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Abstract. The reinforcement of concrete structures by gluing Carbon Fiber Reinforced Polymer (CFRP) tissues is a commonly 
used technique in civil engineering. In order to validate the quality of the bonding of those tissues to the structure, only some non-
destructive methods are available. The present study sets the emphasis on the simultaneous use of two NDT: active infrared ther-
mography and shearography. The coupling of those two methods is done by the use of square pulsed optical heat as a common 
excitation source. An early experimentation test has been conducted to verify the feasibility of using a square thermal loading to 
create a measurable shearographic response. A finite element model has been elaborated under COMSOL® to simulate the thermal 
and thermo-mechanical behavior of the samples used in the experimental part of the study. Shearographic images were simulated 
and tools to extracts information from these have been implemented such as a phase extraction, unwrapping and unhearing algo-
rithms. Finally, the simulated thermal and mechanical results were cross-analyzed. 
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Introduction 
Usage of CFRP tissue is a common reinforcement technique in civil engineering [1, 5]. The installation 

of the tissue requires technicians to follow a rigorous procedure to avoid the presence of defects in the 
bonding. The nature of those defects can vary in nature and importance. They can be caused by surface 
impurity (voids, irregularities, etc.) or by environmental conditions (humidity, moisture, etc.). Taking into 
account that the presence of those defects which can impair the quality of the bonding, it is of importance 
to not only detect their presence but also evaluate their effects on the strength of the bonding. To do this, 
few techniques are available, such as hammer taping or tearing for example. This study  sets  the emphasis 
on two non destructive full field techniques: shearography and active infrared thermography. 
Shearography is the measure of displacement of a surface subjected to stress. This stress is often induced 
by using partial vacuum over a surface. However, since we want to use thermography and shearography 
simultaneously, this stressing technique is not optimal. Instead, thermal loading will be used and investi-
gated in the present paper.  

 
Infrared Thermography and Shearography   

1.1.  Active infrared Thermography and heat transfer 

Active infrared thermography is a non-destructive testing method [8] that is based on the principle of 
heat diffusion in solids in transient regime. The inspected element is heated (by convection or radiation for 
example) and an infrared camera measures the evolution of the surface temperature field. For this part, the 
emphasis will be put on the principle of thermal heat diffusion in solids which can be described by the fol-
lowing equation (1) :                     (1) 

1.2. Shearography 

To understand how shearography works, one must first be comfortable with the principle of holography. 
Holography is the measure of the phase of an image. This is done by projecting a coherent light beam on 
an object. The reflection interferes with a reference beam on a holographic plate which record the phase. 
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The interference is caused by the difference in Optical Path Length (OPL) between the object beam and 
the reference beam. If a phase image is recorded for an object initially in a unconstrained state and then a 
second phase image is recorded for the object in a constrained state, the difference of both phase image is 
a function of the surface displacement. However, this kind of setup would be very susceptible to unwanted 
change in the OPL due to vibration of experimental components (mirrors, camera, lenses) and change in 
the air refractive index. To dodge this problem, instead of interfering with the reference beam, the object 
beam interferes with a sheared version of itself. This is called shearography. By doing so, the OPL of both 
beam is very similar and not as sensible to noise the holographic setup. The resulting phase difference is 
no longer a function of the plane displacement but rather the curl of displacement in the shearing direc-
tion. If we assume that the camera and light source are both superposed and have their direction normal to 
the plane, the relation [11] between the phase difference and the curl of the out-of-plane displacement is 
reported in equation (2):                    (2) 

With:           the wavenumber 

 

Laboratory specimens and feasibility experimentation 
The use of an optical heat source conditioned by a square pulse is a topic rarely mentioned in literature. 

Taking this into account, it seems relevant to conduct a feasibility test on this type of thermal loading to 
make shearographic measurements. Samples used for the experimentation were concrete stab of 10 mm 
thick with CFRP tissue glued on one of its surface. Defects are made of PTFE discs inserted in the layer of 
glue. Teflon is used instead of air because it is easier to make such defect of precise depth and dimension. 
Since PTFE does not chemically bond with epoxy glue, its thermal behavior is similar to air. Heating was 
made by a 150 W lamp and the heating time was variable. The results presented had a square pulse of 
roughly 30 seconds. The acquisition is done via a CCD camera with 756 x 481 pixels, each with size of 11 
μm. The area inspected is 0.1 m² approximately. The laser used is a Nd-YAG with a wavelength of 532 
nm.  

