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Abstract: Corrosion is one of the pathologies that most affects the resistance of reinforced concrete.
There are numerous ancient structures still in use affected by corrosion that need proper evaluation
and remedjial treatment for their maintenance. In this sense, there has been an increasing tendency to
use nondestructive testing techniques that do not alter the reinforcement elements of such vulnerable
structures. This work presents a combined methodology by using ground penetrating radar (GPR)
and infrared thermography (IRT) techniques for the detection and evaluation of corrosion. The
methodology was applied to the case study of an old construction that belongs to the abandoned
military battery of Cabo Udra (Galicia, Spain). The combination of these complementary techniques
allowed for the identification of areas with different dielectric and thermal conductivity, as well as
different reflection patterns and intensity of the GPR waves. Thus, from the analysis of the GPR
signals and IRT images acquired, it was possible to interpret corroded areas and moisture, along
with inner damages such as cracking and debonding. These pathologies have a direct effect on the
durability and sustentation of a structure, while the knowledge of their existence might be useful for
engineers engaged in the design of maintenance works.

Keywords: reinforced concrete; corrosion; NDT; ground penetrating radar; infrared thermography

1. Introduction

Reinforced concrete structures are the most used element in civil engineering due to the advantages
they offer in versatility, resistance, and durability. However, reinforced concrete suffers deterioration
caused by different physical, chemical, and mechanical actions to which it is subjected over time. When
the concrete presents porosity, for different reasons such as its production, deterioration, aging, etc.,
an increase in the permeability of the concrete is provoked, creating channels that allow the passage
of oxygen, chlorides, or other compounds. Corrosion is one of the main mechanisms that weaken
buildings, especially in aggressive environments such as near the coast. This weakening is due to
the accumulation of oxides at the interface between steel and concrete, which affects adhesion and
generates cracking in the concrete [1]. Corrosion of the concrete reinforcements begins under the
presence of oxygen and moisture and can directly influence the reinforced concrete in three possible
ways: (1) on the concrete, (2) on the steel, and (3) on the steel-concrete adhesion. In the first phase, the
carbonation of the portlandite is produced, generating a layer of calcium carbonate, thicker and harder
than the original material. The appearance of this passivation layer exceeds the tensile strength of the
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concrete and causes cracking in the adjacent concrete to the steel. In the second phase, the depassivation
stage, the passive layer of the steel is eroded and there is a lack of section due to pitting corrosion
caused by the presence of chlorides. In the last phase, the propagation stage, the accumulation of
oxides at the interface of the steel-concrete system affects the adhesion of this system, which generates
cracking in the concrete that expands and extends towards the surface and provokes detachment
of material.

Once the process starts, the mechanical actions previously mentioned cannot be avoided [2], so
the solution to maintain the resistance and durability of the reinforced concrete structure is to have
an early detection of corrosion and its effects. However, visual inspection is only effective once the
presence of corrosion is evident from the surface of the material [3], so the only actions that may be
carried out will be repairing actions instead of preventive. There are different testing methods to
evaluate corrosion, which offer different accuracy levels and produce more or less deterioration in the
material. However, some of them have an invasive character since they require extracting samples.
Within this framework, there are different nondestructive techniques that do not alter the reinforcing
structure, such as penetrating liquids, electrochemistry, ultrasound, radiography, acoustic emission,
electromagnetic, and infrared methods [4,5]. Among these nondestructive techniques, there are several
works in the published literature that have demonstrated the capabilities of the ground penetrating
radar (GPR) and infrared thermography (IRT) techniques for the study and evaluation of corrosion [6].

GPR is a geophysical method that allows analyzing the propagation capacity of electromagnetic
waves (10 MHz-2.5 GHz) through media with different dielectric constants. The signal is reflected at
the interface between two different media with sufficient dielectric contrast. The strength (amplitude) of
the reflected fields is proportional to the magnitude of the dielectric constant change. The effectiveness
of the method has been proven on the detection and evaluation of corrosion, demonstrating that the
characteristics of the reflected signals change depending on the phase of corrosion. Initially, the velocity
of propagation of the signal is reduced due to the existence of high water contents [7]. Next, during the
expansion phase of iron oxides, the particles released from the oxidation process of the steel rebars
occupy the pores of the concrete and cause a volume increase of the steel-concrete system, producing
an increase in the amplitude of the reflected signal [8]. During this phase of migration of chlorides
and corrosion products, it can also be observed how the frequency spectrum of the reflected signal
decreases [9]. However, during the stage in which the section (or diameter) of the bar is reduced, the
amplitude of the signal reflected in the bar decreases [10] while increasing the propagation time of
the signal to the bar surface and the dielectric properties of the concrete because of the presence of
corrosive products in medium. The penetration capacity of the signal and the intensity of reflection
will decrease as the chloride and moisture content increase, as well as the concentration of iron oxides,
which will expand through the fissures and pores of the structure until signal attenuation or total loss
of information [11,12]. This fact is due to the increase in the electrical conductivity of the concrete
medium [13]. Therefore, the attenuation of the signal can be studied by attributes of the signal such as
the amplitude of reflection, frequency spectrum, velocity, and/or time of propagation of the signal and
dielectric constant of the propagation medium. However, they are influenced by the scattering of the
signal, produced by the increase in the porosity and cracking of the concrete.

