and 
generate 3D data, which is then processed to provide a rolling map of detections 
(Sato et al. 2006; Wang et al. 2008). The signal and image processing options for 
vehicle-based landmine detection are more extensive because the radar and its 
platform generate 3D data, which results in larger data files. In general, vehicle-
based systems concentrate on anti-tank (AT) landmines because it is difficult to 
achieve appropriate cross range resolution at realistic budgets. Options for signal 
and image processing include image inversion and synthetic aperture techniques 
for image enhancement principal component analysis (PCA) and independent 
component analysis (ICA) techniques and hidden Markov models. Most radar 
systems designed for mine detection use an integral array design and exploit the 
increased capability offered by combining multiple looks and Synthetic Aperture 
Radar (SAR) processing. The principles of SAR systems are well known and can 
be found in the general literature (Curlander and McDounough 1991; Chan and 
Koo 2008). Thus, the vehicle-based GPR system in general allows for higher qual-
ity of the acquired data and much higher processing power than that in hand-held 
systems. As said before, in this system the GPR sensor does not suffer from major 
problems in detection of AT mines and under many circumstances can success-
fully detect all AP mines laid. The main problem, however, is not an insufficient 
detection level but a high FAR (False Alarm Ratio). Reduction of the latter can be 
done via enhanced signal processing and improvement of the hardware in order to 
support extraction of features from the measured data necessary for classification.
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Alternative approaches have been adopted by companies in the US (Planning 
Systems, GeoCenters, BASystems (ex GDE), NIITEK, Mirage, ARL, Jaycor, 
SRI, Coleman), UK (ERA Technology, Thales and Pipe-Hawk), France (Thales, 
Satimo), Germany (Rheinmetall) and Israel (Elta) who have developed array sys-
tems as an integral design rather than combining existing single channel radars. 
Several attempts have been also made to detect minefields from airborne plat-
forms. The SRI International has shown that mine can be detected from a fixed 
wing. Work by the Schiebel company on the Camcopter has shown that Unmanned 
Airborne Vehicles (UAV) may be feasible to carry lightweight SAR radars. 
The Mineseeker Foundation is a not-for-profit joint venture between Lightship 
Europe Ltd (LEL) and QinetiQ which brings to bear a unique technology to assist 
humanitarian demining through technical survey whilst also promoting the cause 
of humanitarian mine action on the world stage. The Mineseeker System uses a 
radar-equipped airship to safely and cost effectively locate and delineate danger-
ous areas at a rate of 100 m2/s (Daniels 2006). The sensor technology used is the 
QinetiQ Ultra Wideband Synthetic Aperture Radar, capable of airborne detection 
of plastic landmines, developed over many years for UK defense programs and 
now made available for use in humanitarian demining.

Considerable efforts are being made on a worldwide basis to develop a solu-
tion to the problem of mine detection both for military and humanitarian appli-
cations. Military Organizations, Universities, Industrial Research and Technology 
Organizations as well as private companies are conducting these programs. Table 2 
shows different military and civilian programs dealing with GPR sensor for land-
mine detection (Testafariam and Mali 2012).

Table 2  National programs 
involving GPR for landmine 
detection

Country Program Character Type

Australia HILDA Military Hand-held

RRMNS Military Vehicle-mounted

Belgium HUDEM Military Hand-held

Canada ILDP Military Vehicle-mounted

EU GEODE Civilian Vehicle-mounted

LOTOS Civilian Vehicle-mounted

DEMINE Civilian Hand-held

MINEREC Civilian Hand-held

HOPE Civilian Hand-held

PICE Civilian Hand-held

France SALMANDER Military Vehicle-mounted

Germany MMSR Military Vehicle-mounted

Israel ELTA Military Vehicle-mounted

Japan MEXTSENCION Civilian Hand-held

UK PICE Civilian Hand-held

MINETECT Civilian Hand-held

DCMC Military Vehicle-mounted

USA MCMC Military Hand-held

HSTAMIDS Military Vehicle-mounted
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Many outfits, such as GSSI (USA), FOA (Sweden), develop portable solu-
tions. Offering vehicle-based radar, targeted at AT mines, is the company ELTA 
(Israel). To decrease the size and price of GPR, the Lawrence Livermore National 
Laboratory (LLNL) developed and patented the Micro power Impulse Radar 
(MIR). The small footprint of the antennas (less than 50 cm2) might allow a 
faster and more simplified scan of a mine field. Other GPR-like variations, using 
modulated microwave retinas and tomography imaging, have been pioneered by 
SATIMO (Garreau et al. 1996).

A possible future application of GPR involves discerning complex resonances, 
specific to each target type, in the spectrum of the reflected signal. The overall per-
formance of the GPR sensor for landmine detection heavily depends on the way in 
which it is used and what processing algorithms are implemented in it.

3  Investigation of Underground Constructions

There are a large number or remaining underground constructions from history. 
The most of these constructions were originally built for defensive purposes, 
mainly to protect people from natural catastrophes or other attacks such as aer-
ial bombardments during the World War II. However, some of these underground 
spaces are used by terrorists to escape and move throughout battle areas as well as 
connecting borders. Thus, detecting underground networking has become a serious 
threat to security. As a result of security concerns, various entities and agencies 
have sought methods to locate illicit tunnels and underground.

Full characterization of underground space using conventional techniques 
takes years, and drilling and excavations, which are the most commonly applied 
methods for assessment, are ground disturbing. There has been an increase in the 
use of non-destructive testing technologies for prospecting investigations, reflect-
ing security and societal concerns for the conservation and maintenance of these 
sites. Among these techniques, the GPR method has been quite commonly applied 
for high-resolution imaging in many archaeological and underground applica-
tions. The GPR method has been widely used and is being considered as a tool for 
the detection of a wide variety of subterranean features. The detection of under-
ground constructions represents serious humanitarian security concern including 
tunnelling for terrorist activities as well as remaining construction used for safety 
mission when protecting civilians. The technique has been successfully used to 
rediscover the location of underground constructions, and to determine whether or 
not any portion of the structure remained preserved beneath the site. What is more, 
due to their influence in the settlement and disposition of the subsoil structure, sur-
face collapses can occur if the buried construction does not present appropriate 
structural condition.

As demonstrated by several publications within the past decades (Daniels 1988; 
Pérez-Gracia et al. 2000; Lorenzo et al. 2002; Martinaud et al. 2004; Solla et al. 
2010; Lazăr et al. 2011), GPR is an effective tool to locate shallow man-made 
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constructions, or cavities, and their interpretations in terms of structural shapes, 
dimensions, estimation of building materials and fillings, as well as the analysis of 
their state of conservation. Valová and Glisníková (2011) present a GPR study to 
ascertain the existence of passages under a chapel. Some cavities were discovered 
under and around the chapel which suggests the presence of crypts or burials, as 
well as an inhomogeneity that indicates the presence of linear underground struc-
tures. Examples in escape tunnelling are also possible to find in the specialized 
literature as in Pringle et al. (2007), in which an undiscovered underground tunnel 
used for repeat escape attempts by prisoners of the World War II in Zagan (Poland) 
is located. A variety of features were recognized by GPR, including the entrance 
shaft, tunnel, and part of the tunnel ventilation system. Results allowed areas to be 
target for excavation, thereby increasing the efficient of the archaeological investi-
gation and reducing disturbance of in situ features and artefact.

However, the understanding of GPR results among non-geophysicists has 
been a long term challenge because the interpretation of radargram images is not 
straightforward. Since the 1990s, the acquisition of closely spaced parallel profiles 
together with 3D data processing and visualization have aided in the acceptance 
of the use of GPR for prospecting. The use of 3D imaging techniques and pro-
cessing software has produced more realistic images of the underground, which 
permits not only finding but also obtaining 3D reconstructions of buried objects 
(Chamberlain 2000; El-Qady et al. 2005; Novo et al. 2013).

Figure 3 illustrates an example on underground tunnelling space recognition 
by 3D GPR methodologies. Equidistant parallel 2D-lines in only x-direction were 
acquired on a regular rectangular grid (40 × 20 m size) with a space between 
lines of 20 cm. Data were collected using a central frequency of 500 MHz. 3D 
processing was used, and overlay analysis was applied for obtaining the strong-
est reflectors at different depths, or travel times, into a single composite time-slice 
map (Fig. 3a). This technique allows for the representation of the entire tunnelling 
structure even when galleries and branches are placed at different levels. Thus, 
the slice obtained from overlay analysis shows the internal structure of the tun-
nel, and it is possible to identify the central or main corridor, the lateral tunnel 

Fig. 3  a Slice generated from overlay analysis. b Iso-surface render (threshold of 70 %) gener-
ated by GPR-SLICE software, showing the overall volume of the underground tunnelling space 
(Data available from Solla et al. 2014)
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branches and the final trifurcation at the end of the main corridor (Fig. 4a, b). 
Although the tunnel is symmetric with respect to its central corridor (Fig. 4a), the 
lateral branches at one side of the central axis were not easily distinguished from 
the radar data, and only the one corresponding to the final trifurcation was par-
tially detected. The most probable cause for this lack of information is due to an 
improper isolation of the tunnel lining, and subsequent attenuation of the radar-
wave signal because of the presence of moisture as deduced from a visual inspec-
tion in the interior of the structure, where gravitational exudations were observed 
in a lateral branch (Fig. 4e).

The extraction of a 3D volume, which represents the entire tunnelling space, 
was possible by using the iso-surface rendering technique (Fig. 3b). It reproduced 
the hidden underground, showing an intuitive overview picture with an estimation 
of the dimensions of the target. This volumetric reconstruction visually confirms 
the existence of the two levels in the principal corridor of the tunnel (Fig. 4c). 
Moreover, it is clearly appreciated the gaps of data and consequent loss of infor-
mation at the location of the existent ramp that separates these two levels (from 8 
to approximately 13 m in the x-line of the iso-surface render).

Otherwise, precise positioning of the GPR antenna during data acquisition 
is crucial. The combination of GPR with Global Positioning Systems (GPS) 
provides accurate trace positioning in a global reference coordinate system. 
Grasmueck and Viggiano (2007) have integrated a novel Rotary Laser Positioning 
System (RLPS) technology with GPR into a highly efficient and simple to use 3D 
imaging system. A simpler but ingenious solution has been proposed by Lualdi 
and Zanzi (2003) who have invented the PSG (Pad System for Geo-radar). RTK-
GPS was also implemented by other authors for positioning (Leckebusch 2005; 
Trinks et al. 2008).

The extra time needed for collecting 3D data makes it very costly for large 
areas. More recently, the use of new antenna arrays are able to cover areas of 
2000 m2 in only one hour preserving 3D dense acquisition (Trinks et al. 2008). 
Innovative GPR systems are based on massive antenna arrays which provide 
full-resolution imaging while speeding-up data acquisition (Linford et al. 2010; 
Trinks et al. 2010; Novo et al. 2012b). Current GPR equipment used for 3D data 

Fig. 4  Detailed images from the interior of the tunnel: a main corridor and lateral branches,  
b final trifurcation of galleries at the end of the main corridor, c ramp of the principal corridor, 
and d evidences of condensation inside one of the lateral branches
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acquisition are Terravision (GSSI), RIS MF Hi-Mod (IDS), Stream X (IDS), 
MIRA array (Malå Geoscience), NogginPlus (Sensors and Software), Geoscope 
(3d-Radar), GroundVue (Utsi electronics), and Zond-12e (Radar Systems Inc.).

4  Human Remains and Life Detection

The main role of forensic anthropology traditionally has been to study and iden-
tify human remains, in single cases and in the study of war crime victims or mass 
disasters. Invariably, the search is expensive and time-consuming because of the 
variety of locations that need to be investigated. In recent decades, there has been 
an increase in the use of geophysics in forensic investigations for the narrowing 
down of sites to be excavated (France et al. 1992). As a result, investigators can 
then focus their efforts on searching and excavating smaller areas instead of dig-
ging up the entire scene. The advantages of using geophysical methods are the 
preservation of the crime scene, minimized destruction of forensic evidence, and a 
consequent possibility of reconstructing events at the scene (Bruschini et al. 1998; 
Schultz 2007; Pringle et al. 2008; Schultz 2008).

The GPR is a well-accepted technique for the detection of clandestine graves 
since it was first successfully utilized in 1986 by Vaughn (Schultz 2003). Despite 
the fact that GPR can help as part of a forensic investigation sequence (Ruffel 
et al. 2009), it has not been commonly standardized by national law enforcements 
because specialize training is necessary for acquiring, processing and interpret-
ing the data. Although GPR can provide noteworthy information for forensics, the 
effectiveness of the techniques is highly dependent on environmental background, 
and there were some difficulties in terms of collection, analysis and interpretation 
of the GPR data in this context. In complex heterogeneous environments covered 
by trees, bushes, stumps and stones, data acquisition was a difficult task. The inter-
pretation of GPR data can also be difficult when soils contain high concentrations 
of rocks, gravel and roots that result in false anomalies or clutter (Congram 2008; 
Novo et al. 2011). Other authors have noted that field soil properties greatly influ-
ence the appropriate transmission of the radar wave. The presence of conductive 
media, such as clay-rich subsoil, can attenuate the electromagnetic signal, and 
detecting underground features becomes difficult because the signal is not able 
to penetrate (Mellet 1992; Freeland et al. 2003; Schultz et al. 2006). The use of 
GPR in forensic applications is a quite recently implemented practice, as it has 
only been used since the 1990s (Daniels 2004), but in recent years, the amount of 
published works with successful results in this context has increased (Ruffel and 
McKinley 2005; Pringle et al. 2012a).

