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The damage of concrete structures calls for effective methods for condition evaluation and maintenance.
The usual destructive testing has many disadvantages in Civil Engineering because involves the physical
destruction of specimens to evaluate mechanical and structural characteristics. On the contrary, Non-
Destructive Tests (NDT) are able to investigate different structures with high resolution, low time con-
suming and relative few costs. This resulted in development of several NDTs techniques for monitoring
civil infrastructures. Accurate analysis of the physical parameters that characterize the structures is made
possible by the spread of instruments that are actually more precise and economical. However, failure to
use non-destructive tests effectively can be disastrous in operation of structures restoration or buildings
rehabilitation. Applied geophysics is able to provide many information on the state of preservation and
quality of engineering work. This work has investigated the skill of Ground Penetrating Radar (GPR) also
applied in tandem with Infrared Thermography (IR) and Electrical Resistivity Tomographies (ERT) for the
characterization and monitoring of building structures in laboratory and in-situ conditions. Two experi-
mental cases are realized: in the first one GPR and ERT were performed in full scale laboratory conditions
where a road segment was investigated in different conditions; in the second test, a radiant floor was
investigated with comparison of results obtained with GPR and IR. The study demonstrates the feasibility
of integrating the collected data obtained with non-destructive testing to enhance knowledge of engi-
neering issues.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

The use of ground penetrating radar (GPR) in civil engineering
provides many advantages, especially in the field of non-
destructive tests where non-invasive, low costs and rapid monitor-
ing techniques are strongly recommended. GPR is an active geo-
physical method based on transmissions of short electromagnetic
(EM) energy pulses into the medium and analysis of scattering
phenomenon due to variations of some physical properties as elec-
trical conductivity, dielectric permittivity and magnetic permeabil-
ity. GPR is currently used in civil engineering to solve different
issues mainly related to the maintenance of the structures, evalu-
ation of stability of concrete and masonry structures, structural
health monitoring of infrastructure conservation, localization of
buried services and pipes [1]. Great efforts are made to investigate
GPR potentialities applied to testing asphalt pavements, to detect
voids, fractures or other type of defects potentially dangerous for
the conservation and utilization of roads [2,3], for pavement thick-
ness measurements [4,5], to localize reinforcement in concrete
pavement [6,7];to inspect industrial railway tracks and concrete
bridges [8–11]; for moisture content analysis [12,13]. At the same
time, GPR is widely used for localization of services and under-
ground utilities in absence information [1,14,15], especially when
excavation activities are necessary and it is impossible find
projects and plans [16]. Moreover, the GPR should be used for
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restoration of important monuments [17–19]. GPR is often
supported by other non invasive geophysical techniques in civil
engineering applications, like acoustic techniques, infrared
thermography (IRT) and electrical resistivity tomographies (ERT)
[20].

ERTs are the less used method in the engineering field due to
limitations in resolution, time consuming and surface sensor
contact reliability. Anyway, they are well suited to evaluate vari-
ations of water content or presence of voids such as fractured
and damage of concrete and masonry structures [21]. ERTs are
an active geophysical method based on the investigation of hor-
izontal and vertical electrical resistivity variations of the subsur-
face materials. However, the method is affected by limitations
mainly due to the resolution and time to perform the investiga-
tions. A limitation for engineering application is the high electri-
cal resistance between the electrode and the investigated media.
In order to inject current on concrete structures, it is necessary
to apply some shrewdness coming from the experience on the
field. Anyway, ERT applications are well known to evaluate pres-
ence of defects in reinforced concrete structures [22–24], to
monitor the temporal evolution of moisture distribution in con-
crete structures [25] and image masonry structures [26,27] but,
actually, there are very few applications of this techniques in
combination of GPR in the engineering field. The method is very
able to identify moisture phenomena or presence of voids and
fractures that could cause respectively a strong increase of con-
ductivity and resistivity measured data supporting the GPR
acquisitions that in humid or water saturated conditions suffers
strong attenuation effects. Another advantage of resistivity meth-
ods is the low complexity of the processing phase respect to GPR
elaboration. The present study has investigated the potentialities
of this method to characterize and detect defects in engineering
structures and support the interpretation of the GPR data in con-
ductive conditions where attenuation of electro-magnetic (E-M)
energy increases.

