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Abstract 
Concrete slabs such as bridge decks and parking garage slabs deteriorate and show signs 

of distress in the concrete cover when they are exposed to severe environmental conditions. 
Repair strategy consists of removing the deteriorated concrete and replacing it by a new 
layer. The success of this repair method is strongly dependent on the quality of bonding 
between the existing substrate and the overlay. Evaluation of bonding can be done by 
mechanically testing cores retrieved from the slab. However, this method is time-consuming, 
destructive, and the results represent only the locations where the cores were retrieved. GPR 
is a non-destructive method that may detect the interface between the substrate and the 
overlay. It permits inspection of large survey areas, but it is difficult to tell whether the two 
concrete layers have a good quality of bonding between each other.  

This paper presents an experimental study on the use of Lamb waves to evaluate the 
quality of bonding between concrete layers. Two planar cracks that simulate poor quality of 
bonding between concrete layers were created at different depths in a thick slab. Tests were 
carried-out at the surface of the slab and the acquired signals were processed using 
frequency-wavenumber analysis. Reliable results were obtained and the method was found to 
have high capability to detect planar cracks and thus evaluate the quality of bonding between 
concrete layers.  

Résumé 
Les dalles en béton soumises à des conditions environnementales sévères, comme les 

tabliers de ponts et les dalles externes des garages de stationnement, souffrent de la 
détérioration du béton d’enrobage. La stratégie de réparation consiste à enlever la couche du 
béton détérioré et la remplacer par une nouvelle couche. Le succès de cette méthode de 
réparation dépend fortement de la qualité d’adhérence entre le béton de support et celui de 
réparation. L’évaluation de l’adhérence peut se faire par des essais mécaniques sur des 
carottes prélevées de la dalle; or, c’est une méthode lente, destructive, et les résultats 
représentent seulement les endroits où les carottes ont été prélevées. Le Radar est une 
méthode non destructive qui pourrait détecter l’interface entre le béton de réparation et celui 
du support. Elle permet d’inspecter des grandes surfaces, mais elle determine difficilement si 
les deux couches de béton adhèrent bien entre elles. 

Cet article présente une étude expérimentale sur l’utilisation des ondes Lamb pour évaluer 
la qualité d’adhérence entre les couches de béton. Deux fissures planes qui simulent une 
adhérence de mauvaise qualité entre les couches de béton ont été créées à des profondeurs 
différentes dans une dalle épaisse de béton. Des essais ont été réalisés à la surface de la dalle, 
et les signaux collectés ont été traités en utilisant l’analyse fréquence-nombre d’onde. Des 
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résultats fiables ont été obtenus, et la méthode utilisée s’est montrée efficace pour détecter 
des fissures planes et examiner ainsi la qualité d’adhérence entre les couches de béton.  
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1 Introduction 
Reinforced Concrete slabs in North America such as bridge decks and parking garage 

slabs exposed to severe weather conditions deteriorate frequently and show signs of distress 
in the concrete cover. Freezing and thawing deteriorate the concrete cover and cause cracks, 
scaling and spalling of the concrete. De-icing salts, often used on this type of slab, infiltrate 
through interconnected pores, cracks and micro-cracks in the concrete and result in the 
corrosion of the reinforcing steel bars. The corrosion products formed on the surface of the 
rebars create internal expansion forces that induce more cracks into the concrete. The 
corrosion-induced cracks propagate between the corroded rebars and lead, in advanced 
stages, to the delamination of the concrete cover. This cycle of deterioration is considered to 
be a major problem that affects the protection of the reinforcing steel bars and makes them 
more vulnerable to corrosion. If not treated, the deterioration of the concrete cover may 
indirectly lead to a decrease in the load-carrying capacity of the slab (which results from the 
loss in the reinforcing steel cross section due to corrosion) and thus may jeopardize the public 
safety.  

The typical repair strategy consists of removing the deteriorated concrete and overlaying 
the substrate with a new layer of concrete. This method of concrete resurfacing is widely 
used; its success is strongly dependent on the quality of adherence between the existing 
substrate and the new overlay. Testing the adherence can be done by mechanically testing 
cores retrieved from the slab (e.g. pull-off test). However, this method is destructive and the 
results represent only the locations where the cores were retrieved.  