Pringle et al. (2012b) have evaluated the potential of the method for establish-
ing relevant forensic search methodologies with the aim of identifying the optimal 
configuration. The central frequencies of 225, 450 and 900 MHz were evaluated 
in this work, and the GPR data showed 450 MHz frequency antenna to be opti-
mal for burial target detection. Other authors, as Freeland et al. (2003), analysed 
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the capabilities of the 400 and 900 MHz to assist in criminal investigations. They 
concluded that 400 MHz was appropriate to produce detailed data, discerning the 
grave walls and folded tarp covering the lower body. Schultz and Martin (2011) 
present the comparison of data produced by 500 and 250 MHz antenna for sur-
veying a controlled grave scenario containing a pig carcass. The 500 MHz data 
provided more information within the grave, while the 250 MHz data displayed 
excellent imagery. In both cases, the detection of the grave was possible by a dis-
ruption of the soil horizon, which guarantees the location even when no response 
is obtained from the body. This work also demonstrated how the survey orientation 
may also affect detection. The pig carcass, as well as the floor of the grave, was 
detected when surveying in perpendicular direction.

The state of decomposition that includes complete skeletonisation, and sub-
sequent compactness of the backfill, is another crucial factor for GPR analysis 
in forensic applications (Congram 2008). In Schultz et al. (2006), a 500 MHz 
antenna was used to monitor pig burials for durations of both 12 and 21 months in 
order to correlate the decomposition state of the cadaver with the data produced. 
Additionally, two different natural soil conditions were considered: burials in 
sand and burials in which cadavers were in contact with the upper surface of a 
clay horizon. As result, cadavers in sand were easily detected for the duration of 
the study (21 months), even when completely skeletonized. On the other hand, the 
cadavers in clay became increasingly difficult for identification over the first year 
of burial, even when they still retained extensive soft tissue structures.

The use of three-dimensional (3D) processing and visualization produces more 
realistic images of the underground space, which gives an absolutely accurate and 
intuitive display of the underground reality (Pringle et al. 2008). Nevertheless, 3D 
strategies for GPR are rarely applied in real forensic cases because they require 
special training for both data acquisition and 3D data processing. In addition, 
rough surfaces and time are often strong limitations in homicide investigations, 
and therefore the most of the surveys are still carried out in only two dimensions. 
Furthermore, these investigations are commonly involved in complex environ-
ments covered by trees, stumps and stones, which difficult data acquisition and 
produce a variety of non-target anomalies. Pringle et al. (2012c) conducted a GPR 
survey to systematically assess the changing geophysical response of simulated 
clandestine graves during the first 3 years after burial. The graves were excavated 
ranging at <1 m depth and two end-member scenarios were considered for this 
study: namely a naked and wrapped burial. Data was acquired at 3-monthly inter-
vals after burial, and the central frequencies of 110, 225, 450 and 900 MHz were 
investigated to be used in forensic search cases effectively. 3D data acquisition 
and processing were also considered in this work. The results shown that GPR is 
not optimal to detect targets if there is an advanced state of decomposition, over 
18 months. Although 3D data were generated to locate more subtle features that 
may be missed from the 2D data, a variety of non-target anomalies were also pre-
sent in time-slices, making more difficult to locate the forensic targets.

In Novo et al. (2011), a forensic case study was carried out in a mountainous 
environment. Main objective was to locate a clandestine grave which is around 
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10–20 years old and contains human remains of one individual and a metallic tool, 
probably a pick. The use of GPR for detecting the skeletal remains of an individ-
ual buried in a clandestine grave many years ago presents a considerable challenge 
due to the small size of the remains in relation to the scale of the survey area, the 
low geophysical contrast of the body and the strong dependence on the soil effects 
on skeletonisation. The efforts of this study focused on detecting the ferrous part 
of the pick. Data were collected using 3D ultra-dense methodologies with the 
250 MHz antenna to have a record of the reflection of the pick. Unfortunately, the 
presence of many metal rubbish items buried in the first 20–30 cm led to useless 
data due to many false-positive indicators and metal detectors became unreliable 
when metal objects were located deeper. Moreover, the 3D imaging results became 
unreliable in terms of distinguishing similar anomalies with the real target (Fig. 5).

More recently, there has also been research to numerically model the expected 
GPR responses from buried human remains. Hammon et al. (2000) employed 
Finite-difference time-domain (FDTD) simulations to model the GPR response 
for various body cross-sections with different depths of burial, soil types, soil 
moisture contents, survey frequencies and antenna separations. Accurate informa-
tion was provided on the number, dimensions, locations and orientations of body 
elements. In addition, results revealed the attenuation in the surrounding soil and 
within the body (biological tissues) as the main limitation on image quality.

Solla et al. (2012) present the use of FDTD modelling and GPR signal char-
acterization 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 using pho-
togrammetric methods. The 3D models of the experimental grids were provided, 

Fig. 5  a Topo corrected slice at 1 m depth and 250 MHz radargram, highlighting the presence of 
a metallic target that could correspond to the pick. Blank areas represent no data due to the pres-
ences of obstacles: trees, bushes and tree stumps (small squares). b Iso-volume (95 %) associated 
to the simulated grave containing the pick does not differ much from other anomalies present in 
the cube (Data available from Novo et al. 2011)
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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. 6 illustrates the real scene (a) and the 2D ortho-
image generated (b), as well as both synthetic and field data produced (c and d, 
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 hetero-
geneous backfill (Fig. 6d), the interpreted reflection patter produced by the bone 
remains is very similar to that modelled in the synthetic radargram (Fig. 6c).

A 3D FDTD modelling approach over a clandestine human burial target was 
performed by Millington et al. (2011). Based on the Born approximation, an inno-
vative frequency-domain, micro-wave tomographic inversion technique was used 
that is based on the solution to the inverse-scattering problem of electromagnetic 
waves in a 2D plane. The results provided useful information on the true form, 
depth, location and spatial interrelationships of the buried features and, therefore, 
improved interpretations can be obtained in a 3D context.

The GPR method has been also developed for life detection as supporting tool 
in rescue missions. Wars and natural catastrophes result in structural collapses, 
and people could be trapped under building debris. In such circumstances, time 
is critical since an early detection can potentially reduce the mortality rate, so the 

Fig. 6  Experimental scene: bone remains at 0.5 m depth. a Real scene, b synthetic model built 
from the longitudinal section provided by photogrammetric methods, c synthetic data generated 
from FDTD modelling in GprMax software, and d 500 MHz field data collected (Data available 
from Solla et al. 2012)
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development of life detection systems is desirable. The effectiveness of the GPR 
for life location was demonstrated by detecting motion or vital signs like breathing 
and heartbeat. A review on GPR for the detection of buried or trapped victims in 
disaster scenarios, such as avalanches or earthquakes is presented in Crocco and 
Ferrara (2014).

Different works in the use of GPR for the detection of humans being trapped 
under avalanches are included in the specialised literature, as Jaedicke (2003) and 
Instantes et al. (2004). Searching for victims under avalanches is commonly car-
ried out using the standard UHF GPR systems. Buried persons can be identified 
as a perturbation of the backscattered signal, but the method is not able to distin-
guish is the person is alive or not. As supported by Modroon and Olhoeft (2004), 
the electromagnetic waves have excellent propagation in snow and the detec-
tion of buried human bodies is possible due to high electrical contrast. The rela-
tive dielectric permittivity of snow varies from 1.2 to 12.0 depending on several 
factors, including the amount of moisture content, density, grain size and shape, 
temperature, and frequency. The average human body permittivity of 50 was deter-
mined using a weighted average of the five main components of the human body: 
skin, bone, blood, organs, and fat. The permittivity of the range of other materials 
that might be present in avalanche debris (rocks, trees, boots, etc.) ranges from 2 
to 12. Results also showed proper imaging and identification of freezing bodies. 
The detection of vital signals and, subsequently, the location of human alive bod-
ies was possible by using continuous-wave (CW) microwave transceiver systems 
(Pieraccini et al. 2008). In this work, operating with 2.4 GHz, both breathing and 
heartbeat frequencies have been detected through a 1.8 m-thick snow barrier.

Regarding the detection of victims trapped in debris, there are different tech-
niques that allow searching survivors under rubble by measuring vital signals 
such as motion or even breathing and heartbeat. They are recognized by induct-
ing a low-frequency perturbation of the backscattered radar signals. CW systems 
have been first used for detection of even a non-moving person, in which the vital 
signals cause an amplitude modulation in the phase of the radar signal (Doppler 
spectrum). It is possible using temporal and spectral characteristics of the detected 
signals (Lukin and Konovalov 2004). Nevertheless, the most of the published stud-
ies have considered the ultra-wide band (UWB) radar to be capable of detecting 
breathing and even heartbeat signals (Sachs et al. 2008; Zaikov et al. 2008; Wu 
et al. 2012). The use of UWB radar technology can guarantee higher time stability 
with respect to pulsed radar.

Scattering, or clutter, is the main inconvenience when surveying in complex 
environments, and the GPR signal might be enormously affected by inhomogene-
ous building debris mainly composed by rubble and metal fragments. To overcome 
this limitation, the specialised literature has published different algorithms that 
are used to remove background noise, or clutter, and to improve the recognition 
of vital signals. In Grazzini et al. (2010), an enhanced UWB, Continuous Wave 
Stepped Frequency (CW-SF), GPR radar has been tested for buried victims’ detec-
tion. The CW-SF technique uses a signal generation process that enhance the over-
all time stability of the system, improving the capability of this technique to detect 
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low-frequency movements. A real test site is presented, in which a volunteer was 
hidden inside a concrete pipe, with diameter about one meter, covered by a debris 
layer about one meter composed by chunks of walls, columns, rocks and bricks. 
The breathing frequency from the buried volunteer was identified in the B-scan 
after background removal, B-scan after horizontal pass-band filtering and range-
doppler data processing. Another study (Cist 2009) has demonstrated the poten-
tial of the method to detect breathing frequencies under concrete slabs in a debris 
pile. Local cell phones were also considered to create background radio noise and 
reduce system sensitivity. Horizontal Fourier transform was used to look for these 
signs of life. A series of test with concrete slabs below 25 cm thicknesses, and 
from 1.5 to 4 m away, shown a detection success rate of about 90 %. The detec-
tion limit was found to be at 4 m through 1 m of rebar reinforced concrete. Similar 
results were found by other authors (Li et al. 2012a) when using a practical adap-
tive line enhancer (ALE) algorithm controlled by the least mean square (LMS) 
algorithm. The experimental results obtained in this work demonstrated that 
ALE method can monitor, with more than 90 % accuracy, the respiratory signal 
through a brick wall and with a distance of 5 m between the radar and the target. 
Successful results were also obtained using the discrete wavelet transform (DWT), 
which is a wavelet-based strong clutter removal technique for UWB life detection 
radar (Li et al. 2012b). This transform allows for the analysis of non-stationary 
signals like GPR signals and to remove strong clutters reflected by ruins.

There are different systems specifically developed to detect the movement 
of victims buried in soil, rock, rubble or snow. The Rescue Radar GPR sensor 
(Sensors and Software Inc. 2014) was designed for rapid deployment by search 
and rescue teams. This system is sensitive to small movements of arms, legs or 
even breathings. Exploration depth can vary from a meter or two in high-loss 
environments like rock, building materials and other debris to more than 10 m in 
highly transparent materials like snow. Other existing system is the LifeLocator® 
(Geophysical Survey Systems Inc. 2014), which uses the principals of ultra-wide 
band (UWB) GPR to detect movement in up to 10 m of debris and breathing in up 
to 8 m.

The most important in rescue missions is to detect buried victims being found 
alive for which time is crucial. In relation to this, another issue in this framework 
is the adoption of faster techniques to be used during emergencies. The use of 
array systems can reduce time in rescue because of the massive acquisition data 
they provide. An array antenna composed by five 1.2 GHz antennas was devel-
oped by Akiyama et al. (2007), which incorporate UWB pulse radar to detect 
moving and/or vital signals. Advances in the array system are shown in Takeuchi 
et al. (2008).

On the other hand, to reach inaccessible or dangerous areas, rescue radar sys-
tems were also designed and tested to operate mounted on-board of unmanned 
aerial vehicles (UAVs). Donelli (2011) presents a light-weight microwave system 
to locate victims trapped under rubble. The system, based on continuous wave 
X-band radar, enables to detect breathing and heartbeat signals. To remove noise 
and clutter, the independent component analysis (ICA) algorithm is used. A real 
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test was performed, and the system detected and identified the life signals with 
a reasonable degree of accuracy. Studies were also carried out in such frame-
work to develop a fast and reliable method to locate avalanche victims. In Heilig 
et al. (2008), a 400 MHz GPR system was mounted on an aerial railway system, 
approximately 6 m high, to simulate a helicopter flight. Water bags were used to 
simulate the victim, and the experiments were performed in both dry and moist 
snow. Although in the first case the target was easily detected until a maximum 
transversal distance of a victim at 1.5 m from the direction of the flight however, 
the detection was not possible when surveying in moist snow. For this approach, 
a real-time detection is presented in Fruehauf et al. (2009), showing an algorithm 
that automatically detects hyperbolas in radargrams. The localization algorithm 
yields a hit rate of 100 % without false detections.