The last non-destructive testing (NDT) applied in this research
was the Infrared Thermography (IRT) that represents a diagnostic
remote sensing technique that consisting in measuring the energy
that is naturally emitted from a body in the infrared field
(between 1–20 lm) when its temperature is greater than zero
degrees Kelvin, that is, the absolute temperature. Often GPR is
used in tandem with IRT that represent another well-known
non-destructive testing [20] based on use of an infrared camera
able to measure and image the emitted infrared radiation from
an object converting a thermal radiation pattern, into a visual
image [28]. In the engineering field, the processing and interpre-
tation of thermal images of building surfaces allows us to detect
and survey hidden structures, zones affected by moisture and,
patterns linked to the presence of decay pathologies such as
deposits, biological patinas and cracks [29,30]. The IRT and GPR
were integrated in order to improve confidence in defect detec-
tion and quantification or monitor bridge conditions [31–33].
The integrated use of the two techniques allows to reduce the
limits of each techniques and to suggest using the capabilities
characterizing each techniques, also in bridge deck condition test-
ing. In particular IRT is less effective in terms of penetration
depth while is characterized by a very high resolution; for this
reasons can support effectively GPR to highlight critical zones
occurring in the most superficial centimetres (up to a depth of
10 cm) [34]. The lower depth penetration of investigation charac-
terizing the IR method is compensate by the high resolution of
the method in surface investigation. In this work, we propose
the use of IRT with GPR to reduce both the uncertainties of the
geophysical method, mainly for the shallower layers, both
increase the depth of investigation obtainable with the only use
of IRT.
Please cite this article in press as: L. Capozzoli, E. Rizzo, Combined NDT techniqu
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2. Aims and objectives

The paper highlights a particular attention on electromagnetic
sensing technologies for their non-invasive characteristics to
observe subsurface change of engineering infrastructures. In detail,
in order to identify the capability of GPR to investigate civil engi-
neering structures, a laboratory study case focused on use of GPR
inspections, also in tandem with ERT, on asphalt and concrete
pavement diagnostic is showed. A small road segment character-
ized by the presence of structural embedded defects and buried
pipes was investigated with antennas with different operating fre-
quencies. In this case, the experiment has evaluated the capability
of each sensing technique to detect and characterize the different
levels of the deformation size. Finally, the second application
shows an integrated use of GPR and IRT to characterize a radiant
floor heating system.

The paper is organized as follows. In the next section, the theo-
retical aspects are presented. The section 4 highlights the integra-
tion work with different NDT techniques in the laboratory (GPR
and ERT) and in a gym (GPR and IRT). In the last two sections the
results are discussed and a conclusion is defined.

3. Theoretical aspects

The electrical conductivity, dielectric permittivity and magnetic
permeability regulate the velocity of propagation of EM waves and
attenuation of EM energy. Analyses of variations of EM behaviour
of the investigated medium provide good information about health
and safety of civil structures. These variations generate reflections
related to contrasts in EM impedance; further the electromagnetic
characteristics of the subsoil influence hardly the velocity of prop-
agation of electromagnetic waves and attenuation of the energy
introduced in the subsoil. In low-loss conditions the velocity and
the attenuation of e-m waves are [1,2]:

v ¼ 1
� ffiffiffiffiffiffi

el
p ð1Þ

a ¼ 0:5r
ffiffiffiffiffiffiffiffiffi
l=e

p
ð2Þ

where e is the dielectric permittivity, l is the magnetic permeabil-
ity and the r is the electrical conductivity. At high frequencies, the
electromagnetic fields propagate as waves through the medium and
the previous equations become [3,4]:
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� ffiffiffiffiffiffi

el
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� ffiffiffi
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k
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where Z ¼ ffiffiffiffiffiffiffiffiffi
l=e

p ¼ Z0=
ffiffiffi
k

p
is the impedance of the investigated

medium, Z0 the impedance of free space and k the dielectric permit-
tivity when the magnetic permeability considered negligible. The
above two expressions show that the dielectric permittivity con-
trols velocity while the electrical conductivity has a large effect
on attenuation. These two parameters are the most important in
GPR acquisitions that regulate the propagation phenomenon of e-
m waves in the analysed medium and consequently the obtained
results. A detailed description of the theory GPR is well described
on [2,3] where are also discussed various applications of GPR in
many field of research.

ERT is an electrical resistivity method based on the measure-
ment of an electric field artificially created in the ground by suit-
able electronic devices, normally consist of two pairs of
electrodes fixed in the ground, of which: a pair inject the current
(I), the other the measuring circuit of the potential difference
(dV) generated in the ground by the passage of the current itself.
es in civil engineering applications: Laboratory and real test, Constr. Build.
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The fundament of this technique is the Ohm’s Law which indicates
that the potential difference dV (V) at the ends of a conductor, at a
given temperature T, is proportional to the electric current I (A)
passing through it by means of a quantity constant and typical of
the conductor, said resistance R (Ohm):

I ¼ �dV=R ð5Þ

R ¼ qL=A ð6Þ
where q (Ohm�m) is the electrical resistivity, L (m) is the conductor
length, and A (m2) is the conductor area. Generally, a switched
square wave is the current waveform used. The data acquired are
expressed in form of apparent resistivity. There are several configu-
ration depending on the position of electrodes on the surface or
borehole. The most used are generally, Wenner, Shlumberger,
dipole-dipole and pole-pole arrays [35]. For the purpose of this
work, we have used dipole-dipole and pole-pole configurations.