Ground penetrating Radar (GPR) is a non-destructive electromagnetic wave method that 
may detect the interface between the substrate and the overlay and allows for quick 
inspection of large survey areas. However, the substrate and the overlay may have similar 
dielectric properties, which makes the energy reflected at the interface very low and therefore 
creates difficulty in the identification of the interface on the GPR image. In the case where 
significant difference in dielectric properties exists between the substrate and the overlay, the 
GPR image can show much better the interface between the two concrete layers. A poor 
quality of bonding between the substrate and the overlay is in fact equivalent to a planar 
crack, which has a very small opening between the two layers (less than 1 mm). This small 
opening is not large enough to allow distinction of reflected electromagnetic waves at both 
interfaces of the planar crack. In this situation, even though the identification of the interface 
on the GPR image is possible, it may be still difficult to know whether the two layers adhere 
well to each other or not. 

Another non-destructive method that can be used for the same purpose is Impact Echo 
(IE). The feasibility of using IE to measure slab thickness, detect internal flaws and evaluate 
the quality of bonding was demonstrated in several studies [1]. The method is able to detect 
small opening cracks. However, it has a low survey speed and it provides only information on 
the point where the test is performed. When used to detect delamination or shallow cracks 
with small opening resulting from poor quality of bonding between the overlay and the 
substrate, IE does not necessarily provide clear and repetitive results. In this case, IE response 
is dominated by a number of flexural modes of vibration, which leads to a complicated 
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spectrum where different frequency peaks are present depending on the lateral dimension, the 
depth of the delamination (or the debonded area) and the location of the impact point [2].  

To overcome the limitations of GPR and IE methods, this paper proposes the use of Lamb 
waves as a promising tool to evaluate the quality of bonding at interfaces between concrete 
layers. 

2 Lamb wave-based non-destructive testing 
Lamb waves were successfully used in aircraft inspection to evaluate the quality of 

bonding in layered metals and composites [3]. Their use in Non-Destructive Evaluation 
(NDE) of concrete structures is recent and has been restricted to the characterization of full 
depth concrete slabs [4] and pavement systems [5].  

Lamb waves are simply the phenomenon of vibration of solid plates (e.g. concrete slabs) 
further to a mechanical impact on the surface of the plate. They are the result of interference 
of multiple reflections and refractions of body waves between the two parallel surfaces of the 
plate. The material particles are perturbed in the direction of the wave propagation and 
perpendicularly to the surfaces of the plate, which form a guide for the wave propagation. 
Lamb waves are dispersive (i.e. velocity is frequency dependent), and their propagation in the 
plate is governed by an infinite number of modes (fundamental-modes and higher order 
modes) classified into two groups, symmetric and antisymmetric.  

The phase velocity “Vph” of a given Lamb wave, which has a given frequency “f” and 
vibrates the plate in a given mode “m”, depends on the plate thickness “T”, its Young’s 
modulus “E”, its Poisson's ratio “ν”: 

                                                             ),,(),( υETfunctionmfVph =                            (1) 
 This characteristic of Lamb waves is in fact the principle of Lamb wave-based non-

destructive methods, which measure the modal velocity of Lamb wave propagation in the 
plate under testing to resolve the inverse problem of Lamb wave propagation and thus 
estimate the geometric and elastic properties of the material: 

]),[(),,( 1 mfVfunctionET ph
−=υ   (2) 

The method proposed hereafter to evaluate the quality of bonding between the concrete 
overlay and the substrate measures Vph[f,m] and uses Eq. 2 to estimate the thickness of the 
plate vibrated by Lamb waves. If poor adherence exists between the overlay and the 
substrate, the overlay and the substrate will vibrate independently and the solution of Eq. 2 
will show two thicknesses: 1) the thickness of the overlay, and 2) the overall thickness of the 
slab (overlay + substrate). When the overlay and the substrate adhere well to each other, they 
behave as one plate, and thus the solution of Eq. 2 will show one thickness only, which is the 
overall thickness of the slab. 

3 Experimental program 
A concrete slab of 3.5 m length, 3.0 m width and 0.8 m depth was prepared in order to 

experimentally examine the potential of Lamb waves to evaluate the quality of bonding 
between concrete layers (Fig. 1). The maximum size of aggregate used in this slab was 20 
mm. The mass density of concrete was 2354 kg/m3, the compressive strength was 40 MPa, 
the Young’s modulus was 35 GPa and the Poisson’s ratio was 0.22.  

Two continuous planar cracks, parallel to the slab surface, were created using an 
expansive agent to simulate poor quality of bonding between concrete layers. The first crack 
was at 0.08 m depth, and the second was at 0.16 m depth. Lamb wave tests were carried out 
at four different lines (distance between lines = 0.7 m) located on the surface of the concrete 
slab, as shown in Fig. 1.  
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Figure 1. Test locations on the concrete slab.  