5  Conclusion

The GPR method has shown its potential as a suitable tool for landmine and unex-
ploded ordnance detection. Although promising, this technology has limitations, 
as the resolution needed to detect small objects that involves GHz frequencies, 
which decreases soil penetration and increases image clutter. Thinking about the 
future, the main challenge in landmine and UXO detection for hand-held radar, 
is the further reduction in the rate of false alarm. The current generation of dual 
sensor detectors reduces the ratio but is not still enough. There may be developed 
robust techniques that reduce the ratio down so that the efficiency improvement 
in humanitarian operations will be greater. Moreover, vehicle-based radar has 
to achieve orders of magnitude performance improvement to enable route clear-
ing military operation to proceed at speed. Humanitarian clearance may tolerate 
speed reduction but still requires high detection rates. This applies to both stand 
off and close in GPR systems. Besides, airborne radar supposes an enormous tech-
nical challenge. However, a new generation of unmanned airborne vehicles may 
provide suitable platforms for the close in GPR systems if ground skimming can 
be achieved. This would allow reconnaissance vehicles to run ahead of convoys 
and would reduce the need to mine protect vehicles. The most successful devel-
opments in the field of landmine detection have been where GPR is used in con-
junction with other sensors, primarily the metal detector (MD). The market for 
humanitarian mine detectors is fragmented and very cost sensitive and will be dif-
ficult to develop, but it is to be hoped that parallel developments and procurements 
for military applications will result in products being used to meet the humanitar-
ian need.

On the other hand, there has been an increase in the use of non-destructive test-
ing technologies for prospecting investigations, reflecting security and societal 
concerns for the conservation and maintenance of underground spaces. Among 
these techniques, the GPR method has been quite commonly applied for high-
resolution imaging in many archaeological and underground applications. GPR is 
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an effective tool to locate shallow man-made constructions, or cavities, and their 
interpretations in terms of structural shapes, dimensions, estimation of build-
ing materials and fillings, as well as the analysis of their state of conservation. 
However, the understanding of GPR results among non-geophysicists has been a 
long term challenge because the interpretation of radargram images is not straight-
forward. In this frame, the use of 3D imaging techniques and processing soft-
ware has produced more realistic images of the underground, which permits not 
only finding but also obtaining 3D reconstructions of buried objects. On the other 
side, the extra time needed for collecting 3D data makes it very costly for large 
areas. Otherwise, precise positioning of the GPR antenna during data acquisition 
presents as crucial in this field of work. The combination of GPR with Global 
Positioning Systems (GPS) provides accurate trace positioning in a global refer-
ence coordinate system.

Otherwise, there are several advantages of using geophysical methods for 
human remains detection applied in forensic anthropology, namely: the preserva-
tion of the crime scene, minimized destruction of forensic evidence, and a conse-
quent possibility of reconstructing events at the scene. Despite the fact that GPR 
can help as part of a forensic investigation, it has not been commonly standardized 
by national law enforcements because specialize training is necessary for acquir-
ing, processing and interpreting the data. Although GPR can provide noteworthy 
information for forensics, the effectiveness of the techniques is highly dependent 
on environmental background, and there may appear some difficulties in terms 
of collection, analysis and interpretation of the GPR data. In complex heteroge-
neous environments covered by trees, bushes, stumps and stones, data acquisi-
tion becomes a difficult task. The interpretation of GPR data can also be difficult 
when soils contain high concentrations of rocks, gravel and roots that result in 
false anomalies or clutter. The use of three-dimensional (3D) processing and visu-
alization produces more realistic images of the underground space, which gives 
an accurate and intuitive display of the underground reality. Nevertheless, 3D 
strategies for GPR are rarely applied in real forensic cases because they require 
special training for both data acquisition and 3D data processing. In addition, 
rough surfaces and time are often strong limitations in homicide investigations, 
and therefore the most of the surveys are still carried out in only two dimensions. 
Furthermore, these investigations are commonly involved in complex environ-
ments covered by trees, stumps and stones, which difficult, as said before, data 
acquisition and produce a variety of non-target anomalies.

The GPR method has been also developed for life detection as supporting tool 
in rescue missions. War and natural catastrophes result in structural collapses, and 
people may be trapped under building debris. In such circumstances, time is criti-
cal since an early detection can potentially reduce the mortality rate, so the devel-
opment of life detection systems is desirable. The effectiveness of the GPR for 
life location has been demonstrated by detecting motion or vital signs like breath-
ing and heartbeat. Otherwise, scattering or clutter, is the main inconvenience when 
surveying in complex environments, and the GPR signal might be enormously 
affected by inhomogeneous building debris mainly composed by rubble and metal 
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fragments. The most important issue in rescue missions is to detect buried victims 
that still are alive and for whom time is crucial. Accordingly, the use of faster tech-
niques during such kind of emergencies results in a primary need. In this sense, 
the use of array systems can reduce the rescue time because of the massive acqui-
sition data they provide. On the other hand, to reach inaccessible or dangerous 
areas, rescue radar systems are also designed and tested to operate mounted on-
board of unmanned aerial vehicles (UAVs).

Finally, we can conclude that GPR has demonstrated its potential as a prom-
ising technique for humanitarian assistance and security applications. The main 
problem related to this technology is that the returns from shallow buried objects 
can be obscured by ground returns and presence of clutter. Therefore, further 
investigation is required focused on advanced signal processing techniques to sup-
press the clutter components in order to decrease the false alarm ratio.
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Abstract Preservation and maintenance of transport infrastructure is a global concern 
that affects social and economic development in all countries. During the last dec-
ades, there has been a continuous increase in the use of non-destructive testing (NDT) 
applied to many aspects related to civil engineering field. Ground Penetrating Radar 
(GPR) has become an established method of inspection. This paper presents a com-
pilation of works in the frame of the applications of GPR and other NDT methods in 
the evaluation of transport infrastructures. Published works in roads and pavements, 
concrete and masonry structures, and tunnel testing are mentioned. It has been dem-
onstrated that such methods have significantly benefited the procedures for inspection 
and also, successfully solved some of the limitations of traditional methods.

1  Introduction

The deterioration and distress mechanisms that are active under the surface can-
not be assessed by traditional visual and optical inspection. Alternative methods 
are therefore required for inspection. GPR has been established as one of the most 
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recommended NDT methods for routine sub-surface inspections. The use of GPR 
in civil engineering applications began to appear in the mid-1970s and the 1980s. 
Some of its main applications include services such as pavements, utilities and voids 
detection, as well as different structures associated with the transport infrastructure, 
such as bridge decks, retaining walls, masonry structures and tunnel inspections.

In the next Section, “Applications of GPR”, some of the published works has 
been compiled to show the potential of the method. A brief review regarding the 
use of other NDT methods was also included.

2  Applications of GPR

This section is divided into four sub-sections, concerning different types of trans-
port infrastructure and construction materials: roads and pavements (Sect. 2.1), con-
crete structures (Sect. 2.2), masonry structures (Sect. 2.3), and tunnels (Sect. 2.4).

2.1  Roads and Pavements

The pavement life-cycle is not only affected by the number of heavy loads but also 
layer thickness is a vital factor defining the quality of pavements. Deficiencies in 
thickness reduce their lives, and periodical rehabilitation is therefore necessary in any 
country’s road management program to maintain roads in optimal conditions of use 
or monitor quality control. Road inspections imply the evaluation of different param-
eters such as roughness of the pavement, skid resistance, and presence and condition 
of cracks, voids and delamination. Also, the study of sub-layers under the pavement is 
an important task to assure the maintenance of the infrastructure. The loss of the local 
structural support of the pavement is one of the main causes of fissures and cracks. 
These damages produce discontinuities in the supporting loads structure. Therefore, 
the base of the pavement cannot absorb the loads in a homogeneous manner. Two are 
the main causes of this problem. One of them is the existence of changes in the water 
content caused by a non-appropriate drainage system. The second one is the presence 
of variations in the porosity and the changes in the cohesion between particles.

GPR technology is rapid, cost effective, and allows field surveys to be conducted 
without disturbing the pavement structure and the normal traffic flow (Lorenzo 
et al. 2011; Plati and Loizos 2012). GPR has been successfully used to find voids 
and cracks under pavement (Stryk 2008; Diamanti and Redman 2012; Krysiński and 
Sudyka 2013) as well as to monitor quality control on new asphalt overlays or to 
evaluate base course quality (Saarenketo and Scullion 2000). But above all, measur-
ing pavement layer thickness is one of the most known applications of GPR (Gordon 
et al. 1998; Fauchard et al. 2003; Loizos and Plati 2007a; Vafidis et al. 2011; 
Grégoire and Van Geem 2013). Detection of changes in water content in sub-layers 
and sub-asphalt soil is other important application. Grote et al. (2005) applied GPR 
in an experimental infiltration test in pavements, using this methodology to monitor 
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the soil water content during the experiment. Pedret et al. (2012) determine sea-
sonal changes in water content in pavements, as a consequence of variations in radar 
images. Chen et al. (2006) evaluated also the moisture en pavements with GPR to 
identify the most possible causes of pavement failure in the main lanes of a highway. 
Radar data was used combined with falling weight deflectometer in order to deter-
mine areas with low density, voids and damp, as well as layers thicknesses.

There are complementary NDT technologies to the measuring of different road 
characteristics. Some examples are mobile LiDAR for geometric measurements and 
laser profilers for the evaluation of the pavement surface roughness (International 
Roughness Index–IRI) (Suksawat 2011). In Puente et al. (2013), a novel method 
consisting of mobile LiDAR technology is presented to evaluate layer thicknesses 
and volumes for newly constructed pavements. The method was favourably vali-
dated by GPR. Figure 1 presents both GPR and LiDAR data acquired through a 
road section (A and B, respectively) in order to validate the laser scanning approach 
for obtaining thickness measurements with appropriate accuracy. The GPR data was 
collected with a 2.3 GHz antenna and the radargram produced allowed for the iden-
tification of reflections at the air/ground, intermediate/base and base/soil-cement 
interfaces. To compare both data (C in Fig. 1) and to calibrate the LiDAR, the 

Fig. 1  The use of both GPR and LiDAR approaches for thicknesses measurements of pavement: a 
2.3 GHz data collected showing the reflections at different interfaces: air/ground (R1), intermediate/
base (R2) and base/soil-cement (R3), b general overview of the pavement layer point clouds from 
laser scanning approach after the registration, and c thickness measurement by both GPR and laser 
scanning for the intermediate and base layers [Data available from Puente et al. (2013)]
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absolute errors were calculated as the difference between the LiDAR and the GPR 
data (ground truth results), and the average percentage error was 9 % at maximum, 
being slightly smaller for the intermediate layer (7 %).

Dumoulin et al. (2010) apply infrared thermography for the detection of pave-
ment cracks or moisture content. Solla et al. (2014) present the combined appli-
cation of GPR and infrared thermography to the detection and characterization 
of cracks in pavement. GPR demonstrated its capabilities to detect cracking in 
road surface thanks to the amplitude variations appearing where cracks are vis-
ible in surface (Fig. 2a). Nevertheless, it was not possible to establish a relation-
ship between the measured amplitude and the depth of crack. Regarding infrared 
thermography, this technique has been proved as an adequate method for crack 
detection (Fig. 2b), and different tendencies or equations were established to esti-
mate the depth of crack based on the pixels in image (thermograph) and the tem-
perature difference between the surface and the bottom of the crack. On the other 

Fig. 2  The combination of GPR and thermography to analyze cracking in pavement: a 1 GHz 
data acquired showing the amplitude profile where the peaks in value indicate the presence of 
cracks in the surface road (possible pavement failures in depth are also illustrated) [Data avail-
able from Solla et al. (2014)], b Thermographies of different cracks present in an actual road, 
and c 1 GHz data acquired through a natural bump in a road surface, showing an anomaly at the 
interface between the base and sub-base layers
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hand, the GPR provided the advantage for the detection of the origins of crack-
ing in depth (reflections in red circles in Fig. 2a), as well as for the qualitative 
evaluation of the flaw: layers separation, levelling faults, etc. Additionally, Fig. 2c 
illustrates the GPR profile recorded, in the longitudinal direction, over a section of 
the road presenting a natural bump to analyze the most probable cause of failure. 
Observing the radargram, an anomaly was identified in the continuous reflection 
(at 5 ns in depth) produced by the interface between the base and the sub-base lay-
ers. It seems to indicate the existence of plastic deformation on the grading and the 
numbness of its materials, most probably because of water absorption. It is most 
likely that the soil-cement layers composing the sub-base were not treated with 
pre-cracking techniques during the construction of the road.

