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Abstract. Corrosion is the most frequent but also the most deleterious deterioration mechanism 

affecting reinforced concrete. In addition to the economic impact of the repair works, for historical 

concrete structures, corrosion can generate irreversible losses of original material of great cultural 

value. If the usual non-destructive electrochemical methods have highlighted their efficiency in 

evaluating on-going corrosion activity, they also have pointed out their drawbacks for accurate 

extrapolation and prevention. To prevent the corrosion phenomenon, by detecting the penetration of 
aggressive agents, a new warning sensor system has been developed. The principle of the technique 

is to embed thin metallic sheets (called orphan blades) in the concrete cover, at different distances 

from the surface to the reinforcing bars. Then the corrosion of those very reactive orphan blades is 

followed during the propagation of the carbonation front and/or the penetration of chloride ions 
using stimulated infrared thermography. The corrosion of the sensors at different depths is 

indicative of the ingress speed of the front and can alert about the risk of corrosion of reinforcing 

bars in the concrete. The purpose of this study is to present this new technique and the first results 

obtained in the laboratory on corroded and non-corroded sensors. 

1 Introduction  

Nowadays, concrete has become the most used material 

in construction. However, concrete structures interact 

with the external environment which leads to their 

degradation over time [1]. Atmospheric CO2, in the 

presence of moisture, reacts with the main constituents 

of concrete [2]. This reaction, called carbonation, 

reduces the pH of the interstitial solution, which is 

initially basic (12 to 13) to a value lower than 9, which 

initiates corrosion of the reinforcing bars [3]. In marine 

environments or in areas frequently exposed to de-icing 

salts, chloride ions can gradually penetrate concrete 

structures until they reach the reinforcement, and when 

the concentration of chloride ions exceeds a critical 

threshold, particularly active corrosion can develop 

[3,5]. Today, a large number of degraded concrete 

structures have reached an alarming threshold, and the 

economic issue related to the rehabilitation of this stock 

is estimated to 2 billion US dollars over the next 10 

years only for the United States territory! [11]. Corrosion 

also causes major problems for conservation in 

reinforced concrete structures listed as historical 

monuments [4]. 

To evaluate the corrosion risk or even to assess active 

corrosion, the most used techniques are electrochemical 

methods, performed from the concrete surface [5, 6, 7, 8, 

9, 10]. But usually the measurements are local and 

depend on the environmental conditions: they can over- 

or under-estimate the annual corrosion risk. For many 

years, the concrete department of LRMH has studied an 

adaptation of these techniques to improve the diagnosis 

accuracy by implementing continuous monitoring using 

sensors placed on the surface or embedded in the 

concrete structure [12, 13]. These sensors are generally 

connected by wires to a data logger, remotely searchable 

by cell phone. This means that the installation is visible 

and that connection issues can appear on the long term. 

In addition most of these methods require a physical 

connection to the reinforcing bars.  

To overcome these issues, but also to anticipate the 

corrosion before it reaches an irreversible state, a new 

warning system named “orphan blades” has been 

developed and patented by Bouygues Travaux Publics 

[14]. It is wireless, invisible from the surface, not based 

on electrochemical measurements and allows detection 

of the penetration of aggressive agents such as 

carbonation or chloride. In this paper this sensor system 

is explained and a laboratory study performed on 

reinforced concrete slabs, with sensors showing different 

states of corrosion, embedded at several depths is 

presented. 

2 New sensor systems  

2.1 Principle of the technique 

The idea is to place ultra-thin metal sheets in the 

concrete cover and to monitor their corrosion during the 
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propagation of CO2 or chloride ingress (Fig. 1) using 

stimulated infrared thermography. The gradual corrosion 

of the sheets (or orphan blades) embedded at different 

depths is indicative of the propagation of aggressive 

agents and of the risk of corrosion for the reinforcing 

bars.  

 

Fig. 1. Schematic principle of the technique 

 

 

Fig. 2. Setting of the technique 

 

In several industries, for nondestructive control of defect 

detection in conductive composites or metals, 

electromagnetic methods are widely used. Magnetic 

induction (Lenz’s law) is one of the most used 

techniques. The currents induced by the coil of the 

inductor placed close to the metallic surface, heat the 

surface region. Then any surface defect disturbs locally 

these currents and induces local modification in the 

temperature of the surface.  

In the idea of stimulating the orphan blades embedded in 

the concrete using magnetic induction, a specific 

inductor was developed. It uses an appropriate electrical 

power, which, associated with a suitable coil, generates 

an alternating magnetic field powerful enough to heat the 

metallic blades up to several centimeters into the 

concrete cover, by mobilizing electrons on their surface 

(eddy currents). The consequence is that sound metallic 

blades will be heated while corroded ones will behave 

differently. The rise of temperature of the sheets 

propagates to the surface and can be detected using a 

thermographic camera (Fig. 2). 