The dipole-dipole array is constituted by a current dipole and a
potential dipole while in pole-pole array theoretically only one
current electrode and one potential electrode are used (the other
two are placed at distance which is more than 20 times the maxi-
mum separation between the first ones used in the survey). The
apparent electrical resistivity values are then elaborated in terms
of real ones and depth by means of inversion algorithm. The inver-
sion procedure is usually to compute the ‘best’ set of resistivity val-
ues, which satisfies both the measured dataset and some a priori
constraints, in order to stabilize the inversion and constrain the
final image [35].

From theoretical point of view in the infrared method, the
intensity and the spectrum of the energy naturally emitted from
a body in the infrared field are functions only of the temperature
of the body that emits this energy. This is the black body model
that follows Stefan-Boltzmann’s law, i.e.:

J ¼ r � T4 ð7Þ
where J is the exitance, that is the radiation emitted per unit of sur-
face (W/m2), r is Stefan-Boltzmann’s constant (5.67 � 10�8 W/
m2 K4) and T is the absolute temperature (�K). The analysis of ther-
mal variations by using heat diffusion laws allows us to identify
surface characteristics of the materials as well as their physical con-
dition [36]. It is also possible to identify spatial patterns that
describe specific decay types either by examining each thermogram
separately or by analysing the full multi-temporal IRT dataset using,
for example, a data mining approach [37]. The acquisition of IR
images could carried out in two ways: steady and transient. Steady
thermograms give a static snapshot of the temperature measure-
ment, while the transient methodology allows observation of a
change in time of the surface temperature from a single thermo-
gram. The heat source could be natural or artificial, in the case we
define the thermography passive (more used for the historical
buildings) and active, respectively. However, to better characterize
the thermal behaviour of architectural surfaces characterized by a
variegated material and decay pattern a significant contribution is
provided by the analysis and processing of multitemporal thermal
images [38].

4. Laboratory and field data: acquisition, processing and
analysis

Two experimental activities were realized: EA1 and EA2.
The EA1 was conducted in a full scale laboratory and it was sub-

divided in two main phases:

– Phase A: in this phase, only GPR acquisitions were made on a
road segment with a surface asphalt layer.
Please cite this article in press as: L. Capozzoli, E. Rizzo, Combined NDT techniqu
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– Phase B: at this stage, GPR and ERT surveys were performed on
a road segment after removal of asphalt layer.

The EA2 experiment was performed in a gym where GPR and
IRT acquisitions were used in tandem.

4.1. EA1: laboratory case study

In the framework of the project, called Integrated System for
Transport Infrastructures surveillance and Monitoring Electromag-
netic Sensing (ISTIMES) funded research project [39], several
experiments were realized at the Institute of methodologies for
environmental analysis of the National Research Council (CNR -
IMAA) in the Hydrogeosite laboratory located in Marsico Nuovo
(PZ) [40]. The ISTIMES project was based on the implementation
of a complex monitoring system based on satellite, aircraft and
in-situ observation technologies able to detect displacements, dis-
locations and degradation phenomena, changes in physical and
chemical conditions of engineering materials, congenital or
induced structural defects of for transport infrastructures [37].
The laboratory is a large concrete pool of 252 m3 (12 � 7 � 3 m)
filled with silica sand (95% SiO2, an average diameter of about
0.09 mm, porosity of about 45�50% and hydraulic conductivity
in the order of 10�5 m/s). The Hydrogeosite laboratory represents
an intermediate stage between laboratory experiments and field
survey. Therefore, it has the advantage to obtain controlled results,
like in a laboratory experiment, but at scales comparable with the
field ones [41]. In this context, a simulation of an engineering con-
text was performed and, in a limited area of about 3 � 3 m, a road
segment characterized by a multi-layer structure was built. In
detail, the structure under test was made up of several layers, rebar
and utilities (metallic and non-metallic pipes) for maximum a
depth of about one meter (Fig. 1).