The structural evaluation (bearing capacity and layer stability) is quantitatively 
evaluated with the Falling Weight Deflectometer (FWD) that measures the defor-
mations of the pavement in response to heavy loads (Grégoire and Van Geem 
2013). Sybilski et al. (2012) present a case study of premature cracking where 
combination of GPR with FWD methods and laboratory measurements allowed 
the identification of severe water content as the reason for cracking. Domitrović 
and Rukavina (2013) deal with the comparison of pavement layer moduli calcu-
lated from FWD deflection data using layer thickness obtained by GPR and coring. 
Furthermore, this paper concluded that there is a tendency in reinforcement projects 
to apply recycling methods and use recycled materials so, knowing the continuous 
thickness of asphalt layers by GPR is essential in order to determine the optimum 
thickness available for milling and thus achieve optimization of recycling process.

Pedret and Pérez-Gracia (2011) evaluate correlations between measurements 
with a rolling wheel deflectometer and GPR wave velocity, obtaining layers thick-
nesses from coring. Figure 3 shows data from a combined method using GPR and 
rolling wheel deflectometer.

Fig. 3  GPR data (a) compared to results of a rolling wheel deflectometer (b). Thickness from 
GPR TWT conversion into depth could be compared with coring (c) (Data available from Pedret 
and Pérez-Gracia 2011)
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Currently, there are different automatic inspection systems developed for road 
surveying and quality control that can integrate many sensors, such as global posi-
tion systems (GPS/GLONASS) aided with inertial measurement units (IMU) for 
navigation and positioning, light detection and ranging (LiDAR) for geometric 
data, RGB cameras or video for imaging, infrared thermography for cracking, 
optical profilers for the measurement of pavement surface roughness and GPR 
for subsurface evaluation and pavement thicknesses. Examples of recent auto-
matic systems that combines some of the related sensors are VISUALISE (Papi 
et al. 2012), road-scanner SITECO (SITECO 2014), Road-scanner Road Doctor 
(Road Doctor 2014), and SITEGI (Martínez-Sánchez et al. 2013). The objective 
is to provide users with effective tools for quickly diagnosis of infrastructure at 
highway speed and to reduce costs in maintenance (Barber et al. 2008; Jaakkola 
et al. 2008).

In addition to road/highway pavements, this sub-section includes airport run-
ways and railroad ballast. Delamination, cracks and voids are the most com-
mon diseases in airport runway, which are particularly more severe due to the 
higher traffic loads that pavements are supporting. GPR is commonly combined 
with the Heavy Weigh Deflectometer (HWD) for airfield pavements inspection 
(Szynkiewicz and Grabowski 2004).

GPR also provides noteworthy information of the ballast quality and the track 
bed condition (Loizos and Plati 2007b), in addition to the geotechnical proper-
ties or subgrade and subsoil materials (Hugenschmidt 2000; Santos-Assunçao 
et al. 2013). Three-dimensional images are usual tools to determine discontinui-
ties in the layers that could be possible fragile areas of the infrastructure (Fig. 4). 
Sandoval et al. (2011) combine different geophysical techniques (3D GPR, ERT, 
and microgravity) to analyze the stability of railways, which allowed the determi-
nation of ballast thickness, collapse, deformation of the layering of the railway, 
and other anomalies such as voids (Fig. 5).

2.2  Concrete Structures

Concrete structures are also included in the diagnosis of transport infrastructure 
such as bridge decks and retaining walls along roads and railway lines, as well as 
over/underpasses to ensure the passage of wildlife animals, person and agricultural 
machinery. The diagnosis of concrete includes: estimation of thicknesses, location 
of reinforcing bars and metallic ducts, estimation of bar size, location of voids, 
effects of water, chloride content and delamination or cracking.

GPR has proven to be a suitable NDT method for the inspection of concrete 
structures as demonstrated by several publications within the past decades (Utsi 
and Birtwisle 2012). Bala et al. (2011) applied pseudo 3D surveys to determine the 
location of rebars in reinforced concrete pavements. Detecting water content is an 
important phase for the diagnosis of concrete. Klysz et al. (2007) observed a  linear 
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relation between the velocity of propagation of the direct wave and moisture. In 
addition, GPR can be successfully used for the location of salt ingress due to the 
influence of chloride content on the permittivity of the concrete (Sbartaï et al. 
2006). What is more, Lai et al. (2010) show its capabilities to analyze the corro-
sion of reinforcing induced by chloride content.

As example, Fig. 6 presents a radargram showing the corrosion of the rein-
forcing bars produced by high chloride content (zone into the red square). The 
expected reflections from the bars are in the form of consecutive hyperbolas, and 
as seen in Fig. 6, the radar wave signal is partially lost in this portion of the con-
crete specimen affected by corrosion.

Fig. 4  3D GPR data in a railway ballast study. Different bed layers are visible, and possible 
voids and anomalous zones are detected (Data available from Santos-Assunçao et al. 2013)
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In other published works, the method enables inspectors to obtain information 
about reinforcing bars, defining depth of rebar, and location of tendon-ducts on 
bridge decks (Hugenschmidt et al. 2010). The reflection coefficient of a thin layer 
into concrete was evaluated in Van der Wielen et al. (2012) in order to estimate the 
detection limit of the GPR antenna. The reflection coefficient revealed to be linearly 
dependent on the thickness-on-wavelength ratio for thicknesses less than λ/11.

Fig. 5  The combination of geophysical techniques to evaluate railway platforms. a Radargrams from 
a 3D multifrequency survey, showing a small deformation of the ballast layer (up) and a collapsed 
area (down). b ERT model obtained, presenting different anomalies detected. c Bouguer anomaly map 
derived from the microgravity survey (Data provided by the company Geofísica Consultores, S.L.)
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Other NDT measurements (such as electrical, sonic, seismic and infrared ther-
mography) combined with GPR have earned the interest of researchers on the 
assessment of water content and alkalini-aggregate reaction on concrete, as well as 
concrete quality and delamination (Breysse et al. 2008; Sbartaï et al. 2012). Villain 
et al. (2012) present a combination of GPR, capacitive and impact-echo measure-
ments to analyze porosity and water and chloride contents. Other possibility which 
is currently promoted is combination of GPR with laser scanning that provides 
exact information about the surface of roads and structures, and their suburb in 
combination to GPR data of the sub-surface (Solla et al. 2013a).

2.3  Masonry Structures

The most of the masonry bridges are the oldest structures still in use in the trans-
port infrastructure. These constructions are subjected to special tension conditions 
because of the increase in traffic loads and ageing, which produce material deg-
radation and structural damage. Some of the most typical damages in masonry 
bridges are: moisture, differential settlements, and thermal deformation with sub-
sequent bulging of spandrels, damages in wing walls, cracking, as well as arch 
mechanism failure and loss of ashlar.

During the last few decades, GPR has been demonstrated its capabilities for 
bridge inspection. Solla et al. (2012a) successfully applied GPR for assessing 
masonry bridges, which determined the effectiveness of the method in obtaining 
relevant structural information concerning the presence of cavities and faults, and 
reinforcement elements, in addition to ring stone thickness and foundation condi-
tions. Pérez-Gracia (2001) applies GPR for assessing historical bridges to reach 
their foundations. In addition, the results obtained with 100 and 500 MHz anten-
nas provided information about the water table and sub-bottom geological struc-
ture near riverbed level. In another study, Fernandes (2006) performs a GPR 

Fig. 6  The influence of chloride content in rebar detection: radargram collected with a 2.3 MHz 
antenna showing the corrosion of the reinforcing by the presence of chloride content (zone in red 
square) in the concrete specimen. The GPR profile was conducted from right to left (Data pro-
vided by the Applied Geotechnologies research group of the University of Vigo)
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investigation on a nineteenth century masonry bridge using 250 and 500 MHz 
antennas. The purpose was to obtain the ring stone thickness and the location of 
drainage channels and drainpipes under the pavement along the bridge. This aim 
was achieved with good accuracy and the presence of significant moisture content 
within the whole structure was also determined.

Other studies employed GPR together with other NDT methods for more 
exhaustive evaluation of stability. Orbán and Gutermann (2009) have shown the 
joint effectiveness of GPR, infrared thermography, and sonic methods for obtain-
ing unknown geometric data and finding hidden characteristics such as voids, 
moisture content, and inhomogeneous filling. Many structural problems can be 
best analyzed by a particular NDT method owing to the physical properties of 
their construction materials. Colla et al. (1997) employs radar, sonic and conduc-
tivity methods for assessing an historical stone masonry bridge. These tests have 
demonstrated the ability to achieve inhomogeneity identification and layering 
within the bridge together with moisture-drainage problems. Furthermore, Flint 
et al. (1999) combine seismic, radar and electrical resistivity tomography methods 
to evaluate changes in the internal condition of a masonry viaduct. The response 
of these techniques has shown to be useful in monitoring the presence of voids 
into the structure as well as changes in internal moisture content. Other authors 
determine vibration modes combined with GPR information to model the dynamic 
behaviour of the structure (Pérez-Gracia et al. 2011). Radar data provides valuable 
information to define most accurate models.

In addition to geophysical inspection, other NDT optical methods were also 
for appropriate combination. The metric information obtained by photogramme-
try or laser scanning allows for the characterization of the stonework and filling, 
which provides better understanding of the GPR propagation phenomena (Arias 
et al. 2007). This combined approach can be also used to define a hypothesis for 
structural analysis, which describes structural behaviour of the structure or struc-
tural stability of arches (Solla et al. 2012b). The complex external geometry of the 
structure is elucidated using the photogrammetry or laser scanning data, and the 
internal composition is defined by the GPR data (Lubowiecka et al. 2011).

Masonry structures 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 authors 
(Diamanti and Giannopoulos 2011) have employed novel FDTD numerical model-
ling sub-gridding scheme to simulate GPR responses from delamination or ring 
separation in brick masonry arch bridges, in which different aspects were con-
sidered such as, the effect of varying the thickness of faults, their location, and 
the effect of water ingress in hairline delamination on GPR signals. More sophis-
ticated and realistic modelling can be obtained when a combination of different 
NDT, such as infrared thermography and GPR, is considered to create models 
(Solla et al. 2013b).

Figure 7 shows the methodology approach assumed to determine the presence 
of water content in masonry by field GPR data and FDTD modelling based on 
the interpretation provided by thermography methods. GPR data was collected 
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with the 1 GHz antenna over the internal surface of the vault to avoid the com-
plex pattern of reflections that occurs at the fill/ring stones interface because of 
the irregular shape of the ring stones (A). Additionally, infrared thermography was 
applied to map moisture areas in masonry and to assist in the interpretation of the 
GPR data. First, a 3D model of the structure was created by photogrammetry and, 
then, this model was textured with the thermograms acquired, resulting in a ther-
mographic 3D model (B). Furthermore, FDTD modelling was used to improve the 
interpretation of the field GPR data. More realistic synthetic models were built 
from the orthothermograms generated (C), and the synthetic radargram obtained 
(D) allowed for more thoroughly understand radar-wave propagation phenomena. 
The combination of all these techniques provided a more accurate and complete 
vision of the real state of the structure.

2.4  Tunnels

GPR has proved a valuable method for tunnel quality management and detection. 
There are successful works in detecting thicknesses of both lining and backfill 
grouting layers behind the concrete lining (Liu et al. 2012), as well as to identify 

Fig. 7  The analysis of water content in masonry by GPR, thermography and more realistic FDTD 
modelling based on orthothermograms: a 1 GHz GPR data collected over the internal surface of the 
arch vault showing the zone affected by high water content, b 3D model of the arch vault textured 
with thermograms and orthothermograms created, c Orthothermogram (up) and synthetic model 
built for FDTD modelling (down), and d synthetic data obtained from the model simulated (Data 
provided by the Applied Geotechnologies research group of the University of Vigo)
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defects in lining such as voids and cracks (Karlovšek et al. 2012). Additional 
information can be obtained to define rebar geometry, including corrosion detec-
tion (Xiang et al. 2013). Variations in water content, and other aspects, as the pres-
ence of reinforcement elements embedded in lining (Parkinson and Ékes 2008), 
can be also obtained by GPR.

Integration of different geophysical methods was also considered for evaluat-
ing tunnel stability. There is published works which integrate GPR with seismic 
method in order to provide additional mechanical characteristics of the damage 
(Abraham and Dérobert 2003) in addition to elastics characteristics of discontinui-
ties in order to examine possible areas of instability (Cardarelli et al. 2003).

Other advanced NTD optical methods, such as 3D laser scanning, have shown 
also their capabilities to be integrated with GPR (Xie and Zeng 2012). Such tech-
nology allows for the detection of defects on tunnel surface such as water exuda-
tion, which could be directly related with inner faults detected by GPR.

Figure 8 presents the results obtained by laser scanning (a), which has dem-
onstrated its capabilities for the testing and documentation of the surface situa-
tion of the tunnel, such as faults in surface and moist zones. GPR results are also 

Fig. 8  Application of GPR and laser scanning to evaluate tunnels: a 3D model of the tunnel pro-
vided by laser scanning, b 1 GHz data showing the reflections produced by the metal trusses used 
for reinforcement, and c 1 GHz data presenting a lining cavity (Data provided by the Applied 
Geotechnologies research group of the University of Vigo)
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illustrated showing the presence of internal metal elements, or trusses, used for 
structural reinforcement (b), and the existence of a fissure in lining at the concrete 
lining and grouting layer interface (c).

