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Abstract 
This paper presents a method for detection and characterization of the depth and width of 

defects (delaminations or adhesive disbonds) that can take place at the interface between the 
concrete substrate and the bonded FRP used for the reinforcement of concrete structures. 
Detection of disbonds between different layers is also possible. Moreover, this method can be 
used to evaluate the quality of adhesion of the FRP to the substrate (partial delamination, 
damage or poor mechanical properties of the resin). This method is based on two 
complementary techniques: shearography associated to a depressure solicitation on the one 
hand, and stimulated infrared thermography on the other hand. 

Theoretical and experimental analyses of adhesive disbonds are first presented. The 
performance of the method is then demonstrated using data from experimental inspection of 
specimens containing calibrated defects. In the inspected samples, debonded areas were 
simulated by locally replacing the epoxy resin with non-adherent polytetrafluoroethylene 
(PTFE) discs at the concrete-to-FRP interface or between different FRP layers. 

Résumé 
Cet article présente une méthode de détection et de caractérisation (largeur et profondeur) 

des défauts d’adhésion des matériaux composites (polymères renforcés de fibres) collés à la 
surface des structures en béton et destinés à les renforcer. La méthode proposée permet la 
détection de défauts de collage entre deux couches de matériaux de renfort. Elle permet de 
plus d’évaluer la qualité du collage (délaminage partiel, dégradation ou faible qualité initiale 
de l’adhésif). La méthode utilise deux techniques : la shearographie avec une sollicitation par 
dépression et la thermographie infrarouge stimulée.   

Nous présentons le principe de la méthode et des essais expérimentaux. La performance de 
la méthode est démontrée sur des corps d’épreuve dont les défauts de collage sont calibrés en 
remplaçant localement la résine de collage par une pastille de polytétrafluoroéthylène 
(PTFE). Cette substitution d’adhésif est effectuée, soit à l’interface adhésive entre le béton et 
le composite soit entre deux couches de renfort composite.  

Keywords 
Nondestructive testing, disbonds, concrete, carbon epoxy, fiber-reinforced polymer. 

1 Introduction 
Strengthening or retrofitting of reinforced concrete structures by externally bonded Fiber-

Reinforced Polymer (FRP) systems is now a commonly accepted and widespread technique. 
However, the use of bonding techniques always implies following rigorous installing 
procedures [1-3]. Moreover installation crews have to be trained in accordance with the 
installation procedure to ensure the durability and long-term performance of the FRP 
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reinforcements. Conformance checking through an “in situ” auscultation of the bonded FRP 
systems is then highly suitable. The quality-control program should involve a set of adequate 
inspections and tests. 

Visual inspection and acoustic sounding (hammer tap) are commonly used to detect 
delaminations (disbonds) but are unable to provide sufficient information about the depth (in 
case of multilayered composite) and width of debonded areas and are not capable of 
evaluating the level of adhesion between the FRP and the substrate (partial delamination, 
damage of the resin, poor mechanical properties of the resin). Consequently, a nondestructive 
method for FRP bonding evaluation by shearography was developed by authors [4] and is 
here coupled with auscultation by infrared thermography. Infrared thermography evaluation 
is carried out using a heating device and an infrared camera. Such a simple technology 
enables real-time NDE with high efficiency. 

2 Nondestructive Evaluation of FRP Bonding by Shearography 
Shearography is a speckle interferometric technique providing full-field and quasi-real 

time quantitative images of the surface displacements on a solicited structure [5]. This 
technique can be applied to the detection of debonded areas in a structure composed of a 
concrete substrate, one layer of adhesive, and one layer of carbon-epoxy composite. The 
basic principle of the method is described in reference [6], but authors have also proposed to 
extend its domain of application to the evaluation of the adhesion quality (in case of partial 
bonding) [4]. 

2.1 Principle of the shearography technique 
The principle of an interferometer with a video split, called shearography, is to create the 

interference of two waves that had been submitted to nearly the same random fluctuations in 
optical path during their trajectories between the studied object and the CCD matrix. The 
optical phase is measured in the reference state and after a solicitation of the object. The 
difference of these optical phases depends on the deformation of the object. In the case of 
plane waves, for directions of illumination and observation that are normal to the plate, the 
phase difference is expressed at the first order by: 
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where w is the amplitude of the displacements normal to the object surface, λ  is the 
illumination laser wavelength and xδ  the shear distance. 