The asphalt layer was the shallow one with a thickness of about
0.05 m. The second layer (reinforced concrete slab) had a thickness
of about 0.05–0.10 m and was reinforced with a 10 � 10 cm
welded mesh (diameter of 0.06 mm). Two different layers of sand
and conglomerate with varying thickness completed the road
structure. The conglomerate level was thick approximately 0.20–
0.25 m and supported the concrete slab. Beneath this layer there
were two layers of sand, where in the first one three kind of pipes
(steel, aluminium and plastic) were installed, while the second was
characterized by a more compacted sand layer (Fig. 1). The materi-
als have been chosen to cover as much as possible engineering
applications. Generally, the pipes are realized in plastic and steel,
but some structures like electrical conduits are realized in alu-
minium or fiberglass. The pipes were installed with the top at same
depth of about 60cm and a reciprocal distance, calculated from the
centre of each circumference, of 50 cm (steel and aluminium tubes)
and 70 cm (plastic tubes). The tube diameters used ranged
between 10 cm for the plastic tube (Pl in Fig. 1) and 6 and 4 cm
for respectively aluminium (Al in Fig. 1) and iron pipes (St in
Fig. 1). Finally, a groundwater was defined with a water level at
150–160 cm from the surface.

After the installation of the road structure, a simulated damage
caused by a heavy track system was performed. The Fig. 2 high-
lights the dimension of the superficial deformation ranging
between 1.50 and 3.00 mm (Fig. 2b). Finally, the subsidence zone
was filled with a second shallow layer of asphalt (Fig. 2c). At this
stage, the GPR measurements started with and without the asphalt
layers, in order to have a comparison with the ERTs data.

The GPR investigations were made with a SIR-3000 GSSI Instru-
ment coupled to 400, 900, 1500 and 2000 MHz antennas and met-
ric encoder measuring wheel (Fig. 3). The data were gathered
bidirectionally (see Fig. 4a) along parallel lines spaced 0.40 and
0.20 m respectively for the 400 and 900 antenna acquisitions.
es in civil engineering applications: Laboratory and real test, Constr. Build.
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Fig. 1. Geometrical characteristics of the investigated test site. (a) A photo of the full scale laboratory where the road segment was installed; (b) 3D rendering of the test site
plan; (c) the different layers with the thickness and the location of the different pipes (St: Steel; Al: aluminium; Pl: Plastic).

Fig. 2. Deformation phase. (a) longitudinal sections of the three topographic profiles; (b) topography profiles of the surface deformation expressed in mm; (c) re-asphalt of
the subsidence zone.
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The surveys realized at 1500 and 2000 MHz were realized with
profiles placed every 0.10 m. We have used all these frequency that
are generally used in engineering field test. In particular 400 MHz
antenna are used to identify underground utilities while the other
antenna are able to identify degradation phenomena occurring in
the first centimetres of building works and are generally used in
the restoration and rehabilitation fields thanks their higher
resolution.

The investigations were made in two distinct phases character-
ized by the presence and absence of asphalt layer, in order to apply
also the ERT methodology which needs both a physical contact
between the sensors and the pavement both a low electrical resis-
tance. For this reason, since the asphalt is composed by bitumen
that is an excellent electrical insulator, it was necessary remove
it before to start the resistivity acquisitions (see Fig. 4b).
Please cite this article in press as: L. Capozzoli, E. Rizzo, Combined NDT techniqu
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The data had the same starting and finish point of acquisition
and the processing strategy was completed, for each investigation
phase, by a 3-D processing aimed to obtain a reconstruction of the
objects present in the subsoil as rebar and pipes.

The raw-data have required a processing to improve the ratio
signal noise and making easier the interpretation. Therefore, the
data were processed using standard two-dimensional processing
techniques by means of the software Reflex-W (Sandmeier scien-
tific software). The whole process was schematized in Fig. 5. Pro-
cessing steps can be summarized as follows:

– amplitude normalization to de-clip saturated traces by means
of a polynomial interpolation procedure;

– dewow filter used to eliminate a possible low frequency part of
the signal;
es in civil engineering applications: Laboratory and real test, Constr. Build.
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Fig. 3. GPR System Sir-3000 (e) coupled to four different antennas characterized by
a central frequency of 400 (a), 900 (b), 1500 (c), 2000 (d) MHz.
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– background removal to remove ringing effect. The filter is based
of the calculation of an average of all background noise which
has been subtracted from the data;

– energy gain based on a mean amplitude decay curve deter-
mined from all existing traces;

– declipping to reduce amplitudes values too high;
– againly a bandpass frequency filter was applied to reduce the
increase of noise affecting the radargram caused by the gain
function previously adopted;

– Kirchhoff 2D-velocity migration with a velocity estimated
quantitatively estimating the diffraction hyperbolas generated
by the objects placed in the subsoil.