3  Conclusion

Although GPR have demonstrated its capabilities for roads and transport infrastruc-
ture inspection, alone or in combination with other NDT, further research is required 
in developing more cost-effective acquisition methodologies and processing.

The presence of defects in pavements, as well as concrete and masonry struc-
tures is difficult to detect using standard procedures. Combined approaches by 
considering different NDT methods are needed because there are many different 
aspects influencing the detection of such defects. For example, infrared thermog-
raphy is useful in combination with GPR to map shallower moisture content, in 
addition to the use of LiDAR or even multispectral cameras that delimit moist 
areas from the intensity attribute.

Further development is also demanded concerning to affordable systems for 
road/highways inspection, as well as to use in airport runways and railways diag-
nosis. The tendency is to integrate complementary sensors such as LiDAR, RGB 
cameras, profilometer or video camera, thermography, and GPR, all mounted in 
a moving vehicle and spatially related to a common trajectory defined by global 
position systems (GPS/GLONASS) aided with inertial measurement unit (IMU) 
Examples of recent automatic systems that combine some of related sensors are 
Road Doctor (Roadscanner), SITEGI (Uvigo), and SITECO.

The large amount of data collected when surveying relevant infrastructure 
makes difficult to process all the data and manage in a reasonable amount of time. 
More powerful and versatile processing tools are therefore demanded to optimize 
time and resources invested. Advances are also required in developing new soft-
ware in order to visualize and integrate additional data acquired from different 
sensors in moving vehicle systems for road inspection.
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1  Introduction

Soil is the topmost layer of the Earth’s crust and operates as the interface between 
the atmosphere, hydrosphere and geosphere and on the continents, soil is the major 
host for the biosphere. Consequently, soil fulfils several functions and delivers 
essential services to our environment. These were identified by Blum (2005) as:

•	 Biomass production, ensuring the delivery of food, fodder, renewable energy 
and raw materials.

•	 Protection against environmental threats, including solid, liquid or gaseous, inor-
ganic or organic depositions affecting global cycles such as the carbon cycle.

•	 Gene reservoir. Soils are a primary source of biodiversity, supporting biotechno-
logical and bioengineering processes.

•	 Physical basis of human activities, i.e. the support for buildings and all types of 
infrastructures (urban soils, sport fields, brownfields…).

•	 Source of raw materials such as peat, clay, sand, gravel, water etc. Often these 
form the basis for industrial and socio-economic development.

•	 Safeguarding the geogenic and cultural heritage. Soils, as a part of present or past 
landscapes conceal and protect paleo-geological features and archaeological objects. 
They are of high value for the understanding of man’s history and that of the earth.

The detailed spatial characterization of soil properties is essential for the manage-
ment of soil to provide all these functions.

Soil is considered to be the result of the interactions between several soil form-
ing factors. Jenny (1941) identified these as: climate, parent material (rock type), 
topography, organisms and time. These interactions result in soil being an intimate 
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mix of many types of material: a variety of minerals (with quartz and clay mineral 
being the most dominant), organic matter (being the heterogeneous decay-result 
of fresh biomass), water, ions and air. A “healthy” soil has ideally a pore volume 
of around 50 % which is ideally partly filled with water (say 25 %) and partly 
filled with air (say 25 %). The composition of both soil-water and soil-air is dif-
ferent from the above ground equivalents: in soil water contains more ions due 
to the interactions with the charged soil minerals and organic matter, and the air 
is enriched by CO2 and contains less O2 due to the respiration activities of roots 
and other living organisms. In general, fluxes of matter and energy are very slow 
in soil compared to aquatic or aerial environments. As a consequence, soil can be 
very heterogeneous in composition and very strong gradients in differences can 
be maintained over long periods of time. As many soil forming factors tend to 
increase in variability by increasing spatial dimensions, the variability of soil tends 
to increase as well. However, it is a frequent observation that the order of soil vari-
ability encountered at a regional scale may be already present within individual 
fields (e.g. Van Meirvenne 2003). Moreover, besides a horizontal variation, soil 
genesis may create a vertical differentiation known as soil horizons. The identifi-
cation of the sequence and properties of soil horizons forms the basis of soil clas-
sification or taxonomy.

To investigate and characterise the complex composition and highly variable 
nature of soil, soil scientists had no alternative to digging or augering to obtain 
soil samples. These were identified in the field or taken to the laboratory for analy-
sis. Since this procedure is time and labour intensive, soil sampling is kept to a 
strict minimum. To obtain soil spatial continuous maps, soil surveyors often rely 
on information provided by more easily observable land properties, such as topog-
raphy and vegetation. Yet soil mapping is largely a predictive exercise. If quanti-
tative predictions are aimed, statistical procedures such as geostatistical (kriging) 
algorithms are required.

To overcome the limitations of punctual sampling and analysis, combined with 
spatial prediction, soil scientists welcomed the introduction of proximal soil sen-
sors. These allow the rapid and non-invasive sampling of thousands of locations 
with a field of a few ha, contrasting strongly with the density of classical sampling 
schemes.

2  Proximal Soil Sensing

Proximal soil sensing (PSS) was defined as the use of field-based sensors to obtain 
information from the soil when the sensor is in direct contact with or close to 
(within 2 m) the soil (Viscarra Rossel et al. 2010). In recognition of its impor-
tance, the International Union of Soil Sciences recently established a Working 
Group on Proximal Soil Sensing (www.proximalsoilsensing.org), which aims to 
provide a framework for greater interaction between soil scientists and engineers 
for the development of proximal soil sensing technologies.

http://www.proximalsoilsensing.org
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Viscarra Rossel et al. (2011) provide an overview of the wide variety of avail-
able technologies for PSS. Soil sensors can be invasive (i.e. they require soil-to-
sensor contact, either at the soil surface or they need to be inserted into the soil) 
and non-invasive sensors. They can also be active (i.e. they have their own source 
of energy) or non-active, mobile or stationary and allow direct or indirect infer-
ence of the targeted soil properties.

It is beyond the scope of this chapter to provide an overview of all available 
proximal soil sensor. Here we will focus on sensor relying on electric and electro-
magnetic principles.

3  Electric and Electromagnetic Soil Properties

The key electric and electromagnetic properties of geomaterials, such as soil, are:

•	 electrical conductivity σ (or EC) being a measure of the availability and mobility 
of electrical charges within a medium; its reciprocal is the electrical resistivity ρ.

•	 magnetic susceptibility χ (or MS) being the ability of a medium to respond to a 
magnetic field.

•	 dielectric permittivity ε being the ability of a medium to allow passage of elec-
tromagnetic energy.

3.1  Electrical Conductivity

If an electrical potential difference ΔV (SI unit: voltage, V) exists between the 
ends of a wire then a current with strength I (Ampère, A) is induced according to 
Ohm’s law:

with R (Ohm, Ω) being the electrical resistance of the wire. R depends on the 
cross-sectional area A of the wire and its length g, so it depends both on the type 
of material and how much of it is present. To characterize the material itself, the 
electrical resistivity ρ (Ω m) is used:

R is measured, but it has to be converted into ρ to characterize the material. The 
reciprocal of ρ is the electrical conductivity σ (Siemens per m or S m−1).

Ohm’s law can be generalized to any material, so both ρ and σ can be used to 
characterize different types of material. Some typical values of σ (mS m−1) are: 
quartz: 10−8–10−11; sandy soil (moist): 5–25; clayey soil (moist): 40–100; sea 
water: 5000; iron: 10,000.

(1)R = �V
I

(2)ρ = R
A

g
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Since most particles of the sand and silt fractions are quartz, this material can 
be considered as electrical neutral and are inert to the passage of a current. Dry 
clay is also electrical inert. But, since clay minerals are mostly moist and nega-
tively charged due to isomorphic substitutions in their crystalline build-up, these 
minerals have a capacity to retain ions in solutions near their surface. This capac-
ity is called the cation exchange capacity. If a soil is moist the retained ions are in 
equilibrium with the surrounding pore solution. Other soil colloids such as organic 
matter have a similar capacity. Therefore, pathways involving the liquid phase will 
dominate the passage of an electrical current.

If a soil contains free salts (e.g. due to a saline ground water) it will be very 
conductive. However, in the absence of free salts the finer pores tend to retain 
more ions than the often empty or only partially filled large pores. Therefore, 
under salt-free conditions compaction increases σ. Any porous-free material which 
prevents the passage of electrical currents, such as a gravel layer, a bedrock (of 
non-conductive minerals) or a buried wall, will strongly reduce σ. On the other 
hand, metal (both ferrous and non-ferrous) is an excellent conductor. Finally, tem-
perature has a positive effect on σ because it decreases the viscosity of the soil 
solution and increases the ionic activity of the dissolved ions.

Understanding the mechanisms of current flow is crucial to interpret bulk meas-
urements of electrical conductivity and resistivity. Especially changes and con-
trasts in their values between different locations, or over time, are of interest.

3.2  Magnetic Susceptibility

The magnetic susceptibility χ is the capacity of a material to increase the strength 
of an external magnetic field. When a magnetic field with strength H (the magnetic 
field intensity, A m−1) is applied to a medium it will cause the material to become 
magnetized as a function of its magnetic susceptibility. The resulting magnetic 
induction B (Tesla, T) is given by:

with µ0 the magnetic permeability of vacuum (=4 × 10−7 T A−1 m). χ is dimen-
sionless, but since its value is different depending on units used, often “SI” is 
written to indicate that the units which have been used are according to the inter-
national system of units (SI).

B can be measured passively with a magnetometer, which is a widely used type 
of sensor in archaeology, but since it is not based on active electromagnetic sig-
nals, this method will not be discussed here.

χ can be measured in the laboratory or in a soil profile with a handheld mag-
netic susceptibility sensor. Some reference values of χ of various materials are (in 
10−3 SI): quartz: −0.01; clay minerals: 0.2; granite: 2.5; basalt: 70; hematite: 6.5; 
magnetite: 6000. It can be observed that mainly the ferrous minerals, and espe-
cially magnetite (Fe3+2Fe

2+O4), have a strongly elevated magnetic susceptibility. 

(3)B = µ0(1+ χ)H
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Given the key role of magnetite, its content in soil is very important because it is a 
naturally magnetized mineral. Moreover, magnetite is very resistant to weathering 
so it tends to accumulate in sediments and topsoil. Consequently, soil developed 
in situ on magnetite rich rocks, such as basalt, will have a much stronger anom-
aly than soil developed from magnetite poor rocks, such as granite or limestone. 
Additionally, many human soil interferences, such as digging, burying objects 
or building fundamentals, will cause disruptions of the distribution of the mag-
netic susceptibility within the soil profile and can therefore be used to trace these 
activities.

3.3  Dielectric Permittivity

When a direct electrical current flows through a wire it produces an associated 
magnetic field B with field lines perpendicular to the direction of the current 
(Ampère’s law). When this current oscillates back and forth at a high frequency 
(alternating current in order of MHz) then the associated magnetic field oscil-
lates in strength and direction producing an outgoing electromagnetic (EM) wave. 
The properties of such an EM wave are described by the Maxwell equations. The 
first of these is Ampère’s law with Maxwell’s correction. It states that a magnetic 
field is generated by the combination of an electrical field (Ampère’s law) and the 
effects of the changes of this electric field over time. The differential form of this 
equation is:

with ∇ the nabla-operator describing the curl of the magnetic field B is the mag-
netic field intensity (as in Eq. 4), and E is the electrical field intensity (V m−1) 
and ε is the dielectric permittivity. The first term on the right hand side is the 
effect from a conduction current described by Ohm’s laws, while the second term 
describes the displacement current. The frequency of the oscillating current deter-
mines the frequency of the EM field, which is for geophysical purposes in the 
order of kHz to GHz. When this frequency is low, i.e. in the order of kHz, then the 
displacement current can be neglected. In that case the electrical field just creates 
a magnetic field. However when the frequency is in the order of GHz to THz, then 
the field behaves as an EM wave.

EM waves can be imagined as a self-propagating transverse oscillating wave of 
electric and magnetic fields moving in phase perpendicular to each other. If either 
the magnetic of electrical component of the field is lost (attenuated, absorbed or 
conducted away) the wave will die. In air however, the wave will propagate con-
tinuously until it encounters a medium that absorbs or reflects it.

The dielectric permittivity ε of a material is a measure of the capacity to 
transmit energy under the form of an EM wave. Put otherwise, the dielectric 

(4)∇ × B = σE+ ε
δE

δt



348 M. Van Meirvenne

permittivity is a measure of the capacity of a material to slow down an EM wave 
according to:

with v the velocity of the EM wave in the material, c the speed of light in a vac-
uum or, by approximation, in air, which is 0.30 m ns−1. εr is the relative dielectric 
permittivity defined as:

with ε0 being the dielectric permittivity of vacuum (=8.85 10−12 C2 N−1 m−2). 
Since εr is dimensionless, v has the same units as c. In PSS it is custom to express 
v in cm per ns. Some values of εr for some selected materials are: fresh water: 80; 
ice: 3–4; sand (dry-wet): 3–20; granite: 4–8; clay (dry-wet): 5–40; moist organic 
rich soil: 12–15. In soil, the water content is the most important factor retarding 
the passage of EM waves. Hence, soil textures which tend to be wet with small 
pores, such as clayey soils, typically have large value of εr.

