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Abstract

This study will propose the utilization of active infrared thermography with microwave excitation for the identification and
assessment of reinforcement bars in concrete structures. In the first stage, an numerical modelling approach will be
presented. Prepared numerical model is composed of a microwave source, a broadband antenna and a concrete structure
with a selected arrangement of reinforcing bars. Numerical modeling will be used to determine the optimal measurement
methodology. The numerical results will be then validated through an experimental approach.

1. Introduction

Reinforced concrete has been a generally prevalent construction material for more than a century, despite the
fact that structures made of this material frequently experience various forms of damage and deterioration as a result of
diverse causes and exposure circumstances. Consequently, building code regulations necessitate regular inspections in
most countries. Typically, these tests should be performed once the concrete has solidified and without causing any harm
to the structure. Therefore, nondestructive testing procedures (NDTs) are frequently employed for this assessment.
Reinforced concrete testing encompasses various crucial features that hold practical significance:

e Evaluating the measurements of structural components and identifying any damage or imperfections, such as empty
spaces, fractures, and foreign materials. The most widely used non-destructive testing (NDT) methods include
ultrasonic sensors and ground penetrating radar [1 - 9]. Both methods exhibit high speed and reliability, but, the
outcomes acquired are challenging to comprehend. Active and passive thermography can be utilized for examining
the internal composition of concrete. However, in practical applications, these techniques are primarily employed for
identifying surface faults or plaster problems, as they have some limits [9, 10].

e Assessment of the location and corrosion reinforcement. The most suitable options in this case are electromagnetic
techniques, including radiography (a highly effective but challenging and hazardous method for operators) [11 - 14],
eddy current sensors (a promising method that enables both detection and identification of reinforcement) [15 - 17],
and impedance tomography, which, unlike the aforementioned methods, requires direct contact.

e Moisture evaluation. The most often employed techniques include impedance tomography [18 - 20], thermography,
and several chemical approaches.

Active thermography requires the use of an external energy source to create a temperature contrast within the
examined material. Conventional heating technologies, such as halogen lights, flash lamps, infrared radiators, and hot air,
are often ineffective for heating big concrete structures. Our work suggests the utilization of microwave heating. In literature,
microwave heating is mostly employed to expedite the curing process, decontaminate cement, and facilitate concrete
drilling or melting. In this study, we suggest the utilization of microwaves as the energy source for infrared thermography.
The primary benefit of microwave heating lies in its volumetric nature. This approach is characterized by its rapidity, as a
specific volume of the specimen is heated instantaneously. Conversely, for this unconventional energy source, the heating
ratio relies not only on the thermal characteristics of the material, but also on certain electrical qualities. Furthermore, a
noteworthy occurrence is withessed when microwaves interact with metal. The heating process is significantly restricted
due to the exceptionally small value of the penetration depth. This phenomena will be illustrated in both numerical
simulations and experiments.

Our previous investigation in this topic [21 — 24] include the research on the structures with a single steel rebar
using both — numerical and experimental approaches, as well as the sole experimental approach to the multiple rebars
structure, including the analysis of the influence of the diffraction and the interference phenomenon on the heating patterns
observable at the sample surface. In this study we would like to present the extensive numerical approach to the more
complex system of several rebars in the concrete structure. The analysis of the temperature change dynamics will be
presented. The results will be validated by the experiments.
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2. Materials and Methods

In this section, we present the numerical models and the utilized experimental setups. The numerical
analysis was performed using the finite element method (FEM) in a COMSOL computing environment
(https://lwww.comsol.com/). In the subsequent section, all the elements of the designed numerical models

are presented.

21. Numerical models

The numerical models were designed with a broadband horn aluminium antenna and a concrete block including
eight steel reinforcing bars (Fig. 1). The dimensions of the block were slightly decreased compared to the actual object
tested in the experiment. However, it was decided to simulate the object using multiple reinforcing bars to examine potential
alterations in the temperature distribution caused by the presence of numerous steel objects within the concrete block. The
modeled concrete block had dimensions of 800 x 800 x 65 mm. Each steel rod had a diameter of 12 mm and the distance
between the centers of the rods was 100 mm. The thickness of the concrete cover above the bars on the antenna side

was 15 mm.
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Fig. 1. Elements of the geometry utilized in the numerical modelling. (a) the broadband horn antenna, (b) the
concrete block with steel reinforcement bars
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Fig. 2. The model geometry

Figure 2 depicts the entirety of the geometry that was examined. As depicted, computations were performed on
half of the entire geometry. This action was taken due to the presence of symmetry in the current configuration of the
system. The sample was placed at a distance of 40 cm from the antenna. An air-filled sphere was placed around the
sample. Three scenarios were examined during the numerical analysis (Fig. 3):

e The sample located in front of the antenna at an angle of 0° (Fig. 3 (a))
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e The sample located in front of the antenna at an angle of 30° (Fig. 3 (b))

e The sample located in front of the antenna at an angle of 45° (Fig. 3 (c))
First scenario (sample at an angle of 0°) is not possible to be is not possible to implement experimentally due to the fact
that the thermal camera must be able to record an image on the sample surface, however, such a scenario was also taken
into account in the numerical analysis in order to estimate the influence of the sample position angle relative to the antenna
on the final temperature distribution on the concrete surface.
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Fig. 3. Three analysed numerically scenarios: (a) the sample located in front of the antenna at an angle of 0°,
(b) the sample located in front of the antenna at an angle of 30°, (c) sample located in front of the antenna at an angle of
45°