Infrared thermography (IRT) is the technique that calculates the surface temperature of an element,
focusing on the measurement of the part of radiation emitted by the body, specifically, of the quantity
of radiation which is in the thermal infrared band (8-14 um). The temperature distribution in the
surface of the materials allows the detection and identification of defects and discontinuities, thanks to
their different temperatures with regard to the temperature in areas without defects. Provided that
superficial temperature comes from the heat inside the object, subsuperficial defects can present a
footprint in the surface if they are sufficiently severe or if the ratio depth/size is low; studies [14] have
shown that no defects can be detected with IRT techniques over 5 cm depth in reinforced concrete. In
addition to temperature, other superficial properties such as emissivity [15] can provoke a discontinuity
in the temperature distribution measured, making possible the identification of different materials or



Remote Sens. 2019, 11, 1705 3 0of 23

superficial defects such as rust when they are in thermal equilibrium with the surroundings because
of their different emissivity value. This technique is able to detect corrosion because corroded areas
have thermal properties (thermal conductivity and diffusivity) different from that of noncorroded steel
rebars [16], in such way that the temperature footprint in the surface where the rebars are located
could be different. In the case of cracking, the presence of air in the cracks makes the thermal behavior
of the area different from that of the concrete [17]. In the same way, the presence of water affects the
thermal behavior of the material, meaning that wet zones present a different thermal footprint than
zones without moisture. In relation to this, the detection of corrosion in pipes through IRT is frequently
linked to the detection of water in the environment of the pipe as a corrosive agent [18]. Regarding
the corrosion of reinforced concrete, laboratory studies have been carried out showing satisfactory
results studying the temperature sequences both in the time domain and in the frequency domain of
the signal of the radiation in the thermal infrared band [19]. However, most of these studies consist of
the application of thermal excitation of different types [20] that allow detecting corroded areas due to
their different response for heat transfer when compared to uncorroded steel. The thermal excitation
of the element under study limits the applicability of the technique mostly to laboratory conditions, in
such way that the methodology should be adapted in the case of outdoor scenarios [21].

The suitability of the combined use of GPR and IRT techniques has been supported by the Federal
Highway Administration of the United States for the inspection of reinforced concrete bridges [22]
due to their complementary capacity for detection of defects such as corrosion and moisture content
at different depths. In addition, the combination of these two nondestructive techniques has been
successfully used for the recognition of buried archaeological remains [23], cracks and cavities in
pavements [24], and inspection of thermal floors and pipeline configuration [25].

This paper presents a combined GPR and IRT study focused on detecting and evaluating corrosion
in reinforced concrete. The GPR method aims to investigate the effects of corrosion and its products
on the attributes of the signal (amplitude, dielectric constant, attenuation, etc.), while identifying the
existence of internal anomalies such as cracking and detachments, as well as moisture and/or mineral
salts content. On the other hand, the IRT technique is ideal to detect the presence of air (cavities,
cracking, etc.), because there is less thickness of material and consequently faster heat transfer, and
surface defects (moisture, rust, and crust of mineral salts) due to a different emissivity than concrete.
Both techniques are applied in this work for the study of a military base with important damage by
corrosion, with the objective to evaluate which pathologies are better detected by each technique, and
which require the use of both techniques for their specific identification.

2. Materials and Methods

2.1. Case Study

The case study presented in this work is located in the military base named “Battery J2 Cabo
Udra” (Bueu, Galicia, in the northwest of Spain). The military batteries are constructions that belonged
to a former defensive system of the regime of the Spanish dictatorship, which were designed to protect
the Galician coast from possible attacks or incursions by sea.

In Galicia, there are two protection zones: Golfo Artabro and Rias Baixas (Figure 1a). The zone
“Golfo Artabro” was composed of nine batteries aiming to protect the naval base of Ferrol, namely:
Monte Campelo (B-1), Cabo Prior (B-2 and B-3), Lobateiras (B-4), Pena Roiba (B-5), O Segafio (B-6),
Salgueira (B-7), Monte San Pedro (B-8), and Monticafio (B-9). The second, “Rias Baixas”, was composed
of other four batteries placed at the entrance of the estuary: O Grove (J-1) at the entrance of Ria de
Arousa, Cabo Udra (J-2) at the entrance of Ria de Pontevedra, and both Monteferro (J-3) and Cabo
Silleiro (J-4) at the entrance of Ria de Vigo.
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Figure 1. (a) Location of the military batteries in Galicia (northwest of Spain), (b) J-2 battery in Cabo
Udra (map images © 2019 Google, National Geographic Institute), and (c) exterior of the battery

covered by vegetation.

The batteries of the “Rias Baixas” were built in the 1930s. As seen in Figure 1b, the battery under
study, J2 Cabo Udra, is located approximately at 200 m from the sea (geographic coordinates ETRS89:
Longitude 8°5073.1214”W and Latitude 42°20°22.0622”N). The structure is composed of brick walls and
a 20-30 cm thick reinforced concrete roof. It is 6 m X 4 m long and wide, respectively, which presents
an internal configuration of two spaces separated by a narrow wall and an entrance space with no
door (see Figure 2¢c). The battery of Cabo Udra was selected because of the visible deterioration of
the structure, including faults in reinforced concrete, such as fissures, cracks, and detachments of the
coating, as well as rebar corrosion, most probably caused by carbonation and a higher concentration
of chlorides.