After these steps (Fig. 5a), for the data acquired at the different
frequencies 3D models were built interpolating data of the pro-
cessed 2D-lines. A linear interpolation was made analyzing an area
equal 1.5 times the minimum distance between the radargrams.
Then the envelope of each trace of the 3D-files was calculated
and showed in horizontal depth slices where the greater ampli-
tudes were highlighted to identify engineering features (Fig. 5b).
Fig. 4. View of the different phases of test study, (a) typical grid used to perform GPR a
investigated panel after removing of asphalt layer.

Please cite this article in press as: L. Capozzoli, E. Rizzo, Combined NDT techniqu
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The ERTs were acquired by a multichannel georesistivimeter
(Syscal Pro by Iris Instrument) with a dipole-dipole and pole-pole
arrays. The elaboration of the data was performed with the soft-
ware Res3DInv [41] that provided to have vertical and horizontal
resistivity slices of the investigated volume. In order to enhance
the quality of contact between electrodes and surface, a high con-
ductive medical gel was used between the circular steel electrodes
and the pavement obtaining a contact resistances of about less
than 1 KXhm (Fig. 6).

The apparent resistivity acquired data are processed in order to
characterize the 3D real electrical resistivity distribution removing
spike values and electrical noise. The first step was to filter the data
for the inversion, such as poor data detection. With Occam inver-
sion based on a least-square method with the use of a smoothing
operator and an additional contrast minimization the acquired
data are inverted [42]. The smoothness method adjusts the two-
dimensional resistivity model trying to iteratively reduce he differ-
ence between the calculated and measured apparent resistivity
values expressed by the parameter called root mean-squared
(RMS) error that provide a measurement of this difference expect-
ing a better image from the combination of the two arrays. In the
recorded cases, the RMS error was lower that 10%.

4.1.1. Phase A
The first stage was characterized by presence of the new asphalt

layer after the damage simulation. GPR analysis with 400, 900 and
1500 MHz antennas was performed in order to characterize the
road structure, fractures and deformations as well as buried pipes
simulating presence of underground utilities. Moreover, the mea-
surements were performed in a very humid background of the sub-
soil reproducing critical conditions for GPR due to the strong
attenuation encountered by the EM waves in contexts both with
a high water saturation degree and with clay and loamy sand that
contributes to reduce the penetration depth of the e-m signal [43].

The GPR data with a 400 MHz antenna identified all the ele-
ments. In detail, the Fig. 7 shows a typical A-Scan (Fig. 7c) and
the same 2D radargram, processed (Fig. 7d) and raw (Fig. 7e),
acquired during the investigations. From previous unpublished
GPR acquisition data in the full scale laboratory, we observe that
a time windows of about 70 ns with a 400 MHz antenna should
be a good value, in order to reach the bottom of the pool (around
3.00 m deep). The different layers of the panel are clearly visible
for the presence of continuous parallel plane reflectors (coloured
dash lines in Fig. 7c and d). The 2D acquisitions made possible
the construction of 3D high reflection amplitude isovolumes that
highlighted the presence of pipes (Fig. 7b). The presence of known
reflectors provided to have good indicators to identify the velocity
of propagation of the EM into the subsoil taking in account the
effect of each layers. This information was used to perform a more
cquisitions with 900 MHz antenna where profiles every 0.20 cm were acquired; (b)

es in civil engineering applications: Laboratory and real test, Constr. Build.
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Fig. 5. Block diagram of the data processing for the GPR 2D (a) and 3D (b) acquisition.

Fig. 6. Experimental equipment used for non-invasive geoelectrical measurements: (a) man-made sensors used to perform non-invasive ERTs realized with steel electrodes
placed every 0.05 m in both the directions (n.36); (b) Georesistivemeter Syscal Pro (IRIS) with 96 channel.
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Fig. 7. Results obtained during the experimental first phase with 400 MHz antenna: grid of acquisitions with localization of showed investigated line (a), 3D iso-amplitude
reflection volumes related to the presence of earthed pipes (b), processed A-scan (c), processed and raw B-scan in correspondence of F24 line (d and e).
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effective migration of the data. Based on the GPR data interpreta-
tion and related equations, the dielectric values of the asphalt
(�6), concrete slab (�10), conglomerate (�13) and humid sand
(�25) layers were estimated. The estimated values are in the range
that some authors found during other experiments [2–5,7,8,40].
Further, it is possible note how the presence of iron pipe generated
a stronger reflection than other pipes; for this reason in 3D visual-
ization, the greater isovolume is related to the iron pipe despite the
other structures are characterized by greater diameters (Fig. 7b).
Moreover, the water table and the concrete bottom of the pool
are also detected as shown in Fig. 7d with white dashed line and
red solid line.