 
By performing an uncertainty budget [7], we found that the phase difference equivalent to 

noise is roughly 2π/50 (noise including calibration procedure). Without any particular 
precaution, displacement difference can thus be mapped with a 5 nm uncertainty.  

 
The excitation method consists in applying a partial vacuum (or depressure) ∆P to the 

surface of the sample by means of a suction cup [4]. The difference in pressure between the 
blade of air inside the defect and the surface subjected to the stress creates a “bump” shaped 
deformation into the defect. The depressure which should be applied to obtain a measurable 
deformation by shearography can be very weak (only a few Pascal). It depends primarily on 
the mechanical characteristics of the surface material (elasticity coefficients) and of the 
width-to-depth ratio of the defect.  
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(a) Sample n°1:  
variable diameters (in mm) 

(b) Sample n°2:  
variable adhesive properties 

(c) Experimental set-up 

0% 45%Ø 40 Ø 30 

30% 21%Ø 20 Ø 10 

Figure 1. concrete slabs with bonded FRP reinforcements containing different types of 
defects, i.e, Teflon® discs of variable size (a) or surface area (b), and experimental setup (c). 

2.2 Experimentations and results 
Two concrete samples (300 x 300 mm2) have been manufactured (Figures 1a, 1b). The 

defects are simulated by replacing the adhesive material by a TEFLON® disc (0.5 mm thick) 
between the concrete surface and the carbon/epoxy laminate.  

 
Sample n°1 contains four different discs (of diameters 40, 30, 20 and 10mm) and sample 

n°2 contains four discs of identical diameters (Ø 40mm) drilled with holes (in number and 
size represented by the percentage of remaining disc mass) in order to simulate different 
qualities of the adhesive bond. In the experimental set-up (Figure 1c), we show that 
shearography visualize deformation trough a suction cup (made of a 
180mm x 180mm x 70mm Plexiglas® chamber, with a 20 mm wall thickness). 

 
The results obtained with sample n°1 (Figure 2) show the phase difference measured by 

shearography through the suction cup. The applied depressure increases when the diameter of 
defects decreases. The magnitude of pressure is about 100 hPa± ∆P/2, which is not 
detrimental to structure. As regard to sample n°2, we found (Figure 3) that when the 
percentage of hole on disc increases (i.e. when the disbond is less important), a higher 
depressure has to be applied in order to measure a difference optical phase in the order of 2π. 
Furthermore, these results were confirmed by a finite elements analysis. 

 

  
(a) Ø40 mm, ∆P=8.0 hPa (b) Ø30 mm, ∆P=10.6 hPa (c) Ø20 mm, ∆P=26.6 hPa (d) Ø10 mm, ∆P=133 hPa 

Figure 2. Strain measurements on sample n°1 for various sizes of defects, and under different 
levels of partial vacuum. 
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(a) Adhesive 0% 
∆P=8.0 hPa 

(b) Adhesive 21% 
∆P=53.2 hPa 

(c) Adhesive 30%  
∆P=79.8 hPa 

(d) Adhesive 45%  
∆P=186.2 hPa 

Figure 3. Strain measurements on sample n°2 with a defect diameter of 40mm, and for 
different qualities of the adhesive bond (expressed as the ratio between surface of the bonded 

areas and the surface of a plain PTFE disc) 

3 Infrared thermography 

3.1 Principle of the infrared thermography 
For many years, the Stimulated InfraRed Thermography technique has been used for the 

control of aerospace structures, in particular to detect and characterize delaminations in 
carbon/epoxy composites. Its principle consists in heating the surface of the composite during 
a period τ , and then, following the heat pulse, measuring the temperature distribution on the 
sample surface by means of an infrared camera (Figure 4a). 

The detection and the characterization of the resistive subsurface defects are achieved by 
seeking the emergence of a thermal contrast after the pulse illumination. The depth of the 
defect can be deduced from the time associated to the maximum contrast [8] (see tmax on 
figure 4b). The depth measured  can be written as: mz

αmaxtzm =      (2) 
where α  is the thermal diffusivity of the material. 
 
This method can be refined in order to improve the determination of the defect depth, i.e. 

to be insensitive to the material anisotropy in term of thermal diffusivity [9] and to take the 
non uniformity of the heat flux into account [10]. 