For an exhaustive evaluation of the state of conservation of both reinforced concrete and structure,
two complementary nondestructive techniques were combined: GPR and IRT (Figure 2a,b, respectively).
As shown in Figure 2¢, different measurements were acquired through the inner roof surface of the
building. The orange lines show the areas surveyed by both GPR and IRT. Data acquisition was
performed in the morning, with the incident radiation of the sun increasing during the survey.
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Figure 2. Instruments used for the study: (a) 2.3 GHz ground penetrating radar (GPR) antenna,
(b) infrared thermography (IRT) camera and (c) location of the GPR profiles (P1 to P6) through the
prospected area (panoramic view of the roof surface).

The profiles have been chosen according to the observed pathologies explained in Table 1.

2.2. GPR Data Acquisition and Processing

The GPR study was carried out with a ProEx system from the company MALA Geoscience (Mal4,
Sweden). A high frequency antenna of 2.3 GHz (Figure 2a) was used, with a penetration depth (under
ideal conditions) of approximately 40 cm and a spatial resolution of 1-2 cm.

Six profiles were acquired in different areas through the roof of the structure (Figure 2c). The
objective was to detect rebar corrosion while evaluating its origins and conditions, as well as to analyze
associated pathologies such as cracking, fissures, moisture, etc. The profile lines (data collection) were
acquired by moving the antenna perpendicular to the direction of the rebars.

The data acquisition parameters selected were: trace interval distance of 1 cm and total time
window of 14 nanoseconds (ns) composed of 292 samples per trace. To measure the profile lengths,
and to control the distance between traces, a tape measure was used as a guide (Figure 2a).
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Table 1. Description of the test site and GPR profile lines acquired.

GPR Profile

Length Description Image

Zone without pathologies used as

Im
a reference

Zone with high presence of
Im moisture, fissuration, delamination,
and calcium carbonate salts

Moisture, fissuration, delamination,

I'm rust, and calcium carbonate salts

Fractures, cracks, concrete
Im detachment, spalling, corroded steel
rebars, and calcium carbonate salts

Moisture, concrete detachment,
Im spalling, corroded steel rebars, rust,
and calcium carbonate salts

Moisture, concrete detachment,
0.8m spalling, corroded steel rebars, and
calcium carbonate salts
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Before interpretation, the GPR signals received were processed with ReflexW software (version
8.5.7, Sandmeier geophysical research, Karlsruhe, Germany) [26] using the processing sequence
described in Table 2. This filtering aimed to eliminate possible noise or interference with the signal, as
well as to amplify the received signal (Gain Function) in order to mitigate possible losses or attenuations.
To suppress the continuous component, a vertical or temporal filtering was applied (Subtract-DC-Shift),
which allowed obtaining and eliminating from each trace an average value based on the low energy of
the last part of the wavelength. A horizontal or spatial filtering (Subtracting average) was also applied
to remove horizontal continuous low frequency reflectors, which allowed estimating and removing an
average value of all the traces in a time window. Next, a bandpass filter (Butterworth) was used to
remove both low- and high-frequency noise in the vertical and horizontal directions.

Table 2. Filters used for GPR data processing.

Filters Parameters
Subtract-DC-Shift Time window: 9-12 ns
Gain Function (Linear Exponential) Linear: 1 & Exponential: 1
Subtracting average Traces: 250
Bandpass (Butterworth) Low cut: 500 MHz & High cut: 5000 MHz

2.3. IRT Data Acquisition and Processing

The thermographic inspection was performed by a human operator, using a thermographic
camera NEC model TH9260 (Figure 2b). This device has an UFPA sensor (Uncooled Focal Plane Array;,
or uncooled sensor) size 640 X 480 and a field of view of 21.7° in horizontal and 16.4° in vertical.
Nominal sensitivity is 0.06 °C. To measure the real temperature accurately, it is necessary to compensate
the effects of different sources of radiation that introduce an error in the temperature readings of the
termographic camera regarding the real temperature of the body. Some examples are: (i) the reflection
of accidental radiation on the object increases the radiation received by the camera from the object,
since the camera measures reflected and emitted radiation both as emitted; (ii) all radiation from the
object (either emitted or reflected) is absorbed by the atmosphere, in such way that there is a small
reduction on the temperature measured by the camera regarding the real temperature of the object. In
addition, it is necessary to introduce the variability of the surfaces under study in the computation of
temperature, which is done by means of the emissivity parameter. Emissivity stands for the ratio of
radiation emitted by a body regarding the total radiation exiting from it. Thus, for the same ambient
conditions, the thermographic camera measures different temperature values for the different objects
under study, if their surfaces are different. However, the emissivity accounts for the condition of the
superficial layer of the object under study, and can be considered as uniform in situations like the study
area, where all the structure is made from the same material. For this reason, the thermal images are an
image of apparent temperature, which is a noncompensated reading, where the emissivity is set to 1.0
and the distance to 0 meters in such way that the measurement contains all the radiation incident on
the instrument. The apparent temperature allows one to carry out a qualitative technique, analyzing
thermal patterns and anomalies in the image. The apparent temperature approach was chosen to
enable the identification of pathologies such as mineral salts, rust, and biological activity as areas with
different temperature even in homogeneus temperature conditions, due to their different emmissivity.