The pipes are not well defined in the 900 and 1500 MHz radar-
grams. The time windows for the 900 and 1500 antennas were
fixed to 15 ns, due to high water content conditions of the sand
that has produced a strong attenuation of the EM signal. These
acquisitions show a high resolution image of the surface concrete
panel, highlighting useful information about defects and fractures.
The radargrams plotted in Fig. 8 show the main fracture (red
arrow) occurring at a distance of 120 cm from the acquisition start-
ing point and the deformation of the layers interested by the
breaking event (coloured dashed line). The hyperbolas related to
the rebar of the welded wire mesh used to reinforce the concrete
are also detectable. Two constructive layers charactering the panel
are detectable: the asphalt layer and reinforced concrete slab
delimitated by red and green dashed lines.
Please cite this article in press as: L. Capozzoli, E. Rizzo, Combined NDT techniqu
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4.1.2. Phase B
The second stage started after removing of the asphalt layers. In

this phase acquisitions with GPR coupled to 900, 1500 and
2000 MHz antennas were performed. In this case for the presence
of the main visible central fracture, the investigation pavement
area was divided in two zone (A and B) monitored separately by
GPR (Fig. 9). The obtained results confirmed that the welded wire
mesh, characterizing the concrete layer, suffers a considerable
deformation perpendicularly to the breaking direction according
the measurements realized in surface with a laser vertical meter.
Moreover, the results allowed to identify the concrete and sand
separation line and at a distance of about 1.00 m the presence of
a plastic pipe (blue arrow) used in a subsequent experiment to
simulate infiltration of water in the concrete slab, not detectable
with the 900 MHz antenna. The deep pipes are not detected due
to the high EM wave attenuation. Further, it is possible note a
not homogenous thickness of the concrete layer that is more large
in direction of the acquisitions.

We tried to perform 3D ERT acquisitions during the first stage,
but the electrical contact between the sensors and the asphalt was
very high. This effect prevented the injection of the current and
defined the asphalt as a good electrical insulator. Therefore, after
the asphalt layer removing action, several 3D ERTs were carried
out in order to investigate the electrical resistivity distribution in
the observed tests. In order to make geoelectrical measurements
on concrete, a net of size of 0.25 � 0.25 m with 36 steel electrodes
es in civil engineering applications: Laboratory and real test, Constr. Build.
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Fig. 8. The same transversal line investigated with 1500 (a) and 900 MHz (b) antennas with their localization during the first phase of the experiment (c).

Fig. 9. F25 survey lines, 900 (b), 1500 (c), 2000 MHz (d) processed radargrams with respective localization (a) in the sub-panel A during the phase B.
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were placed according a spacing of 0.05 m on six parallel distinct
lines (Fig. 6a). This device was designed ad hoc, in order to make
available several 3D ERTs where non-invasive and non-
destructive tests are required. The 3D acquisitions were made only
on part of the investigated panel (1 m2) subdivided in sixteen
squared net by dipole-dipole and pole-pole geoelectrical arrays
(Fig. 9a). Then each acquired data set were merged together and
a 3D inversion was performed by 3DResInv. The best results were
obtained with pole-pole array with an investigation depth of about
0.24 m. The Fig. 10 shows five horizontal resistivity slices that
describe the electrical behaviour of the investigated panel. At a
depth of 0.04–0.08 m, a more resistive area near the left lower cor-
ner was due to the presence of a thickening of the concrete slab,
that was realized non uniformly how yet showed with GPR. More-
over, the shallow resistivity maps highlight an inhomogeneous
resistivity behaviour due to a different humidity of the concrete
panel and at a different compaction of the concrete close the rebar.
At a depth greater than 0.08 m, an increase of conductivity values
demonstrate a change of the physical properties of the investigated
volume in correspondence on the conglomerate layer composed by
gravel and sand.