The numerical models were prepared in the commercial computing environment - COMSOL, in particular using
Heat Transfer (HT) and Electromagnetic Waves (EMW) modules to fully analyze the phenomena of microwave heating.
The propagation of an electromagnetic wave is defined as follows [26]:

V2E + (uew? — ipow)E = 0 (1)

where p denotes the magnetic permeability, € is the electric permittivity, o represents the electric conductivity, w is the
angular frequency, and E is the electric field vector.
The heat flow is characterized here by the equation [25]:

aT 2)
pC,,(—+VT)+Vq =Q
at
where p is the material density, C_p denotes the material heat capacity, q is the heat flux associated with the convection
phenomenon, T is the temperature, and "Q" denotes the external heat source.
And the external heat source is equal to the resistive heat generated by the electromagnetic field, which is
described as follows [26]:

Q=1/2Re((o-jwe)E-E*) 3)
where Re indicates the real part of the value.An electromagnetic wave was produced through the application of the port
boundary condition on a specific wall within the waveguide. Here, the assumed mode was TE10, the frequency was equal

to 2.45 GHz and the total power was set to 600 W. The energy was transmitted in the continuous manner for 300 s.

In the Table 1 all the used material parameters are gathered:
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Table 1. Thermal and electrical parameters of chosen materials used in the numerical model

Aluminum Steel Concrete
Heat capacity: Cp [J/(kg*K)] NA 475 880
Density: p [kg/m3] NA 7850 2300
Relative permittivity: e 1 1 8.5-0.86j
Thermal conductivity: k [W/(m*K)] NA 44.5 0.8
Electrical conductivity: o [S/m] 3.77e7 4.032e6 0.1
Relative permeability: u 1 1 1

2.2. Experimental Setup and Specimens

Two experimental campaigns were carried out with a reinforced concrete (RC) wall sample as in the numerical
simulation. On the top of the RC wall, there are extremities of the steel bars inside the wall, which allow to locate the real
position of each steel bar. The experimental setup of the tests are shown in Figure 1. In accordance with safety regulations,
the tests were conducted inside a microwave protection enclosure which was already used in previous works [1-3].

RC wall specimen: 1 m x 1 m x 65 mm

Infrared
camera

Generator

(b)

Fig. 4. (a) Experimental setup inside the protective enclosure, (b) Experimental set up of the microwave
thermography tests with both cases of antenna direction ()

The 2.45 GHz microwave system, as in the numerical model, was used to heat the RC wall sample with an
average power of 600 W for 300 s (modulation heating mode). Nine steel bars of 12 mm diameter were placed at every
100 mm inside the RC wall. The concrete cover for the side exposed to the antenna is 15 mm. The pyramidal horn antenna
was placed at 40 cm from the sample in two cases of direction (a): 30° direction, and 45° direction. An infrared camera
was used to record thermograms with a frame rate of 5 images per second. Two different positions of the infrared camera
were used for both cases of the antenna direction (so that the whole part of the wall sample can be observed). The infrared
camera was placed at 2.11 m (d) from the sample in 45° direction () when the antenna was in 30° direction («), and at
2.32 m (d) from the sample in 30° direction (£) when the antenna was in 45° direction (a). Fig. 5 shows the output signal
of the microwave detected by a sensor. At the average power of 600 W, it is the pulse train with a period of 30 s and pulse
duration of 23 s. In each slot of the train, there is a modulation period of 200 ms and 100 ms of pulse duration.
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Fig. 5. Generated microwave signal
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3. Numerical Modelling Results

In this section, the results of the numerical modeling for all the previously introduced scenarios will be presented.
First, we will present the raw numerical results to assess their quality, and subsequently, we will compare them with the
data from the experiments. Figure 6 depicts the outcome of microwave heating on the reinforced concrete at the specific

time interval (t = 300 s). The relative position of the sample with respect to the antenna aperture significantly affects the
resulting temperature distribution on the surface of the tested concrete.
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Fig. 6. Exemplary numerical results for three analysed scenarios: (a) the sample located in front of the antenna
at an angle of 0°, (b) the sample located in front of the antenna at an angle of 30°, (c) sample located in front of the
antenna at an angle of 45°

Since the electromagnetic wave's ability to penetrate steel at GHz frequencies is limited to micrometers
(specifically around 4 pym in our case), the steel bars should not experience considerable heating from microwaves. The
lower wall of the concrete block is clearly visible in the Figure 7. It is evident that the concrete is heated, and the presence
of the reinforcing bar restricts the heated area, resulting in warmer regions around the bars (above them).