4  Electrical Resistivity Sensors

4.1  Principle

Electrical resistivity (ER) sensors are active and invasive. Their aim is to measure 
the resistivity of the bulk soil and eventually use several measurement geometries 
to determine the resistivity of individual soil layers. These measurements can sup-
port soil or geological surveys or help to locate contrasting features, either natural 
or anthropogenic.

Two current electrodes are entered into the topsoil and an electrical current I is 
passed between them. In its simplest configuration, two other electrodes, the poten-
tial electrodes, are used to measure the potential difference ΔV created by this cur-
rent. From these measurements the resistance R of the soil can be derived through 
Ohm’s law (1). Finally, given de configuration of the setup, R is converted into 
resistivity ρ. Since these measurements are bulk measurements involving all layers 
within the volume influenced by the current, it is common to refer to the obtained 
property as the apparent resistance Ra or the apparent electrical resistivity ρa.

4.2  Instrumentation

Several configurations of electrode arrays can be used. Some are hand-held, oth-
ers mobile. The hand-held systems are mainly used in detailed archaeological 

(5)v ≈ c
√
εr

(6)εr =
ε

ε0
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prospections, where the mobile variants serve more investigations at a landscape 
scale, often aimed at supporting precision agriculture.

The simplest configuration is the Wenner array, where the potential electrodes 
are positioned inside the current electrodes and the distance between all four 
electrodes is equal. When the resistance is measured it can be shown that for this 
configuration the resistivity is obtained from: ρa = 2πdRa with ρa the apparent 
resistivity and d the distance between two electrodes. The simplicity of the Wenner 
array is counterbalanced by the need to carry around a wide boom (if d = 1 m the 
boom is 3 m wide!) containing 4 electrodes which have to be pushed into the soil 
each time a measurement is needed.

As an alternative to the less handy Wenner configuration the Twin Probe con-
figuration was developed. Here two pairs of a current and a potential electrode are 
used where one pair is put in a fixed remote position and the other pair is moved 
around. Both pairs are connected by a power cable. The distance between both 
pairs must be at least 30 times the distance between the paired electrodes. So if 
the electrodes are 0.5 m apart, the distance between both pairs must be at least 
15 m. When this condition is met, we can assume that the distance between both 
electrode pairs is “infinite”, which allows simplifying the conversion from R into 
ρa to: ρa = πdRa with d the distance between the current and potential electrodes 
of one pair (in m). When a is 0.5 m, the maximum depth of investigation is about 
0.75 m. The major advantage of the Twin Probe configuration is the lower burden 
of carrying around and entering each time the electrodes. However one needs to 
keep an eye on the distance from the fixed pair of electrodes and be aware that a 
connection cable is lying around.

If one needs to investigate individually deeper layers, e.g. to identify saline 
groundwater, the separation distance between the electrodes needs to be increased. 
This is usually extended to a profile of 25 or 32 interconnected electrodes entered 
in the soil at regular intervals, usually 1 m for shallow investigations increasing 
up to 5 m for deeper studies. Using a Wenner configuration a computer addresses 
4 electrodes in turn creating many combinations of equally spaced electrodes. 
These measurements can be visualized as a pseudosection of apparent resistivity 
values. Such a section can be used in inverse modeling to determine the resistivity 
of individual layers of the profile. Obviously for practical reasons this configura-
tion is not very useful for spatial surveys, but it can complement such data with an 
improved depth resolution.

Mobile electrical resistivity measurements are usually based on the prin-
ciple of a Wenner array but use rotating metal disks, sometimes even spiked, 
instead of pins. These disks are driven around by a terrain vehicle in a system-
atic way allowing producing a map of the ER of the surveyed area. So far, one 
company has commercialized such a system: Veris technologies (Fig. 1). The 
Veris 3100 system operates with 6 coulter disks which cut through the topsoil. 
One pair (disks 2–5) act as current electrodes, while disk pairs 1–6 and 3–4 
are the potential electrodes. In this way simultaneously a topsoil (0–30 cm) 
and a subsoil (0–90 cm) measurement of the apparent electrical resistivity is 
obtained.
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4.3  What Can Be Measured, Advantages, Limitations

A strong change in ER often indicates to presence of buried objects. Therefore 
these measurements are frequently used in archaeological surveys. Buried walls, 
stones, roads form mostly highly resistive anomalies while the infilling of ditches, 
pits, graves and metal objects cause low resistance measurements. Given the 
detailed nature of such surveys, often the manual ER-meters are used.

Vertical electrical sounding is mainly implemented in relationship to 
geo(hydro)logical investigations along transects. Occasionally this technique is 
used to supplement the spatial investigations of ρa.

For soil surveys, eventually supporting agricultural planning, resistivity meas-
urements are frequently used, although for such application it is custom to express 
the outcome as EC. Given the large area covered during such surveys these are 
mostly performed with a mobile equipment.

The major advantages of ER measurements are:

•	 It is insensitive to external influences such as magnetic storms, electrical wires, 
high-power lines…

•	 It is not influenced by small metallic objects in the topsoil.
•	 Electrical imaging allows obtaining information about the stratigraphy and lay-

ered build-up of a soil.
•	 It provides stable measurements over time.
•	 It is a robust, simple and reliable technology.

Fig. 1  The Veris 3100 soil EC mapper, an example of a mobile ER sensor (Source http://www. 
veristech.com/)

http://www.veristech.com/
http://www.veristech.com/
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The major limitations of ER measurements are:

•	 Bulk measurements can be dominated by a single layer or a large object which 
is very resistive or conductive (e.g. a perched water layer on top of a compacted 
horizon or a long wall).

•	 Soil contact can be difficult to maintain in stony terrain, in the presence of a dense 
crop or when yield residues are on the land, especially with the mobile systems.

•	 Under very dry topsoil conditions (desert, sandy soils…) the galvanic contact 
between the probes and the subsoil can be difficult to establish. Under such 
conditions ER measurements are best postponed until after rain or irrigation. 
Similarly, when the soil is covered with standing water, ER measurements can-
not be performed.

•	 Not suitable to detect small metallic objects.

5  Ground Penetrating Radar

5.1  Principle

Since most chapters of this book focus on ground penetrating radar (GPR), here a 
brief account of the aspects relevant for soil investigations with this type of sensor 
will be given.

GPR is an active sensor which is mostly used with soil contact (“ground-
coupled”), but it can also be used in an air-coupled configuration. The aim 
of GPR is to detect interfaces with contrasting dielectric properties. A short 
pulse of an EM-wave is sent out into the soil by a transmitting antenna. 
This wave will be partly reflected by the interface and partly refracted. The 
reflected wave is captured by a second, receiving antenna. The refracted 
part of the wave proceeds deeper into the soil and if it encounters another 
interface, this process may repeat several times until the wave has lost all its 
energy.

The dominant property determining the intensity (amplitude) of a reflection 
is the contrast in the relative dielectric permittivity of an interface. In soil, this is 
largely determined by variations in water content.

A key feature of GPR instruments is the frequency of the antenna. For soil 
investigations, the central value of such antennas is usually within the range of 
100–500 MHz, but this value can vary widely, from 20 till 3000 MHz. The higher 
the frequency, the smaller its physical size, the finer its horizontal and vertical res-
olution and the shallower the penetration depth (Table 1).
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5.2  Instrumentation

GPR instruments can be divided in time-domain and frequency-domain instru-
ments. The first type is dominant on the commercial market. A time-domain GPR 
sends out a short pulse and records the reflections as a function of time. In a fre-
quency-domain GPR, a continuous wave is transmitted at each frequency which is 
step-wise increased. For each frequency the characteristics of the reflected wave 
are compared to the transmitted signal. Frequency-domain data can be trans-
formed into the time-domain by an inverse Fourier transformation.

In its simplest form, a time-domain GPR consist out of two antennas and a 
control unit, often showing in real time the reflections trace as one moves ahead 
(Fig. 2a). By combining more antenna-pairs the efficiency of prospection can be 
strongly increased. Today, full 3-D systems are available combining up to 16 GPR 
traces at a few cm apart. Frequency-domain GPR instruments are less common, 
but have some advantages. The measurement frequency can be modified more eas-
ily then with time-domain systems and the antenna-array can be lifted above the 
soil surface improving its manoeuvrability on uneven terrain (Fig. 2b).

Table 1  Frequency, penetration depth and resolution for several GPR frequencies (English 
Heritage 2008)

Central fre-
quency (MHz)

Approx. maxi-
mum penetration 
depth in soils (m)

Wavelength λ in soil 
with εr = 15 (m)

Horizontal resolu-
tion at maximum 
depth (m)

Vertical resolu-
tion (= λ/4) (m)

1000 <1 0.08 0.2 0.02

500 2 0.16 0.4 0.04

200 3 0.39 0.8 0.10

100 5 0.77 1.4 0.19

50 7 1.55 2.4 0.39

Fig. 2  a a manually pushed time-domain GPR requiring ground-contact (GSSI, double fre-
quency). b A mobile stepped frequency antenna array operated in air-coupled mode (3D-Radar)
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5.3  What Can Be Measured, Advantages, Limitations

GPR instruments are excellent for positioning and delineating soil contrasts (lay-
ering) and buried objects. In hydrogeophysics, GPR is used to monitor soil water 
and ground water dynamics. Also non-destructive archaeology uses GPR inten-
sively, especially when building structures need to be identified.

Some of the limitations of GPR for soil investigations are:

•	 Compared to other soil sensors, the optimal operational conditions for GPR are 
quite restrictive. In some situations the success of implementing a GPR can be 
limited, such as on heavy clay, saline soil, rough terrain, standing surface water, 
below the groundwater table…

•	 Post-processing requires strong insight into the physics of the method.
•	 Sensitive to disturbances by other EM signals such as mobile phones, radio…
•	 The use of GPR is prohibited near airfield and military installations.
•	 Due to the heavy data load, data storage and post-processing capacities can be 

quite system demanding, especially with the antenna array systems.

6  Electromagnetic Induction Sensors

6.1  Principle

Recall Eq. (4). When the frequency of the oscillating electrical current is in 
the order of kHz, the second term on the right hand side of the equation can be 
neglected, reducing it into: ∇ × B = σE, being Ampère’s law. Under such condi-
tions, this equation indicates that an electrical current E creates an associated mag-
netic field B with the electrical conductivity σ as influencing variable. In this case 
the associated alternating magnetic field does not behave as a propagating wave as 
with GPR.

The Law of Faraday, being the second Maxwell equation, states that a changing 
magnetic field induces an electric current in the affected material with its magnetic 
permeability µ as influencing property:

So, in the case of two nearby copper coils, an alternating electrical current applied 
to one coil creates an associated alternating magnetic field which will induce an 
alternating electrical current in the second coil. By measuring the second current, 
information on the strength of the first current is obtained without any physical 
contact between both coils.

In its simplest configuration, a frequency-domain electromagnetic induc-
tion (EMI) sensor consists out of a transmitter and a receiver coil positioned at 
a given intercoil distance and configuration (Fig. 3). An alternating current is 

(7)∇ × E = −µ

δB

δt
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passed through the transmitter coil with a fixed oscillating frequency. According 
to Ampère’s Law, a primary magnetic field is created by the transmitter coil and 
this field propagates above and below the sensor. A part of the field lines of this 
primary field will pass through the receiver coil. According to Faraday’s law, these 
magnetic field lines will create an electrical current through the receiver coil, 
which can be measured.

In the case where the sensor is near to soil, the primary magnetic field will cre-
ate alternating eddy currents in the soil. The nature of these currents will depend 
on the electrical conductivity of this material. These currents will induce a second-
ary magnetic field. Some of the field lines of this secondary field will reach the 
receiver coil and induce an secondary electrical current, which can be measured as 
well.

EMI sensors are designed to separate the characteristics of the primary and sec-
ondary EM fields. The primary field generates instantaneously an alternating cur-
rent in the receiver coil. On the other hand, the induced eddy currents take a finite 
time to generate. Consequently, there is a time gap between the primary and sec-
ondary magnetic fields at the receiver coil causing them to be out-of phase. The 
difference between the primary and secondary fields is expressed as the in-phase 
(IP) and quadrature-phase (QP) amplitudes. The IP-response is the amplitude 
measured when the primary field is at its maximum; the QP-response is the ampli-
tude when the primary field is zero. Both components are divided by the maxi-
mum amplitude of the primary field so that the output is given as two ratios. For 
soils with a σa of less than about 100 mS m−1 (known as “operating at low induc-
tion numbers”), McNeill (1980) showed that the apparent electrical conductivity 
(ECa) can be obtained from the QP-ratio. The same signal allows obtaining the 
apparent magnetic susceptibility (MSa) of the medium from the IP-ratio. When the 
condition of low induction number does not hold, the two responses are no longer 
separable.

A recent paper by Doolittle and Brevik (2014) reviews the current state-of-the-
art in respect to the application of electromagnetic induction in soil studies.