Finally more conductive areas are detectable at a depth greater
than 0.17 m, in correspondence of the corners of the panel, due to
Please cite this article in press as: L. Capozzoli, E. Rizzo, Combined NDT techniqu
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different water content in the conglomerate layer placed at the
bottom of the concrete slab. The Fig. 11 highlights the vertical sec-
tions of the 3D geoelectrical data. In detail, an electrical discontinu-
ity related to transition from concrete layer to conglomerate layer
was well delimited. It is clearly detectable the relative conductive
behaviour of the deep conglomerate layer characterized by resis-
tivity values lower than 50Xhm�m. Moreover, the shallow layer
is characterized by relative high electrical resistive values (>150
Ohm*m) but with very high resistivity zones (>500 Ohm*m) and
relative less high resistivity zones (between 150–400 Ohm*m).
The electrical resistivity inhomogeneity of the shallow layer define
or the location of different water content in the concrete panel or
the location of some cracks not well visible in the GPR data due
to presence of the rebars.
4.2. EA2: real case study

The second case study was investigated in a gym (Fig. 12) with
GPR SIR-3000 (GSSI Instrument) coupled to 900 and 2000 MHz
antennas and metric encoder measuring wheel) and IRT. IRT was
performed with thermal imaging camera FLIR SC660 Series fea-
tures detector FPA (Focal Plane Array) microbolometer. Such a
es in civil engineering applications: Laboratory and real test, Constr. Build.
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Fig. 10. (a) on the top the two panels and the location of the area where the 3D ERT acquisition were carried out; on the bottom a detailed grid of the 3D ERT acquisition; (b)
Horizontal resistivity slices acquired by pole-pole geoelectrical array (maximum investigation depth 0.24 m).

Fig. 11. Vertical resistivity slices acquired by pole-pole geoelectrical array. The dashed red lines is the limit between the concrete structure and the conglomerate layer. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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thermovision system operates in the long-wave spectral range
between 7.5–13.5 mm.

The target of the investigation was to characterize a radiant
floor heating for the necessity to insert in the floor dowels to
anchor steel plates of the volleyball net without breaking the tubes
of the heating system. An approach based on the integrated use of
GPR and IRT was adopted to identify the geometrical characteris-
tics of the analysed structure since the project of the civil utilities
was not available. In detail, two different portions of the floor were
Please cite this article in press as: L. Capozzoli, E. Rizzo, Combined NDT techniqu
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investigated in correspondence of the two posts site, where no
dangerous or obstructing anchor system have to be installed on
the ground. The two panels have a size of 1 � 1 m as showed in
Fig. 13.

Multitemporal IRT datasets were acquired during cooling and
heating transient conditions realized turning on and off the heating
system. In this way, an enhancement of the knowledge was possi-
ble to investigate the thermal behaviour of the panels and define
constructive characteristics. The interpretation of IRT images
es in civil engineering applications: Laboratory and real test, Constr. Build.
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Fig. 12. One of the two investigated panels in a gym by 900 MHz antenna coupled
to survey wheel and the acquisition stamp grid built ad hoc.
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provided to map with accuracy the tubes spacing but the depth
and the characteristics of the surrounding media was not well
defined. On the contrary, GPR data were used to reconstruct the
‘‘stratigraphy” of the pavement that is composed by floor covering,
insulation layer, damp proof membrane and hollow slab. A bidirec-
tional survey grid was used to support acquisitions made with 900
and 2000 MHz antenna with a spacing lines respectively equal to
0.20 and 0.05 m. The 900 MHz results allowed us to describe the
engineering structure composed by a floor system realized with
precast concrete joists and hollow bricks. The 2 GHz results gave
us information about the welded wire mesh used to reinforce the
screed placed on the underfloor heating pipes.

5. Discussions

The two experimental activities described in the section 3 are
all based on the use of GPR in tandem with other NDT. In particu-
lar, the first activity in the full-scale laboratory was realized by use
of GPR and ERT in the second sub-phase. In the first phase, for
explained limits due to the asphalt, was possible apply only GPR
techniques. The obtained results showed the ability of GPR at a fre-
quency of 400 MHz to identify and localize both metallic and non-
metallic simulated underground utilities. Further, the stratigraphic
Fig. 13. Sketch of the investiga
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boundaries due to the presence of a multilevel structure filling
materials under the shallower layer realized in asphalt are detect-
able like showed in Fig. 6. Moreover, 400 MHz antenna did not
allow to identify deformation phenomenon induced in the anal-
ysed segment cause its resolution. The surveys with 900 and
1500 MHz antenna have overcome some limitations thanks their
better resolution but, obviously, the limited depth of investigation
due to attenuation and scattering phenomena did not allow to
identify the deeper pipes. Therefore, a ‘‘multifrequency” approach
is highly desirable to effectively characterize engineering issues.
At this stage, the 2000 MHz antenna did not work well, probably
for scattering phenomenon induced by the type of asphalt realized
with material with coarse grain. In the second stage, good results
were achieved with all the frequencies used that, as showed in
Fig. 8. In particular, it is notable like 2000 MHz and 1500 MHz
antennas highlighted the deformation phenomenon and cracks
characterizing the concrete slab.