 

Fig. 1. Schematic of the samples Specimen 1 (left scheme) and Specimen 2 (right scheme). 

Experimental results show that it is possible to visually detect defect in the bonding using a thermal 
load, although results from smaller or partially glued defects are sometime more or less visible. Figure 2 
shows an illustration of results obtained. 

 

 

Fig. 2. Shearographic image of the defect in the sample Specimen 1 for a square pulse heating of 30 seconds. 
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Numerical Model 

1.3. Geometry and Meshing 

The modeling is done using the software Comsol®. The geometry used is based on the real life sample 
presented in the previous section. The meshing consist of roughly 130 000 tetrahedral elements. To assure 
convergence, avoid computation error and to have precise results, the more refined the meshing, the bet-
ter. On the other hand, to avoid error due to lack of memory and to reduce computation time, it might by 
reasonable to keep the number of elements to a minimum. Ideally, the minimum elements size should not 
be bigger than the smallest geometric entity.  

1.4. Conditions 

This section will present the different condition used in the numerical model to represent as closely as 
possible the experimental conditions. This part is dived in two sections; first the conditions relative to the 
thermal response and in second the mechanical response.  

1.4.1. Heat transfer in solids 

By default, heat conductivity is applied to the entire model. The initial temperature is set at the ambient 
temperature of 293.15 K. On the exterior boundary of the model, convective cooling of 10 m²K is applied 
to simulate the flow of air at ambient temperature. Since Teflon does not chemically bond with the epoxy 
glue, a thermal resistance is applied to the exterior boundaries of Teflon. Finally, the top surface of the 
model is subject to a square heat flux density of 2000W/m² to simulate the presence of the heating lamps.  

1.4.2. Solid Mechanics 

All domain entities in the model are considered as being subject to linear elastic behavior since we con-
sider the displacement induced to be infinitesimal. To simulate the fact that Teflon does not adhere with 
the glue, its exterior surface is considered to be free. All exterior boundaries of the model are considered 
free as well. The exception is the bottom face of the concrete which is fixed since normally the sample 
would be laying on a table or on the floor.  

1.4.3. Thermomechanical properties  

We present in Table 1 and 2 the physical properties considered in our numerical simulations. 
 

Table 1 : Material Properties used in the elaboration of the COMSOL numerical model 

Propreties Units 

Materials 

Concrete EpoxyResin CFRP Tissue PTFE 

Thermal Conductivity [W/(m*K)] 1,8 0,2 4,2/0,7/0,7 0,235 

Thermal Capacity [J/(kg*K)] 920 1220 840 1050 

Density [kg/m^3] 1200 1200 1530 2200 

Young Modulus [GPa] 
30 

10,5 (see Table 2) 0,5 

Coefficient of Thermal Expansion [1/K] 1,20 E-05 2,50 E-05 -0,8/35/35 E-06 1,35 E-04 

Poisson Coefficient - 0,21 0,4 0,33 0,46 

 
Table 2 : Rigidity Tensor of Carbon/Epoxy T300/914 [GPa] 

143,8 6,2 6,2 0 0 0 

6,2 13,3 6,5 0 0 0 

6,2 6,5 13,3 0 0 0 

0 0 0 3,6 0 0 

0 0 0 0 3,6 0 

0 0 0 0 0 5,7 
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1.4.4. Example of displacement and temperature fields computed  

Temperature field and out of plane displacement value are exported from Comsol. Since temperature 
and displacement are not evenly distributed over an area, the mean value is calculated.  The average value 
is calculated over a centered square area of side equal to the diameter of the defect. 

Figure 3 shows an example of numerical results obtained. 

 

Fig. 3. Out of plane displacement (left) and temperature field (right) for the sample Specimen 1 and 2 respectively for a square pulse heating of 30 

seconds. 

A quick observation of the data of the sample Specimen 1 reveals a strong correlation between the de-
fects size and the amplitude of the out of plane displacement. Results from the second sample reveal that a 
high percentage of bonding reduces the overall displacement. Looking at the temperature, observation 
show that the radius of the Teflon disc and bonding percentage have a smaller impact on the temperature 
since it only affect transversal heat diffusion.  