Fig. 3  Principle of 
electromagnetic induction 
with coils in a horizontal 
coplanar configuration. See 
text for explanation
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6.2  Electromagnetic Induction Sensors

An electromagnetic induction sensor is an active, non-invasive sensor which uses 
an EM-field to characterise both and simultaneously the ECa and the MSa of soil 
material. By varying the configuration of the instrument, or by using multiple coil 
configurations simultaneously, different depth responses are obtained allowing 
converting the bulk measurements into the contribution of specific depth intervals. 
The geometry of the transmitter and receiver coils which can vary according to 
Fig. 4. The Null configuration produces only noise.

EMI sensors are available in many different configurations. The two most com-
mon EMI-systems for soil applications are the Geonics and the Dualem sensors.1 
The basic versions of both brands (the EM38 and the Dualem-1S) have an inter-
coil distance of 1 m. The EM38 has a single coil configuration in HCP (or VCP) 
orientation operating at 14.6 kHz, while the Dualem-1S has two receiver coils, one 
in HCP and one in PERP orientations, and operates at 9.0 kHz. More recently both 
companies have constructed more versatile variants of these standard models:

•	 Geonics EM38-MK2 has two HCP intercoil distances: 0.5 and 1 m, measur-
ing each simultaneously ECa and MSa. This model is very popular for agricul-
tural applications since the 0.5 m intercoil configuration focusses mainly on the 
topsoil. One of the drawbacks of these instruments is regular need for calibra-
tion. Another is the relative large noise component of the 0.5 m configuration. 
The depth of influence (DOI) for the two coil configurations is 0.75 and 1.5 m 
respectively. The EM31 has an intercoil distance of 3.66 m and operates at 
9.8 kHz. In HCP configuration it has a DOI of 6 m.

•	 Dualem-21S has four coil configurations: both at 1 and 2 m distance a HCP 
geometry and at 1.1 and 2.1 m a PERP geometry, measuring each simultane-
ously ECa and MSa. A major advantage of Dualem instruments is their ability 

1 www.geonics.com and www.dualem.com.

Fig. 4  Some geometries 
of EMI coil configurations 
(Simpson 2009)

http://www.geonics.com
http://www.dualem.com
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for auto-calibration. The DOI’s of these four configurations is 0.5 m (1.1 m 
PERP), 1 m (2.1 m PERP), 1.5 m (1 m HCP) and 3.0 m (2 m HCP). There 
exists also two longer versions: Dualem-421S and Dualem 642, each with six 
pairs of coils at 1, 2 and 4 m or 2, 4 and 6 m resp. Each distance has coils at 
HCP and PERP orientations. The 6 m HCP has a DOI of 9 m.

Besides these two companies, also GSSI offers an EMI sensor: the Profiler EMP-
400 which has a single coil pair at 1.22 m distance and allows to modify the fre-
quency between 1 and 15 kHz.

Since the EMI sensors have an immediate response and no physical contact 
is required they can easily be used in a mobile configuration, either manually or 
motorized (Fig. 5). In the motorized configuration several ha’s can be survey per 
day with a measurement density of 0.2 (in-line) by 1 m (between-lines).

6.3  What Can Be Measured, Advantages, Limitations

Many soil properties are related with the EC and MS of soil. However, in practice 
mostly one or a few of these properties dominate the response of an EMI sensor. 
If salinity is present then it will be the major effect which is measured. However, 
in moist non-saline conditions the ECa measurements reflect mainly the influence 
of the clay content (Saey et al. 2009). Changes in the moisture content generally 
do not affect patterns of variability, but they influence the absolute measurements 
(more moisture = higher ECa). Mostly, variations in MSa indicate human inter-
ferences (buried objects, burned or heated material) and therefore this property is 
very useful in archaeological studies (De Smedt et al. 2013a, b). EMI systems also 
allow the detection of ferrous and non-ferrous metals (Saey et al. 2011). As a con-
sequence, EMI sensors are, together with mobile ER sensors, the most used soil 
sensor for general soil mapping purposes.

With multi-coil EMI systems, the simultaneous ECa measurements, each with 
its own depth response curve, can be combined to isolate the contribution of a 
given depth interval to the overall ECa measurement or to determine the depth of a 
contrasting layer (Saey 2011; Saey et al. 2012a, b). When multiple measurements 

Fig. 5  Two mobile configuration of an EMI sensors. Left the handheld EM38–MK2. Right the 
Dualem-21S inside a towed sled
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are available, it is possible to reconstruct the build-up of the soil layering, simi-
lar to the profiling with electrical resistivity. Today software is available for this 
inverse modelling or electromagnetic tomography (e.g. http://www.emtomo.com/).

The advantages of EMI are:

•	 Only system producing simultaneously 2 geophysical properties: EC and MS.
•	 Quick to start-up, easy to operate and relatively light to transport.
•	 No contact is required with soil, so EMI systems can be lifted above the soil 

surface or even used on a floating raft under flooded conditions (e.g. Islam 
2012). Hence EMI can even be used to investigate surface waters.

•	 Can be used under a wide range of conditions: saline–non-saline, dry–water sat-
urated, all types of soil texture (heavy clay, pure sand, silt), peat… However, the 
signal-to-noise ratio is the smallest in dry and sandy (i.e. high resistive) condi-
tions, so then the measurements are less suitable to identify subtle changes.

•	 Multi-receiver systems allow obtaining information about the stratigraphy and 
layered build-up of a soil.

Limitations of EMI as a soil sensing system are:

•	 Sensitive to external EM-fields caused by nearby electrical wires, fences, high-
power lines…

•	 Measurement stability can be a problem.
•	 Strongly influenced by the presence of metallic objects (could be both a disad-

vantage or an advantage).
•	 Systems which are not auto-calibrating can require frequent re-calibration 

which makes subsequent measurements difficult to compare.
•	 Resolution can be somewhat coarse for very detailed investigations, due to the 

intrinsic nature of the sensor.

7  Conclusions

Soil is a complex and heterogeneous material fulfilling a wide range of functions 
and services to the environment. Its characterisation is required for efficient man-
agement and environmental health, yet this is complicated by a large variabil-
ity, both horizontally and vertically, of its properties. Since physical sampling is 
limited to punctual locations, soil sensing is more and more used to characterise 
soil spatially. Among the wide variety of proximal soil sensors available, the ones 
operating on the basis of electrical, magnetic and electromagnetic principles are 
the most frequently used.

ER sensors focus on the measurement of the electrical conductivity but are lim-
ited by the requirement to insert electrodes into the soil. Mobile ER sensors use 
discs or spiked to reduce this limitation. ER measurements are very suitable to 
reconstruct the stratigraphy of soil.

http://www.emtomo.com/
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GPR focusses on changes in dielectric permittivity and is very well suited to 
map these. Limitations to applications is soil are linked to operational difficulties 
under very wet and clayey conditions.

EMI is de most commonly used soil sensor because EC and MS reflect strongly 
the status of a number of key soil properties such as texture and the presence of 
anthropogenic disturbances. The recent evolution to expand these sensors to multi-
receiver instruments expands further the applicability, including also the inverse 
modelling of the soil profile build-up.

Despite the strengths of every type of sensing system, the future will bring an 
increased integration of soil sensors into multi-sensor configuration allowing their 
fused processing. A wide range of applications will benefit from such technology.
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Abstract This chapter aims at reviewing remarkable results and sophistication 
of radar systems achieved over the history in several planetary explorations by 
dividing the treatment according to different planets and celestial bodies investi-
gated. Both established and novel radar-based techniques for space exploration are 
described within an overall top-down approach being consolidated over years. As 
a result of the review, future perspectives of the research are highlighted and some 
benefits and limitations of different techniques are described. In line with this, 
increasingly reliable surveys are expected in the next few years, which can provide 
important information in the understanding of past and present natural phenomena 
as well as to sustain future human explorers and look for clues of habitable zones.

1  Introduction

This chapter includes some of the work that has been carried out on radar systems 
for both remote sensing and on-site inspection of the planets, and describes the 
main results achieved in space explorations over years. Basically, radar systems 
for planetary explorations can be mounted on aircraft or on satellites. In the last 
few years and according to ongoing and future space mission purposes already 
planned, typical ground-penetrating (GPR) systems installed on robotic rover 
vehicles have been and will be employed to detect the subsurface characteristics 
of planets and celestial bodies in general. Overall, terrestrial planets and satel-
lites including Mars, Venus, Mercury and Moon have undoubtedly the Earth as 
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the only ground-truth reference, such that surface features and processes observed 
on these planetary bodies can be therefore interpreted by correlation with those 
observed on the Earth. Based on such undeniable milestone, bright research 
activities and continuous technological advances have led the radar technology as  
a reference and essential mean in planetary exploration since the beginning of 
research activities in this field and throughout the years for the near future. The 
knowledge gathered by means of missions occurred over this relatively short time 
lapse for mankind history, has therefore allowed to reconstruct very complex sce-
narios and it has paved the way for future research purposes to be pursued.

This Chapter will endeavour to provide an insight into remarkable results and 
sophistication of radar systems over the history in several planetary explorations, 
together with the most recent findings achieved through the application of radar 
technology and future challenges.

The topics covered in this Chapter are the following:

•	 Planetary radar systems—main radar categories and investigations on Venus and 
Titan.

•	 Radar missions and explorations over history.
– Exploration of the Moon.
– Mars exploration—historical missions and future goals.
– Recent advances and perspectives in GPR-based planetary missions.

2  Planetary Radar Systems: Investigations  
on Venus and Titan

Basically, two main categories including most of the radars flown as payload in 
planetary missions can be broadly outlined, namely, (i) imaging and (ii) sounding 
radars.

Amongst the first group, it is now established how heavy cloud cover around 
planets can be only penetrated by synthetic aperture radars (SAR) for high-res-
olution imaging (Fig. 1a, b) (Curlander and McDonough 1991). Historically 
speaking, SAR and radar altimeters (RA) (Fu and Cazenave 2001) were two radar 
systems used in two consecutive Soviet spacecrafts, i.e., Venera 15 and Venera 16 
(Barsukov et al. 1986; Basilevsky et al. 1986), for imaging the planet of Venus and 
mapping its surface.

Still on Venus surveys, the robotic space probe Magellan, also referred to as 
the Venus Radar Mapper (Saunders et al. 1990), was launched by the National 
Aeronautics and Space Administration (NASA) later on in 1989 to map the sur-
face of this planet by using a SAR system, and for measuring its planetary grav-
itational field. Still with regard to imaging radars, Titan satellite, also known in 
Astronomy as the largest moon of Saturn, is being currently investigated by the 
radar of the Cassini-Huygens probe (Porco et al. 2005), in order to penetrate its 
opaque atmosphere. In particular, this is a more sophisticated multimode radar 
system, capable to operate as a SAR, RA, scatterometer (Jones et al. 1982) and 
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radiometer (Draper 1976). Amongst the main results achieved to date, evidence 
for a large underground ocean of liquid water on Enceladus, a moon of Saturn, had 
been found and announced by NASA, thereby indicating that Enceladus is one of 
the most likely places in the Solar System to host microbial life.

Sounding radars (Fig. 2) are generally grouped within the low-frequency class 
(normally, High Frequency—HF—in the 3 ÷ 30 MHz range, or lower) of GPR 
systems, from those used to acquire data about the sub-surface structure of planets. 
As a point of strength, such systems enable penetration depths below the surface 
up to hundreds of meters, or even kilometres, due to their low operating frequency. 
To overcome the receiving of unwanted echoes from other surfaces, due to the 
intrinsic width of the beam, which is related in turn to the low operating frequency 
and to the small allowable antenna dimensions, synthetic aperture techniques are 
normally exploited.

Fig. 1  Sketch of the SAR observation model, being ho the height of the orbit, and hT the depth 
of the subsurface target a front view, b lateral view

Fig. 2  Radar sounding geometry: sketch of water reservoir detection in planetary explorations 
being ho the height of the orbit, hPC the depth of the planet crust layer, and hWR the depth of the 
water reservoir
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3  Radar Missions and Explorations Over History

3.1  Exploration of the Moon

The Apollo Lunar Sounder Experiment (ALSE) was the first radar sounder ever 
flown in space missions (Porcello et al. 1974). It was part of the instrumenta-
tion on board Apollo 17, in 1972, to study both the Moon surface and its interior 
(Simmons et al. 1974). Two HF bands (5 MHz—HF1—and 15 MHz—HF2) center 
frequencies and one Very High Frequency (VHF) band (150 MHz), each with a 
bandwidth of 10 % (using a chirped signal) made up the radar system. The same 
center-feed dipole antenna was shared by the two HF bands, while a seven-elements 
Yagi antenna was exploited for the VHF channel. In addition, HF and VHF were 
characterized by two different transceivers, and shared a common optical recorder. 
The ALSE system was designed by pursuing the best trade-off between penetra-
tion depth and resolution. According to the primary purpose of the space mission, 
namely, detecting information on the upper 2 km of the Moon crust, very long radar 
wavelengths were used, thereby exploiting the widespread dryness conditions of the 
Moon. Such situations enabled a much deeper penetration of the radar waves into 
the surface than in case of wet lunar rocks conditions. A minimum peak-to-sidelobes 
ratio of 45 dB after the third lobe was also provided to the system to limit any 
masking of weak subsurface echoes. To reduce the along-track clutter, the effective 
antenna footprint was narrowed by generating a synthetic aperture in the ground pro-
cessing. Moreover, the knowledge of the surface topography allowed for inferring 
clutter from across-track scatterers. All the channels were designed to include an 
automatic gain control (AGC) feature, with a 30 s update rate, to optimize the signal 
allocation within the receiver dynamic range.