 

 
a) principle areas 

b) thermograms of  (1) and faulty (2) 

Figure 4.  Principle of a Stimulated InfraRed Thermography 
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3.2 Experimentations and Results 
A concrete slab (400 x 300 mm2) has been manufactured and reinforced by 3 layers of 

CFRP plates (2 mm thick), as shown on Figure 5. Bonding defects were simulated by locally 
replacing the polymer adhesive by TEFLON® discs (0.5 mm thick), placed either between 
the concrete surface and the lower CFRP plate, or between 2 adjacent CFRP layers. The final 
specimen contained discs of 3 different diameters (10, 20 and 30 mm), located at three 
different depths (2, 4 and 6 mm). 

 
Depth :                 6mm                 4mm                2m

Carb
/epo10 mm 

20 mm Concre

30 mm 

 

alibrated defects: Teflon® discs of variable size (a) and located at different 
depths (b). 

t (Figure 7). The thermal contrast is computed above the larger defect 
(di

a) top view b) view profile 
Figure 5. Concrete specimen reinforced with bonded CFRP plates (3 layers) and 
containing c

The surface of the sample was heated with an electric cover for 50 seconds. Figure 6 
shows thermal images of the sample taken at three different times corresponding to maxima 
of the thermal contras

ameter = 30 mm). 
The thermal diffusivity of the carbon/epoxy plate is an unknown parameter. If we consider 

the case at tmax=1.1s and assume the associated defect depth is 2mm, the thermal diffusivity 
of the composite can be derived from equation (2). A valueα = 3.6x10-6m2.s-1 was found by 
this method. This value was then computed in order to determine the time associated to the 
maximum thermal contrast for defect depths of 4 and 6 mm. We found theoretical values of 
4.4s and 10.0s, respectively, which can be compared to the experimental data of 4,3s and 
11,0s. Globally, a fairly good agreement was obtained. However, an increased deviation was 
observed for a defect depth of 6 mm, since measured temperature values were very near the 
am ient noise in that case. b
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Figure 6. Maxima of the thermal contrast taken at different tmax. 
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Figure 7. Thermal contrast vs. time computed to three zones above the larger defects (blue 

line for a depth 2mm, green line for a depth 4mm and red line for a  depth 6mm). 

4 Conclusions  
In this paper, the principles of Shearography and Stimulated InfraRed Thermography are 

reviewed. An application of these methods to the evaluation of the adhesive bond between 
concrete and external FRP reinforcements is then presented. Results demonstrate that 
shearography presents the advantage of determining not only locations and areas of defects 
but also allows evaluating the quality of adhesion in the case of a partial debonding. 
Moreover, thermography offer a simple method to inspect repaired structures in a qualitative 
way (detection of the bonding defects) and a further analysis of the thermograms enables one 
to quantify the defect depth.  

References  
1. ACI Committee 440.2R02. (2002). Guide for the Design and Construction of Externally 

Bonded Systems for Strengthening Concrete Structures, ACI, Michigan, U.S.A. 
2. AFGC. (2007). Réparation et renforcement des structures en béton au moyen des 

matériaux composites – Recommandations provisoires, Bulletin scientifique et technique 
de l’AFGC. (in French). 

3. fib Task Group 9.3. (2001) Externally bonded FRP reinforcement for RC structures, fib 
bulletin 14, Lausanne, Switzerland. 

4. Taillade F., Quiertant M., Tourneur C. (2006). Nondestructive Evaluation of FRP Bonding 
by Shearography. Proceeding of the Third International Conference on FRP Composites in 
Civil Engineering (CICE 2006), 327-330, December 13-15 2006 - Miami, Florida, U.S.A.  

5. Hung M. Y. Y. (2001). “Shearography and applications in nondestructive evaluation of 
structures”, Proceedings of the international conference on FRP Composites in civil 
engineering 2001; p. 1723-1730. 

6. Leendertz J. & Butters J. J. (1973). Phys. E : Sc. Inst., Vol. 6, pp 1107-1110.  
7. Taillade F. (2006). “Metrological Analysis of Shearography”. European Physical Journal – 

Applied Physic, Eur. Phys. J. Appl. Phys. 35, 145–148. 
8. Balageas D. Déom A. & Boscher D. (1987), Materials Evalaution, vol. 45, pp 461. 
9. Krapez J.-C., Lepoutre F. & Balageas D. (1994), “Early detection of thermal contrast in 

pulsed stimulated thermography”, 8th International Topical Meeting on Photoacoustic and 
Photothermal Phenomena, January. 

10. Krapez J.-C., Boscher D., Delpech Ph. Déom A., Gardette G. & Balageas D. 
(1992), “Time-resolved pulsed stimulated infrared thermography applied to carbon-epoxy 
non destructive evaluation”, Quantitative Infrared Thermography (QIRT 92). 

   
 