 

Results Analysis 

1.5. Shearographic image analysis 

As explained before, a shearographic image is the phase difference which is proportional to the out of plane 
displacement difference between two point separated by the shear distance. The first step to simulate a 
shearographic image from a calculated displacement is to subtract each image by a sheared version of itself. 
The resulting image can be roughly described as a representation of the curl of displacement in the shearing 
direction. These value are then converted in the phase difference value, not considering the effect of the 
phase extraction methods. The resulting shearographic image is a representation of what is measured during 
an experiment, discarding the effects of noise. To recover the displacement value form a shearographic 
measure, the phase map must be unwrapped to avoid jump from 0 to 2π. Unwrapping is a subject widely 
mentioned in literature as in [6, 9]. In our case, the algorithm used is the default Matlab function. The re-
sulting unwrapped image is a representation of the difference of displacement between to point and must be 
unwrapped. It can be shown that the displacement for a pixel   can be calculated from the following equa-
tion: 
                                           (3) 

 

Where   is the rounded down expression of    . The expression of displacement on the right hand side 
of the equation is an unknown parameter. To solve this problem, multiple solutions are available. The first 
and simpler method is to take into account that one region on the boundary of the image does not have 
displacement. Since the shearing direction is horizontal, the regions of no displacement must be either on 
the left or the right. This methods cause the propagation of error along the lines. An algorithm with 2 
boundary conditions can be used to prevent this, but, as mentioned before, it still require no displacement 
on the boundaries of the images. Since this condition is not always met, a more robust approach consists 
of considering the mean displacement of the image to be zero. Such algorithm, developed by Taillade[10], 
use a corrected boundary condition presented in equation (4): 

                                           (4) 

With:  
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And N being the number of lines and   is a square matrix with each element equal to one and of dimen-
sion N by N. Figure 4 shows an illustration of the application of the full procedure to the calculated dis-
placement field for the modeled Specimen 1: 

          
 

    
Fig. 4. Simulating a shearographic measurement of the sample Specimen 1. 

1.6. Contrast analysis  

The running contrast [8] is calculated using the following equation (6): 
                                        (6) 

 

Where    and    are the value of any measure (temperature, displacement) of a defective and sound area.  
Figure 5 shows displacement and temperature contrast computed. 

 
Fig. 5. Comparison of running contrast of temperature and out of plane displacement for a defect of diameter 10 and 40 mm for the left and right 
graph respectively. 

Results show that the evolutions of the contrast of temperature and displacement are different. The time 
where the contrast is maximum is also different. 
 

Discussion 
The analysis of the results shows a correlation between the evolution of contrast trough time and the depth 
of the defect. This behavior is very well known in non destructive testing by active infrared thermography. 
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The size of the defects also impact the results, especially the out of plane displacement which increase the 
greater the radius is. The effect on the temperature is barely noticeable since it only affects the lateral diffu-
sion of the temperature. Multiple improvements could be made on the numerical model to better simulate 
the experimental conditions. The heating source is defined as homogeneous over the whole surface of the 
sample as in reality, it is unevenly distributed. The heat flux could be defined by a Gaussian pattern. An-
other option would be to model the lamp and use a complementary heat radiation modeling approach.  
 

Conclusion 
The feasibility experiment have shown that the use of a square thermal loading allow, in some case, the 

visual detection of defects in the bonding of a reinforced concrete plate. The samples were modeled using 
COMSOL and thermomechanical behavior were simulated. The analysis of those results showed a rela-
tion between time of maximum contrast and depth of the defect. The unhearing algorithm implemented 
has proven to be quite efficient and robust. Future developments involve conducting experiments using 
both shearography and thermography at the same time so results can be compared to those simulated. This 
will allow to make adjustments to the model, so its behavior can be as close as possible to the real sam-
ples. This implies modification in the experimental setup. Among notable requirement is the conception of 
a continuous phase extraction algorithm so shearographic images can be acquire with a higher frequency 
than the current setup which can acquire an image each 2 to 3 seconds. Also, since the analysis of the re-
sults mostly depend on the study of the behavior in function of time, the thermal and shearographic meas-
ure need to be synchronized together as well as with the heat source.  
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