Structures beneath the surface were revealed in both Mare Crisium and Mare 
Serenitatis lunar basins. In particular, such layers were observed in several differ-
ent parts of these basins, thereby proving to be reasonably a widespread feature. 
Basically, the basalt filling both of these mare basins is supposed to include these 
layering structures. More in details, depths of 0.9 and 1.6 km below the surface for 
Mare Serenitatis and 1.4 km for Mare Crisium were detected. In addition, an esti-
mated total basalt thickness of between 2.4 and 3.4 km was found in Mare Crisium. 
Important information about wrinkle ridges on the Moon were also provided, to sup-
port the idea that these have formed primarily by motions along faults.

Overall, despite a renewed interest in lunar exploration has brought to the attention 
of the scientific community a variety of remote sensing instruments, as partly men-
tioned above, it is worth citing how the interpretation of these data usually depends 
upon geophysical models, and sometimes the obtained results can be affected by 
important ambiguities (e.g., Campbell 2002). Therefore, it should be crucial to vali-
date any interpretation by in situ measurements before extending globally confident 
conclusions. This is the reason why the unmanned lunar exploration mission Chang’e 
3 (Zou et al. 2014) operated by the China National Space Administration (CNSA) 
was launched in December 2013 as part of the second phase of the Chinese Lunar 
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Exploration Program becoming the first spacecraft to soft-land on the Moon since 
the Soviet Union’s Luna 24 in 1976 (Akhmanova et al. 1978). Basically, it incorpo-
rates a robotic lander and the China’s first lunar rover, called Yutu. With the aim to 
provide useful recommendations for the manufacturing of the system, Fa (2013) has 
attempted to analyse the optimal configuration for this radar by simulating A-scan 
and B-scan profiles, and the effect of lunar subsurface properties on GPR echoes 
was also discussed. The installed system implemented for the mission to the Moon is 
characterized by a dual-frequency GPR operating at frequencies of 500 and 60 MHz 
to provide a combination of deep penetrations depths and high subsurface resolution. 
In more details, such system is capable to reach a penetration depth ranging from 2 
to 50 m for maria and greater than 100 m for highlands. The HF band provides data 
with a range resolution from 20 to 25 cm, while the low frequency band is limited to 
a resolution ranging from 2 up to 2.5 m (Sun and Zhang 2013). With regard to these 
characteristics, Chang’e 3 GPR analyses the shallow subsurface to characterize com-
prehensively surface geology, structure and dielectric properties.

3.2  Mars Exploration

In line with the interest aroused by Lunar explorations, planet Mars has been another 
very important target since the early flyby missions of the 1970s, mostly focused on 
understanding the role of water (liquid or solid) in the geological evolution of the 
planet as well as its potential in supporting biotic activity. There is a remarkable his-
tory of other sounding radar instruments flown here, which is however mainly con-
centrated within the very last decade. Indeed, many paths of research have dealt with 
the study of Mars, although they have been mostly based on the study of terrestrial 
analogues and on the development of more powerful remote sensing instruments, 
as it happened in the case of Lunar investigations. Nevertheless, the direct study of 
the Martian surface features and characteristics was taken as a primary key point for 
achieving a considerable advance in technology. Several research institutions con-
sider the detection of water and its probable location a fundamental topic for iden-
tifying Mars as a potential source for past or even contemporary biotic activity. As 
a result, the use of geophysical methods such as GPR is being attracting an increas-
ing interest among planetary scientists. More particularly concerning future goals of 
Mars explorations, the discovery of ground ice is certainly one of the most relevant 
goals to be reached, although it has been already largely discussed for years in the 
past (Barlow and Bradley 1990; Costard and Kargel 1995; Carr 1996), with many 
implications on the understanding of past and present natural phenomena.

The first approach taken for designing and testing of geophysical instruments 
for Mars was about focusing on individual techniques including seismic sounding 
(Nieto and Stewart 2003), Time Domain Electromagnetic (TDE), Surface Nuclear 
Magnetic Resonance (SNMR) sounding (Grimm 2003), and GPR (Olhoeft 1998; 
Arcone et al. 2002; Berthelier 2003). More recently, multi-frequency GPR systems 
(Stillman and Olhoeft 2006) were also combined with other geophysical methods 
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in analog studies (Clifford 2006; Wainstein et al. 2008) with the perspective 
to maximize the capabilities of multiple tools in such very complex and remote 
investigations.

NASA’s Mars Exploration Program includes long records of successful landers 
since the 1970s, with part of them also equipped with rover automated motor vehi-
cles (NASA/JPL 2004). Amongst all, it is worth to mention the two Viking pro-
gram landers in 1976 (Holmberg et al. 1980), the Mars Pathfinder probe in 1997 
(Mishkin et al. 1998) equipped with the Sojourner rover, the two rovers sent in 
2003 within the robotic space mission Mars Exploration Rover Mission (MER), 
called, respectively, MER-A Spirit (ended in May 2011) and MER-B Opportunity, 
and the Curiosity car-sized rover related to the NASA’s Mars Science Laboratory 
mission (MSL). Neither from the aforementioned rover-based missions were 
equipped with GPR technology, although NASA has planned to launch the Mars 
2020 GPR-equipped Rover within the homonymous mission in 2020 (Tahu and 
Shulte 2014).

Low-frequency ground penetrating radars are also currently used in other two 
space missions. Chronologically speaking, the Mars Advanced Radar Subsurface 
and Ionosphere Sounding (MARSIS) experiment on board the Mars Express 
Orbiter, namely, a European Space Agency (ESA) mission to Mars, was first 
launched in June 2003 and uses a high-gain antenna to sound from orbit (Picardi 
2005). MARSIS has the twofold role to study the surface-atmosphere interaction, 
and to use the subsurface radar sounder for investigating possible water presence 
up to a depth of about 5 km.

Subsequently, the Shallow Subsurface Radar (SHARAD) was launched in 
August 2005. It was developed under the responsibility of the Italian Space 
Agency (ASI, Agenzia Spaziale Italiana) and provided to the Jet Propulsory 
Laboratory (JPL) for use on board the Mars Reconnaissance Orbiter Spacecraft 
in the frame of a NASA/ASI agreement, which foresees exploitation of the data 
by a joint Italian/US team. With the main goal to complement the lower frequency 
(maximum frequency of 5 MHz) and bandwidth (1 MHz) capabilities of the 
MARSIS instrument, it has allowed to probe the Martian subsurface to a depth 
of about 1 km through a 20 MHz center frequency and 10 MHz bandwidths (Seu 
et al. 2007). Strong reflections at a depth consistent with the elevation of the sur-
rounding plains have been shown by MARSIS over the north polar cap, thereby 
suggesting minimal electrical attenuation through about 2 km of polar deposits 
and indicating possible presence of pure cold ice (Milkovich et al. 2007). The base 
of water-ice-rich polar layered deposits (PLD) has been reached by MARSIS at a 
maximum of 3 km depth at both poles. In addition, SHARAD detected icy layered 
sediments overlain by a layer made of carbon dioxide ice and dust mixture protect-
ing the water ice from decay (Seu et al. 2007). Amongst the most significant find-
ings, SHARAD has also identified layers within the South Polar Layered Deposits 
(SPLD), reflections originated by the contact between the SPLD and the underly-
ing substrate at 1.4 km depth, such as also observed by MARSIS, and erosional 
unconformities (Putzig et al. 2007).
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In addition, radio-transparent deposits have been detected by SHARAD in south-
ern Elysium Planitia and, fairly similarly, in Amazonis Planitia, although a reflector 
within a depth from 40 and 90 m may suggest lava flows (Simon et al. 2012).

3.3  Future Challenges in Planned Mars Missions

After cancelling the NetLander mission (under the joint responsibility of the Centre 
National d’Etudes Spatiales—CNES—and ESA) in 2003, that should have been 
sent to Mars in 2009, the ExoMars (Exobiology on Mars) mission is currently 
under development by the ESA in collaboration with the Russian Federal Space 
Agency (Roscosmos). ExoMars is a two-mission project that is considered as a 
single programme at ESA. According to current plans, the ExoMars project will 
include four spacecrafts: two stationary landers, one orbiter and one rover. All mis-
sion elements will be sent in two launches, scheduled for 2016 and 2018. Amongst 
them, the Water Ice Subsurface Deposit Observation on Mars (WISDOM) GPR is 
one of the rover instruments that have been selected as part of the Pasteur payload 
(Ciarletti et al. 2011), planned to be sent in 2018. Basically, the WISDOM ultrahigh-
frequency (UHF) GPR is a stepped-frequency radar with nominal step duration Δt 
lower than 1 µs and number of transmitted frequencies equals to 501, so that the 
bandwidth amounts to 2.5 GHz (from 0.5 to 3.0 GHz). It is also characterized by 
an output power ranging from +10 to +20 dBm, a noise factor lower than 5 dB, an 
instantaneous dynamics greater than 80 dB, and a power consumption lower than 
11 W. The rover is equipped with a drill that can sample the subsurface down to a 
depth of approximately 2 m for ground-truth evidence of the radar data collected. 
Indeed, the WISDOM GPR main objective will be to explore the first 3 m of the soil 
at the centimeter-scale vertical resolution, according to the objectives and expected 
capabilities of the drill. The location of sedimentary layers wherein organic mole-
cules are the most likely to be found and well preserved will be the specific target 
of WISDOM in order to search for subsurface evidence of past and present life at 
the landing site. In particular, WISDOM will help to understand the 3-D geology 
and geologic evolution of the landing site, to identify potential transient or persis-
tent occurrences of liquid water and massive ground ice, identify the most promising 
locations for drilling as a compromise between the high scientific level and the safer 
conditions for drilling operations.

Later in time, the GPR equipment designed for Mars 2020 by NASA will con-
sist of a radar called RIFMAX (Radar Imager for Mars’s Subsurface Exploration), 
that is expected to survey the Mars surface within a 150–1440 MHz range of fre-
quencies with a penetration depth from 10 up to 500 m. Its main role will be to 
gather information on the geological processes that shaped the sedimentary sur-
face of the planet. NASA is also expecting to find evidence in the GPR surveys 
that Mars was a habitable environment in the past.
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3.4  Recent Advances and Perspectives in GPR-Based 
Planetary Missions

Much more recently, the new challenge of reaching a comet nucleus has been 
overtaken in November 2014 by the ESA agency with the sending of the robotic 
space probe Rosetta (Glassmeier et al. 2007) to the comet 67P/Churyumov–
Gerasimenko (67P), equipped with both an orbiter and a lander module called 
Philae. Within the instruments provided, the Comet Nucleus Sounding Experiment 
by Radiowave Transmission (CONSERT) (Kofman et al. 1998) will exploit the 
radar tomography technique to image the cometary interior. In this regard, the 
electromagnetic signal transmitted between the lander, located on the comet sur-
face, and the spacecraft orbiting around the comet, will be measured as a function 
of time and as a function of the relative position of the orbiter and the lander. This 
operation will be repeated for a number of orbits. Concerning the electronics of 
the system, the transmitted signal comes from a 90 MHz center frequency antenna, 
modulated PSK code with a 100 ns code step. A set of 1024 codes is transmit-
ted for each way, while the propagated signal is coherently accumulated by the 
receiver for increasing the Signal to Noise Ratio (SNR). Two cross half-wave 
dipoles, giving a circular polarization and a well-known antenna pattern, constitute 
the Orbiter antenna. On the other hand, the Lander antenna is made of two mono-
poles oriented 76° to each other, close to the nucleus surface: such pattern depends 
on the near subsurface dielectric properties which are currently unknown (Herique 
and Kolfman 2001). Basically, both the change in velocity of the electromagnetic 
wave-front propagated through the cometary nucleus (with respect to the velocity 
propagation in free space) and the energy loss during this process are dependent 
on the complex permittivity of the nucleus materials as well as on the ratio of the 
wavelength used to the size of the encountered inhomogeneities. By exploiting the 
above principles for a sufficient number of orbits, one will be able to obtain many 
cuts of the interior of the comet and therefore to build up a tomographic image of 
the interior.

4  Conclusions

Several radar techniques (GPR, sounders, radar tomography) which can be 
applied to explore surfaces and sub-surfaces of the Solar System bodies have been 
described and discussed in this Chapter. Such techniques have largely proved to 
be very promising in planetary explorations. According to a top-down approach 
undertaken over a timespan of few decades for investigating several planetary bod-
ies of the Solar System, their topography is firstly reconstructed remotely along 
with their main physical properties at the large-scale, in order to understand the 
best sites to be explored. In a second step, unmanned spacecrafts are sent into the 
orbit of such planets to deepen those aspects emerged from the first set of surveys.
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In this regard, the most widespread strategy from space agencies has been to 
send landers directly on the planet surface to provide finer-scale measurements. 
During the past few years and over the near future, the use of instrumented robotic 
rover vehicles is finally proving to be the last step and best approach for investigat-
ing relatively longer distances with the highest possible resolution of data. Such 
detailed scale of inspection, will enable to better assess the potential for biotic 
activity, to sustain future human explorers and look for clues of a habitable zone.
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