The study area was at an ambient temperature of 16 °C, with a relative humidity close to 70%.
Regarding the distance of 1 meter between the camera and the study profile, it was necessary to acquire
two to three thermal images per profile, with a horizontal overlap of 10-30%. This overlap is required
for the integration of each profile-image in one unique image for a complete visualization of each
profile, so that missing defects appearing partially in different images is avoided: overlapping areas
allow for the identification of common features between images. Two reflective targets have been
placed at the ends of the tape measure to facilitate the identification of corresponding points between
the thermal images, as well as the association between the thermal images and the GPR profiles.
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The thermographic study was made with a two-fold approach: on one hand, the temperature
profile of each image was studied in order to identify the presence of pathologies based on the
temperature anomaly they imply. On the other hand, each image was subjected to a filtering process,
as in [27], for the delimitation of the pathologies in the image, focusing on their two dimensions. This
process is based on two assumptions:

Temperature in the moist area is either lower or higher than temperature in the surroundings,
due to the higher thermal inertia of water that slows down the processes of heating and cooling in
comparison with the same processes in dry materials.

A thermal image with a pathology presents a pseudobimodal temperature distribution (Figure 3),
which is a combination between a Gaussian and a bimodal Gaussian distribution. This temperature
distribution presents two peaks, one corresponding to the “healthy” area, and one generated by the
“pathology” area.

Healthy area Temp. Distribution 1
= healthy area

28473
«w 19356 { Temp. Distribution 2
§ | | = pathology
& 1297 HiHH
°
2 ‘ LY
| I
oL [l I

191 197 202 208 214 218 225 230 236

Temperature (°C)

Pathology

Figure 3. Example of pseudobimodal temperature distribution presented by thermographic images
where a pathology is present.

Taking these assumptions into account, a self-developed code is applied to the images for the
automatic detection and delimitation of moisture areas. The code evaluates the temperature distribution
of each images, analyzing the number and position of the peaks. Then, the overlapping point between
Gaussian curves is calculated, and the temperature value of the point is established as threshold
between “healthy” and “pathology” areas. The threshold allows the definition of pixels as “contours”
of the pathology area, which are consequently highlighted for the pathology delimitation.

3. Results and Discussion

3.1. GPR Imaging and Data Interpretation

The condition of rebars and concrete are defined by the analysis of the signals received, the
velocity of signal propagation and other properties or attributes of the signals including amplitude,
attenuation, and signal polarity. The purpose was to identify and classify deteriorated areas, namely:
concrete detachment or debonding, moisture, rust, or high mineral salts content, as well as voids
beneath detached concrete.

Several different types of graphics are shown in the following figures. Though the total time
window is near 13 ns, we select just the first 128 samples of each trace, around 6 ns, where all the
relevant features are placed. Figure 4a shows an example of a trace, where the 0 to 6 ns range has been
highlighted in red. The table in Figure 4b provides information about some of the peaks detected in
the selected range using the findpeaks function in Matlab. For each peak, its travel-time distance, as
well as the position and value of the particular peak sample are shown. These peaks are also marked
in green in Figure 4a. Figures 5-10 show, for each of the six GPR profiles considered: (a) a 2D grayscale
radargram, (b) a colorscale 2D map of the one-sided amplitude spectrum of the radargram, (c) the
2-norm of the amplitude (normalized), and d) a 2D plot of the most relevant amplitude peaks in a
profile (either negative, depicted in blue, or positive, in red) detected using the findpeaks function
in Matlab.
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In order to obtain these graphics, we take as input the processed GPR data (Table 2), except for
the graphic d, in which the data was only corrected for continuous component (DC). For the 2-norm of
the amplitude graphic, an N-dimensional vector with the 2-norm of each of the N traces in a profile is
computed. Then, this vector is normalized, dividing by its maximum, and the result is depicted (in
blue). A moving average with window size N/20 is also depicted (in red). In order to select the most
relevant peaks to be plotted in graphic (d) we use a thresholding strategy: the log2 of the absolute
value of each peak is computed and when this value is greater or equal to a predefined threshold, the
peak is depicted in the graph. We use seven as the threshold value in all the figures, as we empirically
found that it provides a good tradeoff between the number of peaks represented and their relevance.

Amplitude profile 4 trace 50 (raw) |————————- Peaks ———————— |
4000 F ' ' ' ' ' ' 1 | |
| time | sample | value |
3000 - | |
| 0.10 | 2 | 42.00 |
| @.29 | 6 | 13.00 |
2000 + | 0.76 | 16 | -316.00 |
| 1.19 | 25 | -1399.00 |
3 1000 | | 1.38 | 29 | 3788.00 |
2 | 1.62 | 34 | -2712.00 |
g | 2.05 | 43 | 1322.00 |
< 0 9 | 2.19 | 46 | -1108.00 |
| 2.43 | 51 | 2011.00 |
| 2.62 | 55 | -627.00 |
-1000 | 2.81 | 59 | 522.00 |
| 3.00 | 63 | -418.00 |
-2000 | | 3.52 | 74 | 170.00 |
| 3.90 | 82 | -45.00 |
‘ ) ‘ ‘ , ‘ | 4.19 | 88 | -64.00 |
0 2 4 6 8 10 12 | 4.38 | 92 | 145.00 |
Time [ns]
a) b)

Figure 4. (a) Trace plot where range 0-6 ns has been highlighted in red and peaks marked in green;
(b) table showing the information (travel-time distance, sample number, sample value, amplitude)
related to some of the peaks in the plot.

To facilitate the rebar identification, during the GPR data acquisition, the antenna was moved
perpendicular to the longitudinal axis of the rebar. Thus, the cross section of such rebar is a circle that
provides a hyperbolic reflection in the radargram [28].

Table 3 presents the amplitude values and travel-time distances computed with the findpeaks
function for the most relevant peaks associated with the hyperbolic reflections obtained by each GPR
profile line.