Fig. 7. The lower side of the concrete block with visible steel rebars, depicted for 45° scenario. a) after 100 s of
heating, b) after 300 s of heating
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Figure 8 displays the outcomes of numerical simulation for every scenario at specific time intervals. From the raw
images, it is evident that the temperature distribution is marked by the presence of stripes, which are clearly associated
with the reinforcing bars. However, accurately determining the exact position of the bars in these raw images is challenging
because the temperature distribution is predominantly affected by uneven heating caused by the ceratin radiation pattern
of the antenna and the samples being oriented at an angle to the antenna.

t=100's t=200 s t=300 s

’ . . .
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Fig. 8. Temperature distribution at the sample’s surface for three time steps: 100, 200 and 300 s of heating,
presented for three analysed scenarios: (a) the sample located in front of the antenna at an angle of 0°, (b) the sample
located in front of the antenna at an angle of 30°, (c) sample located in front of the antenna at an angle of 45°

To eliminate the noticeable impact of the antenna radiation pattern and the sample orientation in relation to the
aperture, we suggest employing a trend removal technique that relies on median filtering. The idea is to use median filtering
with a large mask. Finally, the obtained data is subtracted from the original image. This process is shown in Figure 9.

(@) (b) ()

Fig. 9. Visualization of the background removal method based on median filtering, shown for the chosen case.
(a) original data, (b) data after median filtering with large mask, (c) results of subtraction (a,b).

Figure 10 presents the results of previously mentioned trend removal technique for chosen time step (300 s of heating) for
all the analysed scenarios.
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Fig. 10. The effect of trend removal, shown for three analysed scenarios: (a) the sample located in front of the
antenna at an angle of 0°, (b) the sample located in front of the antenna at an angle of 30°, (c) sample located in front of
the antenna at an angle of 45°

In order to demonstrate the potential for selecting the position of reinforcing bars, a graph showing a linear
temperature distribution along the chosen line using the data from Figure 9 was created. The findings are displayed in the
Figure 11. The gray rectangles depict the precise positioning of the steel bars. It is evident that the temperature maxima
in all situations are directly correlated with the presence of the bars. However, it is evident, especially in scenario 0° (as
shown in the Figure 11 (a)), that apart from the peaks associated with the presence of the bar, there are also other peaks
present between the bars. The significant magnitudes of the extra peaks pose a challenge in identifying the bars. The
amplitudes of the peaks for scenarios 45° and 30° are significantly smaller, particularly for case 30° as seen in the Figure
11 (b). This enables accurate identification of the positions of all rods.
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Fig. 11. Temperature distributions plotted along the chosen line of thermograms after trend removal for all the
analysed scenarios: (a) the sample located in front of the antenna at an angle of 0°, (b) the sample located in front of the
antenna at an angle of 30°, (c) sample located in front of the antenna at an angle of 45°
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4. Experimental Results

This chapter will present the results of experiments carried out in accordance with the methodology discussed in
chapter 2.2. The Figure 12 shows raw measurement results for two experimentally analysed scenarios: sample at an angle
of 30° and 45°.

(b)

Fig. 12. Raw experimental results shown for chosen time step — 300 s: (a) the sample located in front of the
antenna at an angle of 30°, (b) sample located in front of the antenna at an angle of 45°

Subsequently, the acquired images from the experiment were selectively trimmed to display solely the temperature
distribution on the surface of the tested material. Figure 13 displays thermograms for both examined scenarios at three
specific time points. Just like in case of the numerical data, also here the temperature distribution exhibits stripes that
correspond to the presence of steel reinforcing bars. The presence of uneven heating can be observed, which is caused
by the radiation characteristic of the antenna and the positioning of the sample in relation to the aperture.

t=100 s t=200 s t=300s
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Fig. 13. Temperature distribution at the sample’s surface for three time steps: 100, 200 and 300 s of heating,
presented for two analysed scenarios: (a) the sample located in front of the antenna at an angle of 30°, (b) sample
located in front of the antenna at an angle of 45°

Similar to numerical data, the experimental data underwent the trend reduction technique outlined in the previous section.
This enabled the identification of local temperature peaks linked to the presence of steel reinforcement bars. The results
underwent an extra process of average filtering to eliminate any unwanted noise. The completed outcomes are depicted
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in the Figure 14. Similarly, to identify the reinforcing bars, the temperature distribution was shown along the chosen line.
For scenario 45°, 8 reinforcing bars were accurately identified.
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Fig. 14. The experimental data after trend removal (3D visualisation and temperature distribution along the

chosen line), presented for two analysed scenarios: (a, b) the sample located in front of the antenna at an angle of 30°,

(c, d) sample located in front of the antenna at an angle of 45°

5. Conclusions and Further Work

This work aimed to offer a comprehensive numerical methodology for analyzing the intricate network of many

reinforcement bars in a concrete structural sample. Throughout the research, an investigation was conducted on the
dynamics of temperature change. This included the presentation of a strategy for eliminating trends and a method for
pinpointing the location of rebars. In order to validate all of the findings, experiments were conducted. The MIRT method
shows promising indications of being a reliable approach for detecting and evaluation the rebars. Unlike the experiments
that employed modulated heating, the numerical modeling method employed continuous heating. Considering this, the
temperature values in the two cases are not the same. Conducting a qualitative analysis of the results was still feasible.
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