1.2 Sensor positioning 

To perform the most accurate measurement, sensors 

must be placed in the concrete cover parallel to the 

concrete surface in order to be parallel to the camera line 

of sight during the thermographic acquisition. The 

compliance of this criterion is fundamental but can be 

disturbed by the vibration of concrete during casting, 

which can modify the position or angle of orientation of 

the sensors. To solve this problem, a sensor support 

system was designed (Fig. 3). It is composed of two 

parts. The first part is a frame that keeps the sensor 

parallel to the concrete surface, and prevents any 

deformation. It is composed of a square slot, 

perpendicular to a rectangular rod that is dedicated to 

positioning the sensor vs the reinforcing bars. The 

second part, which is wedge-shaped, is intended to 

stabilize the system, to adjust the distance between the 

sensor and the reinforcing bars in the formwork, and 

therefore to adjust the desired depth of the sensor versus 

the surface. Thanks to the combination of the rod of part 

1 and the wedge of part 2, the system can be attached to 

the reinforcing bar using a plastic clamp collar for which 

a central band in the rod was designed. 

 

 
 

Fig. 3. Sensor support system. 
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The whole support system was produced using 3D 

printing with a specific heat inert polymer. 

1.3 Data acquisition and treatment processes 

For the data acquisition, a T420 FLIR thermal camera, 

with a 0.1°C thermal sensitivity was used. The data was 

acquired using the ResearchIR MAX 4.0 software by 

connecting the camera to a computer (Fig. 4). The 

measurements were carried out according to a 7 step 

protocol.  

• Step 1: Place the specimen to be tested under 

the thermal camera so that the lens of the 

camera is parallel to the surface of the sample. 

The camera is equipped with a laser pointer to 

focus on the centre of the sensor whose position 

is known in the slab. 

• Step 2: Connect the camera to the computer 

equipped with the dedicated software and adjust 

the parameters, such as the emissivity (ɛ = 0.93 

for concrete), the distance between the camera 

and the specimen, and the ambient temperature. 

• Step 3: Place the inductor on the surface of the 

specimen so that the centre of the coil of the 

inductor is placed on the centre of the sensor. 

• Step 4: Turn on the inductor and heat for a pre-

set time. 

• Step 5: During heating, press the record button 

to record the video of the thermal response of 

the sensor. 

• Step 6: At the end of the heating time, turn off 

the inductor and remove it from the surface of 

the specimen. 

• Step 7: Follow the evolution of the thermal 

response on the computer until the total 

dispersion of the thermal signal on the surface 

of the sample; turn off recording and save the 

file for data processing. 

 

 
Fig. 4. Data acquisition processes 
 

 

The first step in data processing is to extract the first 

thermal image appearing immediately at the end of the 

induction heating time (Fig. 5). The second step consists 

in framing the reflected area of the sensor on the 

concrete surface using the BOX tool provided by the 

software, and to follow the evolution of the thermal 

response on the diagonal line of the BOX (Fig. 6).  

 

 

Fig. 5. Thermal apparent image in the infrared spectrum after 

heating. 
 

 

 

Fig. 6. Thermal apparent image in the infrared spectrum of the 

sensor area after heating. 

 

The thermal responses are then represented as a 

regression of the maximal apparent temperature of the 

line versus time. 

3 Experimental program and results  

In order to evaluate the sensitivity of the technique 

regarding the corrosion state of the sensor, a series of 

tests was performed using corroded and non-corroded 

sensors placed into concrete at different depths. 

3.1. Artificial corrosion  

Prior to their introduction in the concrete the sensors 

were submitted to artificial ageing. They were first 

inserted in their polymer frame. Then a series of cycles 

of immersion (in the evening and overnight) in a 

hypochlorite solution with 2.6% (m/m) active chlorine, 

followed by drying (in the morning and the afternoon), 

was applied. To perform a preliminary characterization 

of the sensors after artificial corrosion, images in both 

the visible and infrared spectrum were taken for each 

sensor, after 6 days at room temperature (Fig. 7). 
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Corrosion is visible to the naked eyes, but also on the IR 

images, the sound zones reflecting the radiation and 

therefore having a higher apparent temperature than the 

corroded parts.  

 

Fig. 7. Images of the sensors in visible and infrared spectrum. 

3.2. Sample preparation  

The concrete considered for this study was a mix of 

CEM I 52.5 N CP2 (275 Kg/m3), with a water to cement 

ratio of 0.74 and aggregates with a max diameter of 

16mm. The slabs were cast in wooden moulds of 

22x17x8 cm. In each slab, only one sensor was fixed at 

the middle of the rebar before concrete casting, at a 

depth controlled thanks to the support system. Three 

depths were considered: 1cm, 2cm and 3cm. The 

formwork was filled in each case in two steps in order to 

optimize the vibration and the quality of the concrete 

around the sensors (Fig. 8). After casting, the slabs were 

stored for one month in an outside covered place in 

contact with atmospheric air.  

 

Fig. 8. Fixation of the sensor system to the rebar before 

concrete casting. 

3.2. Results and discussion  

Prior to the measurements, the slabs were moved to a 

room with controlled temperature for two days, in order 

to stabilize their initial temperature. Measurements were 

then carried out according to the protocol detailed in 

section 1.3.  