Figure 5 shows the GPR data obtained for profile 1, the nondamage area, highlighting the five
hyperbolic reflections (H1 to H5) produced by the rebars located in such area. It is easily observed
that rebars are characterized by prominent hyperbolic reflections with a stronger amplitude spectrum
(Figure 5c), as well as its positive signal polarity (see Figure 5d and Table 3). Moreover, the reflections
from the rebars and the base concrete are seen to be at a time-depth of ~2.25 ns and 4 ns, respectively.
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Figure 5. Graphics obtained for GPR profile 1 and interpretation. The five hyperbolic reflections (rebars)
produced in this profile line are indicated in graphs (a—c) as H1 to H5. The red circles in (d) represent a
positive polarity of the reflections produced by the rebars.

Regarding profile 2, the hyperbolic reflection number 7 presents a stronger amplitude spectrum
(Figure 6b) and higher amplitude value (Table 3), which is most certainly produced because it is a
nearly open-air rebar (see Table 1), at a travel-time distance of 1.86 ns. On the other hand, the reflections
number 3, 5, and 6, at a travel-time distance of ~1.9 ns, present reverse polarity (Figure 6d and Table 3)
that could be associated to the presence of voids beneath detached concrete (Table 1). Finally, the
rebar reflections number 4 and 8 are registered at larger travel-time distances, 2.33 ns and 2.57 ns,
respectively, which is produced by an increase on the dielectric constant in the upper media due to a
higher level of moisture [29]. It is important to mention here that when a rebar is corroded, corrosion
infects the surrounding concrete, causing a severe change in the actual dielectric properties of the
upper media of concrete. This leads to a decrease on the propagation velocity in the upper media.
Thus, it is possible to observe how the reflection produced by the base concrete presents an increase on
the travel-time distances registered, which extends from rebar 4 to rebar 8.
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Figure 6. Graphics obtained for GPR profile 2 and interpretation. The olive-green rectangles in
(a—c) represent voids or delamination and orange rectangles indicate open-air rebars. The red circles in
(d) represent a positive polarity of the reflections produced by the rebars, while the olive-green circles
represent a negative signal polarity due to the presence of voids.

Regarding profile 3, there is a nearly open-air rebar (H4), at a travel-time distance of 1.9 ns,
showing a stronger amplitude spectrum (Figure 7b). Observing Table 1, this area presents severe
concrete detachment and signs of moisture corresponding to lawn green rectangles in Figure 7d, while
showing negative signal polarity (Figure 7d). As a consequence, the reflections produced by rebars 1, 3,
5, and 8 present lower amplitude values, or attenuation, (Table 3) and larger travel-time distances (2.76,
2.90, 3.00, and 3.09 ns, respectively). Furthermore, the hyperbolic reflection H7 recorded at trace 77
(2.05 ns) shows a reverse polarity (Figure 7d and Table 3), most certainly produced by the presence of a
void or debonding in the concrete. Finally, it is possible to note an increase in the travel-time distances
registered for the base concrete reflection, in comparison with profile 1, due to the higher moisture
shown in profile 3.
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a) Profile 3 Amplitude spectrum profile 3
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Figure 7. Graphics obtained for GPR profile 3 and interpretation. The olive-green rectangles in
(a—c) represent voids or delamination and orange rectangles indicate open-air rebars. The red circles in
(d) represent a positive polarity of the reflections produced by the rebars, while the olive-green circles
represent a negative signal polarity due to the presence of voids and lawn green rectangles correspond
to moist areas.

In profile 4, there is a general increase in the travel-time distance produced by the detachment and
moisture content externally observed (see Table 1). Figure 8d displays three different zones showing
a complex reflections pattern with negative signal polarity (lawn green rectangles), which are most
probably caused by a higher water content in these areas. Thus, as shown in Table 3, the reflections
produced by rebars 2 (H2) and 4 (H4) present lower amplitude values in comparison with rebar 5 (H5),
which is the one presenting a nondamage behavior. Moreover, the reflections H2 and H4 registered
larger travel-time distances (3.14 and 3.48 ns, respectively) than H5 (2.33 ns). Observing the reflection
generated from the base concrete, the travel-time distances are larger (~ 4.5 ns) from H1 to H4, and
lower (~ 4.0 ns) in the H5 area. Finally, concrete debonding, and subsequent spalling or fissuration,
was identified over rebars 1 (H1) and 3 (H3).
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Figure 8. Graphics obtained for GPR profile 4 and interpretation. The orange rectangles in graphs
(a—c) indicate open-air rebars, while the lawn green arrows in (a) correspond to moist areas and the
olive-green arrows are associated to detachment. The red circles in (d) represent a positive polarity
of the reflections produced by the rebars, while the lawn green rectangles represent a negative signal
polarity associated to moist areas and the orange rectangles correspond to open-air rebars.

Concerning profile 5, the hyperbolic reflections produced by rebars 1 (H1) and 2 (H2) show
more prominent reflections (Figure 9a) and stronger amplitude spectrum (Figure 9b) corresponding
to concrete detachment and nearly open-air rebars (1.81 and 1.86 ns, respectively). On the contrary,
despite rebars 3 (H3), 4 (H4), and 5 (H5) being superficial open-air rebars, they present more attenuated
signal reflections (see amplitude values in Table 3) and lower amplitude spectra, which most probably
indicates the presence of corroded rebars with a significant loss of section (mass loss) produced by
a higher content of mineral salts in this area. In addition, severe concrete spalling or fissuration is
observed before this corroded area (Figure 9a,b).