A linear array of six (6) accelerometers with a constant spacing of 0.15 m between each 
two adjacent accelerometers was placed at the line where the test was conducted. Lamb 
waves were generated using a source consisting of an 8 mm diameter steel ball. The source 
was located at the same line, and at 0.15 m from the first accelerometer in the linear array. An 
external trigger was used to start recording data on the accelerometers at the moment when 
the source hits the slab surface. The acquired signals were then amplified and stored in a 
portable data acquisition system. 

4 Results and discussion  
The signals recorded on the surface of the slab, at line L1, are presented in Fig. 2 (left). 

The multi-mode propagation problem of Lamb waves was resolved by transforming the 
acquired signals from the time-space (i.e. time-distance) domain to the frequency-
wavenumber domain. This was accomplished by applying to the recorded signals a Fast 
Fourier Transformation (FFT) along the time-axis, followed by a second FFT along the 
space-axis (i.e. distance). To allow direct reading of the phase velocity in terms of frequency, 
the transformed signals were moved from the frequency-wavenumber domain to the 
frequency-phase velocity domain using the following relation:   

k
fVph

 2π
=   (3) 

The result, presented in Fig. 2 (right), illustrates the distribution of the wave energy 
associated with the different modes of Lamb waves. The energy distribution image shows 
clearly a dominant fundamental antisymmetric Lamb wave mode. The modes were extracted 
from the energy distribution image by selecting the local maxima of energy (crests) on that 
image and are presented in Fig. 3. The inverse problem (Eq. 2) was solved for the dominant 
fundamental antisymmetric mode by considering a plate model with a Poisson’s ratio equal to 
0.22 and a Young’s modulus equal to 35 GPa (i.e. pressure wave velocity = 4100 m/s, shear 
wave velocity = 2450 m/s). These properties were obtained from mechanical tests on concrete 
samples made from the same batch of the slab.  
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Figure 2. Signals recorded at L1 (left) and corresponding energy distribution image 

(right) with Lamb wave theoretical modes overlaid: dotted lines represent 
modes for a 0.8 m thick plate (whole slab thickness), dashed lines represent 
modes for a 0.16 m thick plate (2nd planar crack), and solid lines represent 

modes for 0.075 m thick plate (1st planar crack).   

 
Figure 3. Phase velocity extracted from the energy distribution image (circles) with Lamb 

wave theoretical modes overlaid: dotted lines represent modes for a 0.8 m thick 
plate (whole slab thickness), dashed lines represent modes for a 0.16 m thick 
plate (2nd planar crack), and solid lines represent modes for 0.075 m thick 

plate (1st planar crack).   

Lamb wave theoretical modes were then computed for the plate model using Lamb wave 
theory [6], and compared with the experimental data. The assumed thickness was iteratively 
changed in order to obtain the best match between the theoretical modes and the experimental 
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results. The best match provided by the final model was obtained for a plate thickness equal 
to 0.075 m, which represents the depth of the first planar crack. This finding is physically 
explained by the fact that the top layer is vibrating as a free plate.  In engineering terms, this 
means that the top 0.075 m thick layer is debonded from the rest of the slab or the quality of 
bonding between the top layer and its support is poor.  

No other important energy could be identified in Fig. 2 (right). This is due to the fact that 
the first planar crack is reflecting most of the energy and thus guiding most of the generated 
Lamb waves in the top 0.075 m thick layer. However, the extracted local maxima energy plot 
(Fig. 3) shows more Lamb wave modes. The existence of these modes indicated that some 
vibrations are still transmitted from the top layer to the rest of the slab but with a small 
energy that was better seen by selecting the local maxima energy on the energy distribution 
image. By using the same inversion method, the identified additional modes were found to be 
associated with two plates: the first plate has a thickness of 0.16 m, which represents the 
depth of the second planar crack, and the second plate has a thickness of 0.075 m, which 
represents the overall thickness of the slab. The fact that the second planar crack could be 
detected implies, at least, a questionable quality of bonding at this interface. 

 Similar results were obtained at L2, L3 and L4. 

5 Conclusions  
The quality of bonding between a concrete overlay and its substrate can be accurately 

tested using frequency-wavenumber analysis of Lamb waves. Results that show a dominant 
fundamental antisymmetric Lamb wave mode associated with a plate thickness equal to the 
depth of the interface indicate a poor quality of bonding at that interface. More than one 
interface can be detected. 
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