Figure 9 shows the infrared images obtained on the 

slabs containing either sound or corroded sensors placed 

at 1cm from the concrete surface, after 10 minutes of 

heating with a 25 KHz induction frequency. In the table, 

two types of images are presented: those showing the 

thermal response from the entire surface detected by the 

camera and those obtained by focusing only on the 

sensors.  

As can be seen, the intensity of the hot spot and the 

elevation of the apparent temperature are higher for the 

sound sensor than that of the corroded sensor.  

The intensity of the apparent temperature can be 

quantified by extracting the maximal apparent 

temperature on the diagonal line of the BOX. When 

plotting the curve of these maximal apparent 

temperatures versus time, sound and corroded sensors 

can be clearly distinguished (Fig.10), so that this 

parameter can be considered as a quantitative indicator 

of corrosion.  

 

 

Fig. 9. Results obtained after 10 minutes of heating for the 

slabs containing sensors with a 1cm concrete cover. 

Figure 11 gathers the infrared images obtained on the 

slabs containing either sound or corroded sensors placed 

at 2cm from the concrete surface, after 10 minutes of 

heating. As can be seen, the spot of the sound sensor is 

more defined and brighter than that of the corroded 

sensor. But the elevation of temperature of this sensor 

depth is lower than for the sensors placed at 1cm.  

This is probably due to less efficient heating of the 

2cm-depth sensors compared to those at 1cm-depth 

because the magnetic field decreases with depth, and 

because the thermal wave needs more time to appear on 

the surface of the slabs, and therefore part of the heat 

dissipates in the concrete by conduction.  
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Fig. 10. Temperature versus time of the sensors with a 1cm 

concrete cover after10 minutes of heating. 

The qualitative observations were confirmed by the 

quantitative data as shown on figure 12, where the 

maximal apparent temperature is plotted versus time. It 

can also be noticed that for this higher concrete cover, 

sound and corroded concrete can still be quantitatively 

distinguished. 

 

Fig. 11. Results obtained after10 minutes of heating for the 

slabs containing sensors with a 2cm concrete cover. 

Figure 13 gathers the infrared images obtained for the 

sensors placed at 3 cm from the surface of the slabs. If 

sound and corroded sensors can be distinguished from 

the entire infrared images, it is more difficult from the 

BOX images. At the induction frequency used in this 

study, when the concrete cover increases, the heating of 

the sensor decreases and the thermal wave diffuses more 

in the concrete, and as a consequence, the apparent 

temperature at the concrete surface is reduced. Thus, the 

maximal temperature for the sound sensor placed at 3cm 

is about 1.3°C (figure 14) when it is was 2.7°C for the 

sound sensor placed at 2cm from the concrete surface 

(figure 12). 

   

Fig. 12. Temperature versus time of the sensors with a 2cm 

concrete cover after10 minutes of heating. 

 

Fig. 13. Results obtained after10 minutes of heating for the 

slabs containing sensors with a 3cm concrete cover.  

When comparing the curves of temperature versus time 

for the sound and corroded sensors with a 3 cm concrete 

cover, it can be observed that the maximal temperature 

difference is about 0.5°C (Fig. 14). This cannot be 

considered sufficient to distinguish sound and corroded 

sensors. 
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Fig. 14. Temperature versus time of the sensors with a 3cm 

concrete cover after10 minutes of heating. 

4 Conclusions and outlook  

A new warning system designed to anticipate corrosion 

of reinforcing bars in concrete was designed. The 

principle of this system is to place ultra-thin metal 

sheets, named orphan blades, at different depths in the 

concrete cover till the depth of the reinforcing bars and 

to monitor their corrosion versus time by stimulated 

infrared thermography. When aggressive agents such as 

carbonation or chlorides penetrate the concrete, the 

orphan blades will gradually corrode, their thermal 

signature will be modified, and therefore will warn about 

the progression of the risk of corrosion. 

In this paper, a comparison between sound and 

corroded sensors embedded at three different depths in a 

concrete with a high water to cement ratio, susceptible to 

be more sensitive to corrosion was presented. The results 

show that whatever the concrete cover, sound and 

corroded sensors can be qualitatively distinguished, even 

when the sensors are not totally corroded. But dealing 

with quantitative analysis of the data, if the temperature 

differences between the two states (sound or corroded) 

were significant for the sensors embedded at 1 and 2 cm 

from the concrete surfaces, it was less evident for the 

sensors placed at 3 cm. This is probably due to a less 

efficient induction heating when the depth increases and 

to the diffusion of the thermal wave into the concrete 

before it reaches the concrete surface. 

As a conclusion, the orphan blades system appears 

to be a very promising technique to anticipate corrosion 

of reinforcing bars in concrete and constitutes an 

interesting alternative to the usual electrochemical 

measurements. 

Further studies on sensors corroding directly in the 

concrete or on the influence of the heating time and 

environmental parameters are on-going. 

A new inductor with a higher heating frequency 

(33 KHz) is also under development. The first results 

obtained on sensors embedded at 3cm and 4cm from the 

concrete surface show that the maximal heating 

temperature is significantly higher than those obtained 

with the inductor used in this study. Therefore the 

technique could be applied to reinforced concrete with 

higher concrete covers. 
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