Finally, profile 6 shows prominent reflections (Figure 10c) and a stronger amplitude spectrum
(Figure 10b) for the open-air rebars 2 (H2) and 4 (H4); whereas rebars 1 (H1) and 3 (H3) present more
attenuated signal reflections (see amplitude values in Table 3) and lower amplitude spectra, which
could be connected with a higher mineral salts content in this area (see Table 1) and the loss of section
typically associated to corroded rebars.
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zone with high salt concentration, while the lawn green arrow indicates higher moisture. The orange
rectangles in (a-c) indicate open-air rebars. The red circles in (d) represent a positive polarity of the
reflections produced by the rebars, while the lawn green rectangle represents negative polarity due

to moisture.
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Table 3. Amplitude (A) values and travel-time distances (twt) measured on the traces where the main
focuses of the hyperbolas were registered. The numbering of the hyperbolic reflections (H) and the

colors are in concordance with those in Figures 5-10.

H 1 2 3 4 5 6 7 8
Trace 1 30 48 68 86
Peak1 —1732 1603 —1869 -2329 —2188
Profile 1 A Peak2 2883 3016 3153 3285 3198
Peak3 1269 1216 -1391 -1512 —1577
Peak1 209 209 209 205  2.09
twts) peak2 228 228 224 224 224
Peak3 243 248 243 243 243
Trace 6 28 38 16 60 72 81 99
Peak1 3271 3801 QEI020 —1107 (018070 i001 " 7482 923
Profile 2 A Peak2 5743 5735 [US1008W 2100 [UE22000=249200 6480 2387
Peak3 2637 2924 66700 836 [I9S2NN255000 3270 1239
Peak1 181 176 [POISTN 205 [ISIIZ60 166 243
tWt(s) peak2 200 1.95 1.95 2.33 1.95 1.90 1.86 2.57
Peak3 219 214 |2 257 [D2E20500 205 276
Trace 3 17 30 47 67 77 85 98
Peak1 690 1699  —423 | 3748 741 [I98600 1892 788
Profile 3 A Peak2 1645 3491 1019 | 4155 @ 1216 [WE27220 3636 1055
Peak3 790 1567  —400 | =1778 | -713 [27490N 1467 495
Peak1 257 181 271 [ 171 | 276 [OI7Z60N 185 2.9
twt(s) peak2 276 1.95 2.90 1.90 3.00 1.95 2.05 3.09
Peak3 295 214 314 | 209 @ 319 [N20900 224 333
Trace 18 36 50 63 82
Peak1 | =2401 734 —1108 711  —1412
Profile 4 A Peak2 | =2015 1175 2011 745 2610
Peak3 | 2110 -845 627 284  —928
Peak1 | 162 295 219 328 214
tWts) peak2 181 314 243 348 233
Peak3 | 200 333 262 362 252
Trace 12 28 52 67 83
Peak1 —6486 5411 6126 5534 —6145
Profile 5 A Peak2 5830 5037 3038 3706 3759
Peak3 2982 2687 —1079 —1982 2234
Peak1 162 162 152 15 152
twt(ns) “peak2 181 186 171 167 771
Peak3 200 200 18 186 186
Trace 18 30 53 67
Peak1 5827 8614 3748 —8369
Profile 6 A Peak2 3674 8389 2778 7431
Peak3 1403 4962 588  —3937
Peak1 | 157 162 157 = 157
twt(ns) peak2 181 176 190 176
Peak3 | 205 195 209 190
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3.2. IRT Data Interpretation

Temperatures along the roof of the military battery vary between 18 and 24 °C, according to the
ambient temperature during the survey, and the heating provoked by the direct radiation of the sun on
the outer surface of the wall under study.

In order to determine the presence of pathologies in the areas under study, a temperature study
was performed, based on the temperature distribution of the profile lines measured with the GPR
antenna (Figure 11). This way, a direct correlation between temperature and GPR signal attributes can
be made.

In this case, the thermal print of corroded bars on the surface of the roof is covered by the effect
of moisture, rust, and delaminations on the most superficial layer of the roof. Profiles 1 and 3 show
constant temperature with different absolute values. This implies that either there is no anomaly, or the
whole image covers an area with pathology. Correlation with the GPR interpretation (Figures 5 and 7,
respectively), and focusing on the temperature difference, the temperature value of profile 1 (21.0 °C)
corresponds to the “healthy” material, while the temperature value of profile 3 (21.5 °C) belongs to
continuous moisture. That is, the area covered by profile 3 is completely moist. This temperature
difference in moist materials is caused by the higher thermal inertia of water, which slows down the
cooling process occurring during the night.

The temperature evolution of profile 2 presents a continuous temperature increase from the first
third of the profile. This increase corresponds to detachment in the area, plus the effect of moisture.
Detachments appear as an area with higher temperature due to the reduced thickness of the roof in the
area where the material is lost and due to the presence of air between the roof and the material pending.

Profile 4 presents two different pathologies, whose effects are more important and visible in
different areas. At the beginning, the temperature increase after a sudden temperature reduction
corresponds to the presence of detachment, while the last part of the profile presents a deeper
temperature increase, caused by the addition of the effect of moisture. This coexistence of pathologies
can lead to the correlation of moisture with the detachment in such way that the first is unequivocally
the cause of the second.