Further, using equation 3 the dielectric permittivity of each
layer was calculated and the obtained values were in good agree-
ment with those indicated in [2–5,7,8,43], where for asphalt and
concrete in wet conditions the relative dielectric constant ranges
respectively between 6–12 and 10–20. Moreover, the indicated
values are in good according to those identified by [4,44]. In partic-
ular for the asphalt, where has been found a dielectric permittivity
value of 7. The higher value of dielectric permittivity was imputed
to the presence of water in the loamy sand where the segment road
was allocated that caused an increase of moisture in the upper
layers.

The 3D ERT acquired on the concrete slab allowed us to identify
more conductive zones correlated to the different water content, as
the GPR data showed; on the contrary, the concrete structure char-
acterized by rebar and inhomogeneity) was defined the electrical
high resistive zones. The depth of investigation related mainly to
the distance of the electrodes didn’t provide to have some informa-
tion about pipes but the results obtained with electrodes placed
directly on concrete are encouraging like showed by RMS error that
could be read like a quality control, always lower than 10%. In par-
ticular, the presence of the boundary between concrete and humid
conglomerate was clear as showed in the horizontal and vertical
slices showed in Figs. 11 and 12.

In EA2, GPR at the frequency of 900 and 2000 MHz identified
the existing rebar (black circles in the layer delimited by a red
dashed line in Fig. 14a) and the depth where fix the necessary
studs. In particular, the technology used to build the precast
ted panels (Panel A and B).

es in civil engineering applications: Laboratory and real test, Constr. Build.
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Fig. 14. (a) an example of GPR radargram acquired with 2 GHz antenna; (b) an example of IRT image. The blue and red circles indicate the cold and hot water pipes. (c)
Interpreted reconstruction of plan distribution of pipes for panel B. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

L. Capozzoli, E. Rizzo / Construction and Building Materials xxx (2017) xxx–xxx 11
concrete floor was characterized at the frequency of 900 MHz
while the pipes belonging to the radiant floor were detected with
the 2000 MHz antenna. Moreover to confirm and validate the
results obtained with GPR, for the analysed case, IR acquisitions
gave us excellent results in according with radargrams. Therefore,
only combined GPR and IRT results permitted to support the real-
ization of the required anchor system, because it was possible to
define the size of the plates and, in particular, the spacing of the
holes housing the dowels of the volleyball posts. In other words,
like for EX1, also in EA2 an integrated approach with multifre-
quency GPR information, subsequently validated with thermal
images, was a good tool for non destructive testing to solve engi-
neering questions.
6. Conclusions

The skill of GPR in the non-destructive testing field applied to
civil engineering structures was evaluated with real and simulated
tests in terms of depth of investigation and resolution. The test
studies were realized with the presence of high water content, clay
sand (as discussed in EA1) and multiple reflections imputable to
different engineering structures (as demonstrated in EA2). In
detail, a laboratory test has showed the importance of GPR to anal-
yse critical problems related to maintenance and monitoring of
civil engineering structures as fractures and deformation phenom-
ena. The lab experiments highlighted the importance of the choice
of the kind of antenna. The depth of penetration highlighted the
crucial role of the antenna frequency to investigate subsoil at this
frequency to localize underground utilities. Some problems are
related to difficulties to identify small fractures or embed defect
of the structure that encourage using higher frequencies character-
ized by higher vertical and lateral resolution. Therefore, the use of
highest antenna frequency highlighted fractures and voids, but the
high attenuation phenomena affected the em waves deep penetra-
tion. Moreover, the use of not-common NDT techniques, as the
innovative 3D ERTs, permitted to obtain different information on
Please cite this article in press as: L. Capozzoli, E. Rizzo, Combined NDT techniqu
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the shallow concrete structure. Although, the electrical 3D maps
were not able to detect the rebar geometries, as the GPR results
highlighted, but highlight some information on the physical char-
acteristic of the concrete panel. The results, despite the resolution
and contact problems, show the usefulness and potentialities of
the resistivity methods in the engineering field in particular to
identify and monitor humid layers and compacted zone. Finally,
the experiments have showed the skill of GPR in monitoring civil
engineering applications where different 2D and 3D acquisitions
have allowed information about positions and localizations of
pipes and defects of the investigated medium. In particular, cracks
and deformations were detected. For this reason GPR is a very
important support among non-destructive tests thanks the high
performance obtainable for detection and the ease of data interpre-
tation. To have effective information it needs to have a good cover-
ture of investigation and for this reason 3D acquisitions are
strongly preferable. The real test has demonstrated that the com-
parison of results obtained via non-destructive tests are an optimal
way to reduce uncertainties for engineering issues and increase the
knowledge level in the decision phase on rehabilitation and
restoration phases.
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