The temperature evolution in profile 5 also presents the combined effect of detachment and
moisture, appearing as a continuous and steep temperature increase. In addition, there is a sudden
temperature peak at the end of the profile that corresponds with the presence of mineral salts. These
last pathologies are distinguishable due to their high reflectivity (low emissivity), that provokes a
temperature peak without a constant evolution, neither before nor after its presence.

The same happens in profile 6, where mineral salts are found at two positions of the profile. In
addition, at the end of the profile, the presence of detachment can be detected with a temperature
increase, with a more continuous and smooth transition from the healthy parts than in the case of the
mineral salts.

Further analysis is performed for the pathologies detected, with the aim at delimiting the area
affected. For the study, the overlapping point between the two Gaussian distributions of each image is
calculated and used as threshold for the classification of pixels as “pathology” or “nonpathology”.
Results obtained are shown in Table 4. According to the results obtained, the self-developed code for
the delimitation of pathologies is very useful for the definition of the most important pathology, in
terms of extension. Thus, it is not possible to automatically delimit smaller defects such as mineral
salts. The code works with the temperature values and provides the result of the area of the pathology
but does not modify the thermal image.
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Table 4. Delimitation of pathologies and interpretation. Humidity is detected by its lower temperature
regarding the environment, due to its higher thermal inertia. The delimitation is shown with a white
line, placed on the original thermal image.

PROFILE IMAGE1 IMAGE 2 INTERPRETATION

—2i1c
— 28C
— 216C
— 214C

X No pathologies are detected nor
Profile 1 E delimited
—21c
—218C
_2*°  Delimitation of detachment and
aic  moisture. The pathologies are
Profile 2 2sc considered as one, no
o'°  differentiation is possible
x2c between them
198C
187¢C
— 230C
— 228C
— 28C
23c
21c
Profile 3 asc Constant moisture
27¢c
214C
22C
20C
2208C
: — u0C
. — 24c
. — 23c
— 23C
Profile 4 o»c Moisture + detached areas in the
xsc surroundings of the profile
21C
185C
180C
184C
Image 1—moisture
~ 2 Image 2—border of the concrete
: _2sc  detachment, caused by the
- | -=zc  moisture detected.
Profile 5 52 o+ The contour of the mineral salts
=4 asc  cannot be detected with the
! o methodology, due to their low
4 wc  importance regarding the
wc number of pixels in comparison
with the moisture
»c  Image1, 2—borders of concrete
»sc  detachment, caused by moisture.
2 Again, the contour of the mineral
218C .
Profile 6 wac  salts cannot be detected with the

asc methodology due to their low
o importance regarding the
we  Dumber of pixels in comparison

wsc with the detachment
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3.3. Joint Interpretation of Both Techniques

One of the main objectives of this study was to analyze the complementary combination of both
GPR and IRT nondestructive methods. Thus, the results obtained with both techniques were compared
in terms of their capabilities to identify anomalies or pathologies that exist in the profile lines under
study (Table 1).

Observing the real image of profile 2 in Table 1, this zone presents two main areas with fissuration,
moisture, loss of material, and visible bars. In the corresponding radargram (Figure 6), eight hyperbolic
reflections were identified: five were interpreted as bars while the other three were interpreted as voids
beneath detached concrete, the latter interpreted via reverse polarity. Rebar 4 (at the middle of the
radargram) and rebar 8 (at the end of the radargram) were registered at larger travel-time distances
most certainly due to higher moisture or corrosion products in such areas that decrease the velocity of
propagation of the signal. In the thermographic image, there is variation in the temperature values
in the central zone, delimiting the area of detachment and moisture (Table 4) because they offered
discordant values with the environment of 0.3 °C.

The GPR data produced by profile 3 reveals higher moisture along this entire zone, as well as a
central area showing concrete detachment (Figure 7). The thermal image shows only the presence of
moisture represented with higher temperature (0.5 °C more than the healthy area in profile 1). The
lack of identification of detachment in profile 3 with IRT is because the footprint of moisture is more
important and covers the identification of any other present pathology.

In profile 4, the thermal image shows the combined effect of detachment (in all the image) with
additional moisture (in the second half of the image). The GPR data reveals severe detachment over
rebars 1 and 3 (Figure 8), while the other hyperbolic reflections were registered at larger travel-time
distances, indicating higher moisture.

Regarding profile 5, the real image in Table 1 shows a zone divided into two different areas: the
left part presents higher moisture and rust, while the right part presents loss of material and visible
rebars. The study of the thermal image indicates that the temperature difference between the left and
the right part is 1.5 °C, with much lower temperature on the left, because it has greater thickness
of material. This implies the presence of detachment and moisture on the left side of the image. In
addition, a sudden temperature peak towards the end of the profile can be assigned to the presence of
mineral salts, with high reflectivity that provokes an apparent immediate temperature increase. With
respect to the GPR data, although the left part of the profile presents material, the rebars appear closer
to the surface because of detachment, whereas the reflections produced by the visible rebars show
severe signal attenuation, instead of the expected higher amplitude, which could be caused by the
higher conductivity of salt solutions.

In profile 6, there is a central island of material surrounded by severe detachments (see Table 1).
At the beginning of the thermographic profile (Figure 11), the presence of two sudden temperature
peaks reveals the presence of two accumulations of mineral salts. These zones appear at 1 °C more
than the rest. Observing the GPR data in Figure 10, these zones correspond with hyperbolas 1 and 3,
showing apparent signal attenuation due to the presence of mineral salts.

Table 5 presents a summary of the pathologies found in the study and the effect they produce on
the GPR signal and the thermographic images.



Remote Sens. 2019, 11, 1705

20 of 23

Table 5. Behavior of the GPR signal and the apparent temperature for each pathology.

Anomalies

GPR

IRT

Visible rebars

Higher amplitude values
Higher amplitude spectrum

Higher temperature than
its surroundings

(corroded material)

- Lower velocity of propagation

- Higher dielectric constant

- Higher amplitude values (in medium)
- Signal scattering

- Signal attenuation

- Lower/higher temperature due to
higher thermal inertia (sunrise/sunset)
- Gradual change related to
water content

Moisture

- Higher temperature because the
reflectance increase

- Sudden temperature change, adjusted
to the borders of the crust

- Severe signal attenuation
- Lower amplitude values
- Lower amplitude spectrum

Mineral salts

- Temperature more similar to exterior

- Hyperbolic reflections near the surface
temperature because the heat has less

- Higher amplitude values

Detachments _ Higher amplitude spectrum wall thickness to go through
.g p . P . (lower/higher temperature than the
- Higher velocity of propagation healthy area)
- L litude val
oweramp uce vaes - Higher temperature due to the high
Voids - Lower amplitude spectrum

) thermal conductivity of air in the void
- Reverse polarity

4. Conclusions

The analysis of the GPR signals allowed us to identify corroded rebars, detachment, or fissuration
and voids beneath detached concrete, as well as to define areas having higher moisture and/or mineral
salts content. Thus, open-air rebars (corroded material) show more prominent reflections and stronger
amplitude spectrum than embedded rebars (uncorroded material). In the case of voids in concrete, the
hyperbolic reflections obtained present lower amplitude spectra and reverse polarity in comparison
with the hyperbolic reflections produced by rebars. Nonvisible rebars showing hyperbolic reflections
near the surface and higher amplitude spectra seems to indicate detachment in concrete, and the
travel-time distance decreases because the velocity of propagation of the signal in the air is faster. A
higher velocity of propagation implies a lower dielectric constant in the medium. Additional, signal
attenuation can be associated to delamination or detached concrete. This is because the dielectric
contrast between media is much larger in concrete—steel interfaces than in concrete—air interfaces. A
higher dielectric contrast means a higher strength of signal reflection. On the other hand, an increase of
the travel-time distance suggests signs of moisture, which is caused by a lower velocity of propagation
or higher dielectric constant in the medium. The presence of moisture is also interpretable due to the
signal scattering and the higher amplitude in the surrounding media. It is important to mention here
that the concrete-water interface has higher dielectric contrast than the concrete—air interface and,
subsequently, stronger reflection. As a consequence, the deeper reflection produced by rebars presents
more attenuated signal reflection. Finally, it was also possible to differentiate the effects of the mineral
salts on the GPR signals. Salts have high conductivity which produces severe absorption of the signals.
Zones with a significant content of mineral salts can be easily recognized by much lower amplitude
spectra and very smooth reflections.

The IRT shows the areas with detachment of material, moisture, and biological activity, from
the interpretation of their thermal fingerprint and the temperature profiles, as well as identifying the
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transition zones between different pathologies. In addition, the study of the temperature distribution
allows the delimitation of areas with pathologies, especially those with big extensions, such as
moisture and detachment. The apparent temperature allows identifying anomalies in the images,
associating low anomalous values to areas with moisture and detachment, and very high values to
efflorescence. In the first case, the reason is that the areas that accumulate water inside have more
thermal inertia; in the second case, the cause of the temperature increase is that the concentration
of salts presents lower emissivity (higher reflectivity) than the concrete with and without moisture,
which makes the efflorescence appear at a higher temperature. The detection of the salt concentration
pathology is possible due to the performance of the inspection with apparent temperatures instead of
emissivity-corrected temperatures, since the difference of efflorescence with the surroundings is mainly
due to emissivity and not to a lack of thermal equilibrium. The radiation of the sun on the opposite
surface is more direct as it approaches noon than early in the morning, so the areas where there is
detachment of material and less thickness are at higher temperatures for the day and are cooler at night.
The profiles that are close to a window have temperatures closer to the outside of the construction
than those that are more inside the battery, since air renewal occurs more frequently, not allowing the
accumulation of cold air and the consequent cooling of the walls.

The joint interpretation of both GPR and IRT data confirmed the independent interpretations
provided, which allowed for a better understanding of the behavior of the GPR signals (e.g., with IRT it
was possible to confirm when the signal scattering was produced by delamination or when the signal
attenuation was produced by higher moisture or mineral salts content).

Regarding the GPR data processing and interpretation, follow-up works include the use of GPR
phase analysis techniques [30] as an additional tool for the identification of cavities in corroded concrete.
We also plan to explore the use of time-series clustering algorithms [31] to analyze profile traces in
order to automate the identification and categorization of key features (such as cavities, rebars, and
moist areas).

The main efforts in the IRT data processing will focus on the improvement of the self-developed
methodology for the delimitation of more than one pathology in each image. For this, the assumption
of pseudobimodal temperature distribution will have to be changed. In addition, current efforts are
being made on the design of a methodology based on SVM (support-vector machine) for the automatic
determination of moisture and other similar pathologies, such as thermal bridges [32].

The combination of both techniques will be further exploited for the quantitative characterization
of the pathologies detected, in such way that their depth and extension can be determined.
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